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In Memoriam

Professor Satio Hayakawa and I became friends at our first meeting in 1980. VVe met again six
years later, this time with Mrs. Michi Hayakawa, at the first joint Varenna-Abastumani Workshop
in Plasma Astrophysics held in Sukhumi, Georgia in the Spring of 1986. On one of my favourite
pictures Professor and Mrs. Hayakawa can be seen among a group of scientists, namely Profs, ::
Pellàt, Kulsrud, Sindoni, Zeidovich, Ginsburg... it is interesting to note that some of these (in-
particular Profs. Pellat, Kulsrud and Coppi) were already well-known as plasma-physicists who
eventually gained their reputation also in the plasma astrophysics field.

After the Sukhumi meeting, I had the opportunity to visit Japan and discovered in Prof.
Hayakawa a splendid host as well as an outstanding scientist. He was personally acquainted
with many famous scientists such as Dirac etc. He was co-author, with M. Matsuoka among
others, of the pioneering article on the 'Origin of cosmic X-rays' (Progr. Theor. Phys. Suppl.
N° 30, vol. 204, 1964) where the accretion scenario was proposed to explain X-ray source
activity. He was frequently invited as guest speaker to various forums on astrophysics and high-
energy physics. It was in the same year 1986 that we began to think of expanding the Varenna-
Abastumani Workshop in a wider joint venture with the participation of Nagoya University and
the European Space Agency (ESA). Prof. Hayakawa showed himself to be very enthusiastic
about this and worked very hard to make our joint project come true today.

It was a terrible shock for us to learn the sad news early this year! The international science
community has lost one of its significant members - an extraordinary scientist as well as an
eminent person. He was also widely appreciated as a skillful organiser as the President of
Nagoya University. He left an indelible persona! mark on his research field.

On behalf of the Toki Conference participants - and also of my Russian and Georgian
colleagues - I wish to express to Mrs. Hayakawa our deepest sympathy and invite all of you to
dedicate the proceedings of the next four days to the memory the late Prof. Satio Hayakawa.

Academician Jumber G. Lominadze
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PREFACE

When plasma physics was in its infancy, in the 1950s and 60s, astrophysicists, space physicists
and laboratory plasma physicists all shared the belief that the study of plasma waves would lead
to an explanation of many of the phenomena in their own fields and this led to true collaboration
among all those studying the subject. As a result, various kinds of plasma waves and plasma
instabilities together with the associated weak nonlinear phenomena were accounted for in theory.
With the passage of time, however, a split has gradually developed between those working in
fusion plasma research and those who deal with natural plasmas.

Amazing progress has been made in improving the confinement properties of tokamaks and, as
a result, fusion plasma research has tended to become reactor-oriented rather than an academic
pursuit. At the same time, the dramatic progress achieved in the development of space satellites
has made it possible to reveal unexpectedly fine detail in plasma structures and processes and to
discover how astronomical and near-earth plasmas are susceptible to environmental conditions.
All this has only served to widen the gap between the two fields of plasma research.

Sitting in one's rocking chair and calmly considering the matter, one is inclined to ihink that those
who study fusion and those who study near-earth and astronomical plasmas may well still have
much in common. Observable phenomena are highly nonlinear and therefore arise as the result
of complex interactions among various kinetic and geometrical effects with differing spatial and
temporal scales.

On the basis of such thoughts, the main objective of those organising this conference has therefore
been to bring together once more the fusion-, space- and astro-plasma physicists in the hope of
discovering common scientific interests and finding ways of tackling truly nonlinear plasma-
physics problems.

Professor Satio Hayakawa was an enthusiastic supporter of this idea and planned to merge two
independent international conferences: the International Toki Conference (ITC) on fusion plasmas
and the Joint Varenna-Abastumani Conference on astrophysical plasmas. The ITC is an interna-
tional conference on fusion research hosted by the National Institute for Fusion Science in Japan
(NIFS), and the Joint Varenna-Abastumani Conference is an international conference on Plasma
Astrophysics. Professor Hayakawa asked Professor Atsuo liyoshi, Director General of NIFS, to
organise the 4th International Toki Conference as a joint event with the Varenna-Abastumani-
Nagoya Conference on Plasma Astrophysics, with the support of the European Space Agency
(ESA) for the publication of the proceedings.

Much to our sorrow, Professor Hayakawa did not live to witness the fruit of his efforts. Conse-
quently, the International Organising Committee and the Local Committee decided to continue the
work he had started and as a mark of their esteem have dedicated the conference to his memory,
calling it the Satio Hayakawa Memorial Conference.

Tetsuya Sato
Chairman of the International Organising Committee
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Driven Reconnection and Self-Organization

T. Sato, R. Horiuchi, T. Hayaslii, K. Watanabe, and K. Kusano*

National Institute for Fusion Science, Nagoya 464-01 Japan

* Hiroshima University, 1-3, Kagamiyama Higashi-Hiroshima 724 Japan

Abstract

Magnetic reconnection is believed to play a very impor-

tant role in fusion, space and astronomical plasmas. In

this lecture particular attention is paid to magnetic re-

coiincclion driven by a converging plasma (low which is

called "driven reconneclion". In the presence of a converg-

ing plasm?, flow or a directed plasma flow, reconnection is

driven at a stagnation point with the MHD time scale of (

VA/VD } IA ( VA '• Alfvcn speed; VD : plasma flow speed;

tA : Alfvcn transit time). Consequently, abrupt plasma

healing, strong plasma acceleration and/ol rapid magnetic

dissipation occur with this fast MHD time scale. As a most

dramatic phenomenon caused by driven reconnection, the

MIlD self-organization process is described where an or-

dered magnetic structure is created by changing the global

magnetic topology and relaxing the magnetic energy in the

MHD lime scale.

1. Introduction

The role of magnetic reconncction is vital and vast in

the inngnclohydrodynamic evolution. It can be no exag-

geration to say that most of the important magnetically

agitated phenomena appearing in astrophysical and fusion

plnsmas are related to magnetic reconnection. Among oth-

ers, particularly important is driven magnetic rcconnection

which lakes place as a result of the deformation of the mag-

netic field configuration due to a plasma flow, whether it is

caused by an internal instability or by an external agency.

In fusion and astronomical plasmas, collisions between

plasma particles aie so rare that they are believed to be-

have as if they are frozen to the magnetic field. If this

is Irnly so, then plasma particles are to be well confined

Io closed magnelic surfaces. Also, Ihe plasma particles of

different origins would never be mixed up with each other.

In reality, however, plasma particles and energy can

often unexpectedly swiftly diffuse out of a confined mag-

netic furface and also can rather drastically penetrate into

a magnetically separated space. Minor and major disrup-

tions of tokamaks and solar wind penetration into the mag-

netosphere are such examples. Solar flares and magneto-

spheric subslorms are thought to be fascinating phenom-

ena resulting from a drastic energy conversion process from

the magnetic energy to the plasma flow energy.

Particle diffusion and penetration through a magnetic

surface can well be explained by the merging of two sepa-

rate magnetic surfaces. Drastic energy release can also be

an important result of magnetic reconncction, especially

when driven by plasma flows. These processes can rather

be manifestations of locnl peculiarities of the merging of

magnetic field lines.

Although magnetic reconnection is a local process by it-

self, the global evolution of the plasma and the global reg-

ulation of the energy can be governed by this local process,

when «connection is triggered by a plasma flow excited by

a global instability. Formations of the reversed field pinch

(RFP) configuration and the sphcromnk configuration are

typical examples of a global process regulated by driven

magnetic reconnection.

In this lecture the physical background and significance

of magnetic reconncction are given in the first part. Then,

as an important and fundamental nonlinear process associ-

ated with driven rcconnection in a magnctohydrodynamic

plasma, magnetohydrodynamic self-organization process is

explained.

2. Driven Magnetic Rcconncction

There are two types of magnetic rcconncction. One is

magnetic reconnection which takes place as a result of a so-

called tearing mode instability (Réf. 1), whether collisinal

or collisonless. Free magnelic energy carried by a neu-

tral sheet current is released through a tearing mode. The

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in Toki, Japan,
17-20 November 1992 (ESA SP-351, February 1993).
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growth tale of the tearing mode instability is strongly de-

pendent on the magnetic Reynolds number R (the plasma

conductivity) as fl~3/5. This indicates that the process is

a slow process in a usual plasma where the collision is rare.

Plasma can neither be drastically accelerated nor heated

by the tearing mode rcconnection. This is because an out-

put flow from an X point returns to the input flow at the X

point whereby the plasma flow makes a closed circulation.

The plasma current is rather reduced near the X point, so

that no drastic plasma heating would occur. One impor-

tant feature associated with a tearing mode reconnection

is that the plasma particles in a tearing layer can be locally

mixed up.
The other reconneclion is the driven rcconnection (Réf.

2). Since the driven reconnection is caused by a configu-

ratioiial change of the magnetic field due to the frozcn-in

condition of the plasma and magnetic field, the process is

naturally highly dependent on the condition of the plasma

flow. Driven reconnection is triggered at a converging point

(or line) of two flows or at a stagnation point of a plasma

stream. The degree of reconneclion is therefore slrongly

dependent on the plasma Row condition.

U will be nalural to expect thai reconneclion can pro-

ceed Io any degree depending on the driving plasma flow

condilion. Strong plasma acceleration and heating can

be realized by driven reconnection when the driving (in-

put) flow, independenl of the outpul condilion, is suffi-

ciently large. Another importanl role of driven reconnec-

lioti is that the magnetic topology and energy can both be

changed even if the initial magnetic configuralion is free

from a tearing mode instability. The RFP, the FRC (Field

Reversal Configuralion) and the Spheromak are the mag-

netically confined plasma configurations formed by driven

«connection.

Lel.us here briefly explain the essence of driven recon-

iieclion [Réf. 3]. Suppose that a current-carrying plasma

( J^ ) be deformed by a converging flow ( VD ). Then, the

current at a converging point is inensificd as

dm which is given by

d = L-V0I
(1)

(2)

where L is tha intitial characteristic scale length. The

electric field al a converging point E is thus given by

F- -F I ft& — ̂ o (J)

where EQ = IjJO',T] is the resistivity. This electric field

can become as large as the driving electric field ED =

VDB0 where Bo is the initial characteristic magnetic field

strength. Therefore, the current sheet can be as thin as

J TE°dm = L-=- = ;

where S is the magnetic Reynolds number and /3 —

: Alfvén speed).

It is natural to consider that the time scale ( TP ) of

driven rcconnection is ronghly given by the lime when the

current sheet becomes as thin as rfmitl. Thus, from Eqs(2)

and (3) we obtain

L
va ( )

This time scale is the MIID lime scale and independent

of the resistive time. This indicates us a really importanl

informalion lhat although some rcsistivily is unavoidable,

Ihe evolution of driven reconneclion is governed by the fast

MHD time scale.

Fig. 1 shows the temporal evolution of the reconnection

rale, namely, the electric field at the X point, oblained

by the MHD simulation, in comparison with the above-

mentioned simple Iheorelical consideration. As one sees,

the simulalion and Iheorelical results are in good agree-

ment, thus concluding that driven recoimection evolves in

Hie fast MHD time scale, not in the slow resislive time.

0.06

tt

1
I 0.04

I

•a 0.02

E0

Q

simulation

ED = 0.05

S =0.005

20 40 60 80

time (normalized)

Fig. 1. Temporal Evolution of the reconnection rate of

dri - en reconnection: Solid line represents the simulation

result and the dashed line represents a theoretical result.

Note a fairly good agreement between thorn and also the
rapid development with the MHO time scale.
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In the above discussion, the existence of a constant re-

sistivity is assumed a priori. In an ordinary plasma the

magnetic Reynolds number S is as large as 10s or even

larger, while /3 = VA/VD is at most of the order of 102 .

Therefore, d,n/L < lO"4 . In a hot plasma such as the

plasma sheet in the magnetotail, the solar corona, and a

high /3 tokamak, the ratio between the ion Larmor radius (

pi ) and the characteristic length ( L ) i's often not so small

as I0~3 . This indicates that dm can be smaller than pt

in our most interesting plasmas. Thus, it is expected that

some kinetic effects must participate in the driven recon-

ncctioit process when the current sheet is thinned as small

as llio ion Lnrmor radius. Our recent preliminary particle

simulation study of driven reconnection clearly indicates

that a collisionless reconnection is triggered by an ion Lar-

mor radius effect when the neutral sheet (current sheet) is

thinned ns small as the ion Larmor radius (Réf. 4). The

temporal evolutions of the current sheet width (r) and the

ion Larmor radius ( #/,„„„ ) are shown in Fig. 2 where

riT.oiiiiection starts roughly at I/ IA ~ 1.

Ul

ffl
Q
en
Ul
(B
5

CJl
'(B
I

ra
o
Cfl

/3 half)

O 1 2

Time t / tA

Fig. 2. Collisionless driven magnetic reconnection ob-

tained by a parlicle simulation. When the current sheet

is thinned as small as the ion Larmor radius, collisionless
driven reconnection is triggered (at tflA a 1).

The above theoretical consideration along with the MHD

and particle simulations confirm that driven reconnection

evolves in a fast MHD time scale, whether the plasma is

collisional or collisionless. Thus, the fast release of mag-

netic energy can be explained without any difficulty by

driven rcconnection in a collisionless hot plasma.

Wc sum up the main physical effects of driven magnetic

reconnectai.

a) Change of the magnetic field line topology

b) Abrupt heating of plasmas

c) Strong acceleration of plasmas

d) Rapid dissipation of magnetic energy

e) Mixing of two plasmas of different origins

f) Disruption of magneticaly confined plasmas

3. Self-Organization

The above consideration of driven recoiinecction seems

to have resolved a long-standing puzzling problem, namely,

how the rapidity of magnetic energy release can be ex-

plained by magnetic reconnection. In the presence of a

proper plasma flow that quickly squeezes the current sheet,

a collisionless reconnection is triggered when the current

sheet becomes as thin as the ion Lariunr radius (Réf. 4).

T = 14.5

T = 36.0

T = 60.0

Fig. 3. A typical MHD self-organization obtained by

the MHD simulation. An initial magnetic configuration is

subject to an ideal helical kink instability and suffers global

deformation. A disordered state is once realized but with

time a double-helix structure is obtained. Thereafter it
relaxes toward a stable single-helix state.

With this confirmation in mind, we study the magneto-

hydrodynamic self-organization by using the MIID simu-

lation code with a finite resistivity. One tpyical example

of the MHD self-organization is given in Fig. 3. As one

sees, an analytically given force-free equilibrium ( T =0)

is subject to an ideal helical kink instability and starts

deformation ( T =9.5). Thereafter, a disordered state is

realized ( T =12.3). With the passage of lime, however,

this disordered stale starts retrieving nn ordered structure.

A double- helix structure is constructed ( T =14.5). Then,
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the double-helix structure changes itself into a single helix

with !.litre piches ( T =36.0). This three-pich helix ends

up with a helix of two piches ( T =60.0). This final helical

structure is a stable and steady structure which does no

longer suffer any structual change except a slow resistive

decay.

Examination confirms that these topological changes are

caused by magnetic reconnection driven by an ideal kink

instability-induced plasma flow. Shown in Fig. 4 are the

typical temporal evolutions of the magnetic energy and

hclicily (left panel) and of the average wavenuraber of the

energy and liclicity spectra (right, panel) for another initial

equilibrium which is different from that of Fig. 3. Two

important features are to be noted. One is the rapid energy

relaxation of the order of ~ 10 Alfvén transit time and the

conservation of the magnetic hclicity. The other feature

is the corresponding rapid normal cascade (red shift) of

',he energy spectrum and the corresponding rapid inverse

cascade (blue shift) of the helicity spectrum.

o.o
3 20 40

Tin»
( HonniBied by Alfren Tkinat Tim» )

Fig. 4. The temporal evolutions of the magnetic energy

and helicity (left) and the corresponding evolutions of the
energy and helicity spectra.

Simulation studies have also found that a very similar

self-organization process takes place in an actual experi-

ment. The so-called self-reversal proess of the RFP is the

one. For a helical magnetic structure in a low plasma with

as ninny pilches as 10 or so, it is found that the toroidal

field spontaneously reverses its direction in the outerpart of

the torus (salt-reversal). Detailed examination of the sim-

ulation result has shown that the evolution features are

essentially the same as the above example. For example,

the magnetic helicity is conserved while the magnetic en-

ergy relaxes in a fast MHD time scale.

There are many similar self-organizing processes in ac-

tual plasmas. Let us show one such example in Fig. 5.

This shows a stepwise relaxation of a spheromak magnetic

fio.ld configuration. The initial axisymmetric helical struc-

ture is subject to an ideal helical instability ( I fin =90) and

is strongly deformed ( i/tA =100). When the helical de-

formation develops, reconnection is driven by the induced

plasma flow and a stable axisymmetric helical strucuture

with a low pitch is established ( ijt^ = 135 ). During

the relaxation process magnetic energy is slepwise relaxed.

When we continue simulation to a longer lime scale, an-

other relaxation occurs slepwise and the helical pilch is

relaxed again. Such a repeated stepwise relaxation was

observed in a spheromak experiment.

Fig. 5. Stepwise self-organization of a spheromak plasma
obtained by the MHD simulation.

M

Stepwise relaxation phenomena arc commonly observed

in magnetically confined fusion plasmas. Shown in Figs.

6 and 7 are, respectively, the stepwisc relaxation obtained

by the MHD simulation of RFP anil Hie lokamak saw-

tooth relaxation obtained by another MlID simulation. In

these stepwise self-organization process, the magnetic hc-

licity conservation is not confirmed.

When one observes with care the changes of Ihe global

magnetic structure during the self-organization, one finds

an interesting apparent difference between the case of Fig.

3 and the cases of Figs. 5-7. The difference is that in

the case of Fig. 3 (and also in the RFP self-reversal pro-

cess) the global topology is changed, while in the cases of

Figs. 5-7 the topology is not globally changed bul only Ihe

helical piches are slightly relaxed. When one carefully ex-

amines the magnetic structure n[ the rcconnection point,

one finds an interesting and important facl. The facl is

lhal when the topology is globally changed, the relevant

magnetic reconnection is anti-parallel. In contrast, when

the topology is only locally changed, the rcconncclion is

not anti-parallel but rather nearly parallel. From this fact

it is concluded that the self-organization with hclicily con-

servation is related to anti-parallel driven reconncction (

J-S = O) and exhibits a global topology change. When, on

the other hand, reconnection is only partially anti-parallel,

then the magnetic topology makes only a local change and
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the self-organization is not of the Taylor type characterized

liy the helicily conservation.

H
•1.05

1.0

O

F -0.2

-0.4
(b)

1000 O500 IUUU u 500 1000

time fa) «me (T,)

Fig. G. Dynamo process of the RFP obtained by the

MIID simulation.

resulting from a strong head-on collision of anti-parallel

field lines.
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Fig. 7. Tokamak sawtooth relaxation obtained by the
MIID simulation.

4. Summary

A niitguclically confined plasma with a plasma current

ran be unstable and a plasma convection can be excited.

Al a converging point or a stagnation point of the excited

llinv, reconneclion can be driven. Through this driven re-

cmmc'd.icm process the magnetic energy is dissipated in

!lie fast Mill) time scale of ( VA/VD)TA and the magnetic

Inpdliigy is changed. When the free energy is substan-

tial , the mngnelic lick] is changed globally and an anti-

pnrallel licld condition is satisfied at a converging poing of

I he instability-induced plasma (low. Accordingly, themag-

Ui1I if structure is globally changed whereby the magnetic

i no1 is largely dissipated, though the magnetic hclicity

is i iniscrvcd. Thus, the Taylor type relaxation occurs.

When the free energy is small and the instability is lo-

cal, a weakly anti-parallel (nearly parallel) reconnection is

driven and a local relaxation occurs.

A millier important feature of driven reconnection is that

when the converging flow is strong, say, 10 % of the Alfvén

speed iir larger, then a slow shock-like current layer is

formed near the X point and a strong plasma accelera-

tiiin lakes place. Violent energy releasing phenomena such

as llio solar Hare may be explained by driven reconnection
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TURBULIZATION OF FREE SHEAR FLOWS - 3D PERTURBATIONS
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ABSTRACT

A theory of free smooth shear flows turbulizatian is proposed.
Although the theory is developed for a free plaine Couette fiow,
it may be applied to other flows turbulized by finite ampli-
tude perturbations. Analytical calculations are performed for
three-dimensional perturbations. The proposed turbulization
scenario is based on the specific evolution of the linear and
nonlinear processes and it is an alternative to the Landau tur-
bvlization scenario. On the basis of the proposed theory is
given the explanation of "philosophical" problem of turbulence
- how deterministic system becomes indeterministic.

!.INTRODUCTION

It is well known that there are hydrodynamic flows (for in-
stance, Couett flow) that remain stable to infinitesimal per-
turbation for any values of Reynolds numbers but become
turbulized at finite disturbance. Moreover, the turbulization
of such flows strongly depends not only on the amplitude of
the initial disturbances but on the type of those disturbances
as well. These flows are held [3,12,13] to be stable at the lin-
ear stage of the disturbance evolution. But basing on these
considerations one cannot succeed in reproducing the set of
self-consistent phenomena accounted for the turbulization of
the medium. Thus there has not been a satisfactory theoret-
ical explanation of such facts up now [1,2,3,4,5,6].

In our previous works [8,10,11] the correctness of the state-
ment about the stability of shear flows at the linear stage was
called in question. In particular, for the case of a plane free
Couette flow it was shown, that one can find the disturbances
(we considered two-dimensional ones) that at the linear stage
of their evolution draw the energy from the shear of the main
Ouw and gruw, though nut permanently but within a limited
time interval - having a kind of a "phase of increase". The
physics of energy exchange between the main flow and distur-
bances is rather original and simple [It] (cf. also the end of the
second section of the present paper).

It should be emphasized at once that, according to our sup-
positions [10,11], above mentioned "phase of increase" of a
non-potential disturbance is the base of the transition to tur-
bulence of the free (non-boundary) Couette flows.

The disturbances having the "phase of increase" (which are
small-scale, non-potential, i.e. vortical, and incompressible)
rank, as they are, among the continious class of solutions that
was under discussion as far back as in early 60th in the works

by Case [5,6]. But in there spectral expansion in time (t)
for two-dimensional disturbances was used. As a result, the
obtained modes of the continious spectrum turned out to be
transcendental, which did not permit to analyze the solutions
for finite values of time. Regarding the asymptotic behavior
(( -t oo), it was shown that contribution of the continuous
spectrum of the two-dimensional disturbances approache zero,
though non-exponentially but as an algebraic function - to be
exact, as a power of t. On the basis of such an asymptotic
behavior, Case came to the conclusions (which took root in the
theory later) that the solutions from the continuous class were
not unstable, and not implicated in turbulization of Couette
flows.

Considering two-dimensional small-scale disturbances insen-
sitive to the flow boundaries, working in the WKB approxi-
mation and using a certain transformation of variables, papers
[8,10,11] gave an exact description of the temporal evolution
of the disturbances.This result was derived without any in-
tegral expansion in / - which, for finite C1 marie it passible
to find out the "phase of increase". Although further this
"phase of increase" is replaced by the "phase of decrease" and
the asymptotic behavior of the two-dimensional disturbances
studied in [8,10,11] agreed with that of Case solutions: ap-
proaching as an algebraic function to zero at t —> oo. It should
be emphasized once more that, according to the ideas devel-
oped in [8,10,11], it is the presence of the "phase of increase"
for a certain kind of disturbances that is the basis of the tur-
hnlization process of Coiiettp flows. A qualitative scenario (if
turbulization of free Couette flows was presented in [11] and
some quantitative estimates in the limit of weak turbulence in
[1O]. Presence of "phase of increase" strongly changes the evo-
lution of perturbations in magnetized plasma. In particular it
leads to the anomalous growth of magnetosonic waves [9]. In
papers [8,9,10,11] like in those of Case [5,6] two-dimensional
disturbances were studied. As for the present paper, we are
treating now the linear stage of evolution of three-dimensional
disturbances in plane free Couette flow. The calculations show
(see Chapter 4), that a certain class of the three-dimensional
disturbances (small-scale, non-potential, incompressible ones)
draws energy from the shear flow, like two-dimensional once,
i.e. they have a "phase of increase". However unlike the two-
dimensional disturbances, in asymptotics (t -+ oo) the energy
of the three-dimensional ones does not decrease but saturates
and tends to the values that may be many times as great
as the initial disturbance energy. This fact strengthens con-
fidence in our ideas about the turbulization process in free
Couette flows. Moreover, it indicates that in the turbuliza-
tion process the three-dimensional disturbances are favoured

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in Toki, Japan.
17-20 November 1992 (ESA SP-351, February 1993).
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over the two-dimensional ones, that agree with experimental
evidence [S].

The unusual course of the energy growth is not the sole
peculiarity of the disturbances under examination. Two more
peculiarities are to be noted:

- the characteristic linear scale of the disturbance inhomoge-
ity in the direction orthogonal to the flow velocity (in the di-
rection of the velocity shear) varies in time (see Eq.(20)) -
in the linear approximation, there is a "drift" of the Fourier
harmonics in the space of the wave numbers (in the k-space);

- the disturbances under consideration (the small-scale,
lion-potential, incompressible ones) are nut inlrinsit: for Die
medium: they are absent in the fluctuation background of the
flow. They only can appear in the flow because of external
exciters, due to the "injection" by some outer forces.

We believe that there are just three properties that condi-
tion the non-ordmanty of the transition to turbulence m free
Couette flows and also in some similar flows. This question is
discussed in the closing part of the paper (Chapter 5).

In Chapter 2 the mathematical formalism of the problem
under examination is presented, together with analysis of the
drift of the disturbance spatial Fourier harmonics in the space
of Ihe wave numbers.

In Chapter 3 a case of two-dimensional disturbances (as a
simpler case) is discussed in order to expose the physics of the
energy exchange between the main flow and disturbances at
the linear stage in a free Couette flow.

In Chapter 4 an analysis of the evolution of three-
dimensional disturbances is given.

2. MATHEMATICAL FORMALISM

We are going to discuss the linear theory of disturbances in
a free plane shear flows. To get a net effect of increase of the
disturbances, by it self, let us consider a non-viscous fluid. A
qualitative discussion of the effects of the viscosity is given in
Chapter 1 and 5.

Let the F-axis of the Cartesian coordinate system lies along
the velocity of the main flow Uo(O, U0,, O), and the X-axis
along the flow velocity shear DO, = .Aa; (see fig.l). That is, we
shall consider the profile of undisturbed velocity with a linear
shear. Unlike the previous works [8,10,1I]1IeI us examine the
evolution of three-dimensional disturbances, considering them
as being incompressible. On such assumption, the system of
equations for the perturbed quantities may by written m the
following form:

^- + Ir + ifr = 0 (i)

(2)

(3)

-
Where v,, vf and », are the components of the disturbance

velocity in the Cartesian coordinate system with respect to
the A", Y and Z axes respectively; p is the pressure pertur-
bance normalized by the density of the fluid. Treating the
perturbation as a small-scale and localized in space, one can
set aside the boundary conditions, for they are satisfied auto-
matically. That is why we consider the flow under discussion
to be free.

Let us introduce a system of coordinates with a. movable
axis X1Y1Z1 [11], the origin and the YI and Zraxis of which

coincide with those of XYZ, and the Ai-axis moves together
with the undisturbed flow (see fig.l). This is equivalent to
substitution of the variables:

x;

a a

- Axt;

A-f .
yv ~~ n nil 1 • —•— —'1Oy1' Oy

_
Oz

JL L - JL _ A —•
'' dzi' Ol ~ Oli Xl3yi'

(5)

(6)

In terms of the new variables the original system of equa-
tions (l)-(4) can be reduced to the following form:

(sr - **£) "-+Ir-+Jr-=0 (7)

dv,
dtl

Dv,

Ov,
Of1

(8)

(9)

(IU)

The substitution (5) is nut a physical transition to a new
coordinate system, because in equations (T)-(IO), as well as
(l)-(4), the quantities v,, vt and v, are components of the ve-
locity of the perturbation in the Cartesian coordinate system
XYZ. The coefficients of the original set of equations (l)-(4)
depended on the spatial coordinate x. As a result of the math-
ematical transformation, that inhomogeneity was changed by
the inhomogeneity in time (see eq.(7)-(10)). This makes it
possible to perform Fourier analysis of this equations for the
variables X1, t/i and S1, and to follow the temporal evolution
of every Fourier harmonic taken separately.

OO

= I dk,ldk,ldktl

6Xp(IE11I1 + tfcjiJh + îfc.lît)

Substitution of (11) in equations (T)-(IO) gives

— --YJt

Sv, ..
•7—^- + Av1 = —tltfip

—• = -IE11P

(11)

(12)

(13)

(14)

(15)

Solving this set of equations, one can easily get the depen-
dence of iT,, f, and v, on time:

Mt) = 5,(O)-T (16)

k,

-MW) + MO)MO) + -̂ p
«*%/»•H
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(17)

(18)

where S1(O), 5,(O) and 5,(O), in accordance with (12), are
linked with each other by the relation:

S1(O) + VV°) + k,v,(0) = O (19)

Here k2. = *r(0)3+*J+fc;, and definition QfA1(O is represented
below (see eq.(20)).

VVe carried a Fourier analysis of the disturbed quantities
over the variables T1, yi and TI and described (see eq.(16 -
19)) the temporal evolution of the amplitudes of the Fourier
harmonics.

A question arises: what happens with these Fourier har-
monics in the ordinary space, i.e. in the Cartesian coordinate
system (XYZ)I Using equations (5) and (11) the parame-
ters may be introduced, determining the characteristic length
scales of the inhomogeneity of each Fourier harmonic along
A", }' and Z axes at each time moment-

MO (20)

A-r =

These formulae show, that due to existence of the shear
(A 5^ U), the length scale (wave number) along X axis of each
harmonics under investigation varies in time (Fig.2).

One may say that the spaiiai Fourier hariii'mirs of Ui" ciis-
tnrbancçs under mvesu^ati'.-n are drifted in 'ne spa'.-" of >}iv
wave iiiiiiWTb i in ihi- k-spacc). !."Dually, the v.-avp number (if
FI-HI-KT hnrnt'-'nirs is afFprîed liy non-linear decay proressps. Tn
îliiâ cuiitfXt it .iliùuld be stressed that such a drift is present
in the linear theory: it is due i'i linear forces. Thus hereafter
on wf- shall rtfer io it 00 !<.. "a lihehr ilrifi of Fourier harmonies
m the k-biiao-'. or. simply "a linear drift". Fig.3 gives a dear
representation of this process. Represented are the vectors »f
!he Fourier haniif.nic drift velocities in a plane- paralM to t i iP
j.'i.-irLf K,OK, (i.e. in tL= j.-!h!if- /v. = A":lj of the wave num-
ber spare It is obvious that in the limit (r — co). unless some
other, not considered above, phenomena interfere, | MO | of
any spatial Fourier harmonic tends to infinity.

As regards the behaviour nf tlip amplitudes of Fourier har-
muiiicâ, they are described by eqs.(16-19), but before analyz-
ing these formulae we shall describe the behavior of distur-
bances in the two-dimensional case [10,11], when k, = O and
S1(O) = O, for in the latter case the physics of the phenomena
can be explained more evidently. Besides, the analysis of two-
dimensional disturbances is necessary to find out what kind
of disturbances (two-dimensional or three-dimensional ones)
are favourable in lurbulization of Couette flows.

3. ANALYSIS OF EVOLUTION
OP TWO-DIMENSIONAL DISTURBANCES

In the case of two-dimensional disturbances, the wave num-
bers of spatial Fourier harmonics, naturally, evolve according

eq.(20), but fc; = fc-i = O. As regards the amplitude evo-
lution of the spatial Fourier harmonics, it can be obtained
from eqs.( 16-19) with taking into account that k,\ = O and
iT.(O) = O

! = S1(O)7 , - At)1 +

5,(O = 5,(O)-
(M°)/*, -

(21)

ii-.'-i (22)

(23)

One can easily get from these equations the expression that
describes the evolution of energy density of Fourier harmonic
disturbances

_ e(MO.*,.Q _
E = e(MO),*,,0) ~

I f,(t) I2 + I '-,(O I2 _
+ 1 V1(O) |2

i + MQ i'ii\
(MO)A1-.AO2 + !

The evolution of Ox, o, and e is presented graphically in
Figs.-lo.i.c. As one can see from these equations, we have an
initial increase only for the Fourier harmonics with wavenum-
bers satisfying the inequality

>0 (25)

(here and further we will assume .4 > O. without any restric-
tion of the generality of the analysis) The amplitude of these
harmonics increases fir O < t < P = fc(0)/(A-,,4), and t h r n
in the linear regime decreases at the limit r — :o, i e ihc
energy of the !W.:—.iimensior.al disturbance:) a(jpr!.-:!!-!ies ?.f-ru
'If non-linear phenomena cln m,t inifnVr*'' [Iu. 11] i

So. we can s!»i«j that SI.II.K' Fourier harmumcs ( fr,(O)/fr, > O)
nf liic iwo-iiirnensional dislurbancps have a "phase of in-
crease" wi th in a i-prtsin t ime interval tlipy draw ctipryy from
the main flow (the shear, c-ni-ryyi and grr,\v LatiT. nin-n
( > t.. the "iihase uf iniTease" is changed by the "pliage of
decrease": the Fourier harmonic nf two-diinensiona! distur-
bance gives the enerto' back to the flow In iai-i i h i s is HIP
v?ry "phase of decrease' that was found out in f'a:,c':, papfrt,
-.-xaiiiininp The asymptotir behiiviitur of th-- continit 'iuj, sfipr-
truiii '..'f two-diineiisional distiirbaiii-es.

Now we are going to give an explanation of the mechanism
of the energy transfer from the shear flow to incompressible
vortex disturbances when the inequality kr(l)/ky > O keeps.
For that purpose let us examine a separate Fourier harmonic
in XOY plane and the planes of the fixed phases of this
harmonic at every moment of time: M.OZ + k,y = 2;rm
and MO* + ksy = 2;r(m + 1), where m = O, ±1,±2... (see
Fig.5). Since we are considering two-dimensional disturbances
(k. = O; kt, /;, / O), so it is clear that fixed phases planes are
orthogonal to the plane XOY. And because the wave number
along the X axis for every Fourier harmonic is time-dependent
(see Eq. (20); the fixed phases planes for every Fourier har-
monics turn around the Z axis This K obvious from Fig 6,
which represents the plane MO1' + *»ï = Vo at three differ-
ent time moments J1,12, h when the condition ti < h < I3

holds. As it follows from the incompressibility condition (kv
= O) the disturbance current vectors are parallel to the fixed
phases planes. Their directions, as well as those of the distur-
bance pressure forces can be seen from the same figure. The
fixed phase planes shown m the figure are, at the same time,
planes of the disturbance pressure maximums and minimums:
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the -Vp forces ate orthogonal to the planes. Accordingly, the
planes of p = max can be conceived as the walls elastically
reflecting the fluid elements that tun onto them. So, how does
the shear flow energy converts to disturbance energy?

Let us single out a virtual element of the fluid (circle 1 on
Fig.S) located at the height x from the y axis with the distur-
bance velocity v. The unperturbed velocity of this element is
Cf0, = Ax. Because there is the disturbance velocity v, we can
say that during some little time interval the chosen element
drifts at the height at which the unperturbed flow velocity is
given by the formula U^ = A(x — Sx). Thus the velocity of
our element is by SU0, = Af x greater, than that of the un-
perturbed flow at the same height. So this is the velocity of
its collision with the p = max wall. As a result of the elas-
tic reflection from the wall, the total velocity of the element
becomes

(26)

I 2+ l«,(
(27)

where |v'| = ASx. That is, the disturbance velocity of the
considered element becomes v + v' (see Fig.5). So, as a result
of the processes just described the element's velocity changes
by v'(v',, BJ). In the case considered by us (kf/k, > O) the
angle between v and v1 is less then r/2. That is why |v +
v'| > |v|, i.e. the energy of the considered element increases
due to its transfère from the mam flow. This is equivalent
to the amplification of the respective Fourier harmonic. The
variation of the disturbance velocity of the element 2 in the
same figure may be described likewise.

The thorough consideration of the above scheme leads to
understanding that the elastically reflecting wall that we in-
troduced into the picture act, in fact, as an intermediary in
the exchange of momenta between elements from the oppo-
site sides of the wall p = mix. For instance, we can treat
the above case as an elastic collision of the elements 1 and
2 shown at Fig.5. It is clear from the above, that the mo-
mentum exchange takes a place only when Vp j£ O, i.e. it is
possible only in ths medium with non-zero temperature.

For comparison with analytical estimates, i.e. with the
equations (21) and (22) let us look upon two particular cases
\vhcn ktfk, = i (Fig. T) and kf/k, = O (Fig. S). According
to the law of elastic reflection (the angle of incidence equals
the angle of reflectance), in the first case (Fig. 7) 5J = O, i. e.
the y-component of the disturbance velocity does not change,
which agrees with the eq. (22). And in the second case (see
Fig. S) {£ = O1 i.e. if kz/k, = O, the x-component of velocity
disturbance does not change after the reflection on the wall
(see Eq. (21)).

From the above discussion one also can easily understand
the disturbance energy decrease at kt(t)/k, < O. In reality, at
k,(t)lk, < O, the angle between v and v1 is more then 7r/2.
So, in this case |v+v'| < |v|, i.e. the energy of the considered
element decreases.

4. ANALYSIS OF EVOLUTION OF
THREE-DEMENSIONAL DISTURBANCES

The evolution of the velocity components of a spatial Fourier
harmonic of a three-dimensional disturbance was described
analytically by eqs.(16>(19). Its graphical representation is
given in Fiss.(9a,b,c,d,10a,b,c,d,na,b,c,daiia 12a,6,c,d).From
Figs.(9<f,10<f,ll(i and 12<Q one can also follow the evolution of
the energy density of a. Fourier harmonic:

The evolution of three-dimensional perturbations, which
satisfying condition ks -C ks is, evidently similar to the
evolution of two-dimensional perturbations. Therefore, let
us consider three-dimensional perturbations with commensu-
rable values of fc, and k,. From figs.9-12 it is seen that such
three-dimensional disturbances as the two-dimensional ones
have a "phase of increase": they draw energy from the shear
flow. But unlike the two-dimensional disturbances, when the
relation k,(t)fkt changes its sign, the energy of the spatial
Fourier harmonics of the three-dimensional disturbances does
not derrea.se ("pha.sft ofdfirrea.se" is absfint), but continues to
grow and approaches the state of saturation in asymptotics
(t —> oo), taking a value that can be many times as great as
their initial energy. I.e. in three-dimensional case "phase of
increase" is not limited by condition MO/*» < O and for-
mally is stretched over whole k-space. But as it comes out of
figs.9(f,10(i,ll(i,12ii real growth of the perturbation energy oc-
curs when the ratio \k,(t)/k,\ reaches moderate - not too large
- values. Consequently, in three-dimensional case the "phase
of increase" do not have sharp boundaries and it stretches over
the part of the k-space with moderate values of |MO/*»I-

The physics of the energy exchange between a disturbance
and a shear flow in the three-dimensional case is the same that
in the two-dimensional one (see the last part of the previous
chapter). But in the three-dimensional case the plane of the
constant phase, M O1+ *»!/ + *<* = const, owing to fc, ̂  O is
no more orthogonal to the plane XOY, and in due time (viz.
with variation uf MO) 'l revolves not around an axis parallel
to the Z-axis any longer, but in more "sophisticated" way.
So in the three-dimensional disturbance case, after an elastic
reflection of a chosen virtual element from the constant phase
plane, the angle between v and v1 turns out to be < ;r/2
even when MO/*» < O. This leads to equality |v + v'| >
|v|. Thus, in the three-dimensional case the energy of chosen
virtual element increases when kx(l)lkt < O as well. Thib
conditions explains the fact noted above (see Figs.(9d,10d,lld
and 12d)): when MO/*» < O the energy of spatial Fourier
harmonic of a three-dimensional disturbance (k, £ U) does
not decrease, but continues to rise, and at the limit t -t oo,
unlike the two-dimensional disturbance, does not vanish but
can be many times as great as the initial value.

Because of incompressibility (kv=0), the velocity of a
Fourier harmonic of a disturbance is parallel to the con-
stant phase plane (see Fig.5). In the two-dimensional case
(k, — 0,0,(O) = O) the velocity direction of a disturbance
Fourier harmonic is definitely determined.

g,(*x(0), *„ O) M°)
5,(MO)1*,, 6) = JtT"'

While in the three-dimensional case, the option of initial val-
ues is rather arbitrary: the relation u,o/u,o can take any value
depending on the value of relation 5,o/SxOi which, in its turn
is not fixed:

__
v,(kt(0),k,,k,,0)

O) k, V^k1(O), k,,k,, O)
k,

(28)
k, U1(MO), k,,k,, O)

Naturally, the degree of the final energy amplification of a
Fourier harmonic of three-dimensional disturbances depends,
of course, on the direction of the initial velocity of the har-
monic relative to plane AOf, i.e. on the value of v,(0)/vz(0)
(this is easy to understand if we refer to the physics of the elas-
tic reflection of chosen virtual elements of fluid). This fact can
be well retraced from Figs.(9d,10d,lld). Fig.9 corresponds to

41



27

the case of 5,(O) = O, i.e. when the initial velocity of a Fourier
harmonic of three-dimensional disturbance lica in the plane
-YOV. Fig.lU corresponds to the case of B,(0)/C,(0) = -5
and Fig.ll to the case €',(0)/5j(0) = -30.

One can see from Figs.(9o,10a,lla and IZa) that x-
component of the Fourier harmonic velocity (like in the two-
dimensional case, cf. Fig.4o) shows a transient increase, i.e.
in the three-dimensional case, as well, the increase V1 with
the change of the sign of k,(t] gives place to weakening and
in the asymptotics, when « -» oo, vt(t) -> O. Thus, the en-
ergy increase of Fourier harmonics of three-dimensional dis-
turbances is due to the increase of 5,(i) and v,(t) ( unlike
the two-dimensional rase, where St -+ O when t ->• oo; cf.
Figs(9(i,10t,ll(i,12i and ill). Il should be noted that at the
limit t -> oo, S,/5, -* k,/k}.

Fig.12 is given to make the matter still clearer; it differs
from Fig.9 by the value of A1: in Fig.9 fc, = 10, and in Fig.12
fc, = 50

5.DISCUSSION

For the beginning let us point out at one peculiarity of the
perturbations under our discussion. They (vortical, uncom-
pressible perturbations) are not inherent to the medium - they
are absent in the fluctuating background of the flow. In the
medium under discussed circumstances are present only sound
(compressible, potential), perturbations on the level of ther-
mal noise. But vortical, incompressible perturbations in the
flow may appear only due to the exsistence of external agents
- as a resalt of their "injection" of perturbations by external
forces.

Taking into account the circumstances mentioned here, the
investigation performed in the previous chapters gives the fol-
lowing picture of the perturbations evolution.

Let us assume that in free Couette flow are excited (injected)
small-scale (insensitive to the boundaries of the flow), three-
dimensional, incompressible, nonpotcntial perturbations. At
the linear stage of their evolution (in the meanwhile nonlinear
process are not taken into account) perturbations will draw
up energy from the main flow (the energy of shear) and will
increase. Unlike of two-dimensional perturbations [11], in-
creasing of three-dimensional perturbations energy (as it was
shown hy analyses of the evolution of three-dimensionaï spa-
tial Fourier harmonics) is not transient but monotonie with
the following going out of the amplitude on stationarity. The
increasing of the energy of these harmonics is not exponential
but algebraic, which differs the evolution of these perturba-
tions from "typical" unstable processes. (Also it is worth-
while to emphasize that the process of the changing of spatial
Fourier harmonics is aperiodic.) There is also another unor-
dinarity in the evolution of considered perturbations, which
is connected with the temporal variation of the characteristic
length of perturbations inhoinogeneity along the shear direc-
tion - along the i-axis. Fourier harmonics somehow feel linear
drift in the space of wave numbers: kx(t) = fcrt — Ak,\t (see
Fig.3). So that in the limit t -t oo, \k,(t)\ —> oo. Investigat-
ing the evolution of the perturbations we have neglected the
action of viscosity, which was justified for small (determined
by the Reynolds number) values of k.,k, and kt. Naturally,
with the increase of |fcj(t)| viscous dissipation becomes effi-
cient what leads to the inevitable transformation of the per-
turbations energy into heat.

Thus if new physical events will not switch on -such may
only be nonlinear ones - "injected" from the outside in the
Couette flow small-scale (local), incompressible, nonpotential,
three-dimensional perturbations develop according to the fol-

lowing scheme: each spatial Fourier harmonic draws up shear
energy and increases (instability process), and at the same
time drifts in the space of wave numbers, which leads to the in-
creasing of |Az({)f. Consequently, an action of the viscous dis-
sipation onto Fourier harmonics becomes essential with time
and at last all amount of perturbations energy transforms into
heal - perturbations disappear.

From the above it may be concluded that for "single injec-
tion" of considered perturbations, if nonlinear events are un-
efficient nothing interesting occurs with medium - perturba-
tions dissappear quite rapidly sligtly warming up the medium.

How do nonlinear events can change described chain of
events? What does happen, if "injected perturbations" in
Couette flow are as strong that the action of nonlinear events
becomes essential? Answering at these questions let us nar-
rate, in fact, our scenario of the turbulization of free shear
flows [U].

Nonlinear phenomena take no part in energy exchange
with the main flow [2,16,17,18]. But they redistribute en-
ergy amoung the Fourier harmonics. Consequently, nonlin-
ear decay processes may constitute counterbalance to the lin-
ear drifting of Fourier harmonics in the space of wave num-
bers. Concretely, as a result of three-wave processes of type
k' + k" = k a part of energy from Fourier harmonics with
large \k',(t)\ and \k"(t)\ may be transfered to the Fourier har-
monies with small and moderate |i*(f)|. Conseqnently.in the
result of the action of nonlinear processes it is possible to re-
produce Fourier harmonics, which do not dissipate, but draw
up energy f'om the main flow. In what extent such a re-
production will be permanent, naturally, will depend on the
value and spectrum of the initial perturbation. At small am-
plitudes of initial perturbations, the decey processes will be
weak and will not be able to resist the linear drift of Fourier
harmonics in the fc-space. As a result, the perturbation will be
damped without any trace - without inducing turbulization
in the medium. The higher is the amplitude of initial pertur-
bation, the stronger are the effects of nonlinearity. Finally,
at a certain amplitude (which, of course, must depend on the
initial perturbation spectrum and the value of the viscosity
coefficient), the decay processes will be able to compensate
the linear drift of the Fourier harmonics and ensure their per-
manent return to the growth area. This will eventually ensure
a permanent "drawing" of the energy from the main flow and
lead to the turbulization of the media. So according to the
present scenario, there is a critical level for initial perturba-
tions in the free shear flow. And if the level of the initial
perturbations exceeds the critical one, the flow becomes tur-
bulent.

The critical level strongly depends on the initial cpectrum of
the disturbances, because the intensity of the nonlinear pro-
cess is determined not only hy the amplitude, but hy the spec-
trum of the disturbances as well. It should be stressed once
again that the flow can be turbulized by the vortex (rotv jt O)
disturbances. The disturbances under discussion have another
interesting property: non-periodicity or the absence of oscila-
tions in time. This fact is also in agreement with the ex-
perimental data. The scenario, presented here is quite an
alternative to that suggested in [19].

Any theory claiming on explanation of the turbulization of
flows must contain in itself distinct answer on the phylosophic
question: "How purely deterministic and causal systems can
have chaotic solutions?"

According to our scenario, chaotization of the solution on
qualitative level may be explained in the following manner:

Let us suppose that at the initial stage we have localized
in the r-space perturbation with a quite regular features - a
package of spatial Fourier-harmonics:
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U(r,t) = (29)

where |U(k, t)\ is not equal to zero only in the limited vol-
ume of the k-space. Package (29) is localized in the r-space if
a phase (o(k, t) is weakly variable function of k (as it is sup-
posed to be at the initial moment of time). In such case we
can treat it as deterministic initial formation (perturbation)
in the flow.

What kind of process do lead to the change of the phase in
each point of the k-space with time?

Let us consider the process for the example of arbitrarily
chosen point 1 in the k-spacp (see Fig.13). Following our
scenario, Fourier-harmonic which happens to be at the point
1 at the initial moment of time left this point due to the linear
drift (see eq.(20)). But the "loss" is filled up by linear and
nonlinear processes. After some time t = A passes, in the
point 1 occurs to be the portion of energy coming from the
point 1' in result of linear drifting and also the portions of
energy "transfered" to this point from different innumerable
puiuts u[ the k-space in result of nonlinear (decay ) processes of
the following type: k(l) = k'+k", k(l) = k'"+k"" and etc.(see
Fig.13). At the moment t = A the total energy at the point 1
is composed by these portions of energy. Naturally, all these
portions have the pha^s of their own. It is easy to show out,
that the phase of the Fourier-harmonic at the point 1 for t = A
must be some kind of the sum of these phases. It is evident
that the phase ^(k( I)1A) will be different than the phase
?(k(l), O). Is it possible to descrit e the evolution of the phase
in time? General analytical solution of the Navicr-Stoxc's
equation is excluded. As conceining numerical solution here
we collide with the following principal problem:

As il was already mentioned above, arcording to our sce-
nario an energy at i-ach point of the k-space (for instanse
in the !ifint I ) is transferpd to this point in result of decay
process from th" innumerable (!!!) number of points of the
k-spacc. But when performing numerical simulations used
number of point is always finite Namely this factor leads
to the gradua! loss of the information about the phase up to
its complue indétermination. Here the situation in principle
is analogous to the one, which we have for the collisions of
the particles in macroscopic bodies. Single collision ans are
easily dp-irnhprl nrocfises Bui tlie existence of thf huge (in
fact, iiiiiumera'inri number of panic les in macroscopic body
mnkrs UIP détermination of the motion of particles practically
siarra!.

As the phase becomes indetermined our initial formation be-
comes less and less localized and irregular - takes the features
of chaotization. After the elapse of some certain time inter-
val when phase may be treated as totally indetermined comes
definitive chaotization of perturbation. In this case the corre-
lation of the phase of Fourier-harmonics may be expressed in
the following way:

3)) ~ ̂ k1 - k3 Wt1 - J2) (so)
Consideration performed in the present paper (as well as

in papers [S, 10, U]) point out what kind of initial perturba-
tions can turbulize Couette flow. Choosing, in accordance
with this, initial perturbation and substituting them in Navic-
Stoxes equations (varying, at the same time, amplitude and
spectrum in perturbations k-space), using numerical simula-
tion we can test definitely justice of the above represented
tnrbulization scenario. The simulations may be cumbersome,
but there is one circumstance: according to our view , which
is also confirmed experimentally [2], to the turbulization of
Couette flow may also lead localized in the space perturba-
tions. This circumstance allows to wander from the boundary

conditions in numerical simulations.
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X /X1 .._

7

Figure I: The /oral OartMian rnordinafr system KOY and t.hn system
with moving axes JT1OYi arc presented. The JTi axis moycs~together
with the jhear flow.

Figure 2: Time dependence of the spatial scale along the X-axis of
Fourier harmonies increasing at initial time kr(0)/(k,A) > d. The graph
is plotted in accordance with eq.(2Q).

Figure 5: Qualitative representation of the energy transfer of the shear
to the perturbations. TheiinesMO*+*il/ = 2»m,(2m+l)ir,(2m-H)T
represent the cross-section between the corresponding piar^s and Z ~ Q
plane. 1, 1' and I'l denote the same element of I'M fluid in different
moments of time.

\

\

Figure 6: The dynamics of the plane with fixed phase for A > O, (
h < t3).

1 * M
' ' i I

I

«1 = 0 \MO» + •*,» = 2™, (MO =
P = max tfo I

Figure 3: The arrows show the directions of the drift of Fourier harmon-
ics in k-spaee described in the linear theory (linear drift),(when A > U). Figure 7: The qualitative picture, explaining the fact

|i7'| = «r/0, = ASx
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MHD INSTABILITIES OF FUSION ORIENTED PLASMAS

M Wakatani

Plasma Physics Laboratory Kyoto University Gokasho, Uji Japan

ABSTRACT

First several magnetically confined toroidal plasmas for develop-
ing a fusion reactor core are explained with an emphasis on helical
systems such as Heliotron E1 ATF and LHD. Next MHD equilib-

rium and stability theory is discussed briefly, and MHD instabilities

are characterized according to the free energy source. Several well
known observations of MHD instabilities in tokamaks and helical
systems are discussed associated with theoretical models. Sawtooth
oscillations are the most typical phenomena commonly observed in
tokamaks. Recently the similar sawtooth type oscillations axe ob-
served in Heliotron E. The latter is a. new phenomenon driven by
pressure gradient. When high energy particles occupy considerable
density in toroidal plasmas, they may interact with MHD instabil-
ities. MHD phenomena induced by high energy ions are fishbone
oscillations and TAE mode (Toroidal Alfven Eigenmode) in toka-

maks. Recently loss of high energy particles induced by the saw-

tooth oscillations are also observed in Heliotron E. Finally future
direction cf MHD studies in fusion plasma research is mentioned.
Keywords : MHD equilibrium, MHD stability, fusion, tokamak,
helical system.

1. INTRODUCTION

Goal of the fusion plasma research is to develope a reactor core
generating energy through fusion reactions (Ref.l). In order to

keep the fusion stationary, a toroidal configuration seems a natu-
ral choice from the point of view of confining a. high density and

hightemperature plasma. However, if a straight cylindric>il mag-
netic field is bent into a torus simply, charge separation appears

and a. large electric field produced by this charge separation de-
stroy the confinement through the ExB drift motion. In order to
suppress the charge separation we need poloidal magnetic field pro-

duced by a toroidal plasma current in tokamaks or helical windings
in helical systems. Then the magnetic field line becomes helical.

Figure 1 shows examples of helical windings, vertical field coils and
quadrupole field coils (Ref.2). The upper one is in Heliotron E at

Plasma Physics Laboratory, Kyoto University (Ref.3) and the lower
one is in ATF at Oak Ridge National Laboratory (Ref.4). When
both toroidal and poloidal component of magnetic field are ade-

quately produced, the intersections between a magnetic field line

and a poloidal plane produces a surface as shown in Fig.2 which is
called magnetic surface. Here important point is that AS; is finite,
«here A0, is the angle between the line connecting the KUI to the

point 1 and the line connecting the axis to the point 2 and Af1 is

the angle determined by the point 2 and point 3 and so on. The

rotational transform is defined u

(1)l '

It should be noted that the magnetic surface is woven by a single
magnetic field line. However, on the surface called rational sur-
face the magnetic field line closes after m poloidal turns and n
toroidal turns. Here m/n is a rational number. In the next sec-
tion we discuss that the rational surface is very closely related to
MHD instabilities in toroidal plasmas (Ref.5). Usually the rota-
tional transform angle depends OL the magnetic surface position.

Figure 1 Coil set» for helical iyitems :
(a) Heliotron E, (b) ATF (from Ref.2).

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in ToM, Japan,
17-20 November 1992 (ESA SP-351, February 1993).
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E>: toroidal field
fcVpoloidal field

(o) "• (W

Figure 2 (a) Superposition of poloidal Br and toroidal B, magnetic
fields; (b) points of intersection between magnetic field
lines and a. poloidal plane (label* alow numbers of rotation
around the torna along the magnetic field line)
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Figure 3 Vacuum magnetic surfaces and profiles of i and -I" of
Heliotron E. For V < B (> D) corresponds to magnetic
well (magnetic hill) (from-Ref.2).

When the derivative of t with respect to the radius corresponding to
the magnetic surface is finite, it a called shear (or magnetic shear).
Which is also one of important ingredients in tie MHD instability
theory (Ref.5). Figure 3 shows magnetic surfaces of Heliotron E.
When He helical windings shown in Fig.l usually produce magnetic
suriica with elliptic shapes roughly Md they rotate in the toroidal
direction. In Heliotron E the periodicity number M a 19. Similar
devices to Heliotron E are ATF with M = 12 and LHD (IUf.6) with
Af = IO.

In this review we .xplain MHD equilibrium and stability briefly in
Section 2. In Section 3 we discuss several common MHD phenom-
ena observed in both tahamaks and Heliotron E associated with
ileoreti--a! modeU. In Section 4 fetore direction of MHD study i.
fniion oriented plaarou are mentioned briefly as a summary.

2. MHD EQUILIBRIUM AND STABILITY

In order to maintain a toroidal plasma stationary MHD equilibrium
condition given by

J x B = VP (2)

V-B = O (4)

must be satisfied, where B, J and P are magnetic field vector, cur-
rent density vector and plasma pressure. They are derived from
ideal MHD equations by assuming stationary state without macro-
scopic flow velocity or v = O. From eq.(2) B • VP and J • VP = O
are obtained, which require that magnetic field line given by B and
current density line given by J exist on the magnetic surface where
the pressure P is constant (see Fig.4). It is natural to consider tnat
a magnetically confined toroidal plasma has the maximum pressure
at the magnetic axis and the pressure decreases to the boundary.
In order to realize such a peaked pressure profile, nested magnetic
surfaces as shown in Fig.4 are necessary. For axisymmetric toroidal
plasmas or helically symmetric plasmas existence theorem for solu-
tion consistent with nested magnetic surfaces can be proved rigor-
ously. However, only weak solution exists for toroidal stellarators
(Ref.7). This is confirmed by the well known KAM theorem (Ref.8).
For the axisymmetic (or helically) symmetric plasmas usually Grad-
Shafranov equation derived from eqg.(2)-(3) is numerically solved
by imposing appropriate boundary conditions (Ref.5). Eveu for
the stellarators, when existence of magnetic surfaces is assumed
appriori, a similar equation to the Grad-Shafranov equation can be
derived as an extended Grad-Shafranov equation (Ref.9). However,
for stellarator MHD equilibria energy minimization is more popular,
since minimum of the potential energy

(5)

corresponds to solution of MHD equilibrium equation under the
assumption of existence of magnetic surfaces (Ref.7). When the
existence of magnetic surfaces is not assured, magnetic island for-
mation and magnetic surface destruction are allowed. This prob-
lem particularly for finite pressure plasmas is one of recent topics
in stellarator theory (Ref.10).
When MHD equilibrium is obtained, next subject is MHD stability.
First ideal MHD stability is studied by neglecting all dissipations.
For high temperature plasmas in the core of fnsion reactor this
assumption is validated to describe global behavior. For studying
the ideal MHD stability energy principle is useful. By introducing
displacement vector f wh.ch gives perturbed velocity V = df/dt, a
potential energy is obtained from linearized ideal MHD equations

-2(€j.. VP)(Ie. £1)

-J||(«lx|).Vx(£xB)]<ir , (6)

where Vj. denotes a derivative operator in the perpendicular direc-
tion with respect to the magnetic field line. Also (± is a displace-
ment vector in the perpendicular direction. Curvature of magnetic
field line is Canoted by K

and pluma durent along the magnetic field line is denoted by Jn.
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Figure 4 Nested magnetic surfaces. Pressure is constant on mag-

netic surface where magnetic line and current line exist

(from Ref.5).

The energy principle is stated as that an equilibrium is stable if

and only if 6W > O for all allowable displacements (Ref.ll). From

the expression for SW, we find two types of MHD instability ; one

is pressure-driven instability which or,- s from the fourth term in

(6), and the other is ccrreut-driven instability which comes from the

fifth term in (6). Only these two term make SW negative for an

appropriate choice of (. The most representative current-driven in-

stability is kink mode, and ballooning mode and interchange mode

are the typical pressure-driven instabilities (Ref.5). The ballooning

mode is characterized by the mode structure localized in the outer

region of toroidal plasma and the interchange mode has almost con-

stant amplitude on the magnetic surface.

From the expression for the potential energy (6), we find that the

magnetic curvature p]aya a role JOT tite pressure-driven instabilities.
The curvature vector (7) is written as

- VB), (8)

and KJ = — g-r(»iP + -J-), where Kt is a normal curvature and

V> = const, denotes a magnetic surface. The MHD stability di-

rectly related to K^ is also described by — — (/ioP-1 -- ), where
oil/ * 2 /

{ } denotes the magnetic surface average. This quantity is called

magnetic well. When the rotational transform depends on ^t or

dt/d^t 5É O, the magnetic configuration has magnetic shear. Both

magnetic well and magnetic shear are important ingredients to de-

sign toroidal magnetic configuration for confining high temperature
plumas.

It is known that the first term in the potential energy (S) describing

magnetic tension can be minimized when the rational surface satis-

fying i = n/m appears, where m and n are integers. In the context

of the ideal MHD stability theory, a radial magnetic perturbation

Bf must vanish on the rational surface. This constraint is consis-

tent with the topology conservation of magnetic configuration or

the frown-in condition (Ref.5). When Ohm's law includes the re-

sistive term IjJ1 the mode structure with Bj # O on the rational

surface is allowed and resistive MHD instabilities (Ref.12) occur.

Tearing modes and resistive interchange modes belong to this cate-

gory, which produces magnetic islands in the vicinity of the rational

surface. The magnetic islands significantly affect plasma confine-

ment in toroidal plasmas (Ref.13).

3. NONLINEAR EVOLUTION OF UNSTABLE MHD MODES

In order to study nonlinear evolution we need dissipation mech-

anism. Usually resistivity and viscosity arc included in the MHD

equations. In the rare collisions! regime resistivity and viscosity are

given by the neoclassical transport theory (Ref.14). Important non-

linear processes are mode couplings and reconnection of magnetic

field lines or magnetic island formation. Sometimes magnetic is-

lands grow on adjacent different magnetic surfaces simultaneously.

When the magnetic island overlapping occurs, magnetic surfaces

are destroyed, which may make a rapid plasma loss. This process

sometimes produces a major disruption in tokamaks (Ref.13).

In this section we pick up several well-known nonlinear phenomena

in toroidal plasmas. First we show experimental results and next

we discuss theoretical models briefly.

In tokamaks the most famous MHD relaxation oscillation is the

sawtooth. It was found in ST tokamak (Ref.15) that the soft X

ray from the central region increases slowly and decreases rapidly,

and shows a shape of sawtooth, while the soft X ray in the outer

region increases sharply at the sawtooth crash. Figure 5 shows an

example of the sawtooth observed in WT-3 tokamak (Ref.16). The

lower figures show two dimensional soft X ray intensity profiles re-

constructed by the tomography during the sawtooth crash. The

magnetic island structure of m = 1 mode appears and évolues just

before the sawtooth crash. After the sawtooth crash the magnetic

island disappears. The well known theoretical model to explain the

global behavior of sawtooth was given by Kadomtsev (Ref.17) as

shown in Fig.6. When the q(= 1/») = 1 rational surface exists in the

cylindrical plasma column, it is vulnerable to the m = 1 resistive

tearing mode. It produces the magnetic island and the evolution

of magnetic island continues until the 9 = 1 surface disappears or

the reconnection of the helical magnetic field component is com-

pleted. This behavior described by the Kadomtsev model can be

reproduced by nonlinear calculations of resistive MHD equations

(Ref.18-20). However, some discrepancies are recently observed for

the sawtooth in high temperature collision-free plasmas of large

tokamak devices (Re.'.Sl). We need modification or renewal of the

sawtooth modeling. From the reactor point of view sawtooth may

be beneficial in ejecting helium ash from the central core plasma.

Also recent experiments show several variations of sawtooth. One of

them is snake oscillation observed after the pellet injection (Ref.22).

In 1983 a relaxation oscillation very similar to the tokamak saw-

tooth was observed in Heliotron E (see Fig.7) (Ref.23). However,

since there is no net plasma current in Heliotron E, it is a pres-

sure driven phenomenon. Therefore, the sawtooth oscillations are

observed for /9(0) > 2%, where /3(0) is a central beta value. The

most probable instability to drive the sawtooth in Heliotron E is

the resistive interchange mode (Ref.24). The unstable resistive in-

terchange mode can produce the magnetic island like the tearing

mode. The sawtooth in Heliotron E is simulated by solving reduced

MHD equations in stellarators as shown in Fig.S.

Recent topics in tokamak MHD phenomena are related to inter-

action between MHD instabilities and high energy particles. In

collisionless plasmas two types of particle orbit are seen in toka-

maks. One is trapped particles and the other is nntrapped parti-

cles (Ref.14). The Utter particles can move freely on the magnetic
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IBS)

Figure S Contour plots of soft Jf-ray émisai vity during sawtooth

crash phase. Rapid cooling is seen between D and E (from
Ref.16)

(d)

Figure 6 Changes of Sux surface topologies during sawtooth crash,

(a) initial state of equilibrium, (b, c) shift of inner region

and reconnection of field lines, (d) completed reconnec-

tion, new equilibrium state.

surface, while the former particles are trapped in the local mirrors

produced by the toroidal curvature and move back and forth be-

tween the turning points. A projection of guiding center of trapped

particle on the poloidal plane shows a banana shape. Sometimes

the trapped particles are called banana particles (Ref.14). The

trapped particles show a slow pressesional motion associated with

the mirroring motion in the toroidal direction. When the parti-

cle energy is sufficiently high, the characteristic time of the slow

pressesional motion becomes shorter than the characteristic time of

the MHD instability. When this situation appears, the high energy

particles affect the dynamics of MHD instability, since the third

adiabatic invariant of particle motion becomes conserved (Ref.25)

and behavior of high energy particles deviates from the thermal

back ground particles. This eifect is demonstrated by the monster
sawtooth observed in JET tokarnak clearly (Ref.26).

In PDX tokamak (Ref.27) the new type of MHD instability driven

by high energy particles was observed (see Fig.9). It is called fish-

bone oscillation, since the trace of magnetic field fluctuations ob-

served by the magnetic pick-up ceil looks like 'fish-bone'. Figure 9

•hows strong correlation among the soft X ray emission, poloidal

magnetic field fluctuation and neutron emissivity. Since neutrons

are produced mainly reactions between high energy beam dénierons

and thermal dénierons, the decrease of the neutron production is

related to loss of high energy ions. And it seems that the loss of high
energy particles stabilizes the instability. Therefore, Fig.9 shows an

evidence of MHD instability driven by fast ions. Several theoreti-

cal models are proposed for the fishbone oscillation (Ref.28-29) by

considering a contribution from high energy slowing down particles

to the potential energy SW.

Recently the detail of shear Aifven waves in toroidal plasmas par-

ticularly in tokamaks is studied and it is found that alpha particles

produced by reactions between dénierons and tritons destabilize

the shear alfven wave when a spectrum gap appears in the shear

Aifven continuum spectrum (Ref.30). Since the spectrum gap is

EDGE PLASMA
(ON SATURATION
CURRENT

TIME (mi)

Figure 7 Diagnostic signals for a high beta Heliotron E discharge

with sawteeth. The chorda! soft-X ray signals are labeled

with i values of their tangent flux surfaces (from Ref.23).

StEP- moo. nnEipfli. IH.OO - IGlIOO. TInElPRt- I6V.OO

rimcllOM COltfoun

5IEP- 21ÏUO. TIHEIPm. !IJ.OO STEP. Î3ÎOO. IIJIEIPfll. ÎM.O

riui FIMCI lot, CtMIOUR

Figure 8 Time evolution of flux surfaces for nonlinear m = 1 resis-

tive interchange mode (from Ref.24).
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Figure 9 Time evolution of soft X-ray emission along a central
chord, Bs signal from a coil near the wall of the vacuum

vessel, and fast neutron flux. Right hand side is the ex-
pansion of two fish-bones (from Ref.27).

Figure 10 Signal from & coil located near the outer roidplane after
digital filtering to remove frequencies above 5OkHz (a) and

below 1 DOkHz (c), together with the signal from a plastic
scintillator (b). Reductions in neutron emission correlate
with high frequency bursts (from Ref.32).

Depletion of fast ions during the sawtooth crash
( in Expanded time wile ) «rf/'7

Figure 11 Logs of fast ions correlated with the sawtooth crash in

Heliotron E. Soft Jf-ray signals from the chords through
the radii 10.5cm and 10.8cm show sawteeth. Charge ex-
change fax depletion is correlated with B, and the taw-
tooth craah.

produced by toroidal effects, the new mode is called toroidicity in-
diced Aifven eigennwde (TAE mode) or gap mode. In order to

destabilize the TAE mode «„ > V^ is necessary, where va » al-
pha particle velocity and VA is Aifven velocity (Ref.31). We must
wait for several years to realize a toroidal plasma with significant

alpha particle densities. However, in D-IHD and TFTR (Ref.32-
33), when high energy dénierons were injected in low field tokamak
plasmas, they observed that an oscillation of nentron emission is
correlated with high frequency magnetic fluctuations strongly (see

Fig.10) and the frequency is very closed to that of TAB mode.

Since VU > va is realized in these devices, the oscillation is identi-
fied as the TAB mode. Where vki is a velocity of hot ions produced
by the neutral beam injection. Quantitative studies concerning re-

lation between the high particle loss and the fluctuation level of
TAB mode are progressing. Also theoretical efforts are directed

to study stability of TAE mode in fusion reactor graded plasmas.
The final example showing the interaction between high energy ions
and MHD instability is given in Fig.ll. Recently, in Heliotron E

loss of high energy ions correlated with the sawtooth oscillation is
observed. Althongh the magnetic configuration of Heliotron E is

very different from those of tokamaks, the high energy particle loss

induced by magnetic fluctuations of MHD instabilities is a common
result. It will be expected that snch phenomena are observed even

in space plasmas or solar plasmas.

4. SUMMARY

During forty years fusion plasma research many data of MHD insta-
bilities were accumulated and many interesting theoretical results
were obtained. Since it is difficult to summarize them in a limited
space, we briefly discuss future direction of MHD study in fusion

plasmas.
First we need more quantitative studies of nonlinear MHD phe-
nomena in toroidal plasmas. For example the sawtooth is shown to
be described by Kadomtsev model qualitatively. However, several

data reveal discrepancies about sawtooth crash time and evolution

of magnetic island. This problem might be related to applicability
of usual resistive MHD model.

Next we need kinetic MHD model to investigate nonlinear phenom-

ena driven by interaction between MHD modes and high energy par-
ticles. In order to extend the MHD model to rare collisions! plumas
several theoretical models such as FLR-MHD (Ref.34), neoclassical
MHD (Ref.35) and gyro-Landau fluid model (Ref.36) are studying
intensively.

Recent expérimenta! results showed that plasma flows play a role in

toroidal plasmas and may produce confinement improvement called
H mode (Ref.37). MHD studies including toroidal low and/or
poloidal flow are limited. These flow effects may open a new area in

toroidal plasma physics. Finally it is pointed ont that optimization

of magnetic configuration based on MHD theory is still necessary
to realize an efficient fusion reactor.
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Abstract

The phenonena caused by the transport of the
plasma across the magnetic filed in toroidal devices
are surveyed, and theoretical models are reviewed.
First topics is the plasma structure in a steady
state. The recent development of the theory on the
plasma transport driven by the microscopic turbu-
lence is explained. The sudden change in confine-
ment, such as the !!-mode transition in tokamaks, is
discussed next. The physics of the bifurcation of
the edge plasma, based on the dynamics of the r a d i a l
electric field, is discussed. Finally, the role of
the anomalous transport on the disruptive phenomena
is reviewed.

tayiords: Anomalous Transport, Toroidal Plasma,
Fluctuations, L-mode, Il-Mode, Electric Field,
Bifurcations, Subcritical Turbulence, Disruptions

transport d r i v e n by the microscopic t u r b u l e n c e is
first explained in this review.

The confinement of the plasma changes a b r u p t l y ,
such as the H-mode transition in tokamaks, and is
often associated by the p u l s a t i v e loss (Réf.2). The
transport near the plasma edge can change much by a
s l i g h t difference in the plasma parameters. The
physics of the b i f u r c a t i o n of the edge plasma
transport are then discussed.

F i n a l l y , the role of the anomalous transport on
the d i s r u p t i v e phenomena (Refs.3,4) is reviewed.
The magnetic surfaces are known to become stochastic
by the growth of the global HUD modes. The stochas-
tization of the f i e l d l i n e leads to the enhanced
transport, w h i c h further destabilizes the MHD mode.
This link can explain various features of the catas-
trophic events in disruptions.

This review tries to i l l u s t r a t e the generic
natures of the transport process in m a g n e t i c con-
finement plasmas, by choosing examples; the reference
is not exhaustive.

Sl. Introdnclion

It has been well known, from the beginning of
the experimental research on the olasma confinement,
that the plasma loss process is much faster than the
expectation which is based on the binary collision
of charged particles. This has been known as the
anomalous transport (Réf.1). The majority of the
modern plasma physics related w i t h the fusion
research has aimed the resolution of the anomalous
transport processes.

In the anomalous transport process, there are
two characteristic features. One is the nature that
the plasma pressure gradient itself generates the
turbulence so as to impede to the high pressure
gradient. Plasma pressure, which is high at the
core and low near the surface, is determined by the
heat flux and the transport coefficient. The analy-
sys is required to determine the profile, turbulence
and transport coefficient at the same time. The
other feature is the m i x i n g between the fluxes of
the energy, momentum and mass and related gradients
of plasma profiles; The plasma rotates without the
external source of torque and that the outward
energy flux can generate the inward particle flux.
The recent development of the theory on the plasma

52. Fluctuations and Anoialous Transport

forta IiSE
The physics picture of the f l u c t u a t i o n - d r i v e n

transport has been reviewed in literatures (see for
instance Refs.1,5). Figure 1 shows the t o r o i d a l
plasma. In the presence of the electric f i e l d in
the VnxB-direction, the plasma is subject to the BxB
notion in the Vn-direction. Hhen the f l u c t u a t i o n is
generated and decays with the characteristic t i m e of

F i g . l G e o m e t r y o f t h e t o r o i d a l p l a s m a

Proceedings ol the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in Toki, Japan,
17-20 November 1992 (ESA SP-351, February 1993).
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rc=l/ï, the random walk with the step size of IAx
causes the diffusion as (Réf.5)

D =• YAx
2. (D

This expression is called the nixing length estimate
of the turbulent transport. As is shown in the
following, the decorrelation rate 1 and the scale
IA1 are dependent on the plasma parameters. This
explains one typical feature, i.e., the plasna struc-
ture itself influences the transport coefficients.

The other characteristics is the interference
between the fluxes of the mass, momentja and heat.
The magnetic confinement plasmas are usually sus-
tained by the energy source near the axis. The
injection of the energy (such as RP heating) leads
to the peaked density profile or generates the
plasna rotation. Figure 2 shows the experimental
observation, that the profiles of the number density
n(r) and toroidal velocity V1J1U) are sustained by
the energy source at axis. The relation between
the fluxes and thermal forces are given, using the
transport matrix H, the elements of which are given
in a quadratic terns of the fluctuating fields, as
(Refs. 6.7)

and

Ve
1./T.

r.

'i

(2)

(3)

where T and q are the particle and heat fluxes, J^,
and E1J, are the current and electric field in the
toroidal direction, P^r is the radial flux of the
toroidal momentum, '=d/dr, (r: minor radius), v- is
the thermal velocity, and the thermodynamical force
i is defined as

= -n'/n + e±Er/T + T'/2T - e±BuABT (4)

where e±=e for ions and -e for electrons.
These relations between fluxes and gradients

govern the mixing in the transport prouesses.
Elements of Hj have the similar magnitude to each
other (so as for N6), and the off-diagonal terns
have considerable influence on the plasma profile.
The impact on the density profile is discussed in
Réf.8. It is also noted that the electric field E
influences the energy transport. This
later in connection with the H-mode.

is discussed

LInetr feapanaa
Application of these formalism to hot plasmas

has been done focusing on the drift wavestl]. The
linear growth rate and wave number for the most
unstable dodes are employed for 1 and k. In the
tokamak configuration, the trapped particles can
destabilize the drift waves. (The time-averaged
curvature is unfavorable for the particles which are
trapped in the weak-magnetic-field region.) The
transport coefficient is estimated as

(5)

where C is a numerical coefficient of the order of
unity. Recent transport theories based on the d r i f t
wave is given, for instance, in (Refs. 1,9).

The characteristics of the L-aode confinement
is the power degradation of ïg (Réf.10), to which
Bq.(5) is consistent. However, this form of X
contradicts to the observations that X increases
towards the edge in experiments, where the
temperature is low.

Self-sustained Turbulence
The mode growth is easily influenced by the

fluctuations (Refs. 11-14), and Y and k would be
modified from those for tne linear nodes. In the
following, we describe the recent development in the
self-sustained turbulence and anomalous transport
after Réf.14. The plasma transport process, in one
hand, enhances the mode growth through the current
diffusivity (i.e., the electron viscosity), and at
the sane time stabilizes it through the thermal
conductivity and ion viscosity. The self-sustained
state is determined iiy the balance between the mode
amplitude and transport coefficients.

He employ the reduced set of equations and keep
the current d i f f u s i v i t y term in Ohm's law,

E+vxB=J/d-VZXJ. 16)

where d is the conductivity and X is the current
diffusivity (Réf. 16). The ballooning transformation
(Réf.17) is applied. The current diffusivity, not
the resistivity, is the mechanism to destabilize the
pressure-driven instabilities which are relevant for
the anomalous transport process. The growth rate of
the short wavr-!-ngth mode is given by î =•
X175Uq)475O3^s'275. [Notations are: <X=qV R/a,
s=rq'/q, 0 is the pressure divided by the magnetic
pressure, and B'=d0/d(r/a). Normalizations are:

"Ap/"2**. "Vr̂  Vo1"2*175- "V"-!"4 **•rAP5li ' l7vA1 TrAp"*T' VA bellli! tlle A"*6" v e l o c i t y . ]
A l l t h e cross f i e l d t r a n s p o r t c o e f f i c i e n t s a r e
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driven by the fluctuations.
The condition for the stationary state is given

as «3/2x = f(s),/MX3/2 «here f(s)=./6s or 1.7 (s-«0),
Re express X in terns of the Prandtl numbers^p/| and
X/x. The ratios x/x and S/x are given as x/x=6'/az

and M/X » i for electrostatic perturbations (Réf.7).
The formula for X is given in an explicit fora as

X = f(s)"1qZ(R01/r)3/262v./R. (7)

«here 6 is the col 1 isionless skin depth. The
typical perpendicular wave-number of the most
unstable node satisfies It̂ S =• 1//5. The typical
correlation tine of the node is estinated to be
rc=l/T, T=./«76s(vA/qR).

This forn of X is consistent with the experi-
mental results known for the L-node (Ref.l). For
instance, the prediction on Ig is consistent w i t h
the L-oode scaling law (Réf.10). Detailed
conparison is given in Réf.14, and the future study
in application of the data-analysis is required.

These equations consist of the neoclassical fluxes
(denoted by the superscript of NC), the direct ion
orb i t loss flux (Fj"1"1). the charge exchange
contributions (Fi(;x), and that d r i v e n by the
anonalous transport (Fa).

The e x p l i c i t form of the ion orbit loss is
discussed in Refs. (19,20) as

p pn i U ie-°-
5exp(-EX> (9)

«here Uj is the ion collision frequency, £=a/R, Z
indicates the effect of orbit squeezing due to the
inhonogeneity of Er (Réf.21). and X=eErPp/T. (X is
equal to the p o l o i d a l Mach number VpB/vTjBp if
Vp=Br/Bt.) Figure 4(a) illustrates the case study
that the bipolar part of the anonalous flux,

(10)

The junp of flux T is predicted at the c r i t i c a l
gradient

S3. Physics Picture of B-Mode

One of the most dramatic findings in recent
plasna confinement experiments was the H-mode (Réf.
2). Figure 3 shows the transition fron l-mode to H-
node (Kef.18). It has shown that m u l t i p l e states
are allowed for given external conditions, that
typical gradient lengths can be disconnected fron
the ninor radius, and that it has a rapid t i m e scale
for the transition. A possible mechanise of the
lultiple state of conf"mènent was proposed by taking
into account the effect of the radial electric field
(Kef.19). The field can be nul t i valued by the
direct orbit loss.

Bifurcations of Electric field and Plaata flux
The stationary solution of the r a d i a l e l e c t r i c

f i e l d Ej. is obtained by solving the charge
leutraltty equation, F =rit where

s ppn' /n = and X 0(1) (11)

NC
ri,a '

re = re

(8-1)

(8-2)

#33237

10.0 r

0.0

600 650 700 750 BOO 850 900

time (msec)
Fif.3 Transition fron the L-node confinement to
H-node occurs at t=-740ns in JFT-2M tokamak (Réf. 18).
Change of the Ho signal indicates the reduction of
loss, followed by the start of the increment of
density and stored energy. Pulsative loss is also
observed. (Courtesy of JFT-2M group.)

as is shown in Fig.4(b). This example shows that
the s i n g u l a r i t y of the transport property T[Vn] can
be explained by using a continuous f u n c t i o n of
F[B,.] (Réf. 19).

An extension of the model is possible by
considering the hulk viscosity contribution in

NC The bulk viscosity generates the flux as

NC (12)

The function f(X) is unity for Ul«l and behaves
like exp(-X2) (plateau regine) or X"' (Pfirsch-
Schluter regime) (Refs.20, 22). Figure 4(c) ill u s t -
rates the balance of Tj"1"' = -FjNC , c o n f i r m i n g
that the bifurcation can occur at a p a r t i c u l a r v a l u e
of the edge gradient, AC * 0(1). A va r i e t y of
bifurcations is predicted.

ion viscosity
•driven flux -

Pig.4 (a) Balance
of loss cone loss
F = ""11 and electron
loss f •U-.i.rïines
the racial electric
field X= eppBr/Tj,
for various values
of X=P n'/n (A-»D).
(b) Tnë resultant
flux, as a function
of X. The bifurca-
tion of the flux F
vs gradient occurs.
Hhen F6 is negli-
gible, ion viscosity-
d r i v e n f l u x F;"1-
and F = "6'1 (solid
and dashed lines,
respectively) deter-
mine the radial
electric field and
flux, (c). Si m i l a r
bifurcation nature
of F is obtained.
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The proposal of an electric bifurcation
(Réf.19) was confirmed by experiments. D-III D and
JFT-2M tokamaks confirmed the exist"nce of a radial
electric field (Refs. 23,24). Th .nlinear response
of F to X is confirmed by the biasing experiment
(Réf.25).

The gradient of the radial electric field
influences the growth rate (Réf.26) and mode ampli-
tude. Nonlinear theories on tfe fluid turbulence
has suggested a simple and useful criterion, which
is given that stabilization is expected if (Réf.27)

|Br'ke/8kr|

where 1, is the linear growth rate in the absence of
E '. Recent progress has shown that the curvature
of E,. has more strong influence on the stab i l i t y and
saturation level (Refs. 28,29). The fluctuations can
generates the shear flow. The quasilinear contri-
bution of the fluctuations on the radial electric
field is discussed in Eq. (3). Thelother non-linear
processes, e.g. the inverse cascade of the fluctu-
ations, can also generate the shear flow (Réf.30).

Dynatlcs
This picture of the bifurcation of the

transport coefficient predicts the hysteresis
between Vn and T, which can generate an o s c i l l a t i o n
('limit cycle solution'). The dynamics and the
spatial structure associated with the transition has
been studied (Réf.31). A model equation, continuity
equation of the density and Poisson equation, can be
formulated in the form of the Ginzburg-Landau
equation. Figure 5 illustrates the oscillatory
solution of the out-flux, and the radial profile of
the effective d i f f u s i v i t y in U and L phases. In the
phase of the good confinement, the reduction of D
extends from the surface to the layer. The typical
thickness is given by /p/Dp The result of the
layer width illustrates the importance of the
viscosity on the radial electric field structure.

Fig.5 Periodic bursts of the loss from the plasma
surface is predicted for the constant flux from the
core plasma, (a). The spatial profile of the diffu-
sivity D at two occasions (arrows in (a)) are shown.
X=O corresponds to the surface, and x<-2 to the core
plasma. Values of t, x, T1111, and D are normalized.

Various types ol edge localized modes (E1H*)
are known in experiments (Réf.32). Some is corre-
lated with the critical gradient of edge pressure
against the ballooning mode (Réf.17). and some is
not. The bifurcation theory provides a model for
small and continuous ELHs.

54. Disruptive Phenomena

"he d i s r u p t i v e phenomena, such as the major
disruption and sawtooth crash (Refs, 3,4), has also
been important issue in the fusion research. He
here review the effect of the anomalous transport or
the HJIJ) i n s t a b i l i t y , and show that catastrophic
events in disrupt ions are explained by the c o u p l i n g
between the enhanced anomalous transport Um to the
m a g n e t i c b r a i d i n g and global mode i n s t a b i l i t y .

The i n t r i n s i c feature of the major d i s r u p t i o n
is the occurrence of a sudden central temperature
collapse (thermal quench), followed by a rapid
change of the internal inductance (redistribution of
the current), resulting in an e n h a n c e d - i m p u r i t y - ~--
r a d i a t i o n which leads to the f i n a l col lapse of the

Jplasma enerrv and current (current-quench). The
essential features of the phenomena are the thermal
quench and the redistribution of the internal flux.
The m=2/n=l mode has been been known in experiments
to be important. The key task is the explanation of
the sudden growth of this mode. The m/n=l/l mode ,
plays the role in the case of sawtooth. F:;ure 6
illustrates the e v o l u t i o n of the helical d e f o r m a t i o n
of The plasma prior to the onset of the sawtooth
crash (Réf. 33). The rapid growth is seen, and at
the same time,, the growth rate changes abruptly.
This phenomena is called the "magnetic trigger", and
is one of the m a i n problems in d i s r u p t i v e phenomena,
The influence of the anomalous transport on the
global mode s t a b i l i t y is studied (Refs,34-36), and
can explain many features including the trigger
problem.

The nonlinear interaction of the m a i n island
with the toroidicity causes secondary islands to
appear, which overlap near the separatrix l e a d i n g to
stochastization of the flux surfaces (Réf.37). This
process leads to the three typical criteria in terms
of the rotational transform around the m a i n magnetic
island, UQ (Réf.34). First, as the stochastic
region emerges near the separatrix, (i) the stochas-
tic layer thickness exceeds the current layer of the
helical mode at "Q>UCJ. The rapid growth is possi-
ble as is shown below. Next, the condition (ii) UQ
>u 2 corresponds to the stochastic layer reaching
the central part of the plasma, i.e., the rapid heat
loss resulting in the energy quench. Then, the con-
dition (iii)-UQ>II)C|J means-that-the main-magnetic
island reaches the axis, and causes the global mag-
netic reconnect ion. Values ucj ̂  3 are calculated
for the m=1 mode and m=2 mode, to'explain the
sawtooth and major disruption.

Time

Fig.6 Tine development of helical deformation of
the core plasma, £, in JBT tokamak. Rapid growth
abruptly appears, (ttuoted from Réf.33.).
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He explain the explosive growth of the mode
after the condition (i) is satisfied, by taking the
example from the major disruption (Réf.35). Explo-
sive growth is possible when stochasticity appears
near the separatrix. If the diffusive tern is
greater than the res'jtive tern in the Ohm' s equa-
tion, the growth of the m=2 node is described by

= C A" a (14)

Here Bn is the normalized amplitude of the m/n=2/l
mode, OO. 14 and A' is the parameter for the tearing
node stability (Réf.38). Por the.parameter of
interest, the change of s is n e g l i g i b l e , and s is
considered to be constant. The magnetic stochas-
tic i t y near the x-point enhances the current d i f f u -
s i v i t y as A= A(vA/R) (BM/D^Bn

Z, where DM is the
diffusion coefficient of the magnetic f i e l d lines,
and DaL is its quasilinear value (Réf.39). The
coefficient A is given by A=It^'^(6/a,)^ve/vA and is
of the order of 10~^ for parameters like the JET
tokacak. This coefficient is larger for smaller
devices. From Eq.(14) and the form of A, ue find an
explosive growth of the mode when stochastic diffu-
sion switches on at the condition (i), which, in the
l i m i t of O / D =1, gives

Bn
0.05

O.O4

O 03

0.02

O.O1

(iii)

0.] O.2 O.3 O.4 0.5 0.6 0.7

S
Pig.8 Schematic trajectories of the sawtooth
oscillation (I-1V), and domains of stochasticity and
fast growth on the S-Bn plane. The dotted l i n e
denotes the boundary (i), above which stochasticity
enhances the mode growth. The lower solid l i n e
shows the condition (ii) that the stochastic region
reaches near the axis. The upper solid l i n e i n d i -
cates the condition (iii) that m=l island expands tc
near axis, i.e., f u l l magnetic reconnection. Above
the dashed-dotted line, the mode is stabilized by
ion viscosity.

(15)

where TQ a Css/irpA'ar^ V2. This rapid growth
occurs at the amplitude of Bn=BnQ. The characteris-
tic tine for the explosive growth is At = 1//B «T,
which is fast and independent of the resistivity.

Stochastization of field lines, resulting from
the interaction of the fundamental m/n=l/l h e l i c a l
node with toroidicity, plays an important role in
sawtooth oscillations in a similar way as is shown
in Fig.7 (Réf.34). The enhanced electron viscosity

temperature on axis T0(O) can r a p i d l y decay, when
the stochastic region invades the geometrical axis,
Figure 8 shows the regions of these types of oscil-
lations in the parameter space (magnetic shear and
mode amp!itude).

The main features of the model are compared
with experimental observations. In particular, they
may explain the sudden growth of the h e l i c a l pertur-
bation, the 'magnetic trigger", the fast time scale
of the temperature collapse, a partial temperature
collapse, and the persistence of an m/n=l/l island
throughout the sawtooth cycle (Refs.4, 33).

0.04
Bn
O.02

O O.5
Fig. 7 The sudden start of the node-growth is ex-
plained by the destabilization through the enhanced
current-diffusivity due to the magnetic braiding.

§5. Soiiary

In this article, we surveyed the physics
pictures of the anomalous triuaport from various
aspects. The transport processes are essential in
understanding the static plasma structure as well
as the dynamic phenomena. Even the d i s r u p t i v e
events are governed by them. The progress has been
more abundant than reported here, but the example
would be prototypical to illustrate the transport
processes in toroidal plasmas.

leads to an initial increase in the growth rate ot
the node, the "magnetic trigger*. The enhanced ion
viscosity can ultimately lead to mode stabilization
before a complete temperature redistribution or flux
reconnection has occurred. The model predicts that
four types of the sawtooth oscillations are possible
even for a plasma with monotonie ofri profile.
There are two types of rearrangement of the magnetic
configuration: a partial-magnetic reconnection, in
which the safety factor on axis q(0) oscillates
around 0.7 with 6q(0) =• 0.05; and a full aagnetic
reconnection, for which q(0) oscillates between 1
and about 0.8. In a partial reconnection the tem-
perature flattening is rapid and can be either
limited to an annulus near the q=l rational surface,
which then gradually propagates to the axis, or the
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PLASMA HEATING IN TOROIDAL SYSTEMS

Masao Okamoto

National Institute for Fusion Science, Nagoya 464-01 Japan

ABSTRACT

The purpose of this paper is to review the present status
of plasma heating in toroidal systems (mainly tokamaks

and helical systems) for astrophysical plasma scientists.

The main method of plasma heating in toroidal systems

or tori is to utilize fast ions (NBI heating and alpha heat-
ing). The maximum ion temperature of 38 keV has been

achieved at the plasma center by neutral beam injections
(NBIs) in the JT-60U tokamak. Ripple-trapped losses of

fast ions produced by NBIs have been measured also in the

JT-600. The first tokamak discharges in deuterium-tritium

fuelled mixtures have been carried out successfully in the

JET tokamak. These experimental results are compared

with the theoretical predictions based on the Coulomb col-

lisions. Another powerful method is the ICRF heating (Ion

Cyclotron Range of Frequency). However, this article will
be focussed mainly on the NBI and alpha heatings. Re-

lated to plasma heating the current drive will be mentioned

briefly placing an emphasis on the bootstrap current.

Keywords : plasma heating, fast ions, alpha heating, NBI

heating, wave heating, ICRF heating, current drive, boot-

strap current.

1. INTRODUCTION

Among various nuclear fusion reactions the deuterium-

tritium (D-T) reaction has the maximum reaction rate.
The first goal of fusion researches is to attain an ignition

and burning of the D-T fuelled mixture. The D-T reac-
tion produces an alpha particle (4He) with 3.56 MeV and

a neutron (°n) with 14.03 MeV :

D + T -> 4#e(3.56MeV) + °n(14.03MeV). (1)

The alpha particles created by this reaction are ionized to

be trapped in the plasma. Through the slowing down pro-
cess of high energetic alpha particles the plasma electrons

and ions are heated. The self-ignition condition of the D-T

plasma is easily obtained from the energy balance equation

at the steady state to yield

3T
(2)

Here we considered the plasma of a fifty-fifty D-T mixture,

equal ion and electron temtcratures (T = Tj = Te), and

equal densities (n = n; = nc). In Eq.(l), TE is the energy

confinement time, < av >DT is the D-T reaction rate, E0

is the birth energy of alpha particles (3.56MeV), /„ is the
loss fraction of alpha particles, and PK is the total radiation

losses of bremstrahlung and line radiations of impurities.

It is apparant that the ignition criterion given by Eq.(l)
increases with impurity content and loss of alpha particles.

If/„ = O (complete confinement of alpha particles) and PU

is determined only by bremstrahlung radiation, the igni-

tion condition requires nrE =± 3.3 X 1020m~3s for T =- 10

keV. If iron impurities are contained in the plasma over by

0.1 %, the ignition condition is hard to be attained for 10

keV [I]. To achieve the ignition it is required to reduce

impurity content and loss of alpha particles below a cer-

tain level and to heat the plasma up to T = 10 ~ 30 keV.

(Here T is the average temperature.) '

The ohmic heating becomes less effective as the temtera-

ture rises. Additional heating methods are used to heat up

the plasma.

The main heating method for toroidal plasmas is to in-

ject neutral atoms into the plsma where neutral atoms are

ionized to be trapped in the magnetic bottle (heating by

neutral beam injection : NBI heating). The fast ions pro-

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion held in Toki Japan
17-20 November 1992 (ESA SP-3S1, February 1993). ' '
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duced in this way slow down colliding with bulk ions and
electrons and transfer their energies and momenta to bulk

ions and electrons. The mechanism of alpha heating is the
same. Other heating utilizing fast ions is the ICRP minor-
ity heating. In this case the minority ions (for instance,
minority protons in majority déliterons) are accelerated to
become high enrgetic particles or fast ions by the electric

field due to excitation of RF waves with ion cyclotron fre-

quency.
Tlie best record of central ion temperature (T, ss 38 fceV)

lias been obtained in JT-60U only by NBl heating [2]. By
injecting tritium atoms into the deuterium plasma, the first
experiment of D-T plasma has been successively performed

in the JET tokamak [3].
The other powerful heating is to launch RF waves from
the antenna into the plasma. If the launched RF waves
arc accessible to the pbsma, they propagaie according to

their dispertion relations and are absorbed into the plasma

via Landau damping, cyclotron damping, or other damp-
ing mechanism. RF wave heating methods are categorized
accorging to their frequency ranges ; Aiiven heating, ion

cyclotron heating (ICH, or ICRF), lower hybrid wave heat-
ing (LIIH, or LHRF), and electron cyclotron wave heating

(ECU, or ECRF). ICRF minority heating is a method us-
ing both wave excitation and the resultant fast ions. The
experiments of these RF wave heatings have been all tried

in toroidal systems and the fast wave heating in ICRF is
now the most powerful means next to the NBI heating [4].
Recently the ICRF heating experiments using slow waves
(Ion Bernstein wave heating : IBW) have exhibited inter-
esting results in which the plasma has been successfully
heated producing no fast ions [5], Combinations of NBI
and ICRF healings are often used.
Theoretically the behaviour of fast ions are investigated

by solving the Fokfcer-PJancfc equation. Simulation codes
based on the particle orbit following and Monte-Carlo tech-

nique for collisions are frequently used for this purpose.

Another important roles of fast ions are interactions with
MHD modes, but these problems will be discussed in detail
in another review talks.

To investigate the wave propagation the eikonal or ray trac-
ing treatment is useful if the wavelength of the wave is

short compared to the plasma scale length (the cases of
ECU, LIIH, or IBW). However if the wavelength is com-

parable to the system size (for instance, the case of fast
wave heating in ICRF) the wave equations have to be fully
solved taking into account the realistic geometry includ-

ing antenna structures [6]. RF waves may cause stochastic

particle motions and hence enhance the plasma transport.

In §2 we review the recent NBI experiments and compare

the results with theoretical predictions based on Coulomb
collisions. RF wave heatings are not discussed in the fol-

lowing due to the limited space. Related to plasma heat-
ings the current drive will be discussed in §3 placing an

emphasis on the neoclassical current (bootstrap current).

§4 is devoted to summary and discussion.

2. HEATING UTILIZING FAST IONS

2.1 Slowing Down Process

At the present moment the most powerful heating method
for toroidal plasmas is the NBI heating. High energetic
neutral beam atoms injected into the plasma are ionized

to become fast ions. The beam energy and the injection

angle are chosen so as to minimize the neutral atoms pass-
ing through the plasma without being ionized. The fast

ions collide with bulk ions and electrons while moving in

the magnetic field. Bulk ions and electrons exert drag
forces on the fast ions through collisions. Thus the fast
ions slow down and the bulk ions and electrons gain en-
ergies and momenta. This classical slowing down process
can be described by the Fokker-Planck equation or colli-
sion integrals. Usually the speed of fast ions produced by
NBI1 V1, lies between the ion thermal speed, vt, and elec-

tron thermal speed, ve : v, < v; < ve. This condition

holds also for alpha particles produced by the D-T reac-
tions. If the density of fast ions, n/, is low (n/ <C ne),

the Fokker-Planck equation for fast ions can be reduced

to a simple form, which consists of electron and ion drag
terms (or friction terms), pitch angle scattering, energy
diffusion, charge exchange loss, particle loss, and particle
source terms [7]. The energy diffusion term is small and

only the drag forces contribute to plasma heating. There is

a critical energy, Ec, above which electron drag forces are

dominant. Accordingly if the energy of the fast ions, Ej,

is much higher than Ec, electrons are dominantly heated.

In the case of alpha particles (E1 < 3.56 MeV), Ec ̂  33T,

(if there are no impurities), and hence the energy of al-

pha particles are transfered mainly to electrons. If the
charge exchange loss is negligible, around 80 % of alpha
particle energy go to electrons. As mentioned in the Intro-

duction, to heat the plasma effectively it is important to
reduce loss of fast ions or alpha particles. If there are loss

cones in the velocity space, fast ions born in a loss cone

escape directly out of the plasma region and also do fast
ions fallen into a loss cone by pitch angle scattering during
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the slowing down process. The important loss mechanism

other than such the orbit losses is the charge exchange loss

due to the presence of background neutral atoms. In ax-

isymmetric tokamaks, however, almost all the fast ions can

be confined if /P(MA) > 4/VÂ (Ip is the plasma current

and A the aspect ratio) and if the charge exchange loss

is enough small. The characteristic time of slowing down

process is the Spitzer slowing down time, T,. For a plasma

of n, = 1O30Ui-3 and T. = Ti =: 10 keV, T, s: 400 ms,

which is much shorter than the particle and energy con-

finement times required for the ignition. Thus the alpha

particle heating or the self-ignition can be easily attained

in an axisymmetric tokamak with toroidal current of over

a few mega-amperes, if the slowing down process is domi-

nanted by Coulomb collisions.

2.2 Effects of Fielf Ripples

Real geometries of tokamaks are not axisymmetric, be-

cause the field ripples are created in the toroidal direction

due to the finite number of toroidal field (TF) coils. The

particles circulating around the torus feel well the rota-

tional transform and the deviation of the drift surface from

the magnetic surface, Ac, is small (Ac ~ ftpf,ft = T/R

and pp is the poloidal Larmor radius). Banana particles

feel less the rotational transform and the deviation is large

(Ai =: e{'2ft>). The particles trapped in the local ripple

well do not feel the rotational transform at all and escape

vertically due to VB drift (or toroidal drift). In the clas-

sical slowing down process the effects of field ripples are

most important on the confinement of fast ions, because

ripples make small but many complicated loss cones.

If the toroidal field is given by

r, S) = B(r, 8) + B(r, &) cos N<t> (3)

where the second term on the right hand side is the ripple

field and JV the number of TF coils. The effective ripple

well parameter is defined as

a = (dB/dl)/(dB/dl) (4)

where / is the length along a magnetic field line. If | a \< 1,

ripple wells are formed (mainly in the outer region of the

plasma). The particles trapped in these wells go straight

up or down due to VB drift to escape from the confined re-

gion. During the VB drift the particles may be detrapped

by pitch angle scattering or may be detrapped reaching

the region with | a \> 1. If a particle is lost in this way,

such the process is called the ripple-trapped loss. Another

important loss is the banana drift loss, or ripple enhanced

banana drift loss [8], Even in the region with | a |> 1,

the banana tip is disturbed by small ripples. The banana

particle behaves stochastically drifting out of the plasma

without collisions or under the influence of collisions. The

ripple-trapped loss and the banana drift loss are the main

loss mechanisms of fast ions or alpha particles in the classi-

cal slowing down process. These loss mechanisms depend

on various parameters such as the aspect ratio, banana

width, safety factor, ripple well depth, the shape of plasma

cross sections (elepticity and triangularity), and others [9].

In rippled tokamaks and helical systems, particle trajecto-

ries are so complicated that sophisticated computer codes

handling particle orbit following and Monte-Carlo method

for collisional process arc useful to investigate the confine-

ment of fast ions.

2.3 NBI Experiments

Recently a high poloidal beta discharge of JT-60U pro-

duced the central ion temperature TU, a 38 keV, which

is the best record at the present moment, under the con-

ditions of B = 4T, Ip = 1.85MA, qef{ = 5.4, and ne =

2.2 x 1019m~3 [2]. The plasma was heated only by NBIs

with the absorbed power of 19 MW. The central electron

temperature was 12 keV and the confinement time was

around 400 ms, which is longer than r|
TBfl"8D by a factor

of 2.38. It is noted that the fraction of bootstrap current

to total plasma current, /(,,/Ip, amounted to 0.58 in such

a high poloidal beta discharge.

The experiments on the ripple-trapped loss of nearly-

perpendicularly injected fast ions were carried out also

in the JT-60U and a comparison was made between the

experimental data and the orbit following Monte-Curio

code calculations [2,1O]. The experimental conditions were

B = 2 ~ 4T, /„ = 1 ~ 4MA, 6 = 0.2 ~ 2.0% (the ripple

depth at the outer edge). Deuterium atoms with the en-

ergy of 80 ~ 90 keV and the power of 10 ~ 18 MW were

injected perpendicularly into the deuterium plasma. The

heat deposition was measured by thermocouples mounted

on the first wall and a fast infrared TV camera viewing the

wall. Two dimensional profiles of the heat load depositions

onto the first wall were exhibited. The heat flux peaks lie

just between the adjacent two TF coils. Dependences of

ripple loss fraction on 8 and q were also examined.

These experimental data were compared with the calcu-

lations done by the OFMC code (orbit following/Monte-

Carlo code) [U]. The OFMC code calculates the ioniza-

tion of injected neutral atoms (fast ion birth deposition),
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particle orbit of guiding center in non-axisymmetric geo-

etry, charge exchange of fast ions and re-ionization, a.

Coulomb collisions. Fairly good agreements have been ob-

tained between the experiments and the calculations, but

there remained a small difference in the position of the
peak heat load between the experiments and the calcu-

lations. It is conjectured that this difference may be at-

tributed to the effect of the radial electric field on the par-

ticle orbits. The calculations revealed that the measured

heat fluxes on the first wall were due to escaped ripple-

trapped fast ions. These fast ions escaped in the direction

of the ion VB drift. On the other hand the OPMC code

calculations showed the presence of collisional banana drift

losses in the opposite direction, which were not experimen-

tally measured.
The comparisons between the NBI experiments and the

calculations suggest that the slowing down process of fast

ions is not anomalous but classical or neoclassical.

2.4 The First D-T Experiment

The first D-T experiments have been carried out success-

fully in JET tokamak by injecting neutral tritium and deu-

terium beams into deuterium plasma [3]. A single null X-

point configuration was employed. The experiments were

limited by vessel activation and tritium usage. A dis-

charge with 100 % tritium gas feed to 2 ion sources was

performed. In this discharge deuterium beams with 75
keV or 135 keV from 14 ion sources and tritium beams
with 78 keV from 2 sources were injected to the deu-

terium plasma. The total beam power was 14.3 MW.

The main parameters of the experiment were B = 2.8T,

/P = 3.1MA, < nf >= 2.5 x 1019m~3 (< > means volume

average). The content of tritium in the plasma was 11 %

and < T, >= 6.0 keV, T* = 9.9 kcV, < Ti >= 8.0 keV

T10 = 18.8 keV, Zcfl = 2.4 (line average), and TE = 0.9 s
were obtained. The maximum total neutron emission rate

was 6.0 x 1O17S"1. The actual fusion amplification factor,

QDT, was about 0.15, but if the D-T mixture was opti-
mized, the discharge would have produced a fusion power

of 5 MW and a nominal QDT — 0.46. This experiment was

checked by the TRANSP code which is a transport code

using experimental profiles and Monte-Carlo calculations

for fast ions [12]. The experimental data was established
with the TRANSP code calculations. It was shown that

thermal-thermal and beam-thermal reactions contributed

about equally to the neutron emission.

3 CURRENT DRIVE AND BOOTSTRAP
CURRENT

3.1 Current Drive

An effective non-inductive current drive is inevitably nec-

essary to realize a steady state tokamak fusion reactor.

The beam-driven current utilizing parallel neutral atoms

injections is one of candidates for the steady state current

drive. There are many possible methods for the current

drive by using RF waves. Among them the most success-

ful current drive is to excite lower hybrid waves injected

from a launcher (LHCD). Recently the LHCD generated

a toroidal current of 2 MA in JT-60U [13]. However, the

circulation power required to drive a large current in toka-

maks is not small. The existing of the pressure-driven neo-

classical current (bootstrap current) was theoretically pre-

dicted twenty years before [14]. As the bootstrap current

is basically a spontaneous current, the circulating power

for current drive would be much reduced if the fraction of

the bootstrap current to the total plasma current is large.

In tokamaks a large amount of bootstrap current was first

observed in TFTR [15]. Subsequently it was measured in

JT-60 [16]. Recent experiments from JT-60U showed that

/„,//,, = 58% [2].

On the other hand in helical systems the bootstrap current

should be reduced as small as possible to obtain a current-

less plasma. It is well known that the bootstrap current

in the l/i/ regime depends strongly on the magnetic field

structures in helical systems [17,18], In the following we

' describe the recent development of the neoclassical theory

for parallel flows, currents, and plasma rotations.

3.2 Neoclassical Current

Neoclassical theories for parallel flow are extended to a

multispecies plasma in general toroidal systems, in which

each species lies in a regime of different collisionality[19].

This extended neoclassical theory includes axisymmetric

and rippled tokamaks. It is shown in Réf. [19,20] that

a current directly proportional to the radial electric field,

which does not exist in axisymmetric systems, exists in

non-axisymmetric systems in addition to the conventional

pressure driven bootstrap current. In the following we

show this new result in a simple form. For a simple plasma

consisting of electrons and protons the bootstrap current

is given by
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where I,j, (GBJ),.; and £^ are thé transport coefficients,

the geoir-'ric factor [21] and thé radial electric field, re-

spectively. The direction of flow damping due to the par-

allel viscosities is, in terms of the geometric factor, given

by,
ve; = v [(/+(GBS).)e + (J - « (GBS)JC] (6)

where 9 and C are the poloidal and toroidal angles in

Boozer co-ordinates, respectively, and /, J, and t are the

toroidal current inside the flux surface, the poloidal cur-

rent outside the flux surface, and the rotational transform,

respectively. In axisymmetric systems, as is seen from

Eq.(6), the flow damps only in the poloidal direction, re-

gardless of the collisionality of each particle species, i.e.

(Gas), = (GBS)J = J/t. Therefore, the current propor-
tional to E^, vanishes in Eq. (5), which is a direct result of

symmetry, momentum conservation of friction forces and

charge neutrality. On the other hand, in non-axisymmetric

systems, lack of symmetry allows the flow in any direction

to damp, and the damping direction becomes to depend
on the collisionality, which generates a current directly

proportional to Et if v'c ^ !/? ((GBS),. ^ (GBs),). This
newly found current can be comparable with the conven-

tional pressure driven neoclassical current since e<t> ~ T

(E$ = —d<j>/dij>). In the region where | (Gfls)ei,-1 increases

as j/v decreases, if i£ < j/?, then | (GBS)f | > | (GBS)i \

and E$ > O would be realized according to the neoclassi-

cal theory. In such a situation the first term with (Gss)e

in Eq.(***) dominates and the current proportional to E^

tends to cancel the conventional pressure driven current.

In the opposite case of i/* > u* where | (GBS),. \ < | (GBS)J I
and -B1I < O, the resultant current would also be reduced.

If \Ej\ is enough large we can expect even an inverted

bootstrap current in the Heliotron/Torsatron.

The extended neoclassical theory is applied to the poloidal

and toroidal rotations in a plasma consisting of electrons,
ions, and impurity ions in the Pfirsch-Schliiter regime [22].

It is found that the differences between bulk ions and im-

purities come from the different diamagnetic flows and the

ion temperature gradient in the l/i/ regime, but depend

strongly on the field structure in the Heliotron/Torsatron,

in contrast to the tokamak case [23]. For the experimental

parameters of CHS helical device, the differences are small

and of the order of bulk ion diamagnetic flow.

4 SUMMARYANDDISCUSSION

The present status of plasma heating in toroidal systems

has been briefly summarized putting an emphasis on the

heating utlizing fast ions. The theory of classical slow-
ing down process for fast ions has been mentioned and

the importance of field ripples has been stressed. NBI ex-

periments from JT-60 and ti i first D-T experiments from

JET have been reported. From these experimental results

it is likely that the heating process utlizing fast ions (NBI

heating and alpha heating) can be explained by classical

or neoclassical theories based on the guiding centr motions

of particles and the Coulomb collisions.
It should be noted, however, that fast ions produced by

NBI or ICRF and alpha particles by D-T reactions may

interact strongly with MHD modes such as sawtooth os-
cillation, fishbone instability, and ballooning mode. Re-

cently it is pointed out that fast ions can destabilize the

TAE mode (toroidicity-induced Alfven eigenmode) [24] or

HAE mode (helicity-induced Alfven eigcnmode in helical

systems) [25] , resulting in causing a large loss of alpha

particles due to the excited magnetic fluctuations [26)].

It is well known that the energy confinement times scale as

roughly P"0-5 (P is the heating input power) in tokamaks
and helical systems. It should be emphasized that this

scaling basically does not depend on the heating methods.

Another problem is the electric field build-up due to escap-

ing alpha particles, which alters the loss cone structures,

plasma rotations, and alters the plasma transport.

Because of space limitations RF wave heating was not sum-

marized. Recent review of Japanese results on RF heating

and current drive should be referred to Ref.[27].
Concerning the current drive recent development of neo-
classical theory for parallel flows have been mentioned for

general toroidal systems.
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RESULTS FROM ROSAT
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Max-Planck-lnstitut fur Extraterrestrische Physik, 8046 Garching, Germany

ABSTRACT

Since the launch of the Einstein
Observatory in 1978 imaging X-ray
telescopes have lead to completely new
observational possibilities. They not only
allow to obtain images with high angular
resolution, but also provide an increase of
point source sensitivities by orders of
magnitudes, compared with collimated
counter experiments. ROSAT is the third of
these satellite borne cosmic X-ray
telescopes after the Einstein Observatory
and EXOSAT. It is a German-US-UK
collaboration in which we have taken the
lead.

1.PREFACE

Today it is known to many peopls that X-
ray astronomy provides powerful tools for
studying astrophysical plasmas. But 30
years ago, just after the birth of cosmic X-
ray astronomy the situation was different.
Satio Hayakawa was among the first to
recognize the importance of this new field
and he has made many important
contributions to it. He also played an
important role in shaping the impressive
Japanese programme 'n modern
observational astronomy, about we shall
hear during this meeting.

2. THE ROSAT MISSION

The advent of imaging X-ray telescopes
marked by the launch of the Einstein ob-
servatory has revolutionized X-ray
astronomy. These instruments not only

allow to obtain images with high angular
resolution but also provide an increase of
point source sensitivity by orders of
magnitude. ROSAT is a German-US-UK
project carrying the third of these satellite
borne X-ray telescopes.

ROSAT stands for Roentgen satellite in
memory of Wilhelm Conrad Rôntgen who
discovered the X-rays in 1895 and won the
first Nobel prize in Physics in 1901. The
satellite carries two powerful coaligned
grazing incidence telescopes observing in
parallel in the soft X-ray (0.1 - 2.5 keV)
and EUV (0.03 - 0.1 keV) bands. The X-ray
telescope is equipped with position
sensitive proportional counters (PSPC) and
a channel plate detector (HRI) while the
EUV telescope, called Wide Field Camera
(WFC), has two redundant channel plate
detectors in the focal plane. A detailed
description of the mission and the X-ray
telescope is given by Trùmper [Réf. 1 ] and
of the EUV telescope by Wells et al. [Réf.
2]. The satellite was launched on 1 June
1990 and has been operated successfully
since without major interruptions.

3. THE SKY SURVEY

One of the principal aims of the mission
was to conduct a deep sky survey in the
soft X-ray band. This was performed by
scanning the sky in great circles in a plane
perpendicular to the solar direction.
Following the sun's motion in the sky, the
survey was completed in half a year
(August 1990 - February 1991).

Proceedings o! the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in Toki, Japan,
17-20 November 1992 (ESA SP-351, February 1993).
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Figure 1. Section of the ROSAT all
sky survey in the Sagittarius
region

Figure 2. Preliminary sky images
of the discrete (point) sources
found in the ROSAT all sky survey
in X-rays
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The X-ray survey was the first one
performed with an imaging telescope. Due
to the large collecting power, the fast
optics and the outstanding performance of
the PSPC this survey provides a quantum
jump in quantity and quality compared with
previous X-ray sky surveys:

sensitivity = 3x10"13 erg/cm2s (100
times)
error box size = 1 arcmin2 (100
times)
50 000 - 60 000 sources (= 100
times)
first direct imaging of the diffuse
galactic and extragalactic sky back-
ground.

The new quality achieved is illustrated in
figure 1 showing a small part (= 10"2) of
the X-ray sky including the long known
bright X-ray binaries, Kepler's SNR, many
new faint sources and the patchy diffuse
galactic X-ray emission from old supernova
gas. Figure 2 shows the preliminary result
of a search for discrete sources comprising
= 50 000 objects. They are coloured
according to their spectral hardness (blue
= hard, red = soft spectrum, c.f. [Réf.
3]). This survey includes almost all kinds
of astrophysical objects. According to
rough estimates the largest classes are
active galactic nuclei (> 25 000), normal
stars (> 20 000), clusters of galaxies (= 5
000), normal galaxies (few hundred) and
supernova remnants (= 100). The data
rights of the X-ray survey are with the
Max-Planck-lnstitut fur Extraterrestrische
Physik (Pl: J. Trumper).

In the EUV ROSAT performed the first sky
survey at all, leading to a quantum jump as
well: while before ROSAT less than a
dozen EUV sources were known, the
preliminary ROSAT-EUV-catalogue [Réf.
4] contains 375 sources, mostly local cool
stars and white dwarfs. Because of the
interstellar absorption the number of

extragalactic sources is quite small (~ 10).
The data rights of the EUV survey are with
the WFC Consortium (Pl: K. Pounds).

4. POINTED OBSERVATIONS

Since February 1991 ROSAT is used for
detailed observations of selected objects in
the pointing mode. Compared with previous
X-ray telescope missions ROSAT provides
substantial gains with respect to collecting
power, signal to noise ratio, angular re-
solution (PSPC and HRI) and spectral
resolution of the image detector (PSPC).
Perhaps the most dramatic achievements
are (1) the ability to locate sources with
the PSPC with a few arcsec precision
facilitating quick optical identifications and
(2) the extremely low background of this
detector: The non-X-ray background
amounts to about 1 count per angular
resolution element anJ day!

The pointed program is entirely open to
guest observers. In total more than 2 000
observations have been completed until
now and the satellite is fortunately still in a
very good shape.

In the following I would like to discuss a
few highlights both from the survey and
pointed part of the mission, and in doing so
I shall limit myself to the X-ray data.

5. SUPERNOVA REMNANTS

SNR's are the most beautiful X-ray sources
in the sky. The ROSAT sky survey is very
effective in detecting new SNR. Of the
174 catalogued radio SNR's 47 had been
known as X-ray sources before ROSAT.
We expect to double this number (> 80).
In addition we find new SNR's which have
not been seen in any other spectral band
before. The estimated number of new
detections is = 90. [Réf. 5]
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The "unlimited field of view" of the sky
survey allows for the first time to image
the large galactic loops and old SNR's in a
homogeneous way. Spectrally resolved X-
ray images of the Cygnus loop and the
Vela supernova remnants have been
obtained showing highly fiiamentary
brightness distribution and temperatures
between one and ten million degrees. Both
SNR's show significant deviations from
pressure equilibrium (up to a factor of 50,
[Réf. 5]). The X-ray colour map of figure 3
displays the temperature and brightness
distribution of the VELA/Puppis A complex.
The southern part of the VELA SNR, first
seen by ROSAT, is characterized by high
temperature emission of low surface
brightness. If these newly discovered
regions are taken into account, the VELA
pulsar position is close to the center of the
nearly circular envelopes, consistent with a
pulsar kick velocity of < 10O km/s.

New phenomena are observed at the limb
of the VELA SNR (c.f. figure 3). In the east
several sharp and well defined structures
located in front of the main shock front can
be seen. Structures of the same type,
though with lower surface brightness, exist
in the north and in the west. They can be
interpreted in terms of supersonic wakes
produced by clumps of matter which are
either ejected in the supernova explosion
with a higher velocity or which have
undergone less braking compared with the
bulk of the éjecta. From the Mach cone
angles one can derive the sound velocity cs
in the medium in which the SNR expands
and its temperature (T = cs

2). The result is
T < 1O6K which means that the VELA
SNR expands in a hot bubble probably
identical with the Gem nebula [Réf. 6).

Using ROSAT data Oegelman et al. [Réf.
7] have discovered the long sought 89 ms
pulsations of the VELA pulsar in X-rays.
The pulsed fraction is low (=11 %) and the

point source has a softer X-ray spectrum
compared with that of the surrounding
synchrotron nebula, in contrast to the
situation in the Crab. It seems that the X-
rays from the VELA pulsar have a thermal
origin, similar to those from the Geminga
pulsar whose X-rays where discovered
with ROSAT by Halpern and Holt [Réf. 8].
The absolute phase relation between the
Geminga pulses in X- and Gamma-rays has
recently be determined by Becker et al.
[Réf. 9].

In total, there are now 6 single pulsars with
known X-ray pulsations. The three
youngest ones (Crab: 940 yr, PSR 0540-
69: 1660 yr, SR 1509-58: 1550 yr) show
sharp pulses, a large pulse fraction (=
100%) and power law spectra indicating
magnetospheric emission. The three older
ones (VELA: 10 000 yr, PSR 0656 + 14:
10^ yr and Geminga: 3x1 O^ yr) exhibit a
rather smooth light curve, a small
modulation (= 15 %) and spectra
consistent with thermal emission. Four of
these six objects are surrounded by
synchrotron nebulae (Crab, PSR 0540-69,
PSR 1509-58, and VELA) which are fed by
the relativistic wind from the pulsar.

In the case of the Crab, ROSAT high
resolution imaging sheds new light onto the
physics of the object. In the HRI image
(shown in Figure 4) of the Crab one can
distinguish four different components: (1)
The pulsar itself: This radiation is probably
emitted by the electrons (|.-ositrons) during
the acceleration process, (i:) A toroidal
emission region orientated perpendicular to
the pulsar rotational axis (SE-NVV) which
had been surmised in the Einstein image
[Réf. 10] but is much better seen here.
This structure has been explained in terms
of synchrotron emission from the high
energy electrons/positrons released from
the pulsar relativistic wind zone into the
nebula where they are confined to a
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Figure 3. X-ray colour map of
the Vela SNR and Puppis A
complex. Supersonic wakes
proceeding the main shock
front are seen in the east,
north and west.

Figure 4. High resolution map
of the Crab nebula, showing the
pulsar, the inclined toroidal
emission region, jets along the
rotational axis and whisp emission.



toroidal region because of their short
synchrotron life times [Réf. 10,11]. (3)
Jet like features pointing along the
rotational axis towards SE and NW may be
related to a "helical wind" [Réf. 11]. (4)
An additional -feature, braking the torus
symmetry in the NW is probably due to the
whisps. This all means that we now start
seeing the accelerator's beaming geometry!

6. NEARBY GALAXIES

The ROSAT pointed survey of Andromeda
{figure 5) comprises 407 sources, viz.
about the same number as the Uhuru
satellite saw in the whole sky. This
demonstrates in an impressive way the
progress which X-ray astronomy had made
during the last twenty years. Twenty of the
M31 sources have been identified with
globular clusters (half of them where not
detected by the Einstein observatory), five
with supernova remnants, two with back-
ground galaxies and fourteen with
foreground stars (Pietsch [Réf. 12]). Very
exciting is the discovery of at least 8
supersoft sources in M31 similar to those
found with ROSAT in the LMC (Trumper et
al. [Réf. 13]) and in the SMC (Pietsch et
al. [Réf. 14]). These sources are
characterized by large luminosities (= 10^8
erg/s) but very low temperatures (ItT = 40
eV). In total we now have about 20 of
these supersoft sources including one in
our own galaxy and a few in NGC 253 and
M101.

Some of these sources are short period
binaries, some are transients; a few of
them have been optically identified and
show accretion disk type spectra with Hell
emission lines. One of the sources is a
planetary nebula ([Réf. 14], Wang & Wu
[Réf. 15]), and CQ Muscae also seems to
be a member of this class, nine years after
the nova outburst (Ôgelman et al. [Réf.
16]).

If these sources form a homogeneous
class, they must be X-ray binaries. The
most promising conjecture is that they
represent a kind of cataclysmic variables in
which the mass transfer from the
companion:,to, the .white: dwarf is just
sufficient to sustain steady nuclear burning -
on the stellar surface (van den Heuvel et al.
[Réf. 17]). The required mass accretion
rate is in the range 10~7 to 4x10"7 MQ,
depending on the white dwarf's mass (Iben
et al. [Réf. 18]) which is sufficient to drive
the white dwarf beyond the Chandrasekhar
limit within a few million years. Therefore,
these objects would be progenitorsX of
supernova Ia explosions. If these ideas are
correct the supersoft sources represent,a
long sought and very important class of
astronomical objects.
Let me turn to another subject, namely
starburst galaxies. There is observational
evidence that these objects (e.g. M82 and
NGC253) show outflow of hot plasma and
relativistic particles from the overpressured
regions of high supernova activity (e.g.
Tomisaka and Ikeuchi [Réf. 19]).
However, it is an open question whether
the breakout is driven by the thermal or by
the relativistic gas pressure. In NGC253 X-
ray observations have shown evidence for
hot plasma bremsstrahlung emission out to
a distance of = 1.2 kpc from the disk with
a total mass of the X-ray emitting gas of
3x105 MQ (Fabbiano and Trinchieri [Réf.
2O]). ROSAT allows to image this halo
with unprecedented sensitivity.

The tantalizing PSPC colour image (shown
in Figure 6) of NGC 253 shows a giant halo
of hot gas (kT = 0.2 keV) extending out to
distances of 10 kpc! The intensity valley
northwest of the blue unresolved core of
NGC 253 is due to cold gas absorption in a
spiral arm of the galaxy. A rough estimate
of the total mass of the halo is 5x10® MQ.
Recently, VLA observations have revealed
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Figure 5. The deep survey of
M31 (Andromeda) has revealed
407 sources.

Figure 6. ROSAT colour map of the
starburst galaxy NGC 253. The
bright central source (blue)
marks the unresolved distribution
of X-ray binaries at the galactic
center. The extended emission
(red) is thermal bremsstrahlung
from the plasma halo.
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a synchrotron halo of NGC 253 which
extends to = 9 kpc as we!! (Carill et al.
[Réf. 23]). From the ROSAT data we find a
typical plasjna energy density in the halo of
20 eV/cm^ which is about an order of
magnitude larger than the equipartition
energy density of the relativistic electron
and the magnetic field derived from the
radio data. This suggests that the halo is
produced by the breakout of hot plasma
from the disk, convecting the relativistic
electrons and magnetic field with the
thermal plasma as suggested by the
"chimney" models (Norman and Ikeuchi
[Réf. 19], [Réf. 23]). We note that the
plasma density derived from the ROSAT
data is quite small (= 2x10"^ cm~3) and the
resulting cooling time is long enough (=
2x10^yr) to let the plasma stay hot out to
distances of = 10 kpc. (Pietsch and
Trumper [Réf. 21 ]).

7. CLUSTERS OF GALAXIES

The large number of clusters of galaxies (=
5 000) recorded in the ROSAT survey, the
excellent imaging, in particular the
possibility to reach quite low surface bright-
ness levels opens several avenues of cluster
research.

(1) One important aspect is the
cosmographie one, viz. the measurement of
the spatial distribution of clusters out to a
redshift = 0.3 and the derivation of redshift
dependent luminosity functions. This work
is in progress on a broad scale but needs
some more time to reach the necessary
source statistics (> 1 000 objects).

(2) Measurements on nearby clusters
(Virgo, Coma, Perseus, Abell 2256 and
others) show that relaxed, virialized clusters
of galaxies are rather the exception than
the rule. Almost all nearby clusters show
structures indicative for interaction
processes and merging events. These

findings give strong supt rt to hierarchical
clustering models, in which structure in the
universe grows by the accumulation of
subunits (Briel and Henry [Réf. 24]).

(3) X-ray emissions allow to determine the
total mass of the hot plasma and the total
gravitational (binding) mass of the cluster.
ROSAT has allowed for the first time to
determine the mass distribution of clusters
out to about one Abell radius (= 3 Mpc).
The results, as summarized in table 1,
indicate that a rather large fraction of the
gravitational mass (> 15 %) is in the hot
gas. Actually, the gas component is
typically a factor of = 5 more massive than
the galaxies and has a broader distribution
than the latter. This suggests that most of
the hot gas is accreted primordial matter
(Bôhringer [Réf. 25]).

8. AGN1S AND THE DIFFUSE X-RAY
BACKGROUND

Of the > 25 000 AGN's detected in the
ROSAT sky survey so far > 1 300 have
been optically identified. Their redshifts
range up to z = 3.7. Using this large data
base the existence of a spectral steepening
below = 1 keV ("soft excess") is now firmly
established for Seyfert I and quasars
(Walter et al. [Réf. 26]) . The expected
resulting flattening of Seyfert I and QSO
spectra with increasing redshift has been
observed as well. (Schartel et al. [Réf.
27]).

Almost 30 years after its discovery the
nature of the extragalactic background is
still a matter of debate. COBE
measurements show that a hot intergalactic
medium can provide a significant (> 10 %)
fraction of the X-ray background only if it is
clumped [Réf. 28]. Observations with the
Einstein observatory were able to resolve
about 20 % of the background into discrete
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Table 1

Gas and gravitational mass of clusters [Réf. 25]
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cluster

Perseus

Coma

M87 halo

Centaurus

A2256

Rx

(Mpc)

3.0

4.0

1.8

1.5

4.0

Mgrav

(1O14M0)

10-26

11-28

1.3-6.6

1.9-3.8

12-46

Mgas

(1O14M9)

3.2-4.3

3.8-4.8

0.3-0.4

= 0.5

3.9-4.0

Mgas/Mgrav

0.13-0.43

0.14-0.44

0.05-0.31

0.13-0.27

0.12-0.45
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Figure 7. Log N - Log S distribution derived from the ROSAT deepest pointing in the
Lockman Hole and 27 shallower fields.
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sources (e.g. Gicacconi et al. [Réf. 29],
Primini et al. [Réf. 3O]). The large
sensitivity of ROSAT has allowed to take a
new look at the extragalactic background
(Hasinger [Réf. 31]. Actually, the deepest
ROSAT pointings have now reached a faint
limit of 2.5x10'15erg/cm2s, a factor of =
10 beyond the Einstein deep survey limit.
At this flux level 435 sources per square
degree are detected, and about 60 % of the
extragalactic background in the 0.5-2.5 keV
band is resolved into discrete sources. The
logN - logS distribution resulting from the
deepest (152 ks observation time!) pointing
and 27 shallower fields covering a total
solid angle of = 10 days2 is shown in figure
7. It is in good agreement with the Einstein
data [Réf. 32] with a slope a = 2,7±0.3
at the bright end but showing a significant
flattening below 2x10~^4 erg/cm2s where
the slope becomes 1.9 + 0.2. This confirms
the flattening suggested by a fluctuation
analysis of the Einstein deep survey fields
(Hamilton and Helfand [Réf. 32], Barcons
and Fabian [Réf. 33]) and earlier ROSAT
results (Hasinger et al. [Réf. 31]). Below
2.5x10*15 erg/cm2s constraints on the
shape of the logN - logS curve can be found
by means of a fluctuation analysis of the
ROSAT deep survey fields (shown in Figure
7). The flattest power law extrapolation
allowed by this analysis resolves 100 % of
the background at 5x10'18 erg/cm2s. At a
level of 10'16 erg/cm2s the same flat
extrapolation resolves 85 %, while the
steepest allowed curve accounts for all of
the background. A model independent upper
limit (90 % confidence) to any diffuse
background component is 25 %; this means
that at least 75 % of the background (1-2
keV) originates from discrete sources.
(Hasinger et al. [Réf. 31 ])

A large fraction of the faint sources are
quasars and other AGN's. However, present
day optical spectroscopy is not sensitive
enough to identify the faint ROSAT sources

below flux levels of = lO'^erg/cm^s. VVe
are now waiting for the next generation of
optical telescopes to identify the faintest
ROSAT sources.
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JETS ASSOCIATED WITH ACTIVE GAlACTIC NUCLEI
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1. Introduction
About 30 years after being discovered by radioastronomers, jets

remain for many aspects an open ; roblem in astrophysics! plasmas. A
number of basic physical questions have been understood and modelled
in their general features. However, due to the presence of intrinsically
highly nonlinear phenomena and to the incomplete determination of the
physical parameters involved, a detailed analysis of their dynamics aim
emission mechanisms is far from being accomplished.

Outflows ate modelled in astrophysics from the time of the first
paper by Parker on the solar wind (1963) in terms of a fluid approxi-
mation that appears so far adequate despite of its many limitations: a
continuous solution can connect the flow at the surface of the Sun to the
supersonic regime several solai radii away. More recently many effects
have been added to the initial Parker picture, in order to take into ac-
count the presence of an ionized plasma (two-fluid model), confinement
effects in magnetic flux tubes, kinetic processes, etc.

In the same way the fluid model has been applied to stellar winds
and also, with the inclusion of appropriate geometrical effects, to colli-
mated outflows (Ferrari and Tsinganos 1986). In patticular the model
can include not only continuous solutions, but also discontinuous ones
interrupted by shocks where particle acceleration and plasma heating
can take place.

As an additional important fact for jets from active galactic nuclei,
we must considei that dynamics and radiation emission are combined
in a peculiar way: the emission we observe is just a tiny fraction of the
total energy of the flow that we estimate by assuming that the general
structure is produced by the central object, either continuously 01 in a
single outburst. This means that we have to reconstruct the dynamics
observing its very partial transformation in radiation.

Nevertheless, if radiation morphologies are related to the bulk flow,
we must find an explanation for its dynamics yielding a direct formation
of those structures in the underlying "invisible*1 flow.

In this review I shall concentrate on some aspects of the jet dynam-
ics in connection with radiative effects, without aiming to a complete
exhaustion of the subject, but to illuminate recent relevant works.

2. Observations of Jets from AGNs
A complete review of the rich collection of observations on extra-

galactic jets is beyond the scope of this talk and 1 simply refer to ex-
cellent papers in the book edited by Hughes (1990). TUe common mor-
phologies of jets at different scales can be summarized as follows (see
Figure 1):

a. jets are collimated over very large distances, with aspect ratios up
to 100;

b. coUimation begins in the very center of the associated AGN;
c. jets remain collimated and dynamically stable even when there are

signs of interaction with external environment and sharp bends;
d. strong evidence exists that in many cases jets are relativistic, espe-

cially in the region near the core;
e. correlation has been found between jets and the optical activity

of the associated galactic nucleus, namely in broad and narrow
emission lines, whose spatial distribution is aligned with the general
direction of the jet.
Moreover very important new results have bent recently obtained in

the optical band by the Hubble Space Telescope Faint Object Camera.
In the AGN jets so far observed with some accuracy a clear distinc-
tion appears to exist between structures in which nonthermal radiation
comes from the full body, as PKS 0521-36, and those showing a hol-
low structure, as 3C66B and M87 (Macchetto 1992). In fact hollow-
ness was already found in stellar jets (Uchida, these Proceedings) and
might fit many radio data on extragalactic jets. The brightness ratio
Lfurr/Lutt > 4 can be interpreted as the effect of a very weak magnetic
field internal to the jet.

Such a configuration would actually help to solve two problems:
a. a strong (azimuthal) field wrapped around the jet helps the flow

collimation;
b. as energy losses become low near the axis of the flow, relativistic

electrons can be transported intact until they diffuse out across the
boundary layer: local re.icc deration would be unnecessary, being
the AGN core the source of all high energy particles.

1. Examples of collimated jets: NGC 6251 (radio) and M 87 (optical
and radio).

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in Toki, Japan,
17-20 November 1992 (ESA SP-351. February 1993).
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An appropriate equilibrium must be worked out for the suggested
configuration, as MHD (pinching and interchange) instabilities aie in
principle against hollow structures of the type di<=« \issed.

Another point to be stressed is that, both in radio and optical
high resolution data, the brightness distribution is not uniform but con-
centrated along filamentary structures, often lielically wrapped on the
surface. This fact repeats a typical feature of radio emission from lobes,
indicating that some radiation instability is modifying the flow pattern,
a clear sign of direct interaction between dynamical and radiative pro-
cesses.

Optical observations are not well established yet, especially from
a statistical point of view. Altogether with radio data, they provide
a rather rich picture from which construct models. However the esti-
mate of physical parameters is very Indirect because, as already men-
tioned, radiation might not represent adequately the whole energetics.
We may hope that at least for some characteristic nearby objects fu-
ture progresses of observational sensitivity and resolution (perhaps the
Space Telescope itself) bring clear information on the very nucleus of
the AGNs; certainly they will enrich our statistical evaluations of the
data and allow a classification of common and peculiar features.

More complete data on collimated outflows will most likely come
from stellar jets, as discussed by Uchida in this conference; but not
all the aspects of the two classes show a clear correspondence; this
is especially true because their radiations (from which we derive our
information) are well different, thermal for stellar jets and nonthermal
for AGN jets. In addition the energetics are quite incommensurable,
AGN jets requiring a relativistic treatment that appears to be the only
way to satisfy the large demands.

3. Nonlinear Hydrodynamics
To build reliable physical models with such uncertain definition of

the relevant parameters may appear an impossible task. On the other
hand jets represent a crucial element in our understanding of AGNs and
thence galaxy evolution; at the same time, together with other types
of astrophysical outflows they are an interesting challenge for plasma
astrophysicists. Therefore many studies have been already made and
many more are in progress.

The three basic physical questions concerning jets are:
1. origin, acceleration, collïmation
2. propagation, stability, interaction with the surrounding medium,

matter entrahinient, energy and momentum transport, formation
of radiation structures

3. termination, formation of the extended radio lobes.
Obviously along these point the origin of uonthermal and thermal

emission must be considered. In this review the discussion is concen-
trated on some of the points listed in 2.

Many studies of jet stability have been presented in the past, most
of them analytic and therefore applicable to the linear phases of evo-
lution. Most of the calculations are based on the hydrodynamîcal or
magneto-hydrodynamical equations, but the case of double adiabatic
equations has been explored, and the validity for a fluid approximation
has been tested. The main conclusion has been that supersonic flows
are unstable, but the time scales of growth can be longer than the dy-
namical scales of propagation; a strong magnetic field can also stabilize
the flow (Birkinshaw 1990).

Ferrari and Trussoni (1981) have also discussed how the nonlinear
coupling between dynamical unstable modes and particles can in fact
yield local electron acceleration that may be needed to support radiation
emission along the jet. The process can at the same time provide a
saturation of the dynamical instabilities.

With the advent of supercomputers several authors have used hy-
drodynamical and magneto-hydrodynamical numerical codes to evolve
time-dependent jets. The equations used in these codes do not include
any physical viscosity or resistivity, but necessarily include mathemati-
cal terms to close the system of fluid equations that in fact have the same
effect. This numerical dissipation is very high: the numerical Reynolds
number comes out to be around IQ- while that estimated from data is
% 1012 (approximately as in the solar wind). Moreover a minimum size
of the integration grid is fixed by the computational limitations. There-
fore the present numerical simulations of jets are still rather primitive
and do not guarantee their conclusions. For instance kinetic effects are
not included, and double-adiabaticity has been tested on some limited
examples only.

Nevertheless simulations well represent qualitatively the radiomaps,
although the object of their calculations are density and velocity of the
flow, while observations refer to the nonthermal electron component.

One can interpret such results by saying that emission processes are
strongly connected to the flow dynamics, that in its turn is dominated
by fluid effects.

An aspect of the simulations that is very often underlooked is their
limitation in space and time. Iu order to follow the propagation of the
entire jet when it is shot into a plasma at rest in conditions of pressure
equilibrium, one constructs a grid large enough for encompassing *ae
entire structure as time runs. For instance, from typical simulations
(Norman and Hardee 1988) one can derive that the maximum evolution
time is t*v - 20 - 40^/V), rather short with respect to the scales of
instabilities.

One observes formation of conical shocks along the flow (related
to knots ?) and of a large bow shock that produces in several cases a
cocoon around the head of the jet (related to radio lobes ?).

Shocks appear to be created by the perturbations generated at the
head of the jet and hence, according to the linear theory, must be short
lived transients being backward moving modes. They seem persistent in
the simulations simply because of the short scale of calculations; they
are not shown to propagate back along the whole jet, where they are
observed.

Instead it is quite possible that Kelvin-Helmholtz instabilities in
supersonic flows do in fact evolve in a more violent way after local ex-
citation along the whole jet; the unstable modes are basically similar
to those of the quoted simulations, but are moving downstream to the
flow. In order to investigate such possibility we have performed a dif-
ferent type of simulation. We study a limited section of an infinite jet
in pressure equilibrium with the external matter, assuming that the
system is perturbed by a periodic mode: we can therefore adopt pe-
riodic boundary conditions along the flow. Consistently tlitre Ate no
limitations on the time for which calculations can be progressed. In the
direction perpendicular to the flow we assume instead free boundary
conditions ensuring that they are sufficiently far from the jet to avoid
reflection effects.

The dynamical evolution of an adiabatic and inviscid cylindrical
beam in pressure equilibrium with the external medium is governed by
Euler equations of mass, momentum and energy conservation:

+ ( v - V ) v = - V P , (1)

= 0 ,

where p, p and v are pressure, density and velocity, respectively, and 7
is the ratio of the specific heats.

To solve these equations we use a hydrodyiiamical Piecewise Pa-
rabolic Method code (see Woodward and Colella 1984) in 2.5 dimen-
sions (3-D axially symmetric along the jet axis), particularly suited to
simulate supersonic flows with strong discontinuities. The integration
domain is divided in 500 x 500 grid points for half of the space (r > D)
relying on the symmetry of the configuration with respect to the jet axis
(: direction).

The density and velocity profiles across the surface of the jet are
assumed as follows:

cosh (r)

P(O)
(2)

= , _
P(O) coshV) '

where r is normalized to the jet radius (r = 1). Pressure equilibrium
conditions at the surface of the jet are ensured by appropriate tem-
perature distributions (thermal confinement). The energy equation is
replaced by an adiabatic equation of state.

This configuration is perturbed by a combination of modes that the
linear theory predicts as unstable:

with typical values for a = 0.2 and i = 5 -r IQ-
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2. Evolution of a high Mach number, JIf = 20, and light, v = 0.3, jet: (a) I = 13.3, (b) I = 14.9, (c)
t = 17.2. Upper panel: density (gray scale) and velocity (arrows). Medium panel: matter initially
in the jet (black), matter initially at rest outside the jet (white). Lower panel: longitudinal velocity
distribution.

M = ZU it = 3.0 Hint = 1-1 '.I

3. Evolution of a high Mach number, Af = 20, and heavy, V = 3.0, jet: (a) ( = 14.9, (b) * = 18.7, I
( = 21.1.
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4, Evolution of alow Mach number, M = 5, and heavy, v - 3.0, jet: (a) ( = 15.5, (b) ( = 19.0, (c) / =

In Figure 2-4 we present some characteristic results of the time
evolution of the flow structure as a function of the two parameters Af
and t/. Schematically the jet follows three phases of evolution:

1. a linear phase that reproduces very well the analytic results; af-
ter some transients, the dominant scale corresponds to the fastest
growing mode;

2. a nonlinear phase in which the dominant mode grows to produce
internal shocks, while in the regions between shocks the jet expands:

3. a mixing phase in which matter from the external regions is en-
trained by the jet and, at the same time, matter of the jet is slowed
down in the form of curled streams; the internal shocks also extend
outside assuming a shape basically perpendicular to the jet; the
jet appears to face total disruption although an average directed
motion still persists.
Quite generally extended shocks and deep mixing yield that jet's

morphologies develop on scales wider than the collimated flow; if ob-
servations refer to these structures we should conclude that thçy might
easily be non-relativistic, although the inner, thinner flow can still be
relativistic. Where internal shocks are instead observed (most iikely
near the central source, i.e. in the radio VLBl) relativistic motions are
detected directly.

The relative duration of these phases depends on JIf and v, as
illustrated in Figure 5. Heavy jets mix early and share their momentum
with the external medium. Light and fast jets tend to mix much less
and maintain their individuality with respect to the outside matter; at
th* same tune they grow strong internal biconical shocks and expand.

It must also be stressed that these effects are related to the so-
called reflected (or body) modes; surface modes dominates only for
marginally supersonic jets.

The timescale of evolution in the Figures is expressed in units of
the jet radius crossing time at the sound speed /„ = R,,,/V.. In these
units previous calculations were progressed up to ( ^ 8 - 10 at most,
while the phenomena we observe take place after f = 13 - 15 and we
follow them up to t X 20 - 30.

A more detailed discussion of the above simulations is given in a
forthcoming paper (Bodo et ai 1993).

Obviously they are limited to a pure hydrodynamical situation; in
an MHD case a strong enough magnetic field might stabilize the non-
linear development of the instability. Another limitation of our results
is being non-relativistic, although we extended some of the conclusions
to the relativistic part of AGN jets. However, also with reference to
analytic linear results, substantial new phenomena are not expected in
(special) relativistic regime.

In conclusion the nonlinear growth of the dynamical instabilities ap-
pear to lead towards a total jet disruption on relatively short timescales.
How does this result fit with observed jets extending over Mpc dis-
tances ? Which stabilizing factors can we refer to ? Magnetic fields
are a possibility; another discussed in the past by Ferrari and Trussoni
(1981) are radiation losses: at present it is possible to develop a specific
code for this task. At the same time we refer to the next Section for
some preliminary result on radiative instabilities in jets.

5. Importance of the mixing phase in a M, v plane. The curves in-
dicate the fastest growing mode wavenumber k (in units of the jet
radius) before the occurrence of mixing. OM = ordinary (surface)
modes, RM = reflected (body) modes.
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4. Radiative Instability in Jets
As mentioned in Section 2, in several jets for which tadio and/or

optical data at high angular resolution are available there is strong ev-
idence that emission is concentrated in bright filaments aligned along
the underlying magnetic field. The situation is analogous for observa-
tions of radio lobes. This observational result is interesting ptr m, but
does also represent a possible way to stabilize dynamical instabilities
transferring energy to radiation.

Filaments can be formed by the development of condensations with
their wave vector perpendicular to the magnetic field lines in a syn-
chrotron emitting plasma in which two components are present: ther-
mal protons providing the inertia and relativistic electrons providing
the pressure (Bodo et al. 1990):

3kBT,: JV,

r,mFc- JV1,
H)

where f r is the Lorentz factor of relativistic elections and ffr and JV,,
the number densities of the two particle species.

As shown by Simon and Axford (1967), if we assume that electrons
and protons are dynamically coupled, we can write the following model
equations:

p = -VP + -( x B) x B
(5)

at
where P is given by the electron distribution function:

(6)

however in a Hist approximation this definition is simplified by as-
suming that we can assign an average energy for all particles so that
P = (l/3)NfkT. In addition 7 is the plasma adiabatic index, L the
synchrotron emissivity per unit volume and Q a "heat" exchange per
unit volume.

A linear analysis (Bodo et al. 1990) shows that the plasma is
unstable to the growth of the isobaiic modes when the ratio between
the gas and magnetic pressure (3 = Pg*,/P,,,*,, < 4. The plasma must
therefore be out of equipartition to give rise to a radiative instability,
and this condition is supported by the optical observations of at least
3C66B and M87 (Macchetto 1992).

The unstable modes have wavemmiber k perpendicular to the mag-
netic lines and correspond to condensations that become brighter than
the surrounding plasma in equilibrium. However the linear theory does
not predict how long the filaments remain bright, as this fact depends
on the spectrum of emitting elections and their replenishment through
diffusion from nearby regions or local acceleration.

To investigate this point we have performed two numerical experi-
ments.

'f-l
;\ft .1

f^N*-

. Evolution of luminosity in a filament for an initial equilibrium with
/3 % 25. Time is measured in units of synchrotron lifetime.

4.1 Evolution of Luminosity in Filaments
We have solved the above equations in 2-D geometry, with i»ni-

form magnetic field along the y-axis. The pressure is expressed using
a power-law for the electron distribution function. The power law is
maintained constant during the evolution of the simulation, and also its
upper and lower cut-offs e,,,ar and („„„ respectively; instead the number
of electrons is explicitly calculated taking into account radiation losses
and fresh particles addition.

Filaments are formed after an initial perturbation in density is given
with wave number perpendicular to the magnetic field. The perturba-
tion grows and the luminosity increases also: the filaments becomes
brighter than the surrounding medium. Incidentally the process occurs
already when (3 > 1, earlier than expected when moving out of equipar-
tition. The power-law index of the distribution function is an important
parameter in this respect.

The crucial point is the choice of the two source functions Q and
L. For L we consider synchrotron losses in terms of the distribution
function of electrons:

= Cn-N1. jT"'/(€)rdc .

For Q we considered two limiting cases:
1. Qu = £(i, and later the value of Q for particle injection is chosen

to remain constant and equal to Q11;
2. Qn = O, i.e. no injection of fresh relativistic particles.

The integration was performed using an MHD code based on the
Lax- Wendroff algorithm. The results are discussed in a paper by Bodo
et al. (1992) where it is shown that the luminosity of filaments does
actually persist, in both cases, for several synchrotron emission lifetimes:

420
(8)

that for typical AGN jets is =s 107 yrs; filaments appear therefore, in
this interpretation, to be transient structures. They are also narrower
and brighter for larger initial /3's. A typical contrast ratio with respect
to the surrounding medium can be > 4. Also the instability is more
efficient for flatter electron spectra.

An example of the luminosity evolution of a. filament is given in
Figure 6. It is interesting to note that emission comes mainly from
the boundaries in accordance with the fact that the instability is most
active there, while in the inner regions reaches the saturation renditions
earlier.

The results appear to agree with typical observations and in fact
both for 3C66B and M87 one can explain the formation of filaments
at the distance at which they are detected in terms of the instability
timescale for the observed physical parameters.

4.2 The evolution of the distribution function of relativistic electrons
The treatment of the distribution function of electrons adopted in

the previous numerical experiment is rathet poor, because it does not
take into consideration the possibility of accumulation of low energy
particles that might increase the pressure without contributing to the
emission: this might saturate the instability earlier.

Therefore in a second experiment we have studied in detail the
time evolution of the distribution function with radiation emission, jet
expansion and particle injection (Kardashev 1962):

=-£(/«) (9)

(10)

where the second term is for adiabatic expansion.
In this case we do not use the energy equation that is substituted

by the equation for /(E) above. The source function q allows to model
the injection of new particles, eventually diffusing from nearby regions.
Local particle reacceleration was not considered.

The integration takes into account a grid of 1500 energy points
from £ — O to e = f,nax and provides, in addition to all previous phys-
ical parameters, the emission spectrum. The source function Q(C, t) is
assumed such as to maintain the equilibrium distribution function /n(f ).

Boundary conditions for /(e) are f(e) —< O for c —• O, while at
t = fmax the injection rate is kept constant.

We find that the evolution of the distribution function shows elec-
trons diffusing towards lower energies because of radiation losses and
there form a distinct peak. At high energies the density of electrons
decreases, meanwhile the slope of the distribution remains the same.
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The evolution tiniescale depends on the slope of the distribution ;.mc-
tion at high energies and becomes shorter for flaller distributions; in
Figure 7 an example of the the evolution is given for times in units of
the synchrotron emission time. Correspondingly an example of Ihe final
radiation spectrum is given in Figure 8.

When the peak at low energies is strong enough tile system reaches
a quasi-stationary state clearly visible in the maguetir field evolution
(Figure 9). The final density contrast between the filaments and the
external medium depends again on the initial value of il and is higher
for higher /3.

5. Conclusions
In this review some examples of the study of the plasma physics of

relativistic jets from AGN have been discussed. Obviously we are still
at the very beginning of a complete representation of the rich variety of
phenomena contributing to shape the morphology and the energetics of
these extraordinary objects. However the possibility of simulating non-
linear phenomena by numerical experiments is a new important resource
for theorists. With the. availability of fast computers many new physical
processes will be introduced in the study increasing (he diagnostics for
interpreting the growing amount of observational data.

t/t.=5

-2.5 -2 -1.5 -1 -0.5
LogE/E_

-2.5 -2 -1.5 -1 -0.5
iog E/E_

. Time evolution of the distribution function of relativistic electrons
for an initial power-law spectrum of index Q = I. The dotted line
represents the initial distribution function.
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ABSTRACT

The liighlights from the solar observation satellite
Yohkoh, meaning sun beam or sun light, are presented
with emphasis on the results from its Soft X-ray Tele-
scope (SXT). The highly dynamical and transient nature
of the coronal magnetic fields revealed by SXT is drasti-
cally changing our view of the solar corona and behavior
of magnetized plasma in general. Some of the initial dis-
coveries are presented.

Keywords: Yohkoh, Sun, X-ray, corona, flares, mag-
netic reconnection

1. INTRODUCTION

Yohkoh satellite was launched on 1991, August 30 for
the observations of solar flares and the solar corona in X-
ray and gamma-ray wavelengths. Yohkoh carries 2 X-ray
telescopes. The hard X-ray telescope takes images of so-
lar flares, for the first time, above 30 keV with moderate
spatial (7 arcsec) resolution. With these hard X-ray im-
agos, we are able to obtain spatial distribution of purely
non-thermal electrons produced in solar flares. The soft
X-ray telescope (Tsuneta et al. 1991) is the grazing in-
cidence X-ray (5-50 A ) telescope to observe the sojar
corona and the solar flares with high spatial (2.5 arcsec)
and time (2 sec) resolution. SXT is sensitive to plasma
with temperatures from 1O6K through 1O8K. Two other
instruments onboard are the Bragg crystal spectrome-
ter to observe iron, calcium, and sulfur lines from flare
plasma, and the wide band spectrometer to observe flare
spectra from 5 keV to 10 MeV. For details on Yohkoh
onboard instrumentation, readers refer to Solar Physics
130, 1991.

The initial discoveries done by SXT cover wide areas
in solar physics. To ment ion a few of them:

(1) Global magnetic restructuring (Tsuneta e1 al.
1992b, Tsuneta 1993a)

The X-ray movie shows frequent structural changes of
coronal magnetic fields on global and local scales. This
restructuring is associated with X-ray brightening (heat-
ing), suggesting that the magnetic reconnection is a pri-
mary device for the restructuring.

(2) Solar flares as an on-going magnetic reconnection
(Tsuneta et al. 19Q2a, Tsuneta 1993b)

A flare that occured on 1991 December 2 clearly shows
that the flare loop is formed under the rising plasmoid
(strand). It appears that this plasrnoid opens up the
overlying closed fields, creating the X-type neutral sheet
beneath it. A magnetic reconnection is taking place at
the neutral sheet, and is responsible for flare energy re-
lease. . _!.._• " _ " " "__

(3) Micro flares and coronal:heating (Shjmizu et'al.
1992) """ "" • " ~ ! -

Siiiall transient brightehings are frequently seen in en-
ergetic active regions. Multiple loop interaction (recon-
nection) appears to be involved in the brightcnings. We
are exploring the possibility that these small microflares
contribute to the active region heating.

(4) High coronal temperature (Hara et al. 1992)
Active region temperatures obtained with SXT is 4-5

MK, considerably higher than that obtained by Skylab.
This high temperature component steadily coexits with
the known 1-2 MK component.

(5) Strong X-ray emisson from buoyant emerging fluxes
Magnetic fluxes emerged from below the photospehere

are very bright in X-rays. Strong heating occurs probably
through reconnection between the emerging fluxes and
the existing coronal fields.

(6) Thin long magnetic flux tube in the corona
We found peculiar magnetic flux tube which is as long

as solar radius (16 arcmin) and as thin as 5 arcsec. Tho
tube is moderately bright in X-rays, and steadily sits in
the corona. The formation of such a structure is an open
question.

(7) Tivo types of active region magnetic loops
Active region loops consist of two different types

of loops; dark diffuse potential-like (curret-free) loops,
and bright thin, sometimes irregular-shaped (current-
carrying) loops. This observation would give an impor-
tant clue on heating mechanism of magnetic loops.

(8) Rigidly rotating coronal holes (Tsuneta 1993a)
We found that thin long (along N-S direction) coronal

holes often seen in SXT images are rigidly rotating with
rate close to the equatorial rotation rate.

(9) Expansion of activer region magnetic fields (Uchida
et al. 1992)

Active region magnetic fields sometimes show almost
continues expansion. It appears that they inject mass
and magnetic fluxes to the interplanetary space.

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in Toki, Japan,
17-20 November 1992 IESA SP-351. February 19931
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This paper is concerned with some of the new find-
ings above and theoretical problems raised by those find-
ings. For details on those initial scientific results, see the
Yohkoh special issue of the Publications of the Astronom-
ical Society of Japan 44, 1992 as well as Tsuneta (1993a),
Uchida (1993) and Kosugi (1993).

2. X-RAY CORONA

2.1 X-ray images as coronal magnetic field tracer

Figure 1 is a soft X-ray image of the quiet sun. We
can see complex structures which is completely different
from optical images of the sun. These complex structures
represent magnetic structures in the corona, because the
collision frequency in the solar corona is generally much
smaller than the gyro-frequency for the typical magnetic
field strength (10-100 G) in the corona. High resolution
soft X-ray imaging is the only means to "see" the coronal
magnetic structures.

Figure 1 shows active regions, large scale magnetic
structures, coronal holes on both polar regions, and X-ray
jet from a bright region located on North-West (Shibata
et al. 1992). An active region emerges from below the
photosphere, emitting intense X-rays due to interaction
(reconnection) with pre-existing coronal magnetic fields.
Some X-ray bright points are seen in the coronal holes.

Solar corona is, indeed, a laboratory of magnetohydro-
dynamics and plasma physics. These X-ray images can
also serve for the diagnosis of the dynamics of the in-
ternal flux tubes and the dynamo action (e.g. Cowling
1981) below the photosphere: The spatial distribution of
the X-ray loops sometimes appears to be parts of "sea-
serpents (Zwaan 1987)"-like main flux tubes presumably
located in the convection zone.

2.2 Coronal activity and photospheric mangetic fields

Figure 2 shows an X-ray image with the corresponding
optical image also taken by Yohkoh, Ha and magneto-
graph images taken simultaneously. The bright regions in
X-rays (active regions) correpond to the strong magnetic
pairs very well. Furthermore, most of the enhancements
seen in X-rays correspond to those magnetic pairs on the
photosphere. This correspondence shows that the energy
input to the corona is generally related to the magnetic
field strength on the photosphere (see section 4.1 for an
exception).

3. GLOBAL RESTRUCTURING

3.1. Example of restructuring

We have been having an impression from Skylab X-
ray images that the coronal magnetic field structures are
robust, and keep same configrations for hours, days and
sometimes weeks. This is theoretically interpreted as due
to the extremely high electric conductivity of the coronal
plasma, which impedes the interaction (reconnection) of
coronal magnetic fields. As shown in the Yohkoh movie,
however, the solar corona is full of highly transient phe-
nomena, both global and local on many time scales from
a few minutes to hours. We still do not know why there
is such a significant difference between Yohkoh and Sky-
lab. There may be a few factors contributing to this
difference: Yohkoh X-ray images have higher spatial and
temporal resolution; The observing cadence of Yohkoh is
higher and is more uniform over longer period of time;
The corona at the maximum activity (around 1991) may
produce more transient phenomena as compared with the
corona at the minimum when the Skylab observation was
carried out. Long term observations with SXT toward
the solar minimum would clarify this.

Figure 3 shows a spectacular formation of the closed
field lines from open field lines over 10 hours. Figure 4
shows the schematic evolution of the coronal magnetic
structure. First, the open field structure with the neu-
tral sheet is formed, presumably, by a global instability.
Then, the closed field structure is formed from the open
field strucutre due to quasi-steady magnetic reconnec-
tion. ("Quasi-steady" here means that the observed time
scale is much smaller than the Alfven transit time.) The
closed loops are heated, and emit X-rays. The height
and the footpoint separation of the closed loops, thus,
increase. The cusp seen in X-rays would identify the sep-
aratrix of the reconnected magnetic fields.

The formation of the open field structure, which has
higher magnetic energy than the closed field configura-
tion, is a very important theoretical question. The follow-
ing Yohkoh observation may shed light on this question
(e.j. Hirayama 1974). Figure 5 shows a filament erup-
tion (rising motion of a magnetic field strand) observed
in Ha on 1992, July 31. The eruption is followed by the
formation of X-ray archade over the 7 hours far below
the erupting strand (Figure 6). The height and the foot-
point separation of the X-ray arch increases with time.
The comparison of X-ray and Ho images indicates that
the open field structure with the neutral sheet is formed
by the upward motion of the strand by stretching the
perpendicular closed field structure (Figure 7). This is
followed by the formation of the closed loop structure
through reconnection process. The configuration at this
phase is similar to the geomagnetic tail (T. Sato 1982).

3.2 Solar corona as self-organized critical system

These obsevations indicate that the global structural
changes do occur in the solar corona. Actually, we fre-
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Fig. !.. X-ray corona taken by the Soft X-ray Telescope aboard Yohkok on 1991, November 12. North is up. East is to the left.

Fig. 2.. X-ray (top left) and white liglii ' 'np right) images both taken by Yohkoh Soft X-ray Telescope together with Ha (bottom left)
and magnetograph (bottom right/ ^es taken simultaneously. The gray scale image of the magnctograph indicates the polarity
and magnitude of the longitudinal. onent of the photospheric magnetic fields.
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Fig. 3.. Large scale coronal restructuring that occurred on November 12, 1991. The closed loop or cusp structure is formed over 10
hours. The exposure time is 2.6 sec.

(a) (b) (c)

Fig. 4.. Evolution of magnetic fields for the global restructuring shown in Figure 3.
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Pig. 5.. A spectacular eruption of a filament seen in Ha on 1992
July 31 (1:14 UT). Courtesy of the Norikura Solar Observatory,
National Astronomical Observatory, Japan.

Hc< filament

Fig. 6.. Formation of the X-ray loop associated with the filament
eruption on 1992 July 31 (Figure S). The pixel size is 9.8 arcsec.

Fig, 7.. Formation of a neutral sheet with upward magnetic strand,
and the subsequent formation of the perpendicular X-ray closed
arcade.

quently observe much more complex restructuring: The
Yohkoh soft X-ray movie impressively shows that the so-
lar corona is full of such global restructuring, and we sug-
gest that non-explosive magnetic reconnection is respon-
sible for such restructuring, The movie also shows many
examples of successive propagation of the global restruc-
turing. When the local restructuring occurs somewhere
on the sun, it appears to trigger another restructuring at
another place. This chain sometimes propagates all over
the sun. A restructuring creates new magnetic neutral
sheet, which may be the location of next global restruc-
turing. This restructuring and reconnection may go on
like avalanche.

The coronal magnetic fields are constantly agitated
through their footpoints by random velocity fields due
to granulation and super-granulation motions as well as
some systematic velocity fields on the photosphere. So-
lar corona may be regarded as a statistical self-organized
critical system (Bak, Tang and Wiesenfeld 1988) against
such disturbance (noise) applied from the photophere,
where new magnetic fluxes are also constantly emerging.
The solar corona may continuously adjusts (relaxes) it-
self toward the lower energy state through reconnection
process. Otherwise, the coronal magnetic fields should
have had much more complex configuration with larger
energy.
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Fig. 8.. X-ray and optical images of two active regions both taken
by Yohkoh.

4. ACTIVE REGIONS

4.1 Two types of active region X-ray loops

Figure 8 is X-ray and optical images of aii active re-
gion both taken by Yohkoh. Sunspots and strong field
regions surrounding the sunspots called penumbra are
seen in the optical images. From X-ray images, we no-
tice two kinds of magnetic loops in the active region;
diffuse dark potential-like (current-free) large loops and
thin small loops which are much brighter than the diffuse
loops. Although active region corona is filled with mag-
netic fields, it is apparant that these small loops are selec-
tively heated by unknown mechansim. It is extremely im-
portant to investigate why these loops are preferentially
heated, and others are not. We will be able to identify
the engine driving this on the photosphere from a com-
parison of the X-ray images with high-resolution optical
images. We also notice that the corona just above the
sunspots are very dark. We do not know if there is hot
corona above the sunspots. Further analysis of Yohkoh
data will reveal whether sunspots have normal corona
or not. These observations would constrain the coronal
heating models.

4.2 Temperature of active regions

SXT is equipped with 5 broad band filters each of
which has different temperature response. Figure 9 shows
X-ray corona taken with the 5 analysis filters. Images
taken with the thin aluminum filter is sensitive to plasma
above 1 MK, while images with the beryllium filter is
sensitive to plasma only above 4-5 MK, which is mainly
prepared for flare observations. Unexpectedly, the coro-
nal structure, especially active regions, are clearly seen
in the beryllium images. An immediate implication is
that there is a temperature component higher than 2
MK in the active regions. Skylab and other observations,
however, give a temperature of about 2 MK for active re-
gions. The tempertures obtained with the various filter
pairs are concentrated around 5-6 MK for active regions
(Kara et al. 1992). This high temperature component
is steadily seen. Some filter pairs, however, give much
lower temperature around 2-3 MK, which is consistent
with the previous observations. This indicates that the
emission measure distribution (as a function of tempera-
ture) of active regions generally extends (from 1-2 MK)
upto 5-6 MK, considerably higher than those obtained
by Skylab.

4.3 Micro flares in active regions

SXT discovered numerous transient brightening in ac-
tive regions (Shimizu et al. 1992). The brightenings or
microflares typically have duration from a few minutes to
tens of minutes as flares. Their energy scale is, however,
much (a few to several orders of magnitude) smaller than
that of the smallest class of flares. Energetic active re-
gions which produce intense flares tend to produce more
microflares. Figure 10 shows active region X-ray images
with high time resolution. Microflaring loops are shown
by arrows. In the normal state, these compact loops are
faint and are obscured by the diffuse component of active
regions. Figure 11 shows an example of the fine struc-
ture of the brightenings. Multiple footpoints brighten
first, followed by the brightenings of the multiple loops.
It is evident from this image that the multiple loops are
involved in microflares, suggesting that magnetic recon-
nection of multiple loops are the energy source of mi-
croflares.

5. SOLAR FLARES

Yohkoh already observed more than 200 solar flares,
and the data are excellent. Although we are in the early
phase of the data analysis, we can address central ques-
tions on flare problems, namely, what the magnetic confi-
gration of flares is, and how the energy is released. Here,
we will briefly summarize SXT observations of solar flares
that occurred on 1991 December 2 and 1992 February 21
(Tsuneta et al. 1992a, Tsuneta 1993a, 1993b). See e.g.
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Fig. 9.. X-ray corona taken with 5 different broadband filters.

Fig. 10.. X-ray images of the active region NOAA 6891. Frequent mkroflaring are seen as indicated by arrows (Shimizu et al. 1992).
The FOV is 8 arcmin, and the pixel size is 2.5 arcsec.
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Fig. 11.. X-ray evolution of a microflare that occurred on October
27, 1991. The footpoint brightenings are followed by brighten-
ing of the entire loops.

Pig. 12.. X-ray flare that occurred on 1992 February 21. The flare
occurred on the east limb. The field of view is 2.6 arcmin, and
the pixel size is 2.5 arcsec.

Pneuman (1981) for the summary of pre- Yohkoh obser-
vations.

we have several pieces of strong evidence that mag-
netic recoimection of a neutral sheet formed at the top of
the flare loop participates in the flare energy release: (1)
Increasing hard and soft X-ra> emissions from the flare
loop with the rising strand overlying it. (2) The for-
mation of a X-type neutral sheet configuration near the
peak of hard X-rays with the rising blob, which appears
the cross section of the strand. This strand appears to
open up the pre-existing closed fields, creating the neu-
tral sheet beneath it. (3) The flare loop and the bright
vertical structure on top of it are seen in the long de-
cay phase of soft X-rays. The vertical structure would
be the remnant of the neutral sheet, where the explosive
reconnection occurred. (4) The flare loop increases its
height and footpoint separation in soft X-rays. (5) The
outer X-ray arches generally have higher temperatures.
This is consistent with the flare loop resulting from the
reconnected magnetic fields.

In the quiet sun observation, we suggested that
magnetic reconnection plays an essential role for non-
explosive restructuring of the coronal magnet;: fields.
' -esent observation demonstrates that similar process is

.sp jnsible for flares with smaller spatial dimension but
with much larger energy scale. The only difference is dif-
ference of the magnetic field strength: the magnetic field
strength of the quiet sun restructuring is much smaller
than that of flares, because those occur in the general
corona with larger scale size. Nevertheless, magnetic re-
connection appears to play a fundamental role both for
long duration flares and non-explosive restructuring of
the quiet sun.

We have, therefore, substantial pieces of evidence from
SXT observations that magnetic reconnection is involved
in flare energy release. Much work, however, remains
to be done to solve the flare problems: We need to ob-
servationally demonstrate that amount of the released
energy observed by SXT can be supplied by field recon-
nection. Furthermore, SXT can only obse.ve behavior
of thermal plasma. An early report from the hard X-
ray telescope aboard Yohkoh indicates that accelerated
non-thermal electrons, which carry substantial amount
of flare energy, appear to be contained in the single flare
loop. If electrons are accelerated on the neutral sheet,
non-thermal electrons should have had different spatial
distribution. Even if magnetic reconnection can supply
energy required to heat the plasma, we may need ad-
ditional device to accelerate large number of electrons
(Tsuneta 1985, 1987).

The Yohkoh SXT is the result of many years of hard
work by many scientists and engineers both in Japan and
in the United States. We would like to express our sincere
thanks to my colleagues, especially to M. Abe, L. Acton,
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M. Brimer, R. Caravalho, S. Freeland, H. Hara, B. Ju-
rcevich, S. Kubo, J. Lemen, M. Morrison, N. Nitta, Y.
Ogawara and T. Shimizu, who significantly contributed
to the successful fabrication, testing and operation of
SXT.
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PRELIMINARY RESULTS OF OBSERVATIONS OF SOLAR FLARES
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ABSTRACT

The new Nobeyama Radiohellograph,
dedicated for solar observations. was
recently constructed and started routine
observations since late June, 1992. The
Nobeyama Radioheliograph operates at 17GHz
and realizes high spatial and time
resolution imaging capabilities of the
whole Sun with high image quality. The
objectives of this instrument is to study
various phenomena in the solar atmosphere,
putting stress on active phenomena such as
flares and active region evolution. From
initial observations of solar flares, we
present four topics putting stress on
morphological development of the events,
such as (1) a thermal flare suggesting
plasma heating through loop-loop
interaction, (2) prominence eruption
followed by formation of arcade loops as
evidence of energy release through magnetic
reconnectlon, (3) impulsive flares
Interpleted as production of nonthermal
electron beams, (4) an Intense flare
initiated by preflare activities. Results
of those observations provide us new
insights on energy release mechanisms in
solar flares.
The above topics are analyzed and are

being prepared for publications by our
colleagues.

Keywords: Radio Observation, Sun, Solar
Flare

1. Introduction

The new Nobeyama Radioheliograph,
dedicated for solar observations, was
constructed In two years at Nobeyama Radio
Observatory, National Astronomical
Observatory, Japan. It consists of eighty-
four 80-cai-dlameter antennas arranged in a
T-array extending 490 m in the east-west
and 220 m in the north-south directions.
The main characteristics of the instrument
are as follow.
(1) Observing frequency is 17 GHz for the

present, together with 34 GHz In the near
feature.
(2) It has wide field of view covering the

whole Sun.
(3) Spatial resolution is about 10 arcsec,

and temporal resolution is 1 sec and also
50 ms for selected events.
(4) High quality images more than 20 dB

are obtained
(5) It has very high sensitivity.

The Nobeyama Radioheliograph started
routine observations since late June,
1992. In this paper, we present 4 topics
from these Initial observations.

2. Observations

due to Loop-Loop2-1. Plasma Heating
Interaction ( Ref, 1 )
The Yohkoh/SXT showed that transient loop

brightenings were frequently observed, and
in some cases, those heating regions
consists of double-loops, suggesting a

FIg.1 A microwave image of a thermal flare
on July 15,1992. Field of view is 157" x
315" .
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possibility that magnetic reconnection
plays an important role for plasma heating
in weak flares. It is, however, essential
in order to get evidence of loop-loop
reconnection that we analyze quantitatively
those events and that we investigate where
plasma heating occurs and how hot plasma
flows.
The Nobeyama Radioheliograph observed a

clear event suggesting plasma heating due
to loop-loop interaction. The event
occurred on July 15, 1992, with moderate-
intensity class of 5 sfu at 17 GIIz and
rather long duration of more than 30
minutes. Circular polarization degree is
almost O %. Microwave spectrum is
consistent with free-free emission due to
hot plasma of the order of 107 K. Flux
density of microwave emission in optically
thin region can also be calculated using
free-free mechanism from electron
temperature and emission measure obtained
from simultaneous observations with the
SXT. It is shown from the above two results
that the event is a thermal flare.
Figure 1 shows a flare image taken with

the Nobeyama Radioheliograph around the
peak time of 17 GHz emission. It is clearly
shown that two loops, each of which Is
about 1 arcminute long, intersect around
one of footpoints of each loop. The
intersection region is brightest as
compared with the other part of the two
loops.
The brightness temperature at the

intersection region rather rapidly
increases and decleases with maximum
temperature of SxIO5 K, while the
brightness temperatures at other parts of
the loops rather gradually increase with
maximum temperature of about 5x10" K and
then gradually decrease. We derive from
analyses of SXT data that the electron
temperature Is almost constant throughout
the loops. This means that diference of
brightness temperatures between the
Intersection region and the other parts of
the loops Is due to difference of emission
measure among them.
The above results indicate that a large

amount of hot gas is created at the
intersection region and that the hot gas
flows into the other parts of the loops.

2-2. Prominence Eruption followed by
Formation of Flare Arcade ( Réf. 3 )

Previous observations showed that
prominence eruption was frequently
accompanied by soft X-ray enhancement (
Réf. 9 ). The event on July 31, 1992,
which was observed with both the Nobeyama
Radlohellograph and the SXT, clearly shows
how prominence eruption stimulates arcade
loop formation through magnetic
reconnection.
The Radioheliograph observed the eruption

of a quiet prominence above the east solar
limb, as shown in Figure 2 ( upper ). The
prominence disconnected Its northern
footpoint from the solar limb at about OO
UT and began to rise with speed of 100
km/s. At 0040 UT, 40 minutes after the
initiation of the prominence eruption, the
SXT observed that a weak arcade began to
form on the solar limb just below the
rising prominence. The arcade formation
extends from north to south at about 30
km/s. The arcade also shows rising motion
with speed of about 5 km/s. The arcade
formation continues for more than 8 hours.

The brightness temperature of the
eruptive prominence is estimated to be
lower than 104 K. The electron temperature
and emission measure is estimated to be
SxIO6 K and 2x10"s cm'3, respectively,
using GOES soft x-ray data.
Figure 2 ( Lower ) schematically

describes positional relationship between
the eruptive prominence and the arcade
loops at 0135 UT, slightly after initiation
of the arcade formation. The maximum height
of the prominence, the width of the
prominence , and the arcade size are 7xlO'J

km, 8xlOa kni, and 7xlOa km, respectively.
Although this event shows clear evidence of
Kopp and Pnoumann type flare model ( Réf. 8
) which is applicable to thermal flares, It
is important to address the following
questions in order to get the farther
information on that mechanism. Why the
arcade formation starts about 1 hour after
the start of the prominence eruption when
the prominence rises so high ? Why the
arcade formation extends from the short
arcade to the longer arcade ?

8xlO< km

prominence

«—*ni
arcade

7x10'

Fig.2 The upper: prominence eruption and
arcade formation on July 31,1992.
Prominences observed at 0013 UT, 0045 UT
and 0135 UT with the Nobeyama
Radioheliograph and arcade loops observed
at 0444 UT with the Yohkoh/SXT are composed
into a picture. The lower: schematical
description of positional relationship
between the eruptive prominence and the
arcade loops at 0135 UT.
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2-3. Small Impulsive Flares with Double
Footpoint Brightenings ( Réf. 7 )

Three impulsive flares, which occurred in
the same active region on August 12,1992,
were analyzed. The first flare occured at
0146 UT and has double spikes with each of
10 second duration at interval of about 1
minute. Each spike shows double footpoint
brightenings which are located apart by 45
arcsec. The second spike has a structure
slightly different from the first spike.
The second flare occured at 0230 UT and has
a rather gradual time profile with duration
of 300 s. The image sho.ws a single
footpoint brightening with a diffuse
component. The third flare occ;:red at 0436
UT and was a simple impulsive flare with
duration of 15 s. It shows double footpoint
brightenings at the time of peak emission
and a loop top brightening in the decay
phase. Figure 3 shows temporal
development of brightness temperature of
the two footpoints and the loop top for the
third flare. Both brightenings at the two
footpoints impulsively rise and fall,
simultaneously with accuray within 1 sec,
while the brightening at the loop top
gradually increases in the impulsive phase.
This indicates that non-thermal electron
beams, probably with energy of greater than
a few hundred keV, precipitate into both
footpoints and that a part of those
electrons are reflected near the footpoints
and trapped around the loop top.

2-4. A Long-Duration. Intense Flare
the Limb ( Réf. 5 )

Behind

The flare occurred behind the limb ( Nil,
W103 ) was associated with intense
microwave and mlllimeterwave emissions. The
Radloheliograph observed the whole duration
of the event, but the Yohkoh observed only
the decay phase. The flare consists of

well-defined phases such as the preflare
phase with duration of a few hours, the
precursor phase with duration of 10
minutes, the main phase of duration of 25
minutes, and the decay phase with duration
of more than 1 hour, as shown in the upper
part of Figure 4. The lower part of Figure
4 shows contour maps of the flare at
typical times.Dash-dotted lines show soft
x-ray loops ( designated as loop-1 and
loop-2 ) which are seen in the whole Sun
images from the SXT in the preflare phase.
Dotted lines also show tops of soft x-ray
arcade loops ( designated as arcade-1 and
arcade-2 ) from the SXT In the decay phase
( 0432:36 UT ). Note that arcade loops are
located at the footpoint of loop-1.
In the preflare phase, plasma heating

occurred at the intersection of loop-1 and
loop-2 and between them. Early in the
precursor phase, a very weak flare was
triggered in the arcade-1 region. It Is
suggested from the Radioheliograph
observations that high energy electrons
were already created in this phase. A few
minutes later, the flare region expanded to
arcade-2 region at speed of 90 km/s. At the
onset of the main phase, the microwave
emission rapidly increase in the region
between arcade-1 and -2. At the peak time,
the emission slightly shifted toward the
west. In the decay phase, the microwave
emission came from the whole arcade region.
The source showed rising motion at speed of
3.5 km/s
At the peak time, the height of the

microwave source is estimated to be 2.5x10"
km above the photosphere. It is also
estimated using the microwave spectrum that
high energy, non-thermal electrons are
trapped in a coronal region with relatively
weak magnetic field of about 150 Gauss.
The above observations suggest that a

weak flare in the precursor phase was
triggered by hot plasma produced In the
preflare phase. The trigger mechanism may
be that hot plasma is injected from loop-1
into arcade-1 due to loop-loop magnetic
reconnection, and that magnetic energy
stored in the arcade-1 region is released
through some instability ( e.g., current
interruption ) caused by hot plasma
injection.

FP-I

40 [

Time { s )

Fig.3 Time profiles of brightness
temperature of the two footpoints and the
loop top for the third flare on August
12,1992.

3. Conclusions

Preliminary results from the new Nobeyama
Radioheliograph provided us some new
informations on mechanisms of solar flares.
It is suggested that magnetic reconnection,
such as cusp-type reconnection ( Refs. 4, 8
) and loop-loop interaction ( Refs. 1, 6 ),
plays an essential role in energy release
at least in thermal flares. On the other
hand, energy release in non-thermal flares
possibly require other mechanisms. It is
suggested as one of other mechanisms that
injection of hot plasma into magnetic
loops, probably sheared magnetic loops, can
trigger a non-thermal flare. The impulsive
flares presented in this paper have a
simple source structure as a double
footpoint structure and do not appear to be
triggered by any triggering agency. It is
possible that another basic flare mechanism
is hidden in such simple impulsive flares.
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decay phase

P= (R-L) /<R+L>

1 0308UT
preflare

2 0442UT
precursor

3 0446UT
precursor

4 0451UT
main phase

5 0455UT
main phase

6 0600UT
decay phase

Fig.4 A long-duration, intense flare on
June 28,1992. The upper: a time profile of
flux density at 17 GHz. The lower: time
evolution of microwave source. The contour
levels are drawn in step of -/2 with the
minimum level of 2x10* K, except for (e) in
which those are drawn in step of 2 with the
minimum level of 3x10* K. Soft x-ray loops
in the preflare phase ( loop-1 and loop-2 )
and tops of soft x-ray arcade loops in the
decay phase ( arcade-1 and arcade-2 ) are
also designated as dash-dotted lines and
dotted lines, respectively.
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RADIATION FROM SOLAR FLARES

D.B.-Melrose
Research Centre for Theoretical Astrophysics, University of Sydney

ABSTRACT

Radiation ftom_solar flares is reviewed with particular
emphasis on temporal variations that may give clues to
the details of the energy release processes in flares. The
following specific types of radiation are discussed: hard
X-ray emission, microwave emission, type III bursts, type
Ill-like bursts and spika bursts. The implications on the
release of stored magnetic energy are explored.

Keywords: Radio emission, solar ilares, electron beams,
particle acceleration.

1. INTRODUCTION

Solar flares are the most energetic phenomena in the so-
lar system, with a large solar flare involving the reloase
of ~ 1O25J in a l'une ~ 1O3^O4S. Solar flares may be
classified in terms of the area of the so» -T surface that
brightens in Ha, with this area being close:y correlated
with the total energy release in flares. Large solar flares
produce a rich variety of non thermal radiation, from ra-
dio waves to gamma rays, and also produce various spec-
tra of energetic particles that can be detected in the solar
wind and on the Earth. Large flares can be separated into
three typical phases with the most nonthermal processes
occurring in the impulsive phase, of duration 102-103 S.
Smaller solar flares, which are much more frequent than
large flares, are characterized by three types of radiation:
HQ brightenings, hard X-ray bright points and type III
radio bursts. The number, N, of flares as a function of
energy, W, is a power law dN/dW oc W~a, with a ~ 1.8
(Réf. 1), which must have a high energy cutoff, and which
extends down to below the threshold for detection. Mi-
croflares (Réf. 2), and nanoflares (Réf. 3) if they exist,
can be energetically significant only if they form a dif-
ferent distribution with a smaller spectral index a (Réf.
4). Emphasis here is on the radiation from the impulsive
phase of moderate to large flares and its interpretation
in terms of the physics of the energy release processes in
flares. Despite the richness and variety of the available
observations, and over four decades of theoretical inves-
tigation, the energy release processes are not understood
in detail.

The primary energy release in a flare appears to be
into ~ lOkeV electrons, with a small fraction of the en-
ergy going into energetic ( S 30 MeV/nucleon) ions. A
direct signature of the primary electrons is hard X-ray
emission as they precipitate into the denser regions of
the solar atmosphere; the energetic ions produce gamma
rays as they precipitate. The precipitating electrons also
produce the Ha and other optical and ultraviolet emis-
sion in the chromosphere, and they also lead to heating of
chromospheric electrons that 'evaporate' or 'ablate' into
the corona to produce soft X-ray emission. Some of the
energetic electrons escape as electron beams that produce
type III radio emission at the local plasma frequency, uip,
and at 2up as they propagate outward through the solar

corona. Other electrons remain trapped in solcr mag-
netic flux tubes near the flare site in the lower corona
and produce microwave radiation (~ 10 GHz) through
their gyrosynchrotron emission. Although the hard X-
ray, Ha and type III emissions are all attributed directly
to the primary electrons, none of them is produced close
to the flare site; most of the microwave emission also orig-
inates from trapping sites displaced from the energy re-
lease region, although the highest frequency components
may be an exception. - Bursts at decimetric wavelengths
(~ l.GHz),are_thought_to be produced close to the site
of the flare and to be more direct signatures of the energy
release processes. -

In this review, hard X-ray and microwave bursts
are discussed in section 2, type III bursts in ,;ection 3,
and spike bursts in section 4. In each case, after a brief
review of the observations, their standard interpretations
are summarized. In section 5 the present (unsatisfactory)
state of the theory of the energy release in solar flares
is discussed, with emphasis on the implications of fine
structures in the observed bursts.

2. HARD X-RAY AND MICROWAVE BURSTS

Hard X-ray and microwave bursts are due to incoherent
emission processes, and provide direct signatures of the
radiating electrons.

2.1 Hard X-ray Bursts
Observations of hard X-ray bursts from solar flares were
reviewed in Refs 1, 5, 6.

After a precursor phase in which a low level of ac-
tivity is observable up to ~ 200 keV, an intense, spiky
outburst in hard X-rays lasting for ~ 102-103 S defines
the impulsive phase of the flare. In the impulsive phase,
the spectrum becomes harder, with X-rays detectable up
to ~ 500 keV. The spikiness of the emission can con-
tain quasi-periodic variations over the range of detectable
time scales, 1$ 0.1 S to ~ 30s. The spatial resolution of
the observations is relatively poor, and the spatial scales
of the subsources emitting these short spikes of X-rays
are not resolved.

There is a characteristic soft-hard-soft variation of
the spectrum of hard X-rays in the impulsive phase. The
energy spectrum durinr; the impulsive phase can often be
fitted with two power laws oc E-"*, with 7 ^ 4 hardening
to 7 > 2 above a break at > lOOkeV, The shape of the
spectrum is thought to reflect the energy tpectrum of the
precipitating electrons. However, the uncertainly in the
inversion allows a controvery to continue as to whether
the electron distribution is Maxwellian or power law.

2.2 Bremsstrahlung Emission of Hard X-ray
Hard X-ray bursts are due to electron-ion bremsstrahlung
as the energetic electrons are stopped in the denser re-
gions of the chromosphere through Coulomb interactions

Proceedings of the Fourth International Confèrent on Plasma Physics and Controlled Nuclear Fusion, held in Toki, Japan,
17-20 November 1992 (ESA SP-351, February 1993}.

I



92

with ambient ions. Most Coulomb interactions involve
distant encounters that produce radio emission, which is
not detectable. A small fraction of the encounters are
close and result in the electron losing nearly all its ini-
tial energy, jmv2, in producing a photon with energy
Hu « |mt;2. To see this, consider the power radiated
per unit volume and per unit frequency in encounters
with ions charge Zte and number density TIJ (Réf. 7):

(2.1)

where r0 is the classical radius of the electron and the
sum is over all species t of ions. The Gaunt factor may
be approximated by

1-e-2"""
(2.2)

Z.-oe
Hv '

= • £ !m(«2-v'2) = ftu, , (2.3)

for Z4Q < v < I1 a w 1/137, with v' not neces-
sarily small. The relevant approximation for close en-
counters is v' a 1 corresponding to v' <.£ v and hence
to Jiu fs =mti2. The high density of possible final states
with binding energy close to zero leads to a i datively high
probability for such emission. The fraction of encoun-
ters that produce such photons is ~ (16o>2/31n A)(u/c).
This is relatively insensitive to the various parameters,
and is ~ 10"~5 under relevant conditions.

It follows that the observed spectrum of hard X-
rays provides direct information on the number and en-
ergy of the precipitating electrons, with one photon at
Tiu implying ~ 10s electrons at \mvz = fiw. It is
found that £ IdkeV electrons can precipitate are a rate
> 1O36S""1, with up to ~ 1039 electrons precipitating
during the impulsive phase. In principle the observed
hard X-ray spectrum can be inverted to infer the elec-
tron spectrum. A power-law spectrum of electrons oc
E~s produces a power-law spectrum of hard X-rays with
5 = 7 + 1.5; this relation arises from the fact that (2.1)
with (2.2) and /tw ~ ^mev

2, implies P(w)dw oc dw/w,
and the electron energy spectrum implies energy depo-
sition at a rate oc E~fE^^2. However, in practice the
inversion procedure is not well constrained (Réf. 8); some
progress has been made recently in overcoming practical
difficulties in the inversion (Réf. 9).

2.3 Microwave Bursts
Microwave bursts, in the range 3-30 GHz1 are attributed
to S 100 keV electrons trapped in magnetic flux loops
in the corona (Réf. 10).

Impulsive microwaves bursts have a peak intensity
that is highly variable from one flare to another, with
the highest values ~ 10"17WmT2Hz. The spectrum
typically has a peak at ~ 5 GHz; below the peak il rises
roughly as a power law with an index between O and
4, averaging 1.8, and above the peak it falls off, often
steeply. At higher frequencies, > 3OGBa, (mm-A) the
spectrum tends to flatten. This is interpreted in terms of
a delay in the acceleration of higher energy ( > 1 MeV)
electrons (Réf. 11) emitting at these higher frequencies.

Microwave bursts correlate closely with hard X-ray
bursts, and it is widely accepted that both originate from
the same general distribution of electrons. Much higher
resolution in both time and space is available in mi-
crowave bursts compared to hard X-ray bursts. The
higher time resolution is interpreted as providing infor-
mation of the time structure of the energy release. Ob-
servations with high spatial resolution show that the in-
dividual peaks often come from different locations (Réf.
12), supporting the suggestion that separate episodes of
energy release are involved. The spatial structure de-
pends on the magnetic field of the region, as well as on
the spatial distribution of the energetic electrons, and
models are not well constrained.

2.4 Gyrosynchrotron Emission
Gyrosynchrotron emission is intermediate between cy-
clotron emission and synchrotron emission; all of which
are special cases of gyromagnetic emission (Réf. 7). Cy-
clotron emission by nonrelativistic electrons occurs at
a series of well-separated harmonics, w « suB, where
UB = eB/m Is the electron cyclotron frequency. For
relevant magnetic field in the range B = 0.01-0.15T1
the cyclotron frequency UB/ÏTI — 3OBGHz is in the
range 0.3-4.5 GHz. The intensity decreases with increas-
ing harmonic number, a.

Synchrotron emission by highly relativistic electrons
is concentra -A, on the surface of a cone with half-angle O
to the magnetic field line satisfying 6 KS a, where a is the
pitch angle of the electron. The emission is concentrated
at high harmonics, s ~ (7SinO)3, where 7 is the Lorentz
factor of the electron, implying a peak in the frequency
spectrum from an individual electron of w ~ WBI sm ^-
Gyrosynchrotron emission covers the range between these
two limiting cases.

In general, gyromagnetic emission occurs when the
gyroresonance condition is satisfied, that is, for

— n/3 cos a cos B) / = O, (2.4)

where s = 0, ±1, ±2,... is the harmonic number, n is the
refractive index, WB = eB/m is the electron cyclotron
frequency and 7 = (1 — (82)"1 , v = PC and a are
the electron Lorentz factor, speed and pitch angle, re-
spectively. The functional dependence of the emissivity,
T?S(W), at the sth harmonic is determined primarily by
the resonance condition (2.4) and the square of a Bessel
function:

n/3 sin a sin 0
— ri|8cosacos0

(2.5)

A qualitative understanding of gyrosynchrotron emission
may be developed using these properties. In the follow-
ing discussion, the refractive index is set equal to unity,
except in the discussion of the Razin effect.

The change from cyclotron emission to synchrotron
emission with increasing energy, (7 — l)mc2, of the elec-
tron may be described as follows. Firstly, for the nonrel-
ativistic case /3 <K 1, 7 — 1 <SC 1, (2.4) implies w = SWB,
and a; < 1 in (2.5) implies that the leading term in
the power series expansion of the Besse! functions gives
J,(sx) w (sx/ty'/sl, which decreases rapidly with in-
creasing s. The angular distribution of the emission is
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that of a 22s-multipole in the nonrelativistic case; with
increasing a it becomes increasingly concentrated on the
surface of a cone with half-angle 6 determined by cos a =
/3cos0. This is the cyclotron limit. As 7 — 1 increases,
x increases and the relative intensities of the lines with
successive values » > 1 increases relative to a = 1. The
lines start to overlap at higher harmonics due to a rela-
tivistic spread in the line width: this overlapping occurs
for s3/2/?2 £ 1. The higher the energy of the electron,
the larger the value of x and the more slowly the emis-
sion falls off with increasing s. As a result the highest
frequency emission is dominated by the highest energy
electrons.

Analytic formulas for gyrosynchrotron emission usu-
ally rely on some variant of the Carlini approximation to
the Bessel function (2.5). This approximation overlaps
with the power series expansion for nonrelativistic elec-
trons and with the Airy-integral approximation for highly
relativistic approximations. However, the analytic ap-
proximations are of limited validity, and it is often more
convenient to use interpolation formulas (Réf. 13). It
is found that for s £ 10 the emissivity from a power-
law distribution of electrons oc E~s is approximately a
power law oc u~a, with a = 1.22 - 0.90«, and that
the absorption coefficient is also a power law with index
-l.30-0.98f. In a self-absorbed source this implies that
the spectrum rises at close to the spectrum expected in
the ultrarelativistic limit, that is, DC a;5/2, before falling
off oc <ji~a in the optically thin regime.

A low frequency turnover may also result from the
Razin effect, which is a suppression of gyromagnetic emis-
sion in a plasma compared to the vacuum. The suppres-
sion occurs for a £ ^

2.5 Low Frequency Turnovers
The frequency of emission depends on both the energy
of the electron and the magnetic field strength, and in
general one cannot determine these two quantities sep-
arately from the observations. If the peak frequency in
the microwave spectrum corresponds to a turnover due
to the source changing from optically thick to optically
thin, then the brightness temperature at the peak is ap-
proximately equal to the average electron energy. Ob-
servation of a turnover may be used to determine the
electron energy and B separately. This is one of the few
observational methods for estimating B in the corona.

As for hard X-ray emission, in principle the observed
microwave spectrum can be inverted to find the electron
spectrum, but there are practical difficulties. A serious
difficulty is that the source is likely to be inhomogeneous,
and prior assumptions on the structure of the magnetic
field and the spatial distribution of electrons in it need
to be made as part of the inversion procedure.

3. METER- WAVE RADIO BURSTS

The classification of meter-wave radio bursts into five
types was formulated in 1950 (Réf. 14). Type III bursts
are the most relevant here, although both types II and IV
are also related to flares. The radiation process for vir-
tually all these bursts is plasma emission.
3.1 Type III Bursts
Type III bursts are narrow-band (Au/u; £ 0.1) bursts of
radio emission that drift rapidly from high to low fre-
quency. Those type III bursts that originate from flares

appear in groups, with each burst having a starting fre-
quency (around 300 MHz) which varies from one event
to another. The emission occurs at the fundamental (F)
and the second harmonic (H) of the plasma frequency,
WP- Type III bursts are due to electron streams propa-
gating outward through the solar corona. A correlation
exists between individual type III bursts within a group
and peaks in the hard X-ray emission, suggesting that
the electrons have a common origin.

3.2 Plasma Emission

The emission process for type III bursts is plasma emis-
sion (Refs 15, 16) which is outlined schematically in Fig-
ure 1. It consists of three stages: 1) generation of Lang-
muir turbulence through a streaming instability, 2) pro-
duction of F emission by scattering of Langmuir waves
into transverse waves by ion fluctuations, and 3) produc-
tion of H emission through coalescence of two Langmuir
waves to form a transverse wave.

Fig. 1: Flow diagram for the generation of plasma emis-
sion. In other variants the processes indicated that in-
volve ion sound waves are replaced by other nonlinear
plasma processes.

In the variant of the theory of plasma emission il-
lustrated schematically in Figure 1 the scattering is at-
tributed to ion sound waves. These scattering processes
may be described using the weak turbulence theory for
three-wave interactions. The beat conditions between
three waves with frequencies u\, u%, 1^3 and wave vec-
tors fci, &2, *=3 are

-f u>2 = (3.1)

F emission results from either the processes L + S —» Tp
or L —» S+Tp, where L refers to a Langmuir wave, S to
an ion sound wave and Tp to an F transverse wave. The
process L + S —» U leads to scattered Langmuir waves
L' i needed for H emission, which results from the process
L + L'-+TH.

The dispersion relations for Langmuir waves, ion
sound waves and transverse waves are

wL(k) ZiUp + 3fc2Ve
2/2wp, u)5(fc) w kv,,

(3.2)
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where Ve = (Te/mK)1/2 is the thermal speed of electrons
and vs « Ve/43 is the ion sound speed. In practice the
dispersion relations can place severe restrictions on when
specific three-wave interactions are allowed (Réf. 15).

The ambient magnetic field has an important qual-
itative effect on plasma emission in that it should de-
termine the polarization. F emission is predicted to be
completely polarized in the sense of the o-mode of magne-
toionic theory, and H emission is predicted to be weakly
polarized in the same sense. Type III bursts have the pre-
dicted sense of polarization (Réf. 14), but the F emission
is never completely polarized and is sometimes unpolar-
ized.

3.3 Saturation of Weak Turbulence Processes
A quantitative treatment of plasma emission is cumber-
some even when simplifying assumptions are made. How-
ever, there is one limiting case that may be treated simply
and which may be understood in terms of simple physi-
cal arguments. This is the limit in which the turbulence
is weak and the three wave interactions saturate. For
F emission due to scattering by ion sound waves, the
process saturates such that the effective temperature of
the transverse waves is equal to that of the Langmuir
waves, Tp = TL, and saturation of H emission occurs at
TH = 271. The effective temperature, TL, of the Lang-
muir waves may be estimated by assuming that the beam
instability approaches saturation. An estimate of the ef-
fective temperature of the Langmuir waves at saturation
gives (Réf. 16)

(3.3)

where the energy density in the Langmuir waves is as-
sumed to be a fraction C of the initial energy density,
n(,mt>!/2Au, in a beam with number density rib, and
beam speed v& with spread Av.

The saturation model can be tested for type III
bursts in the solar wind, and although the results are en-
couraging (Réf. 17), a recent investigation suggests that
strong turbulence effects are more important than weak-
turbulence saturation (Réf. 18).

3.4 Strong Turbulence Effects
Strong turbulence concepts that have been applied to
plasma emission include parametric instabilities, modula-
tional instabilities and Langmuir collapse (Réf. 19). Such
effects are relevant only when the energy density of the
Langmuir turbulence exceeds an appropriate threshold
value. Langmuir collapse may occur for type III bursts in
the solar wind, where the Langmuir waves are observed
to be localized into clumps. Such ideas can be tested
semiquantitatively only in the solar wind and at plane-
tary bow shocks, where in situ data are available, and
any extrapolation to type III bursts in the solar corona
introduces a major uncertainty.

3.5 Other m-A Bursts
Of the other four types of m-A bursts, type II, IV and V
are associated with flares (Réf. 14). Type V emission
seems to be an extreme variant of type III emission, but
the other two are qualitatively different from type III
emission.

Type II bursts involve both F and H plasma emis-
sion from the vicinity of a shock front excited by the flare.
In some type II bursts there is a 'herringbone' structure,
interpreted as type III like emission from electron beams
accelerated at the shock front. There is also a continuum
emission showing no such structure. It is not known how
the Langmuir waves required to produce this continuum
are generated.

Type IV emission is defined as a flare-associated ra-
dio continuum. It consists of several subtypes, only two of
which are mentioned here. The flare continuum is bright
structureless emission associated with some moderate to
large flares. It is thought to be due to plasma emission
from a population of electrons accelerated in the flare,
but the details of how the required Langmuir turbulence
is generated are unclear. Moving type IV bursts involve
a plasmoid, containing energetic electrons and magnetic
field, propagating away from the Sun, observable out to
several solar radii. At large distances the emission pro-
cess seems to be gyrosynchrotron, but plasma emission
may dominate near to the Sun.

4. BURSTS AT DECIMETRIC WAVELENGTHS

The radiation th' c appears to be the most direct signa-
ture of the energy release in solar flares occurs as very
short bursts of radiation at dm-A, that is, in the fre-
quency range 0.3-1OGHz (Réf. 20). These bursts in-
clude type Ill-like bursts, and microwave spike bursts at-
tributed to electron cyclotron maser emission (ECME).

4.1 Type Ill-like Bursts

Type Ill-like bursts were first recognized from single-
frequency records (Réf. 21), and their form in dynamic
spectra led to their interpretation as plasma emission
from electron beams very close to the primary energy
release site in the corona (Refs 22, 23). These bursts
are closely analogous to type III bursts, but at a higher
frequency and on a shorter time scale (~ 0.1 s rather
than ~ 1 s). Below about 1 GHz most of the bursts
drift to lower frequencies, but above 3GHz most drift
to higher frequencies, implying that the electron beams
are directed downward, toward the chromosphere. These
drifts suggest that the electrons are accelerated in a re-
gion where the second harmonic of the plasma frequency
is in the range 1-3 GHz.

4.2 Spike Bursts

Compared with the type Ill-like bursts, spike burst have
narrower bandwidths, shorter time structures (~ 0.01 s),
higher polarization, and the opposite sense of polariza-
tion. The short time scales imply a small source size,
which in turn implies a high brightness temperature. A
coherent radio emission mechanism is required. The fa-
vored mechanism is electron cyclotron maser emission
(ECME).

4.3 Electron Cyclotron Mascr Emission

The theory of ECME relevant to spike bursts has been
reviewed extensively (e.g., Refs 15, 16, 24, 25). The fol-
lowing is an outline of some important ideas.

The resonance condition (2.4) may be interpreted
graphically in terms of a resonance ellipse in velocity
space for each value of s, u and O. The gyromagnetic
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absorption coefficient, which must be negative for ECME,
is determined by a weighted average of

F sîie 9 , ncosa " \ , ,, „,L^m^^r+i^p^|/ (42)

around the resonant ellipse, where /(p, a) is the distri-
bution function, and with P_L/P|| = tana. Any rnaser
requires a pump, which supplies free energy to be con-
verted i;>.to radiation. A pump for ECME is any process
that causes /A, as denned by (4.2), to become positive.
Precipitation of electrons causes an increase in p]_ oc B,
producing an excess of perpendicular over parallel energy,
which is the source of the free energy. One favored model
involves an upward directed loss cone, where there is a de-
ficiency of electrons with small a due to the small-a elec-
trons penetrating deeper into the solar atmosphere and
being lost through collisions rather than reflected by the
magnetic mirror. This causes /a > O due 9//Spx > O
inside the loss cone, as illustrated in Figure 2.

P sin a

P casa

Fig. 2: A contour plot of a loss-cone distribution; the loss-
cone angle corresponding to the dashed line. A favorable
case for growth is for the resonance ellipse illustrated,
shown by the dashed curve, avoiding the shaded region
occupied by thermal electrons.

ECME strongly favors fundamental (a = 1) x-mode
radiation. This implies that spikes should be completely
polarized in the opposite sense to type III bursts. Obser-
vationally, the sense of polarization is as predicted, and
the radiation is sometimes, but not always completely
polarized.

4.4 Escape of ECME
A serious and unsolved problem with the proposed ap-
plication of ECME to the Sun is that the fundamental
should be reabsorbed by thermal electrons at the sec-
ond harmonic layer. The absorption depth is very high
suggesting that the radiation cannot escape.

In principle, there are two general ways of overcom-
ing this difficulty: look for 7 •v.echanism that allows the
fundamental emission to av:!'_ or overcome this absorp-
tion, or look for a mechanism that produces emission
above the second harmonic of the cyclotron frequency
(Réf. 16). The absorption can be avoided at 'windows'
at O w O for both modes and at 6 fa ir/2 for the o-mode
(Réf. 26). Also the absorption produces a coherent per-
turbation in the electron distribution (similar to a plasma
echo) that may propagated through the absorption layer
and reradiating on the other side of it (Réf. 27). Higher
harmonic maser emission has been suggested, but seems
to less favorable that an alternative, multi-stage version
ofECME (Réf. 28).

The lack of understanding of the escape mechanism
leads to uncertainty in the interpretation of ECME. It
may be that escape occurs only under very special con-
ditions, in which case the energy transport via maser
emission from the flare to the absorption region is likely
to be important in the flare energetics (Réf. 29). Alter-
natively, it may be that escape occurs efficiently by some
unknown process, in which case our understanding of the
ECME mechanism is seriously deficient.

5. ENERGY RELEASE IN SOLAR FLARES
A variety of different ideas, models and mechanisms re-
lating to solar flares continue to be discussed in the lit-
erature (Réf. 30, 31), and there is no single satisfactory
model for the energy release in a flare. Here, after a brief
review of some of the existing ideas, emphasis is placed
on fine structures that indicate that a flare is an envelope
of many individual episodes of energy release (Réf. 32).

5.1 Flare Models
Models for flares are traditionally separated into those
based on a magnetic viewpoint, and those based on a
current viewpoint. These two viewpoints should be com-
plementary, with the magnetic structure defining the ge-
ometry, and the current circuit showing how the stressed
field is coupled to fluid motions that are assumed to cause
the stresses. However, in practice the two viewpoints are
usually (and improperly) regarded as alternatives. No
model, as presently formulated is satisfactory from both
the magnetic and current viewpoints.

Magnetic models appeal to magnetic annihilation as
stresses imposed by photospheric motions relax. There
are serious difficulties with all three major ingredients in
such models. First, twisting or shearing imposed by pho-
tospheric motions imply characteristic signatures in the
current pattern at the footpoints, and these are not seen
in vector magnetograms (Réf. 33). Second, the changes
in magnetic topology expected to result from magnetic
reconnection are not confirmed observationally. In par-
ticular, the existence of homologous flares suggests that
no major change wsed ocuur as the result of a flara. Third,
the suggestion thc.t reronnection occurs explosively and
results in the acceleration of the observed £ lOkcV elec-
trons is not consistent with the properties of reconnection
in other contexts (Réf. 34).

The current interruption model (Réf. 35) is based
on the large currents seen flowing into the corona, and
is supported by an observed correlation between such
large currents and flare kernels (Réf. 36). However, there
are also serious difficulties with this model. First, if th'
model is applied to the flaring flux tube as a whole, then
it requires a double layer with highly implausible prop-
erties- a width that exceeds its thickness by many orders
of magnitude, and a potential drop that exceeds T1,1K by
many orders of magnitude. Second, tha model implies
that the current should be interrupted, but the indued re
time scale of the circuit is too long for the current to
change substantially on the time scale of a ftai-e (Réf. ST,
38). Third, no satisfactory dissipation mecnanism that
results in the acceleration of the observed •* lOkeV elec-
trons has been identified.

5.2 Bulk Energization of Primary Electrons
Neither the magnetic annihilation model nor the current
interruption model provides a natural explanation for the
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inferred energy release into ~ lOkeV electrons. In a
magnetic annihilation model the energy is released in a
current sheet and the energy outflow is primarily in the
form of mass flow at about the Alfvén speed along sép-
aratrices. There is some observational evidence for this
in the Earth's magnetotail (Réf. 39). However, this im-
plies that most of the energy goes into the mass motion
of ions and not into the kinetic energy of electrons, and
the favored interpretion of solar flares requires that most
of the energy go into electrons. In the current interrup-
tion model one expects the acceleration to be due to a
parallel potential drop. The magnitude of this potential
drop presents a difficulty, discussed below. Another dif-
ficulty is that there is an expected asymmetry between
the footpoints: electrons should be accelerated toward
one footpoint and ions toward the other. However, there
is no evidence for the implied systematic difference be-
tween the footpoints.

A satisfactory model requires that the energy re-
leased go primarily into bulk energization of the elec-
trons. Ideas on what microscopic plasma processes might
be involved in such bulk energization remain speculative.

5.3 The Potential Drop in a Flaring Region

A very large potential drop is implied by the following
argument. Consider a power released of P = IQ21 W, to
produce 3 X 1019 J in 30ms. One can write P = IV for
any mechanism where the energy release is electromag-
netic. The current is limited by the requirement that
the magnetic field nol/2irr that is produces be less than
the confining magnetic field. For B = 0.1 T and r =
100km, this implies / < 1011A for each flare knot. One
then requires a potential drop V > 1010 V. Although it
has long been known that such potential drops are pos-
sible (Réf. 40) it is unclear how the potential drop might
form in a flaring region. Can such a large V be avoided?

Alternatively, the energy 3 0-100 keV of the primary
electrons may be taken as indicating acceleration by a
potential drop ~ 10s V (Réf. 41). However, a smaller
potential drop is consistent with the data only if there is
a large number of oppositely directed currents within the
energy release region. For example, one could account
for the power with 106 oppositely directed currents of
1010 A each confined to r = 10km with potential drops
of 10s V oriented to give IV > Q in each region. Such
a model seems to present more difficulties than one with
/-1O11A BHdV^lO10V.

5.4 Fine Structures

Further progress in understanding the energy release pro-
cesses in flares may result from concentrating on localized
energy release, and fine structures in the observed radia-
tion may provide relevant information.

The hard X-ray, HQ, type III and microwave emis-
sions fluctuate on various time scales that can be cor-
related, suggesting characteristic time structures in the
underlying energy release processes. Variation on a time
scale of several seconds in hard X-rays arc referred to as
elementary flare bursts (EFBs) (Re/. 42), and variations
on shorter time — 0.1 s are now well resolved in the hard
X-ray data. Complementary information is provided by
correlated variations in microwave radiation (Réf. 43), es-
pecially when a turnover due to self-absorption is present
(Réf. 44).

5.5 The Primary Energy Release Regions

These time structures are interpreted in terms of local-
ized regions of energy release into electrons turning on
and off. For example, Benz (Réf. 45) interpreted corre-
lated hard X-ray and radio spike data to infer that the
energy release in a particular flare was fragmented into
~ 1(? 'microflares', each releasing ~ 1O1^J in < 50s
in a region of size < 200km. Also, de Jager et al
(Réf. 44) used hard X-rays and mm-A data to infer the
following .iroperties for the 'knots' that produces each
burst of emission in a particular flare: ne ~ 101Tm~3,
T = 5 x 108 K, B ~ 0.14-0.2 T, L ~ 350km, with each
burst involving ~ 1020 J released in ~ 50ms. The size
estimated is consistent with the size expected for such a
hot source expanding at the ion sound speed for ~ 30 ms.

Bachelor et al (Réf. 46) applied a model based on
a collisionless conduction front, expanding at the ion
sound speed, to the interpretation of hard X-ray and
microwave data, and found satisfactory agreement with
the data. They derived somewhat different parameters:
ne ~ 1O15Hr5, T ~ 1O8K, B ~ 0.01 T, L ~ 104km
and a burst energy ~ 1022 J. These different parameters
reflect both real differences from one flare to another, as
well as differences in interpretation.

The energy release can be identified as occurring OK
at least three different time scales. On the time scale of
the impulsive phase (102-103s), the energy release oc-
curs in a coronal loop, or arcade of loops, with dimensions
~ 104 km. The EFBs on a time scale of several seconds
suggest energy release in different flux tubes, many of
which may be braided together to form the overall flar-
ing loop (Réf. 43). The scale ~ 300km of such tubes is
of order the resolution of UV observations, which show
the existence of structure on this scale. However, there
is clearly structure in the energy release on a time scale
£ 30ms, and the interpretation of such regions is more

speculative.

5.6 Coupling between Localized Regions

A model for the impulsive phase of a flare based on an
envelope of microflares requires a coupling between the
localized regions of enerp- release. In a magnetic annihi-
lation model this requires coupling between a large nui i-
ber of current sheets, and in a current dissipation mod;!
it requires mutual inductances between a large number of
current channels. Although such coupling is an essential
ingredient in understanding the development of a flare, it
has been given little attention in the literature. A possi-
bly related problem is the relation between the currents
in the individual current sheets or current channels and
the large-scale current flowing into the corona observed
to correlate with the locations of flare kernels (Réf. 36).

A relpase of magnetic energy is not confined to the
localized region where dissipation occurs, with dissipa-
tion here implying bulk energization of electrons in a flare
knot. Any change in the current must affect the entire
circuit around which the current flows, and relevant cur-
rents must close below the photosphere. It follows that
energy flow into energy release sites from remote parts of
the circuit (Réf. 32). The energy release around the cir-
cuit occurs on the Alfvénic time scale t/VA , where (. is the
length of the circuit. This implies that there ^hould be
temporal structure on the time scale for return Alfvénic
propagation between the energy release region and the
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chromosphere. Although no systematic test of this sug-
gestion has been reported, the Alfvénic times are of the
come order of magnitude as the observed variations.

The escape of electrons both upward, to produce
type III bursts, and downward, to produce hard X-ray
bursts, requires that both open and closed magnetic field
lines exist in the vicinity of the energy release region.
This suggests that the sites of energy release occur near
séparatrices between closed and open field lines. A satis-
factory model for the localized regions of energy release
should account for the release of energetic electrons onto
both closed and open field lines.

5.7 An Unconventional Approach
My own ideas (Réf. 47) are unconventional. The motiva-
tion for developing a different paradigm is to overcome
the following difficulties with more conventional models.
1) The long inductive time scale of the coronal circuit
implies that the current, /, flowing through the corona
cannot change significantly in magnitude during the flare.
Most models require that / decrease as magnetic energy
is released in tht flare. 2) Circuit models as presently
formulated imply energy propagation around the circuit
on the inductive time scale, implying a speed of propaga-
tion that is unrelated to the plasma parameters, and can
take any value < c. However, in a plasma the speed of
such energy propagation cannot exceed the Alfvén speed.
3) Magnetic modèle ?s presently formulated imply that
the only magnetic energy that is dissipated is that stored
locally near the dissipation site. However, the relevant
current must close below the photosphere, and energy
must be released all around the circuit and propagate
into the energy release site when a region of dissipation
is inserted into the circuit.

The model proposed involves a dissipation region
being turned on suddenly in a current-carrying, cylindri-
cal flux tube. The energy release occurs due to a change
in the current profile, as some of the current is deflected
to the surface of the flux tube so that it flows around
the dissipation region rather than through it. In circuit
language, the stored magnetic energy J W2 is reduced
due to a reduction in the inductance, L, rather than in
/. The energy release occurs in two stages. Initially the
stored magnetic energy is partly converted into a Poynt-
ing flux at Alfvénic fronts launched by the turning on
of the dissipation. The Poynting flux is due to the az-
imuthal component, B^, which is reduced as the front
passes, and a radial electric field, associated with the ro-
tation of the plasma as the twist in the field unwinds to
reduce B^. The Poynting flux transports energy along
the axis of the cylinder to the dissipation region. Finally,
the energy is released into other forms (implicitly, ener-
getic electrons) due to the dissipation. This model avoids
the foregoing three difficulties with other models. How-
ever, as presently formulated, it is unrealistic in several
important ways. Various modifications, including energy
release in many current channels are under investigation.

6. SUMMARY AND CONCLUSIONS
There is a rich variety of radiation produced by a large
solar flare, including important emissions in all ranges of
the spectrum from m-A radio waves through to gamma
rays. The optical, UV, hard X-ray and gamma-ray ra-
diation conies from the denser regions of the solar at-
mosphere near the magnetic footpoints due to a 10 keV

electrons and a 30 MeV ions precipitating from the flar-
ing region. The soft X-rays result from hot plasma ab-
lated from the footpoints into the corona. The m-A radio
emission results from electron beams and shock waves
propagating upward from the flaring site. The microwave
emission is produced by energetic electrons trapped in
magnetic flux loops near the flaring site. Radio emis-
sion in the dm-A range gives the most direct signature
of the energy release, suggesting electron beams propa-
gating both up and down from a site where the plasma
frequency is in the range 1-3 GHz.

The emission processes are bremsstrahlung for the
X-rays and gamma-rays, gyrosynchrotron emission for
the microwave, plasma emission for the m-A and some
of the dm-A, and ECME for spike bursts. Theory may
be used to derive quantitative information from the hard
X-ray and microwave data, although the modeling is sub-
ject to considerable uncertainty for the latter. The theory
of plasma emission is well established qualitatively, but
is not useful for quantitative purposes. The theory of
ECME is subject to a major difficulty: simple arguments
suggest that the radiation cannot escape due to strong
absorption at the second harmonic layer.

The main implications on the energy release are
twofold. First, the energy release goes primarily into the
bulk energization of electrons to £10keVor ^1O8K.
Second the energy release occurs in short pulses in many
localized regions. However, many important aspects re-
main inadequately understood. These include the bulk
energisation process, the coupling between the localized
energy release regions, the relation of the localized cur-
rents in sheets or channels to the large-scale current sys-
tem, and local magnetic topology that allows energetic
electrons access to both closed and open field lines.

REFERENCES
1. Dennis BR 1985, Solar hard X-ray bursts, Solar Phyi. 100,
465-490.
2. Lin RP, Schwartz RA, Kane SR, Felling RM, & Hurley KC
1984, Solar hard X-ray microflares, Astrophya. J. 283, 421-425.
3. Parker EN 1988, Nanoflares and the solar X-ray corona, Aslro-
phys. J. 330, 474-479.
4. Hudson HS 1991, Solar flares, microflaies, nanoflares, and coro-
nal heating, Solar Phys. 133, 357-369.
5. Tanaka K 1987, Impact of X-ray observations from the Hinoton
satellite on solar flares, Publ. Aslron. Soc. Japan 39, 1-45.
6. Dennis BR 1988, Solar flare hard X-ray observations, Solar
Phys. 118, 49-94.
7. Melrose DB & McPhedran RC 1991, Electromagnetic Processes
in Dispersive Media, Cambridge University Press, 407 p.
8. Craig IJD & Brown JC 1986, Inverse Problems in Astronomy,
Adam Hilger, Bristol, 152 p.
9. Johns CM & Lm RP 1992, Derivation of the parent electron
spectra from bremsstrahlung hard X-ray spectra, Solar Phys, 13T1
121-140.
10. Kane SR & al 1980, Impulsive phase of solar flares, In Sturrock,
PA (ed.) Sotar Flares, University of Colorado Press, Boulder,
187-229.
11. Lim J, White SM, Kundu MR & Gary DE 1992, The high-
frequency characteristics of solar radio bursts, Stu'ar Phys. 140,
343-368.

12. Alissandrakis CE & Kundu MR 1975, High resolution observa-
tions of solar bursts at 3.7 and 11.1 cm wavelengths, Solar Phys.
41, 119-133.

13. DuIk GA 1985, Radio emission from the Sun and stars, Ann.
Rev. Astron. Astrophys. 23, 169-224.

14. McLean DJ i Labrum NR (eds) 1985, Solar ":'.• diophysics,
Cambridge University Press, 515 p.



98

15. Maltose DB 1986, Instabilities in Space and Laboratory Plas-
mas, Cambridge University Press, 280 p.
16. Melrose DB 1991, Collective plasma radiation processes, Ann.
Rev. Altran. Astrophya. 29, 31-57.
17. Melrose DB 1989, The brightness temperatures of solar type
III bursts, Solar Phys. 120, 369-381.
18. Robinson PA, Cairns IH & Willes AJ 1992, Dynamics and
efficiency of type III solar radio emission, preprint.
19. Goldman MV 1984, Strong turbulence of plasma waves, Rev.
Mod. Phys. 88, 709-735.
20. Benz AO 1986, Millisecond radio spikes, Solar Phys. 104,99-
110.
21. ElgarBy 0 1977, Solar Noise Storms, Pergamon, Oxford,
363 p. ~ ' . ,
22. Stahli M & Benz AO 1987, Microwave emission of solar elec-
tron beams, Altran. Astrophys, 17S, 271-276.
23. Benz AO & Aschwanden MJ 1992, Characteristics of the im-
pulsive phase of flares, in Svestka Z, Jackson BV & Machado ME
(eds) Eruptive Solar Flares, Springer-Verlag, pp. 106-115.
24. Wu CS 1986, Kinetic, cyclotron and synchrotron maser in-
stabilities.- Radio emission processes by direct amplification of
radiation, Spore Scir Re». 41;" 215-298. j
25. Vlahos L 1987, Electron cyclotron maser emission from solar
flares, Solar Phys. Ill, 155-166.
26. Robinson PA 1989, Escape of fundamental electron cyclotron
maser emission from the Sun and stars, Aust, J. Phys. 341, L99-
1102,
27. McKean ME, Winglee RM & DuIk GA 1989, Propagation
and absorption of electron-cyclotron maser radiation during so-
lar flares. Solar Phys. 123, 53-89.
28. Melrose DB 1991, Emission at cyclotron harmonics due tc
coalescence of z-mode waves, Astrophys. J. 360, 256-267.
29. Winglee RM, DuIk GA & Pritchett PL 1988, The structure
of microwave spike bursts and associated cross-field energy trans-
port, Astrophys. J. 328, 809-823.
30. Svestka Z 1976, Solar Flans, D. Reidel (Dordrecht).
31. Sturrock PA 1980, Flare models, in P.A. Sturrock (ed.) Solar
Flan, Colorado Associated Press, pp. 412-449.

32. b.jrrock PA 1987, Rapid fluctuations in solar flares, in Dennis
BR, Orwig LB & Kiplinger AL (eds) Rapid Fluctuations in Solar
Flares, NASA (Washington DC) pp. 1-27.
33. Melrose DB 1991, Neutralized and unneutralized current pat-
terns in the solar corona, Astrophys. J. 381, 306-312.
34. Akas-ifu S-11984, An essay on sunspots and solar flares, Plan-
etary SJK,-* Sd. 33, 1469-1496.
35. Alfvén iî ~2 Carlqvist P 1967, Currents in the solar atmosphere
and a theory of solar flares, Solar Phys. 1, 220-228.
36. Lin Y & Gaizauskas V 1987, Coincidence between Ha flare
kernels and peaks of longitudinal electric current densities, Solar
Phys. 109, 81-90.
37. Spicer DS 1982, Magnetic energy storage and conversion in
the solar atmosphere, Space Sci. Rev. 31, 351-435.

38. Holman GD 1985, Accel* :ation of runaway electrons and joule
heating in solar flares, Astrrrbys. J. 293, 584-594.

39. Lin RP, Anderson KA, McCoy JE & Russell CT 1977, Ob-
servations of magnetic merging and the formation of the plasma
sheet in the Earth's magnetotail, J. Geophys. Res. 82, 2761-2773.
40. Melrose DB 1993, Solar flares: current dissipation or magnetic
annihilation?, Aust. J. Phys. (in press).
41. Lin RP & Schwartz RA 1987, High spectral resolution mea-
surements of a solar flare hard X-ray burst, Astrophys. J. 312,
462-474.
42. de Jager C & de Jonge G 1978, Properties of elementary flare
bursts, Solar Phys. SK, 127-137.

43. Sturrock PA, Kaufmann P, Moore RL & Smith DF 1984, En-
ergy release in solar flares, Solar Phys. 94, 341-357.
44. de Jager C, Kuijpers J, Correia E & Kaufmanr. P 1987, A
high-energy solar flare burst complex and the physical properties
of its source region, Solar Phys. 110, 317-326.

45. Benz AO 1985, Radio spikes and the fragmentation of flare
energy release, Solar Phys. 98, 357-370.

46. Bachelor DA, Crannell CJ, Wiehl HJ & Magun A 1985, Evi-
dence for collisionless conduction fronts in impulsive solar flares,
Astrophys. J. 29S, 258-274.
47. Melrose DB 1992, Energy propagation into a flare kernel dur-
ing a solar flare, Astrophys. J. 387, 403-413.



PLANETARY MAGNETOSPHERE

Chairman:

J. Sakai (Toyama University)



101

NONTHERMAL PLANETARY RADIO EMISSIONS:
THEORIES AND OBSERVATIONS

Abraham C.-L.Chian1'2

1 DAMTP, University of Cambridge, Cambridge, England
2 National Institute for Spare Research (INPE), S.J. Campos, Brazil

ABSTRACT

Intense radio waves are emitted by several planets. A vari-
ety of nonthermal planetary radio emissions (-NPR) are ob-
served: AKR-like radiation, nonthermal continuum radia-
tion, emissions upstream of Earth's bow shock, Jovian type
III emissions, stimulated elect .magnetic emissions in active
space experiments. The generation mechanisms of NPR can
be classified as: linear direct (e.g. cyclotron maser), linear in-
direct (e.g. mode conversion), nonlinear direct (e.g. double
layer and stimulated scattering), nonlinear indirect (e.g.
mode-mode coupling and soliton). Recent theoretical re-
search of NPR Etc reviewed covering: acceleration of parti-
cles by nonlinear potential structures, saturation of stimu-
lated scattering by wave breaking or frequency shift of beam
modes, and generation of plasma radiation by Langmuir tur-
bulence.

Keywords: radio emissions, planetary magnetosphvte, iono-
sphere, bow shock.

1. INTRODUCTION

Earth, Jupiter, Saturn, Uranus and Neptune are known to
radiate intense radio waves. These radio emissions are non-
thermal since their brightness temperature is greater than
the plasma thermal temperature. This paper gives a brief
review of theories and observations of nonthermal planetary
radio emissions (hereinafter referred to as NPR).
A variety of NPR have been observed by space and ground
radio telescopes 'Refs. 1-3). In Section 2, we describe the
observed characteristics of five types of NPR. In Section 3,
we discuss the theories of generation mechanisms of NPR
(Refs. 4-8). In Section 4, we review recent theoretical re-
search of NPR in Cambridge and INPE.

2. OBSERVATIONS OF NONTHERMAL
PLANETARY RADIO EMISSIONS

The first detection of NPR was made with a ground-based
antenna array by Burke and Franklin (Réf. 9). They discov-
ered the emission from Jupiter known as Jovian Decametric
Radiation (DAM). Bigg found out that some of the Jovian
emissions are controlled by satellite Io (Réf. 10). Through
the satellite data Benediktov et al. (Réf. 11) and Guraett
(Réf. 12) detected Auroral Kilometric Radiation (AKR),
which is generated in the auroral region wilhin a density de-
pleted cavity where the electron plasma frequency is much

less than the electron cyclotron frequency. The Voyager mis-
sion showed that in addition to Earth and Jupiter, Saturn,
Uranus and Neptune also produce AKR-like auroral emis-
sions (Refs. 1-3). The dominant polarization of these emis-
sions is the JT-mode, although weaker O-mode is also de-
tected. Leaked-component of AKR propagating downward
toward the ionosphere in the whistler mode has been ob-
served on the ground (Réf. 13), suggesting that ground radio
facilities may monitor auroral processes. There is a scaling
law (Réf. 14) relating the total solar wind input power into
each planetary magnetosphere and the AKR-like emissions,
indicating that NPR is controlled by solar activities. In fact,
AKR is strongly correlated with magnetic substorm activi-
ties such as discrete auroral arcs, inverted-V electron precip-
itation events, and AE (auroral electrojet) index; moreover,
there is a good correlation between the AKR-like emissions
from various planets and the solar wind parameters such as
bulk speed, density and ram pressure (Refs. 1-2). The emis-
sion from Neptune is correlated with the reconnection of the
interplanetary magnetic field at the Neptune's dayside mag-
netopause (Réf. 15). Solar type II and type III radio bursts
may occasionally trigger AKR-like emissions from Earth and
Jupiter (Refs. 16-17).

Earth's plasmapause near the equatorial plane is a source
of radio emissions called Nonthermal Continuum Radiation
(Réf. 18). This emission is observed most readily below 100
kHz hence it is also known as Terrestrial Myriametric Ra-
diation (TMR). TMR is predominantly L-O polarized and
contains two components: narrowband emission consisted of
a series of discrete lines, and a smooth continuum. The nar-
rowband component has frequencies above the solar wind
plasma frequency so they can escape into the solar wind.
The smooth continuum has frequencies below the local so-
lar wind p!̂ ;nia frequency so is trapped, i.e., reflected at
Hie magnetopause. it is bolirvrd that intense upper-hybrid

waves are responsible for the generation of TMR. Nonther-
mal Continuum Radiation is also emitted by Jupiter, Saturn,
Uranus and Neptune.

Hadiation at the fundamental, second-harmonic and higher
multiples of the plasma frequency ( ~ 10-100 kHz) have been
observed upstream from the Earth's bow shock (Refs. 19-
22). Direction-finding measurements and time correlations
of the variations in the emission frequency and solar wind
plasma density indicate that the radiation is generated in the
foreshock region. In the Earth's electron foreshock, large-
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amplitude electron plasma waves with frequencies above and
below the plasma frequency have been detected which are
correlated with enhanced fluxes of 1 to 2-keV electrons back-
streaming into the solar wind from the bow shock (Refs. 23-
27). These electron plasma waves consist of two parts: nar-
rowband and broadband (Réf. 26). The narrowband compo-
nent has been interpreted as Langmuir waves excited by a
beam-plasma instability. Low-frequency ion-acoustic waves
have also been observed in the Earth's electron foreshock
(Refs. 22,24). There is observational evidence, in the Earth's
foreshock, of nonlinear wave-wave interactions involving ele-
ctron plasma waves and ion-acoustic waves. Presumably,
these nonlinear processes may be associated with the gener-
ation of NPR upstream from the Earth's boxv shock. Analo-
gous wave phenomena have been observed in the foreshocks
of other planets.

The Voyager plasma data (Réf. 28) indicated that there is a
type of radio bursts from Jupiter that show frequency-time
spectra similar to solar type III radio bursts, i.e., the emis-
sion drifts gradually from high frequency to low frequency
in time (Réf. 29). This Jovian type III radiation lies in the
frequency range of about 10 kHz, and occurs as a series of
bursts separated by time intervals of about 15 minutes. The
series typically lasts for 1 or 2 hours. The source region is
suspected to be near the middle magnetosphere of Jupiter,
with plasma densities of the order of 1 cm"3. The simi-
larity of this radiation with solar type III bursts suggests
a generation mechanism involving the propagation of ener-
getic electrons through a density gradient. The periodicity of
bursts suggests that Io may be involved in the emission since
the timing of 15 minutes is clo=- • to the time for an Alfvén
wave to travel from the ionospu^.c in oue hemisphere to the
ionosphere in the opposite hemisphere through the Io plasma
torus.

Stimulated electromagnetic emission (SEE) generated dur-
ing high-power radio wave heating experiments in the iono-
sphere has been observed (Refs. 30,31). SEE appears as sec-
ondary electromagnetic waves in the upper and lower side-
bands around the pump frequency when a powerful primary
radio wave, with O-mode polarization and frequency (typ-
ically 3-8 MHz) below the maximum .F-layer plasma fre-
quency, is transmitted to the ionosphere. The SEE spectrum
depends on ionospheric conditions, the pump frequency and
power; significant changes occur when the transmitter fre-
quency is near the harmonics of the ionospheric electron cy-
clotron frequency (Ref- 30). The electric field of the heater
wave undergoes swelling in the ionospheik reflection region.
At the maxima of the resulting standing wave, the field
can be strong enough to produce large-amplitude Langmuir
waves and density cavitons (Réf. 31 ). These Langmuir waves
may then be converted to SEE. Observation of Langmuir
turbulence has also been reported in the vicinity of a satel-
lite when an intense radio wave is transmitted for topside
sounding of the ionosphere. Chian suggested that SEE may
be excited in such active space experiments (Réf. 32).

3. THEORIES OF NONTHERMAt PLANETARY
RADIO EMISSIONS

Many theories have been proposed to explain the generation
mechanisms of NPR. They can be classified as linear, nonlin-
ear, direct or indirect processes. Linear processes can be de-
scribed by linearized plasma equations. Nonlinear processes
involve phenomena that are induced by nonlinear plasma
effects. Direct processes refer to situations wherein the elec-

tron beam energy is directly converted to electromagnetic
waves. In indirect processes, the beam energy is first con-
verted to electrostatic plasma waves and then converted to
electromagnetic waves. For both direct and indirect pro-
cesses, free energy from the particle distribution function
is required to excite either electromagnetic or electrostatic
waves. The free-energy is available if the particle distribution
function is non-Maxwellian, e.g., anisotropic, bump-in-tail or
loss-cone. Another important problem that needs consider-
ation is the particle acceleration mechanisms that lead to
energetic electrons in the source regions of NPR.
The linear direct mechanism is best exemplified by the cy-
clotron maser (Refs. 6-8,33). Wu and Lee (Réf. 33) demon-
strated that a direct amplification of the A'-mode and O-

mode AKR emission is possible when a population of supra-
thermal auroral electrons, reflected by the magnetic mirror
effect, possess a loss-cone distribution. The cyclotron maser
instability operates if the electrons satisfy a relativistic cy-
clotron resonance condition described by an ellipse in the
(«II — ujj space, where Uj1J- are the electron velocity par-
allel and perpendicular to the ambient magnetic fielJ. The
relativistic effect is crucial in the amplification of radiation
without which the electromagnetic wave will be damped even
if the electrons have a loss-cone distribution. A density-
depleted cavity in the auroral region provides a waveguide
for wave growth by multiple reflections off its boundaries and
ultimate free space accessibility. This mechanism has been
applied to AKR-like emissions from other planets.

Mode conversion is a linear indirect process which occurs
when an electrost,-! tic wave goes through an inhomogeneous
plasma and is nivde-converted to an electromagnetic wave.
The inhomoge-, >.ity can be due to the plasnxa density dis-
tribution or th * energy distribution of beam particles. The
conversion :: possible if the dispersion relations of the in-
coming elecrostatic wave and the outgoing electromagnetic
wave are close to each other. Oya (Rcf. 34) proposed the
following double mode conversion to explain DAM: electro-
static electron cyclotron waves propagate toward decreasing
plasma density until they encounter the upper-hybrid reso-
nance where they are converted to the Z-mode, then reflect-
ing back toward increasing plasma density and are converted
to the O-mode at the plasma frequency cutoff layer. Jones
(Réf. 35) proposed a theory for Nonthermal Continuum Ra-
diation based on the mode conversion of upper-hybrid waves
directly to the O-rnode.

Double layers and stimulated scattering are two examples of
nonlinear direct processes to be discussed.

Double layei.3 ire nonlinear potential structures that have
been observed in the AKR source region (Refs. 36,37) and
may exist in other source regions of NPR such as the Io riux
tube connecting Io to Jupiter (Réf. 38). The idea of acceler-
ation of auroral particles by double layers was first advanced
by AlfVén (Réf. 39). Bujarbarua et al. (Ref. 40) studied the
generation of AKR by an instability arising from the nonlin-
ear interaction between auroral beam electrons and double
layers or electrostatic ion-cyclotron turbulence. Borovsky
(Réf. 41) treated the production of AKR by the current
density of the gyrophase-bunched and temporally modulated

sheet beams of electrons emitted by magnetized double lay-
ers.
Stimulated scattering is similar to the process that oper-
ates in a free-electron laser: amplification of radiation oc-
curs if the ponderomotive potential wave, resulting from the
beating of the wiggler and scattered waves, is resonant with
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the beam mode. Palmadesso et al. (Réf. 42) proposed that,
in the presence of a plasma density wiggler represented by
an incoherent electrostatic ion-cyclotron wave, an energetic
electron beam can transfer energy to electromagnetic wave
and causes it to grow into AKR. This theory was modified
by Grabbe et al. (Réf. 43) by considering a coherent electro-
static ion-cyclotron wiggler wave; the results can explain the
banded fine structures of AKR (Réf. 44).
Mode-mode coupling and soliton are two examples of non-
linear indirect processes that we will discuss next.
Mode-mode coupling involves three-wave interaction in
which a beam generated high-frequency electrostatic wave
couples nonlinearly to a low-frequency plasma wave to yield
an electromagnetic wave at the fundamental frequency of
the high-frequency electrostatic wave, or alternatively, two
electrostatic waves couple to each other to yield an elec-
tromagnetic wave at the second harmonic frequency. The
three waves must satisfy the matching conditions for wave
frequencies and wave vectors. The coupling can be of either
the decay type (e.g. L -» T + S, where L = Langmuir wave,
T = electromagnetic wave, S = ion-acoustic wave) or the
fusion type (e.g. L + S —» T). The interaction can be either
coherent (fixed-phase) or incoherent (random-phase). In the
coherent case the growth of radiation is due to the feedback
mechanism of the parametric instability driven by the pon-
deromotive force, provided the ptimp amplitude exceeds a
threshold condition. Various mode-mode coupling processes
have been used to study NPR (Refs. 45.-4T).
Solitons may evolve from a four-wave parametric process
called the modulational instability. Galeev and Krasnosel-
kikh (Réf. 48) explained AKR through the collapse cf Lang-
muir solitons. Istomin et al. (Réf. 49) studied AKR emis-
sion from electrostatic electron cyclotron solitons. Chris-
tiansen et al. (Réf. 50) attributed TMR to the collapse of
upper-hybrid solitons. Buti and Lakhina (Réf. 51 ) suggested
that the nonlinear interaction between whistler solitons and
upper-hybrid waves may excite AKR. Pottelette et al. (Réf.
52) proposed a model of AKR based on the acceleration of

electrons in the combined fields of lower-hybrid solitons and
upper-hybrid waves.

4. RECENT THEORETICAL RESEARCH OF
NONTHERMAL PLANETARY RADIO

EMISSIONS

This section reviews recent theoretical research of NPR car-
ried out at the University of Cambridge and Brazilian Na-
tional Institute for Space Research.
Nonlinear Langmuir waves, ion-acoustic solitons and double
layers are potential structures that may play a major role in
accelerating energetic electrons that emit NPR. These non-
linear potential structures have been observed in the auro-
ral region (Refs. 36,37,53). We formulated a unified the-
ory (Réf. 54) of nonlinear potential structures in a two-fluid
plasma and showed that they are governed by an integral
equation

(g)

with

fa fa fa

(1)

j

pressing the conservation of electron and ion fluxes, electron
and ion energies, and total pressure. A proper specifica-
tion of these constants along with the boundary conditions
of V(ij>) lead to three distinct types of solutions: nonlin-
ear Langmuir waves, ion-acoustic solitons and double layers.
Our theory has the advantage of elucidating the difference
and similarity of these structures. A complementary kinetic
theory of nonlinear potential structures was formulated by
Schamel (Réf. 55) which yields three distinct types of phase
space solutions: electron holes, ion holes and kinetic double
layers. From the above two works it can be concluded that
nonlinear potential structures can be excited in the presence,
as well as in the absence, of particle trapping.
The efficiency of stimulated scattering to generate NPR de-
pends on its saturation processes, which in turn may de-
pend on the nonlinear effects of the beam mode such as
wave breaking and frequency shift (Refs. 50,57). We de-
rived the following nonlinear wave equation for relativistic

beam modes (Rcf. 56)

<P ,
(3)

where u = 7/? = particle reduced velocity, ft = v/c, 7 =
(1 — /32)"^, /9pk = Vpi, Ic (iipj is the wave phase velocity),
«4 = beam velocity, j8j = m/c and T = uir(t — x/vrh). As the
beam mode reaches large amplitude, higher harmonics of the
wave frequency are excited which lead to wave steepening
and wave breaking. The wavebreaking condition valid for
both negative - and positive - energy beam modes is (Rrf. 56)

E > £Ux = V2(mewpc/e) [7p/1 (1 - /?,,&) - l/7i]
1/2 ,

(4)
which shows that wave breaking imposes severe limitation
on beam modes with vph close to i>j, whereas imposes little
(or no) restriction for positive-energy beam modes with Upi,
near (or greater than) the velocity of light. The effect of
frequency shift of beam modes was investigated (Réf. 57) by
applying the Krylov-Bogoliubov-Mitropolsky perturbation
technique to Eq.(3). It was shown that the frequency shift
Aw for both negative - and positive-energy beam modes at
the cutoff is given by

Aw = - (5)

where a = wave amplitude and Wj, = linear cutoff >". jency.
This frequency shift can lead to the detuning cf the beam
mode with the ponderomotive potential wave. The above
two works suggest that the overall efficiency c-f stimulated
scattering may be determined by wave breaking or frequency
shift of the beam mode.
As mentioned in Section 2, Langmuir turbulence is present
in thp source regions of NPR from upstream of the Earth's
bow shock and SEE from the active experiments in space.
Furthermore, Langmuir turbulence has been observed in the
auroral plasma (Réf. 58) and may be the origin of Jovian
type III radio bursts. In a series of papeis (Refs. 29, 32, 59),
we studied the generation of fundamental plasms, radiation
by Langmuir turbulence based on the generalized Zakbarov
equations (Refs. 59-61)

where <j> is the electrostatic potential. The properties of the
Sagdeev potential V(<j>) is determined by five constants ex-

+ u£ -1- c2 V x V x -3..2h V( V- )] E = -1Zs-Ti (6)
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The electromagnetic oscillating two-stream instability driven
by two counterstreaming Langmuir waves was first analyzed
in the presence of only one type of low-frequency density
waves and without induced Langmuir waves (Refs. 29,32); in
that case, the instability is up-conversion and purely grow-
ing. Eqs.(6) and (7) indicate that in general both electro-
magnetic waves and Langmuir waves may be excited. More-
over, due to the symmetry of wavevector kinematics, two
distinct low-frequency density waves appear. We demon-
strated that, in the presence of the induced Langmuir waves
and the second type of low-frequency waves, the instability is
not always up-conversion and purely growing (Réf. 59). De-
pending upon the values of two detuning parameters, down-
conversion as well as convective instability may also be ex-
cited. These additional daughter waves enlarge the range
of instability, producing even new unstable modes. Note
that this instability may also be driven by a travelling Lang-
muir pump (Réf. 61). The above works conclude that the
electromagnetic oscillating two-stream instability is a likely
generation mechanism of NPR in the presence of Langmuir
turbulence.
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Abstract
Charged particles' orbits through current sheets may
be adiabatic, ̂ quasi-adiabatic or chaotic. .We investi-
gate the influence of a transition of thermal electrons to
chaos and quasi-adiabaticity on the large scale stabil-
ity properties of collisionless plasma current sheets.. We
have developed a hybrid model which describes large
scale plasma and field dynamics by a set of MHD equa-
tions while the non-adiabatic response of particles in
the neutral sheet is considered kinetically. Using the
microscopic theory of chaotic particle motion we mod-
ify the MHD accordingly, taking into account the feed-
back of nonlinear microscopic particle motion to the
large scale current sheet dynamics. Using our model we
investigate the stability properties of two-dimensional
current sheet equilibria if the chaos-parameter KC be-
comes unity. We show that even if electrons become
chaotic the growth time of a collsionless tearing mode
instability of thick current sheets is too large in order to
explain, e.g., substorm expansions in the Earth's mag-
netospheric tail. On the other hand we show that a
critical thinning of the sheet leads to a quickly growing
instability.

Keywords: Non-adiabatic charged particle motion
in current sheets, Nonlinear dynamics, Deterministic
chaos, Collisionless tearing mode instability, Reconnec-
tion, Thin and thick current sheets, Non - adiabatic
particle motion.

I INTRODUCTION

Collisionless current sheets are a very common feature
in space plasma. They divide plasmas of different ori-
gin and magnetization, contribute to plasma energiza-
tic : and particle acceleration, providr the necessary
conditions for reconnection to take place (Réf. 1). A
tearing mode instability would provide a direct route
to reconnection through current sheets (Refs. 2-4).
Tearing mode instability and reconnection cannot be
described in the framework of ideal MHD but by resis-
tive MHD approaches (Ref,. 5-11). However, due to
the inefficiency of binary particle collisions in hot. col-
lisionless space plLsnws these resistive models assume
some kind of anomalous resistivity, based on either cur-
rent instabilities or on drift instabilities at the edge of
the current sheet (Refs. 12, 13). Such a dominant and
primary role of microinstabilities in current sheets is,

however, not proven at all (Réf. 14). Also, the result-
ing threshold and growth of an anomalous-resistivity-
based tearing mode instability were found to depend
strongly on whether a localized or global finite resisiv-
ity was assumed and on the concrete dependence of
the resistivity on the actual current strength. Gener-
ally it has been found that the assumed type of finite
resistivity predetermines onset as well as the growth of
a tearing mode current sheet instability (cf., e.g., Réf.
10). '-."._.

On the other hand,.in dilute space plasmas an es-
sentially collisionless tearing mode instability can take
place, based on a direct Cherenkov interaction between
plasma particles and the tearing mode field, without
need in an intermediate scale microinstability caused
anomalous resistivity (Refs. 1, 2, 15). Adiabatic elec-
trons, however, stabilize the collisionless tearing mode
(Refs. 3, 16, 17).

Different solutions have been proposed which might
be able to remove the stabilizing influence of the adia-
batic electron (Refs. 4, 18 - 20). One of these possible
ways to instability is the chaotization of the electron
motion. In this case Ke = -^Rmin/Pmax (Réf. 21) will
be the relevant parameter for triggering a collisionless
tearing mode instability. In the framework of the sim-
ple models used in analytical stability calculations this
mode has currently been challenged by Pellat et al.
(Réf. 22) and defended by Kuznetsova and Zelenyi
(Réf. 23). In fact, these calculations have been carried
out for oversimplified current sheet models such like a
parabolic magnetic field structure and other deviations
from a necessary equilibrium structure.

Here in this paper we develop a hybrid approach to
the problem of large scale current sheet stability includ-
ing both the microscopic and large scale aspects. In
our model the large scale current sheet dynamics is de-
scribed by solving a set of MHD equations numerically.
In contrast to previous MHD-simulations, however, we
take the microscopic effects into account consistently,
using a kinetic derivation of the quasi-adiabatic elec-
tron response to a tearing mode perturbation. The
corresponding changes of macroscopic parameters are
taken from the dispersion relation of the collisionless
tearing mode, derived by Biichner and Zelenyl (Réf.
24) for the case of electron-K smaller but comparable
with unity. The non-ideal plasma response is limited
to a region of effective interaction between field and
particles. Inside this region we consider the plasma
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response using results from the kinetic theory, outside
just the plain ideal MHD-equations. At the edge of
the interaction region we match the two solutions.

At first we discuss in section 2.1 the microscopic
properties of the charged particles' motion in current
sheets and their possible consequences for the large
scale plasma stability. Section 2.2 is devoted to a de-
scription of the initial current sheet equilibrium config-
uration and section 2.3 gives the set of MHD-equations,
used in this work. So far we have considered two cases,
first thick current sheets (which correspond to the tail
current sheet in a magnetically quiet magnetosphere)
and secondly a thin current sheet (which corresponds
to a typical pre-substorm loaded tail) (sections 3.1 and
3.2). A summary of our results regarding hybrid model
calculations of the dynamics of current sheets is given
in section 4.

2 MODEL ASSUMPTIONS

2.1 Microscopic Particle Dynamics
Several suggestions exist for describing the conse-
quences of the neutral sheet particle motion. Following
an earlier proposal of Speiser (Réf. 25) even an "Ohm's
law" was derived (Réf. 26), which does not apply, how-
ever, to collisionless current sheet stability considera-
tions. The reason is that the effect discussed there
does not correspond to a non-ideality or irreversibility
of mode particle interactions which is neccesary for re-
connection and tearing mode instability. Since those
early considerations the chaotic aspect of the particle
motion came into consideration (Réf. 21, 27). Horton
and Tajima (Réf. 28) calculated the correlation decay
time for particles traversing the neutral sheet in or-
der to determine the plasma response to neutral sheet
perturbations. Contrary here in this paper we will fol-
low the analysis of collisionles tearing mode dispersion
relation for quasi-adiabatic electrons, carried out by
Biichner and Zelenyi (Réf. 28). Following them the
threshold of the collisionless tearing mode instability
is given by

(1)

concentrated to a limited (interaction) region. In
equation (3) fine = ^neB0/Bn is the electron gyrofre-
quency based on the local B1 component of the mag-
netic field Bn at the center of the neutral sheet. From
the dispersion relation (16) in Réf. 28 one can estimate
the following effective width of the interaction region:

'-iufe*1

08 = e-B0/(me-c)

As it was shown by Biichner and Zelenyi (Réf. 28)
the dispersion relation (their equation (16)) of the col-
lisionless tearing mode in case of quasi-adiabatic elec-
trons compares to that of a resistive mode, with an
effective conductivity <re//

(4)

A, « (Bn/B0kL)0.5
(5)

with k being the wavenumber of the instability and
L the local width of the plasma sheet. This width
becomes a crucial parameter after it does not exceed
any more the thickness of the singular current layer in
the framework of the resistive instability theory. Notice
that in the derivation of the linear dispersion relation
(16) in Réf. 28 the stabilizing influence of 10 % of
the electrons which move on ring-type orbits (Réf. 29)
have been neglected compared to the major part of
about 90 "fa electrons moving on cucumber orbits and
having a destabilizing effect.

2.2 Initial Current Sheet Equilibrium

As initial configurations we apply weakly two-
dimensional magnetostatic equilibria of the kind, pro-
posed in Réf. 30. The concrete shape of these equilibria
is determined by a pressure function p(x) which pre-
scribes the plasma pressure distribution at the neutral
sheet (Z = O) all along the current sheet. For these
equilibria plasma pressure and magnetic field are given
by

where poe is the electron gyroradius and Q01 the gy-
rofrequency in the asymptotic magnetic field B0:

(2)

(3)

p(x, z) =

*.(-,.) = (J

(6)

(7)

(8)

with the local width l(x) = p(x) of th
layer. For the parameter K one obtains the following
expression

d (In P(X))
dx (9)

It is appropriate to parametrize the pressure function
p(x) as follows:

P(X) = (I-Pdl)(l+ x/xc)-i+Pdt, (10)

i.e. it is normalized to unity at x = O, the earthward
boundary of our current sheet model, located at, ap-
proximately, XGSM = 20 RE- In this presentation the
pressure function decreases along the current sheet to a
small but finite value at infinity. To be specific we have
chosen a pressure which by its upper and lower bounds
was fitting best to values obtained from satellite obser-
vations in the Earth's magnetospheric tail (Réf. 31).
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2.3 MHD Equations
We solve the following set of MHD equations:

dt
dpv

3 NUMERICAL CALCULATIONS

We have calculated the evolution of our hybrid-model
current sheet starting with two different initial equi-
libria. One of them corresponds to a relatively thick
current sheet, which models well the tail of a magnet-

_ / 1, , u2yi _i,v\ (loï ically quiet magnetosphere (addressed as case 1). The

^ = V x ( v x b - n V x b )

dh
dt

with h

^l _ _v.

= (p/2)1/'1' anrf j = V X b

(13)

(14)

(15)

other (case 2) describes a thin current sheet which cor-
responds well to a magnetospheric tail during the late
growth phase. In both cases we consistently take into
account the microscopically determined non-adiabatic
response of neutral sheet particles.

3.1 Case 1: Thick Current Sheet
While in ideal MHD the normalisation is of minor im- The qujet time configuration is described by
portance, in our case it becomes important because we
expect the macroscopic dynamical evolution being de-
pendend on the specific properties of the microscopic
processes taking place in the neutral layer. Hence we
have chosen a normalisation of magnetic field, length
and density by using

(24)

B = B0XlOnT
L = L0 x 1 RE
n — n0 x 1 cm~3.

(16)

(17)
(18)

Here B0, L0 and n0 are dimensionless parameters
which can be chosen to adjust the system to certain
physical conditions. In this normalization the typical
Alfvén velocity and - travel time are given by

T —

x 218 ibm s~

x 19.2 s

(19)

(20)

S0 = 2, L0 = 2, nD = 0.25, rf = 0.25

which yields

K0 = 49, I]0 = 3.6 x IQ-2, T = 14.6s (25)

The corresponding pressure function is given by

pjt = 0.1 xc = 20 and q = 2 (26)

3.2 Case 2: Thin Current Sheets
We choose the following set of parameters in order to
describe the thin current sheet typical, e.g., for the late
growth phase:

B0 =3, L0 = 1.2, n0 = 0.3, 0 = 0.25 (27)
K0 = 40, T)0 = 5.5 x 10~2, T = 6.4s (28)

and

= 0.1 xc = 35 and q = 2 (29)

Specifying the ratio of electron to ion temperature
by tf,, = Te /Ti the parameter of chaotisation and the
effective resistivity, discussed in section 2.1. become
(in dimensionless units):

= K X In l/ï/b

jf,o * *n/P

(21)
(22)

with

= 34.6 x L0
0 5(n0/tfe)°-25 »je//,0 = 3.6 x

where b, bn, I, and p are the dimensionless lobe field,
plasma sheet magnetic field, width of the current layer
and mass density, respectively. Notice that we further
will use just K when we have in mind KC. It is evident
that effective resistivity as well as the location where
it becomes available depend on the chosen equilibrium
model and the applied normalisation.

The results for p, 6Z, and K are shown in Fig 2.
The parameters (27)-(29) have been adjusted in agree-
ment with observational bounds on an average lobe
field strenth which is indicated by the thin lines in the
plots of the pressure function. It is important to note
that these bounds do not give much freedom for the
choice of the parameters in the pressure function.

Fig 1 covers the range between XQSM = —20 and
-80 RE, indicated as O and 60, i.e. one has to had 20
RE to \XGSM,

If compared with the tail of the Earth's magnetop-
shere, Fig 2. covers the range between XGSM = —20
and -120 RE- The thin vertical lines mark the loca-
tion where Ke becomes unity. From the comparison of
the two Figures, obtained for the different cases 1 and
2, it is obvious that a thin current sheet configuration
leads to a much more earthward located initially non-
adiabatic electron motion. The effective resistivity at
the corresponding locations is rj = 3.4 x 10~4 for case
1 (thick sheet) and n = 1.3 x 10~3 for the thin sheet.

In order to compare our results with estimates from
the resistive MHD instability theory we determine the
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Figure 1: Magnetic field lines, illustrating the dynamical evolution of an initially thick current sheet equilibrium

local magnetic Reynolds number. The local width of
the current layer and the local lobe magnetic field are
for case 1: /i = 1.5 and fc| = 0.66 and for the second
case /i = 1.07 and 6j = 0.93, respectively. Thus we
arrive at a local magnetic Reynolds numbers of about
RI = 6500 for the quiet configuration and RI = 840
in the late growth phase. Estimating a growth time of
a comparable resistive instability we obtain 2500 s for
the thick-sheet case 1 and 200 s for the thin-sheet case
2.

In analogy to the Earth's magnetotail the size of
the simulation box was chosen to be 120 RE in the
-XcsAf-direction. Details of the numerical method can
be found in Réf. 10. The effective resistivity is chosen
according to the microscopic model (section 2.1) and
kept fixed in time. We made sure that the "numeri-
cal resistivity" resulting from the finite grid size, has
been neglible small at any time step of the simulation.
The results of these runs are shown in Figs. 1 and 2
for initially thick and thin current sheet equilibria, re-
spectively. Obviously the dynamical evolution is much
faster for the initially thin equilibrium. Reconnection
onset for this run occurs at 116f in contrast to 6SIf

in the case of the thick sheet. Considering the recon-
nection onset time as a rough measure for a physical
growth rate we obtain a ratio of 13 for the growth rate
in physical units which agrees quite well with the above
mentioned estimate from linear resistive theory.

4 SUMMARY

We have investigated the large scale consequences of
the quasi-adiabatic electron motion for the stability
of collisionless currents sheets. For this purpose we
developed a hybrid model, where the kinetic proper-
ties of the electron motion across the current sheet
was allowed to modified the macroscopic plasma trans-
port properties. In our hybrid model the properties of
particle orbits inside the current sheet are considered
in accordance to the location of their "neutral plane"
(Z — O) crossings. The resulting modification of the
macroscopic plasma response allows us to obtain the
feedback of the nonlinear microscopic particle dynam-
ics to the large scale current sheet stability.

We have investigated the current sheet stability in
the case of electron chaotization (KC —>• 1) for both
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Figure 2: Magnetic field lines illustrating the dynamical evolution of an initially thin current sheet equilibrium

thick and thin space plasma current sheets. Apply-
ing these results to the situation in the Earth's mag-
netotail, the thick sheet case corresponds to magnet-
ically quiet conditions and the thin sheet model to a
prestorm-loaded tail. As a result we have found that in
thick current sheets (case 1) electrons become chaotic
typically beyond XOSM — 7QRs- In this case, how-
ever, the resulting growth rate of instability is very
small. Hence chaotic electrons seem not to cause tear-
ing mode instability of thick sheets.

It is interesting to mention that this result is in good
agreement with the fact of a more or less stable exis-
tence of a quiet time Earth's magnetotail which allows
some quasi-stationary reconnection of excess magnetic
flux in the distant tail.

In a second run we calculated the large scale sta-
bility properties of a curent sheet equilibrium with an
initially more stretched magnetic field due to a thin-
ner current sheet. In this case we have found a quick
tearing mode instability, growing on a fast time scale.

In fact, a thinning of the tail current sheet has been
observed in the mid-tail prior substorm onset (Réf.
32). Using parameters which correspond to such thin

current sheets obtains an instability time scale of hun-
dreds of seconds, close to that of typical snbstorm ex-
pansions. The hybrid model of current sheet stability
has revealed, therefore, a consistent picture of both the
quiet time quasi-stability and of a substorm related
onset of a tail instability after a typical growth phase
current sheet thinning and magnetic field stretching.

At the present moment our model does not apply
to the nonlinear evolution of current sheet instabili-
ties. It, nevertheless, provides a correct estimate of
the instability growth time scale, which in the case of
the Earth's magnetospheric tail is of the order of the
typical substorm expansion time. We emphasize that
our model is not thought to verify the existing micro-
scopic models but to investigate their consequences for
current sheet stability. In this sense the hybrid model
provides an explanation why collisionless current sheets
under certaion circumstances may stay stable for rel-
atively long periods of time even in the presence of
chaotic electrons, while they becomes unstable and a
neutral line forms in thin current sheets with a region
of primary electron chaotization. The extension of this
hybrid model to the nonlinear stage of the instability
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growth will be presented in a separate publication.
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ABSTRACT

Calculations of stellar evolution require knowledge about
the equation of state, transport properties, and nuclear
reaction rates of plasmas at very high densities. In this
talk I highlight some recent advances in each of these
areas, concentrating primarily on processes that are im-
portant for the structure and evolution of white dwarfs
and neutron stars.

Keywords: dense matter - equations of state - nuclear
reactions - opacities - stars: supemovae - stars: while
dwarfs

1. INTRODUCTION

Calculations of stellar evolution require knowledge about
the equation of state, that is the pressure P(p, T) and
entropy S(p,T); the transport properties, such as the ra-
diative Rosseland mean opacity KR and the conductive
opacity KC; and the nuclear reaction rates e and neutrino
emission rates ev of plasmas at very high densities. In
this talk, I shall highlight some recent advances in each
of these areas. Time and space do not permit a com-
prehensive review, and I have instead selected a few
examples I find particularly interesting. The reader in-
terested in a broader view may wish to consult an earlier
overview (Réf. 1) or the proceedings of the recent inter-
national conference on strongly coupled plasma physics
(Réf. 2). Bar opacities, see the proceedings of a work-
shop on astrophysical opacities (Ref.3), and for nuclear
reaction rates in dense plasmas, see the recent overview
by Ichimaru (Réf. 4).

2. EQUATION OF STATE

2.1 Phase Separation in White Dwarfs

Wingetetal. (Réf. 5) have shown that the observed drop
in the white dwarf luminosity function at log L/LQ «
-4.5 identifies the stars at this luminosity as the oldest in
the disk of our Galaxy. This leads to an age of ~ 9 Gyr
for the disk, substantially less than the ages of ~ 12 to 18
Gyr inferred for the globular clusters. It is possible that
both age determinations are correct; if so, then it will be
necessary to abandon the 30-year-old concept that galaxy
formation occurs so rapidly that star formation begins
simultaneously everywhere in the galaxy. Alternatively,
oar best current theories of white dwarf cooling may
somehow be in error.

One possibility for extending the white dwarf cooling
times involves phase separation of the elements in the
white dwarf core. If this occurs, the denser phase must
settle toward the center of the star, releasing gravitational
potential energy. Since typical white dwarfs are thought
to consist of a mixture of C and O, Stevenson (Réf. 6)
first considered C/O phase separation. At that time, it
was not known whether a C/O plasma has a spindle or
a eutectic phase diagram. The difference is important:
if the phase diagram is a eutectic type, then the energy
release is large, while if it is of the spindle form, the
energy release is relatively small. Barrât et al. (Réf.
7) subsequently found a spindle-type phase diagram and
estimated the resulting increase in the ages to be only
~ 0.5 Gyr. Ichimaru et al. (Réf. 8) instead found
an azeotropic phase diagram, but they also concluded
that the density difference between the fluid and solid
phases is too small to produce a significant release of
gravitational energy.

One consequence of the extra energy released during
phase separation is to produce a distinct bump in the
theoretical white dwarf luminosity function, as the stars

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in Toki, Japan,
17-20 November 1992 (ESA SP-351, February 1993).
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whose cooling has been slowed pile up in a given lumi-
nosity interval (cf. Réf. 9). No such bump is seen in the
observed luminosity function, but the error bars - espe-
cially at the lowest luminosities - are currently too large
to force rejection of the phase separation hypothesis on
observational grounds.

More recently, Isern et al. (Réf. 10) have suggested
that a suitable energy source may be phase séparât!,: ;i
of 22Ne from C. The CNO elements in a star are trans-
formed into 14N during main sequence H-buming and
subsequently into 22Ne during He-burning. By the time
a star becomes a white dwarf, the dominant elements
are thus C and O, while the next most abundant is 23Ne.
Isern et al. assumed the phase diagram for a C/Ne or
an O/Ne plasma to be of the azeotropic type, and they
estimated that phase separation may extend the white
dwarf cooling times by several Gyr. Xu and Van Horn
(Réf. 11) canied out a similar study involving the pri-
mordial RÎ and found that Fe/C phase separation can
yield a modest increase in the age, ~ 0.5 Gyr.

Motivated by these conclusions, Chabrier and Segretain
(Réf. 12) have recently used density functional theory to
study phase separation for several compositions, includ-
ing a N/Ne mixture. They chose N as a one-component
approximation for a mixture of C and O, and they found
the phase diagram of the N/Ne micture to be azeotropic.
The resulting energy release is sufficient to increase the
age of a 0.6Afo white dwarf at log L/LQ = -4.5 by ap-
proximately 3 Gyr. Ogata et al. (Réf. 13) have instead
employed high-accuracy Monte Carlo calculations, and
they have studied a wide range of compositions, both for
binary ionic mixtures (BIMs) and ternary ionic mixtures
(TIMs). They found that the form of the phase diagram
depends critically upon the charge ratios of the different
ionic species. For a C/O/Ne TIM, they found that the
structure of the phase diagram changes from azeotropic,
at the O/Ne limit, to eutectic, at the C/Ne limit. More
recently, Ogata (Réf. 14) has constructed the first de-
tailed evolutionary models for white dwarfs that include
a self-consistent treatment of C/Ne phase separation. He
finds that the energy release in a 0.6 JIf0 white dwarf ex-
tends the cooling time at log L/L0 = -4.5 by ~ 5.7
Gyr.

These new results confirm that the formation of a Ne
core in a cooling white dwarf lengthens the age of the
star enough to resolve much of the discrepancy between
the oldest white dwarfs and the youngest globular clus-
ters. Additional details still need to be worked out, how-
ever. One problem is that the calculations performed to
date have employed solar abundances of the heavy ele-
ments. However, the abundances of the heavy elements
incorporated into the first generation of stars formed in
the galactic disk were considerably lower. Ogata (Réf.

14) has found that the abundance of Ne is sufficiently
small so that the gravitational energy, and the corre-
sponding age extension, are approximately proportional
to the Ne abundance. Thus, older stars, with smaller
heavy element abundances, will experience a smaller
increase in their ages when Ne phase separation occurs.
Another problem concerns the bump produced in the
white dwarf luminosity function by the energy released
during phase separation. The calculations performed to
date to explore this effect have concentrated on white
dwarfs with the 0.6Mo average mass. However, there
is a spread in the masses of these stars, and averaging
over stellar masses will smooth out this bump to some
degree, because the core temperature, and thus the lu-
minosity, at which phase separation begins varies with
the mass of the star.

2.2 Magnetic Matter at Neutron Star Surfaces

At zero temperature, a neutron star consists of a super-
fluid core and a solid crust. Pulsars are rapidly rotating
neutron stars with strong magnetic fields (B ~ 1012

G). Since Ruderman's seminal paper on "magnetic mat-
ter" (Réf. IS), it has been recognized that the structure
of matter in such strong magnetic fields at the surfaces
of neutron stars is radically different from that of, e.g.,
the matter inside a white dwarf. The physical proper-
ties of such "magnetic matter" are important for some
suggested pulsar mechanisms, they determine the rate
at which heat escapes from a cooling neutron star, they
affect the rates of nuclear reactions in matter accreted
onto neutron stars, they modify the spectrum of global
oscillation modes of neutron stars, and they are relevant
to models for -y-ray burst sources.

Because of this interest in the properties of "magnetic
matter," two groups have recently investigated the equa-
tion of state in strong magnetic fields. Fushiki et al.
(Réf. 16) have computed the equation of state in the
surface, non-relativistic limit. They find that the density
profile near a neutron star surface is strongly affected.
In contrast with earlier calculations, Fushiki et al. find
that the density of matter does not approach zero grad-
ually as the pressure P falls to zero; instead they find
a finite and large surface (P = O) density, p ~ several
xlO3 g cm~3, for magnetic field strengths ~ 1012 G.
They also find that the strong field causes significant in-
creases in the screening of nuclear reactions, whicli can
increase the reaction rates by very large factors, !wore
recently, Lai and Shapiro (Réf. 17) have extended these
calculations to include relativistic electrons. They have
confirmed that the surfaces of strongly magnetic neutron
stars have very large densities, increasing with the mag-
netic field strength. They have also studied the effects
of such strong fields on the processes of 0-decay and
electron capture.
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The natural extensions of these calculations are (i) to
augment them with new calculations of the transport
properties of strongly magnetic matter and (ii) to incor-
porate the results into new models for the structure and
evolution of neutron stars. Some of these calculations
are now beginning to be done (cf., Réf. 18).

3. OPACITIES

Far astrophysical applications, the radiative opacities cal-
culated at Los Alamos National Laboratory (LANL: Réf.
19, and references therein) have been the only ones avail-
able for realistic cases for more than 25 years. As the
calculations that use these opacities have improved, and
as comparisons between theory and observations have
become sharper, however, there have been increasing in-
dications that existing opacity calculations have needed
improvements in some areas. For this reason, several
groups have attacked the calculation of astrophysical
opacities independently in the past half-dozen years.

3.1 OPAL and OP Opacities

One of the new efforts, the OPAL project, led by F. J.
Rogers and C. A. Iglesias, is based at Lawrence Liv-
ermore National Laboratory (LLNL). The second is the
international Opacity Project, led by M. J. Seaton at Uni-
versity College London. Both projects have now begun
to produce results.

One of the earliest discoveries of the OPAL project was
that the "average atom" model used in the LANL opacity
calculations had led to the neglect of "non-hydrogenic"
transitions (Le., transitions in which the principal quan-
tum number of the level remains unchanged) in impor-
tant opacity sources such as Be. When these transitions
were included, the opacity of typical astrophysical mix-
tures of elements exhibited a pronounced increase (more
than a factor of two) in the temperature range T ~ 10s

to 10s K (cf. Refs. 20, 21). Just such an increase had
been suggested increasingly stridently by astrophysicists
computing models for Cepheid variable stars from in-
vestigations of the empirical changes necessary to bring
theoretical pulsation calculations into better agreement
with the observations. The new LLNL opacities are a
significant step in the direction of resolving this discrep-
ancy. In addition, where the OPAL calculations can be
compared to experimental data, the agreement has also
been improved (Refs. 21.22). The recent publication of
extensive, new tables of these opacities (Réf. 21) will
certainly help to extend the applications of these results.

The Opacity Project is a massive effort conducted by
an international team of more than 25 scientists from at
least seven nations to compute and compile the atomic
data needed for astrophysical opacity calculations (see

Réf. 23). In contrast to the OPAL calculations, which
use a single-configuration atomic model with configura-
tion interactions to generate the atomic data needed for
opacity calculations, the OP calculations focus instead
on the computation of high-accuracy transition data, us-
ing sophisticated theoretical models for the physics of
the atomic properties and processes. As a result of the
massive database thus generated, and of the effort to val-
idate the calculations against experimental data wherever
possible, the OP effort is just beginning to produce as-
trophysically useful results. Where the OPAL and OP
calculations can be compared, the results now agree to
20% or better.

3.2 H~ at High Densities

Another interesting, new opacity calculation was pub-
lished recently for a gas consisting solely of H and He,
with no heavy elements (Réf. 24). This calculation
was motivated by an interest in the properties of the
first generation of stars, which were formed prior to en-
richment of the interstellar medium by the products of
stellar nucleosynthesis. These calculations are also rel-
evant to models for the atmospheres of very cool while
dwarfs. One of the main contributions provided by these
calculations is that the authors have fully included the
effects of collision-induced absorption by molecular H2,
which becomes the dominant process at high densities.
Lenzuni et al. (Réf. 24) have incorporated the latest
calculations of this process in their work.

Lenzuni and Saumon (Réf. 25) have subsequently ex-
tended these calculations to still higher densities, using
the number densities from the equation-of-state calcula-
tions by Saumon and Chabrier (Réf. 26). In addition to
confirming the importance of collision-induced absorp-
tion by molecular H2, they found that absorption by H~
plays an increasingly important role at the highest den-
sities considered, as "pressure-dissociation and ioniza-
tion" produce relative increases in the number densities
of neutral H atoms and electrons. Only very approxi-
mate information is available concerning the properties
of H~ at very high densities, however, as Lenzuni and
Saumon point out Thus, the accuracy of the opacities
at such high densities remains uncertain, pending verifi-
cation of the properties of H" in high-density plasmas.

3.3 Plasma Dispersion Effects

Plasma dispersion affects the absorption of radiation in
dense plasmas (cf., Réf. 27). However, this has never
been taken into account properly in computations of as-
trophysical opacities. Because cf the current interest in
accurate, new calculations of opacities, Van Horn (Réf.
28) has recently re-derived the expression for the Rosse-
land mean absorption coefficient KR in a dense plasma,
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starting from the Boltzmann transport equation for the
transverse plasmons (= the equation of radiative trans-
fer for "dressed" photons in a plasma). He finds that the
correct expression is

Tl11J O BU

u t Kg dT
dit)

fJo dT

(1)

where the index of refraction of the plasma is nu =
(kc/u) = [1 - (w2/w2)]'/2, and the absorption coeffi-
cient in plasma has been taken to scale from the cor-
responding value in vacuum as KU = U j 1 J t L - It
remains to incorporate this result into the current gener-
ation of astrophysical opacity calculations.

4. NUCLEAR REACTIONS

4.1 Carbon Ignition in C/O BIMs

Ignition of C-buming at high densities is critically im-
portant for some models of supernova explosions. The
rate of the C-C reaction is strongly affected by plasma
screening at high densities, as well as by the C/O ratio.
Recently, Ogata, lyetomi, and Ichimaru (Réf. 29; see
also Réf. 4 and references therein) have computed the
C-C reaction rate both in the high- density fluid phase
and in the solid phase of a C/O plasma. This represents
the first detailed calculation of the enhancement of nu-
clear reaction rates for a binary ionic mixture (BIM).
Ogata et al. found (i) that quantum- statistical effects
greatly enhance the reaction rate above the value pre-
dicted by the classical enhancement factor and (ii) that
the presence of O in the solid phase acts to produce a
blocking effect on the pycnonuclear reaction rates.

4.2 Pycnonuclear Reactions in BIMs

Motivated by the results obtained by Réf. 29 for the py-
cnonuclear reaction rates in C/O BIMs, Ichimaru, Ogata,
and Van Horn (Réf. 30) have generalized the results to
BIMs with different compositions. Their result for the
number of reactions cm~3 s-1 is

(2)

_ 1.34 x IQ32 XjX3-(Aj H- AJ) „ a
- SiiP

lAr.^exp^eOAr.'/2),

where Zt, A1-, and Xt(î = 1,2) are, respectively, the
atomic charges, masses, and mass fractions of the two
reacting species. The quantities Si,- are the cross-section
factors (in MeV- barns). The dinjensionless quantity
Xfj is defined by Ay = (s/4)1/2^, where the r£ =
(Ai+Aj)ha/2AiAjH ZiZjC* are the nuclear Bohr radii,
"# = 2t0»+"/)are ̂ 6 mean ion-sphere radii, and rm,y

are the observed peak positions of the pair correlation
functions #y(r). The energy generation rate e is given
by E = PaQlp, where Q is the energy released per
reaction.

4.3 He-Burning at T - O

Helium burning is well-known to occur under normal
astrophysical conditions via the coupled reactions 4Hc
+ 4He -* 8Be and 4He + 8Be -> 12C', which together
comprise the so-called "3a reaction." Both of these re-
actions are endoergic, and the formation processes for
8Be and 12C* are normally followed by spontaneous de-
cay into the original reactants. Recently, there has been
renewed interest in these reactions for applications to
X-ray burst, and possibly '/-ray burst, sources. In ad-
dition, there had been differing views concerning the
correct way to take account of screening in these re-
actions. Fushiki and Lamb (Réf. 31) addressed these
issues by performing an 5-malrix calculation for the 3a
process. Their general calculation is valid for both the
thermonuclear and pycnonuclear regimes. Among other
things, they took into account the shift in the effective
reaction energy produced by screening. Van Horn et al.
(Réf. 32) subsequently showed that for a mass density
p > 4 x 109 g cm~3, this screening becomes sufficiently
large to make 8Be more stable than 4He! This may have
significant consequences for the process by which matter
accreted onto the surfaces of neutron stars reaches nu-
clear equilibrium at high densities, and thus affects the
computations of the He shell-flashes that produce the X-
or -y-ray bursts.
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NEUTRINO EMISSION PROCESSES IN DENSE HIGH-TEMPERATURE PLASMAS

Naoki Itoh

• Department of Physics, Sophia University, Tokyo

- ' 7 ,'" ABSTRACT " ~~~

The neutrino emission processes in dense high-temperature
plasmas are reviewed. The neutrino emission processes are key
factors which decide the evolution of stars. Stellar evolution
procèdes through the balance between the energy generation
due to thermonuclear reactions and thé energy loss due to neu-
trino emission processes. The four major neutrino processes
which involve electrons are pair neutrino process, photoneu-
trino process, plasma neutrino process, and bremsstrahlung
neutrino process. Recent developments in the study of these
neutrino emission processes are reviewed.
Keywords : neutrinos, plasmas, stellar evolution

can be neglected compared with kgT. In Figure 1 we show
the results of the calculation for the pair neutrino energy loss
rate.

3. PHOTONEUTRINO PROCESS

The energy loss rate due to the photoneutrino process is
expressed as ( Refs.7,10) - - _'-_—_:,-_ - -, ___ . i

1. INTRODUCTION

The neutrino emission processes play key roles in stellar
evolution. Stellar evolution procèdes through the balance be-
tween the energy generation due to thermonuclear reactions
and the energy loss due to neutrino emission processes. There
exist four major neutrino processes which involve electrons.
They are pair neutrino process, photoneutrino process, plasma
neutrino process, and bremsstrahlung neutrino process. Re-
cent calculations of these neutrino processes are based on the
Weinberg-Salam theory of weak interaction ( Refs.1-2). The
present author together with his collaborators has systemati-
cally investigated these neutrino processes in the last decade
( Refs.3-11). In this paper we review the recent developments
in the studies of the neutrino emission processes in dense high-
temperature stellar plasmas.

2. PAIR NEUTRINO PROCESS

The energy loss rate due to the pair neutrino process is
expressed as ( Refs.7,10)

= \ [(Cv + Ci) + «(Cv2

(I)

" 2 ' ~~" o* \ /

Cv = 1 - Cv , CA = 1 - CA, (3)

sin2 flwr = 0.23, (4)

where BW is the Weinberg angle and n is the number of neu-
trino flavors other than the electron neutrino whose masses

- \[(Cv- - C t (5)

In Figure 2 we show the results of the calculation for the pho-
toneutrino energy loss rate.

4. PLASMA NEUTRINO PROCESS

The axial vector contribution to the plasma neutrino pro-
cess has been shown to be always negligibly small (at most on
the order of 0.01% for T < 1011 K ) compared with the vector
contribution ( Ref.8 ). Therefore, the energy loss rate due to
the plasma neutrino process is written as (Refs.7,10-11)

The vector contribution Qv consists of two parts: the contri-
bution of the longitudinal plasmon QL and that of the trans-
verse plasmon Qr,

Qv =. ?i + QT. (7)

The resutls of the calculation for the plasma neutrino energy
loss rates are shown in Figures 3-5.

5. BREMSSTRAHLUNG NEUTRINO PROCESS

The energy loss rates due to the bremsstrahlung neutrino
process has been calculated by the present author and his
callaborators (Refs.3-6,9-10). The calculation has been car-
ried out for the following three cases : partially degenerate
electrons; strongly degenerate electrons and the ionic system
in the liquid metal state; strongly degenerate electrons and
the ionic system in the crystalline lattice state. The screening
effects due to the electrons and th<. ionic correlation effects
have been accurately taken into account.

Proceedings of !he Fourth International Conference on P.'asma Physics and Controlled Nuclear Fusion, held in Toki, Japan,
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6. COMPARISON OF VARIOUS NEUTRINO PROCESSES

In Figures 6-8 we compare the contributions of various
neutrino processes for the **Fe matter with n = 2. In Fig-
ate 9 we show the most dominant neutrino process for a given
density and temperature for the case of n = 2 and ",Ft matter.

7. CONCLUDING REMARKS

We have calculated the energy loss retes due to pair, photo-
, plasma, and bremsstrahlung neutrino processes using the
Weinberg-Salam theory. We have covered a density- temper-
ature region 10° gem"3 < p/pf < 1014 gem'3, 10T $ T <
IQ" K- We have taken into account the screening effects, the
ionic correlation effects, and the plasma effects as accurately
as possible. The results will be useful for stellar evolution
computations.
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ABSTRACT

X-tay observations of low-mass X-iay binaries and black hole
candidates aie reviewed. In these sources, an accretion disk is
considered to extend close to a neutron stat at a black hole and
to mainly govern the appearance of the X-iay emission. These
sonices generally show soft and hard spectral states, which pos-
sibly correspond to two interchangeable states of the inner part
of the accretion disk. Similarities of active galactic nuclei (AGN)
to black hole candidates are also discussed.

Keywords; accretion disks, active galactic nuclei, bla:k hole can-
didates, low mass X-ray binaries

1. INTRODUCTION

Most of the bright X-iay sonrces are close binary systems in
which a compact star (a neutron stai or possibly a black hole)
accretes matter from a companion star. The X-iay emission orig-
inates in the gravitational potential eneigy released in the process
of the mass accretion onto the compact stars.

The bright X-ray binaries are divided into two classes according
to the mass of the companion star: massive X-iay binaries and
low-mass X-iay binaries (Biadt and McClintock 1983).

Massive X-ray binaries consist of a compact stat and an early
type star. Most of them are found to be X-iay pulsars and none of
them emit X-iay bursts. It is generally considered that the neu-
tron stars in this system have magnetic fields as strong as 1012

gauss at the neutron star surface and these fields channel the ac-
cretion flows to the magnetic poles (fot a review of X-tay pulsars,
see Nagase 1989). Most of the remaining non-pulsating compact
stars in massive X-ray binaries aie black hole candidates, whose
masses ate estimated to be larger than the currently accepted
mass limit of a neutron star. One of the most probable black
hole candidates, Cyg X-I (Oda 1977; Liang and Nolan 1984) is
in a massive binary (fot the list of black hole candidates, see
subsection 3.1).

Low-mass X-tay binaries usually consist of a neutron stai and a
late-type stai. This class includes all known X-iay bnist sonices,
but only a few X- lay pulsars. Some sources of this class are
known to be persistent bright sonices, which show neither pul-
sations noi bursts. X-ray bursts aie believed to take place only
when the mass accretion late is low and the differences between
burst sources and persistent bright sonrces are considered to be
caused by different mass accretion rates (van Paradijs el a/. 1979).
The absence of pulsations in these sonices is probably due to the
weakness of the magnetic fields of the neutron stare. Some black
hole candidates are also among the low-mass X-ray binaries and

most of them appeared as very bright X-ray transients (see sec-
tion 3).

Irrespectively of whether a compact star is in a massive binary
or a low-mass binary, matter from the companion tends to form
an accretion disk around the compact star according .to the Cori-
olis force in the rotating binary system. In the case of accretion
onto strongly magnetized neutron stars, the magnetic field will
prevent the accretion disk from extending inward at about 108

cm from the neutron star, even if the accretion disk is formed
outside the magnetopanse. In the case of accretion onto weakly
magnetized neutron stars 01 black holes, on the other hand, the
accretion disk is expected to extend close to the neutron star sur-
face or the Schwarzschild radius. In this paper, I review X-tay
observations of bright X-ray binaries in which an accretion disk
is considered to extend close to the surface of the compact star.
Hereafter, X-tay binaries including a weakly magnetized neutron
stat ate termed low-mass X-tay binaries (LMXB), since they ate
the large majority of the bright low-mass X-ray binaries.

2. LOW MASS X-RAY BINARIES

When the magnetic field of the neutron star is sufficiently weak,
the accretion disk will extend close to the neutron star. Recent
studies of the temporal and spectral variations of low-mass X-iay
binaries have gradually been exposing the nature of the accretion
disk near the weakly magnetized neutron star.

2.1. Soft state in the bright phase

Spectral hardening with intensity increase is generally observed
from every source in the bright phase. The spectral change was
investigated in detail by Mitsnda et al. (1984) for foui bright
low-mass X-iay binaries observed with Tenma. These sonices
exhibited intensity variations of a factor of two to thtee on time
scales of several tens of minutes. Mitsnda et al. (1984) compared
the spectra when the intensity was high with those in adjacent
periods of lower intensity and found that the difference between
high- and low-intensity spectra is always expressed very well by a
single blackbody spectrum with JtT of approximately 2 keV foi all
the sonices examined. Furthermore, the blackbody température
is found to be fixed foi a given source. Thus, the hardening of
the spectrum in the soft state can be interpreted as due to an
intensity increase in this blackbody component.

By subtracting the 2-keV blackbody component bom the ob-
served spectrum, Mitsnda et al. (1984) decomposed the observed
spectrum into two spectral components; the 2-keV blackbody
component and a softer component. The softer component fot a
source is found to have always a fixed form, similar among the
font sonices, and is well reproduced by the disk blackbody model
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which is discussed in section 4.

2.2. Haid state in the dim phase

As shown above, bright LMXB have spectra of thermal na-
ture in the soft state. The spectra, however, show a slight
but significant excess above 10 keV. This hud tail becomes
more pronounced as the luminosity decreases down to about
1037 erg s"1, and consequently the whole spectrum approaches
a power-law spectrum. Mitsnda et al. (1989) found that a two-
component model consisting of a Comptonized blackbody compo-
nent (Nishimnra, Mitsuda and Itoh 1986) and a disk blackbody
component expected for an optically thick accretion disk (see
subsection 4.1) can reproduce the spectral change consistently.
The Compton y-parameter increases progressively as the lumi-
nosity decreases, and the spectrum approaches a single power
law. (Here, a parameter y = (4fcT/mc2)r represents the degree
of Comptonization, where Ib the Boltzmann constant, T the elec-
tron temperature, m the electron mass, c the velocity of light and
T the electron scattering optical depth of the Comptoniiing hot
plasma.) This spectral hardening with a decrease in flux is prob-
ably common to the persistent emissions from low-mass X-ray
binary sources (Mitsnda and Tanaka 1986).

A remarkable fact is that a high energy tail is also seen in
the spectrum of bursts in periods when the persistent emission is
dim and exhibits a prominent high energy tail (Nakamnra et al.
1989). Such a significant high energy excess does not appear when
the persistent emission is relatively bright and has a thermal-like
spectrum. The fact that the high energy tail in the burst emission
appears only when the persistent emission exhibits a high energy
tail strongly suggests that the high energy tails in the two emis-
sions have a common origin, most likely Comptonization by hot
electrons in the accretion disk surrounding the neutron star. In-
deed, the high energy tails both in the persistent and burst emis-
sions can be reproduced by the Comptonized blackbody model
(Mitsuda et al. 1989; Nakamura et al. 1989). The above discus-
sion strongly suggests that hot and optically thin plasma sur-
rounds the neutron star with a covering factor large enough to
significantly Comptonize the burst photons — probably coming
from the entire surface of the neutron star — when the persis-
tent luminosity is lower than a critical value around 1037 erg s-1.
At the same lime, the disappearance of pronounced hard tails in
both the burst and persistent emissions at luminosities brighter
than the critical value indicates that such hot plasma surrounding
the neutron star will disappear when the luminosity is higher than
about 1037 erg a"1. This change in the accretion flow near the
neutron star surface may be interpreted as due to a transition in
the accretion disk between an optically thin/geometrically thick
state and an optically thick/geometrically thin state, depending
on the accretion rate.

As shown above, the whole spectrum approaches a power law
spectrum as the luminosity goes down. The spectra in the dim
phase can all be reproduced by a power law with energy index
around 1 except for a wavy structure superposed on it (Mitsnda
1992). The wavy structure superposed on the power law spec-
trum can be interpreted by introducing a reflected component,
which will be discussed later.

3. BLACK HOLE CANDIDATES

The accretion disk should also extend close to the central object
in black hole candidates (BHC), since a black hole is generally
considered to possess no magnetic field. The essential difference
in the accreting flow onto a black hole compared with flow onto
a weakly magnetized neutron star is the absence of a solid sur-
face. Hence, by comparing the natures of the weakly magnetized
neutron stars with those of the BHC, we can learn the intrinsic
properties of the accretion disk very near the compact objects.

3.1. List of black hole candidates

There are four binary X-ray sources thus fax for which the lower
mass limit of the compact object exceeds thiee solar masses (a
theoretical npper limit on neutron star mass (e.g. Baym and
Pethick 1979)): Cyg X-I ( > 9.5 M0, Paczynsici 1974), LMC
X-3 ( > 7 M0, Cowley et al. 1983), A0620-00 ( > 3.2 M0,
McClintock and Remillard 1986) and GS2023+33 ( > 6.0 M0,
Casares, Charles and Naylor 1992). LMC X-I and GS1124-68
have also the rather large mass lower limit of 2.6 MQ (Mulchings,
Crampton and Cowley 1983; McClintock, Bailyn and Remillard
1992). These sources are black hole candidates with fairly large
probability.

Some other galactic binary sources are suspected to be black
hole candidates, although their mass lower limits have never been
obtained. This suspicion is based on the fact that their temporal
and spectral properties resemble those of some of the six reliable
black-hole candidates and that they have never shown any sim-
ilarities to neutron-star sources. The observations of GX339—4
and GS2000+25 cover large intensity range over two to three or-
ders of magnitude but these objects never show typical neutron-
star behavior; their probabilities for being black holes are rela-
tively high.

GS2000+25 (Tsunemi et al. 1989), GS2023+33 (Kitamoto et
al. 1989) and GS1124-68 (Makino et al. 1991) are extremely
bright transient sources which were discovered with the Ginga
All Sky Monitor. GS1124-68 was also discovered simultaneously
by GRANAT(Lund and Brandt 1991).

3.2. High and low state

The characteristic X-ray properties of BHC are generally di-
vided into two types. One has an energy spectrum approximated
by a single power law and rapid (down to millisecond time scales)
chaotic intensity fluctuations; the other has a distinct shape of en-
ergy spectrum which is composed of an ultrasoft component and
a hard power-law tail and less intensity flickering. Since the for-
mer and latter types appear in Cyg X-I and GX339—4 when the
intensity is relatively low and high, the states have been termed
the low- and high- (intensity) states, respectively. GS1124-68
also changed from the high state to the low state as the intensity
decreased (Ogawa el al. 1992). Accordingly, the accretion rate
has been believed to determine whether a sonrce is in the high or
low state. There is, however, an exception. Ginga observations
show that GS2023+33 always stayed in the low state while the
luminosity changed by over three orders of magnitude from the
outburst peak apparently dose to the Eddington limit. However,
GS2023+33 never showed a high-state spectrum throughout the
decay by over three orders of magnitude According to the pres-
ence of an exception, we shall designate the high and low states
as the soft and hard states, hereafter.

3.3. Spectral components in the soft state

Spectra of BHC in the high state generally comprises two com-
ponents; a soft component represented by a disk blackbody spec-
trum (Mitsuda et al. 1984) and a hard component approximated
by a power law.

1) Soft disk-blackbody component
Ginga repeatedly observed the black hole candidate LMC X-3

for about 3 years. Ebisawa et al. (1991) fitted a number of spec-
tra at different epochs from LMC X-3 to a model comprising a
disk blackbody spectrum for the soft component and a power law
including a broad absorption feature (which is discussed later) for
the hard component, and obtained the histories of the disk pa-
rameters during the observation (see Fig.]). A remarkable find-
ing is that the size of the region which emits the soft component
remains virtually constant against the large flux change. Further-
more, the typical radins of the soft component emitting region
is close to the Schwarzschild radius of a black hole with several
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Figure 1: Time histories of best fit parameters in the two
component model to the spectra of LMC X-3 (Ebisawa et
al. 1991). The luminosity of the power law component in the
2-30 keV range (top), the bolometric luminosity of the disk
blackbody component (upper middle), the apparent temper-
ature at the innermost radius of the multicolor disk (lower
middle) and the apparent innermost radius of the disk (bot-
tom) are shown against date. The distance to the source is
assumed to be 50 pc. Errors (90% confidence limit) are, in
most cases, included in the filled circles. The parameter B is
the inclination angle of the disk with respect to the viewer.

solar mass with the assumption that the distance to the source
is 50 kpc, although there remain ambiguities in the deviation of
the observed spectrum from the true blackbody spectrum and
in the inclination angle of the disk to the observer (see subsec-
tion 4.1). Ebisawa, Mitsnda and Hanawa (1991) and Ebisawa
(1991) showed that the spectrum of the soft component is consis-
tent with the spectrum expected from an optically thick accretion
disk around a black hole and the innermost radius of the disk de-
rived bom the spectral fitting is consistent with the innermost
Keplerian circular orbit around the black hole.

The constancy of the innermost radius of the optically thick
disk emitting the soft component has been observed also from
bright X-ray transients GS2000+25 and GS1124-68. Each of
the spectra observed in the different periods was fitted to a model
composed of a disk biackbody component aad a power lav com-
ponent, and we found that the innermost radios of the optically
thick accretion disk remains virtually constant against the flux
change over about two orders of magnitude. The radius is again
consistent with the innermost Keplerian circular orbit around a
black hole with several solar masses (Ebisawa 1991) on the as-
sumption that the distances to these sources are 2-3 kpc (Charles
et ai 1991; DeUa Valle, Jarvis and West 1991).

2) Hard powet-law component

The disk blackbody spectr» of BHC in the soft state generally

accompany a pronounced haid tail at the higher energies. The
hard tail is well approximated by a power-law with energy index
around 1-1.5 (see Table 1).

7>ble.l Power-Law Slope of the BIuI Hole C«ndid«tM("

Source Name Power-Law Slope (af
[Single Power Law] [Ultrasott + Power Law]

Cyg X-I
GS2023+33
GX339-4
GS2000+25
GS1124-68
LMC X-3

0.5-0.7
0.4-0.7
-0.6
~0.6

0.6-0.7

~1.5
1.0-1.3
~1.5
~1.2

(1) Tiniki (1992)
(2) o denote* the energy index.

As discussed above, an optically thick accretion disk emitting
the disk blackbody component is suggested to extend to the in-
nermost Keplerian circular orbit, independently of the accretion
rate, when the source is in the soft state. Then, a question arises
as to where the hard, power-law component comes from. If the
hard component came ûom the outer side of the optically thick
accretion disk, the flux of the hard component should have been
proportional to the accretion rate, i.e. the flux of the soft com-
ponent. The hard component, however, seems to be rather inde-
pendent of the soft component. On a time scale of a few hundred
seconds, the hard component is highly variable, whereas the soft
component is relatively stable. The larger variability of the higher
energy X-rays is also observed from LMXB in the soft state as
shown in the preceding section. As will be discussed in sub-
section 4.1, the similarity in the time variability between 2-keV
blackbody component in the LMXB and the power law compo-
nent in the BHC in the soft state suggests that the hard, power
law component possibly comes from a region inside the optically
thick accretion disk.

3.4. Spectral components in the hard state

In the hard state, the variable power law component still exists,
whereas the relatively stable soft component seems to disappear.
The absence of the soft component car be understood as due
to a recession of the inner boundary of the optically thick ac-
cretion disk. In fact, the presence of a reflected component in
the spectra, as discussed below, are consistent with the presence
of an optically thick accretion disk far outside the central X-ray
source.

Rapid intensity nickering is characteristic of this state. The
power spectra of Cyg X-I and GS2023+33 are shown in Fig.2
and are very similar to that in the hard state of LMXB. For
the properties of the tim<; variability of the BHC, see Miyamoto
(1992).

1) Power-law component
A power-law component always exists in the spectra of BHC

irrespective of whether the source ia in the hard slate or in the
soft state.

The spectral energy-indices of the power-law component in the
2-30 keV range are listed for some BHC in Table 1. The indices
are all distributed in a fairly narrow range around 0.5-1.0 in the
hard state, whereas they are around 1-1.5 in the soft state. In
GS1124-68, the energy index apparently changed from about 1.5
to about 0.5 in association with the transition from the soft state
to the hard state (Ogawa et al. 1992).

An extension of the spectrum up to a few hundred keV is ob-
served for several BHC, Cyg X-I (Ling et al î087), GS2000+25
(Snnyaev et al. J988), GS2023+33 (Sunyaey et al. 1991) and
GS1124-68 (Snnyaev et al. 1992). GRAIfAT detected also a
probable annihilation line near 0.5 MeV from GS1124-68 (Snn-
yaev et al 1992; Goldwnrm et ai 1992). These may imply the
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Figure 2: Power spectra of Cyg X-I (left) and GS2023+33
(right).
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Figure 3: Simple power law fits to the spectra in the
hard state (upper panel) and residual plots of the data
minus model results (lower panel) for Cyg K-I (left) and
GS2023+33 (right).

presence of an optically thin, hot region, where most of elec-
trons have energies higher than several hundred keV, around the
central black hole. The extension of the power-law spectrum of
GX339-4 down to the optical band (Motch, Ilovaisky and Cheva-
lier 1985) also supports the conjecture that the emission region
of the hard component is optically thin.

2) Reflected component
Ginga observations of BHC have revealed that the power law

component cannot be described by a single power law alone, bat
in general an emission line feature at 6-7 keV is required as well
as a shallow and broad absorption-like feature at energies from
7 to 15 keV. The power law flattens at higher energies. Figure
3 shows residual plots of the observed spectrum minus a single
power-law model for Cyg X-I and GS2023+33; the presence of
these features is evident.

These spectral features can be reproduced very well by a super-
position of a component reflected by cool Thomson-thick matter
from a single power law. When X-rays iUominate coo) matter, a
certain fraction of them are reflected through Thomson scatter-
ing. Since the fraction is, roughly speaking, in proportion to the
ratio of the Thomson scattering cross section to the total cross
section including photoionization, the albedo becomes higher for
higher X-ray energies and an absorption edge appears at the K-
edge energy of iron. When the absorption-edge structure in the
reflected component is superposed on the direct, power-law com-
ponent, the apparent depth of the absorption edge should satu-
rate at the flux level of the direct component and the absorption
feature will be shallow and broad in the energy range above the

K-edge energy. At the same time, a fraction of the incident X-
rays with energy above the iron K-edge energy is absorbed by
iron, and is reemitted as fluorescent iron line photons. The emis-
sion line feature at 6-7 keV, the shallow and broad absorption
feature in the 7-15 keV range and the excess above 15 keV are
all consistent with the presence of a reflected component in these
spectra (see Inoue 1989).

Spectral features indicating the presence of a reflected compo-
nent are generally observed not only from LMXB and BHC but
also AGN (e.g. !none 1989). Furthermore, the reflected compo-
nent seems always to exist in the spectrum of GS2023+33 while
the flux changes by about three orders of magnitude. The per-
manent presence of the cool reflector against the large variety of
the sources and the large accretion rate change indicates that the
accretion disk itself is the most likely candidate for the reflector.

4. SUMMARY AND DISCUSSION

X-ray observations of low-mass X-ray binaries and black hole
candidates have been reviewed. These sources generally show
soft and hard spectral states, which possibly correspond to two
interchangeable states of the accretion disk. In this chapter, the
varions observational phenomena presented in the previous chap-
ters are summarized and discussed from the view point of the two
interchangeable states of the accretion disk.

4.1. Soft state

The spectrum consists of two components, a soft component
and a hard component, in the soft state, irrespectively of whether
the source is LMXB or BHC.

1) Soft component
The soft component can be reproduced by the disk blackbody

spectrum.
The disk blackbody spectrum has been used to express multi-

color modified blackbody emission from optically thick accretion
disk. According to the standard accretion disk model (Shakura
and Snnyaev 1973), the effective temperature, Te(r), of the emis-
sion from the optically thick disk at radius r is given by

where a is the Stephan-Boltzmann constant and ro is the ra-
dius of the inner boundary of the accretion disk (the innermost
stable Keplerian orbit or the surface of the neutron star). The
observed spectrum from the optically thick disk should be ex-
pressed in terms of the spectrum modified from the Planck func-
tion, B(E1T), in a Compton-scattering dominant atmosphere.
However, such a spectrum can be approximated by a Planck
function in the energy range above the peak and the ratio of
the color temperature to the effective temperature is almost con-
stant against the temperature change in the range around 1 keV
(e.g. Ebisuzaki 1987 and references therein). Hence, we can ap-
proximate the observed spectrum from the optically thick disk,

or an inclination angle 8 at a distance D as

(2)

-3/11
, .^-1 B(E,T)£- (3)
Jeu V-*m/ -Mn

where r\n and rolli are the radii of the inner and outer boundary
of the optically thick disk, respectively, and Tjn = T(Hn) and
T0Ui = T(roul). The equation (3) is the disk blackbody spectrum
introduced by Mitsnda et al. (1984). In the above equation, the
term (ro/r)1'2 is neglected. This is not correct when r,n is near
ro. Furthermore, T is not the effective temperature but the color
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temperature when the above model is fitted to the observed spec-
trum. Therefoie rm in equation (3) should not regarded as the
exact radins of the inner edge of the optically thick disk. How-
ever, the effect of the (ro/r) teim on the temperature is not so
large and the ratio of the color temperatore to the effective tem-
perature has been estimated to be about 1.5 (e.g. Ebisnzaki,
Hanawa and Sugimoto 1984). Hence, the rjn estimated from the
disk blackbody spectrum best fit to the observed spectrum will
express the value close to the exact value within factor of 2, al-
though ru cannot be separated from another unknown parameter
(cosfl)1'2.

An important finding concerning the soft component is that
the value of r,a(cas S)W found in several BHC, as seen in section
3.3, remains almost constant while the bolometric flux of the soft
component (probably in proportion to the accretion rate) changes
over an order of magnitude. This constancy of r,n over a wide
range of the accretion rate implies that r?n wonld be related to
the radius of the innermost stable circular orbit, 3r9(= 6GAfYc2),
since 3rg seems to be the only quantity related to the size of the
accretion disk but also independent of the accretion rate. In fact,
Ebisawa, Mitsuda and Hanawa (1991) have gotten reasonable
parameters for the mass and the accretion rate of some BHC
and LMXB on the assumption of n» = 3r9 by introducing the
model spectrum taking account of the (ro/r)1/2 term and general
relativity in the spectral fittings. Remarkably, one notices a large
systematic difference by a factor of three to four in the value
of r;,,(cos 9)1/2 between BHC and IMXB. Based on the above
interpretation that rm represents 3r9, this result indicates that
the masses of the compact objects of these BHC are, in average,
three to four times that of a neutron star.

Table.] Values of rufcos*)"1 <"

Black Hole Candidat»

Source Distance
(kpc) (hn)

S 9)1'2

LMC X-I
LMC X-3
A0620-00
GS2000+25
GS1124-68

50
50

2-3

24 ^2I
25-30(D/lkpc) (3)

25(D/2.5kpc) W)
30(D/3kpc) <s>

Neutron Stars (LMXB)

Source

LMC X-2
1608-52
1636-53
1820-30
CygX-2

Distance
(kpc)

50
4.1 <">
6.9 (•)

8.5
~8

n.(cos«)1'2

(km)
10±1 <s>
6.2 ("
8.0 «
6.1 <sl

10(D/8kpc) <5>

(1) Tn and S are the innermost radius and the inclination
angle of the optically thick accretion disk respectively.
(2) EbUawa (1391).

(3) Estimated from the spectrum shown in White,
Kaluzienski and Swank (1984).
(4) Takiziwa et al. (199Î). (5) Mitsuda and Tanaka,
private communication.
(6) Ebisawa, Mitsuda and Hanawa (1991). (7) Mitsuda
et a). (1984).

2) Hard component

As discussed above, many observational facts are consistent
with the conjecture that the optically thick accretion disk extends
down to the innermost Keplerian orbit in the soft state and that
the soft component comes from the surface of the disk. Matter
circulating along Keplerian orbits in the accretion disk gradually
falls inward, and the released gravitational energy is converted in
equal amounts to thermal and rotational energy according to the
virial theorem. The thermal en.-rgy is radiated avay from the
surface of the optically thick disk.

About a half of the gravitational energy of accreted matter is
carried into the region inside the innermost Keplerian orbit. It
will then be natural to suppose that the hard component origi-
nates from the release of this energy. In fact, the soft and hard
components have about the same luminosity in the case of LMXB.

In the case of LMXB, the rotational energy of accreted matter
is considered to be released when the matter lands on the nentron
star surface and the 2-keV blackbody emission is understood to
be emitted there. As seen in subsection 2.2, the blackbody tem-
perature remains constant while the flux of the 2-keV blackbody
component varies widely. This may be understood in terms of
the local Eddington limit. If the radiation flux per unit area of
the neutron star surface reaches the local Eddington limit, the
temperature can no longer increase easily. For more energy to
radiate, the surface area will have to increase. In fact, the tem-
perature 2 keV is roughly consistent with the maximum temper-
ature determined from the local Eddington limit on the neutron
star surface, if we take account of that the observed temperature
is the color temperature.

The similarities in the time variabilities between the hard com-
ponent of the LMXB and that of the BHC indicate that a sig-
nificant fraction of the gravitational energy carried inside the
innermost Keplerian circular orbit is released as the power-law
emission even in the vicinity of the black hole. However, a se-
rious question arises: What converts the gravitational energy of
the accreted matter to the radiation inside the innermost Keple-
rian circular orbit 1 Since centrifugal force cannot prevent matter
from free-fall any longer in this region, some other force may be
necessary to do it.

4.2. Hard state

There are also several similarities between BHC and dim
LMXB in the hard state:
1) The spectrum is well reproduced by a single power law with a
reflected component on it. The power law indices are distributed
in a fairly narrow range around 0.5-1.
2) Rapid intensity flickering is seen on time scales shorter than
several seconds. The power spectrum is fiat at frequencies below
about 0.1 Hz, is a power law with index of about -1 in the higher
frequency range and a little steeper at frequencies above about
10 Hz. The r.m.s. amplitude is as large as 20-30%.

These similarities suggest the same emission mechanism for
the power law spectrum in both types of systems. In the case of
LMXB in the hard state, a hard tail appears even in the burst
spectra and Comptonization of photons by high energy electrons
surrounding a nentron star is the most likely origin of the power-
law spectrum. Hence, the same mechanism is expected to work
in BHC, although it is unclear where low-energy photons which
suffer from the Comptonization originate.

4.3. Similarities of AGN to BHC in the hard state

1) Power-Law Spectrum
The spectral indices of Seyfert galaxies are generally known to

stay in a narrow range, 0.5-1 (Mnshotzky et al. 1980; Mushotzky
1982). The Ginga results including several quasars are consistent
with this (see Fig.4). This index range corresponds to that of the
BHC in the hard state (see Table 1).

This suggests that there is a common physical mechanism to
produce a power-law spectrum with an index of 0.5-1 in the cen-
tral power houses, possibly in the vicinity of the black holes,
independently of the wide range of the mass of the central power
house from 10 Af0 probably up to 1O8Af0.

The spectral slope also seems to be independent of the wide
range of the accretion rate onto the central power house. In
the case of the transient source, GS2023+33, the slope stayed
almost constant despite the large flux change over three orders
of magnitude. Similarly, the spectral slope of 3C279 did not
changed greatly even when the source flared up (Makino et al
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Figure 4: Distribution of the spectral energy-index of AGNs
observed with Ginyo vs. the cosmological redshift, z.

1989).

2) Time Variability
Similarities between AGNs and Galactic black hole candidates

exist also in their time variabilities.
Fig.2 shows the power spectra of X- rays from Cyg X-] and

GS2023+33. The logarithmic slope of power density against fre-
quency in both spectra is ~ O in the frequency tange below about
10-" Hz, 1 in the tange between 1O-1-5 Hz and 10as Hz,
and ~ -2 in the range above about 10°-5 Hz. On the other hand,
those of AGNs such as NGC5506 and NGC4051 obtained mainly
from EXOSAT tjy Pounds and McHardy (1988) have remarkably
similar properties except the "knee" frequencies.

If the similarities in the power spectra among these sources
come from a common energy generation mechanism in the cen-
tral power houses, the differences of the "knee" frequencies may
be interpreted as differences of the typical dimension of the cen-
tral power house, which will be proportional to the central mass.
The masses of AGNs estimated by scaling the "knee" frequencies
from the mass of Cyg X-I are roughly proportional to the X-
ray luminosities (Pounds and McHardy 1988; see also Barr and
Mushotzky 1986; Wandel and Mushotzky 1986).

3) Reflected component in the spectrum
Similarly to BHC in the hard state, Seyfert galaxies observed

from Gi-nga commonly reveal spectral features expected from X-
ray reflection by cold matter, superposed on the power law spec-
tra (Pounds et al. 1990).

This similarity strongly suggests that an accretion disk exists
even in the central engine of AGN. It is generally believed that ac-
creted matter will form an accretion disk in binary X-tay sources
and the outerpart of the disk will be responsible for the X-ray
reflection.
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THERMAL PROPERTIES AND RADIATION PROCESSES
IN ASTROPHYSICAL PLASMAS
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National Institute for Fusion Science. Nagoya 464-01, Japan

ABSTRACT

Thermal properties of astrophysical plasmas are discussed in
view of atomic processes responsible for thermal emission.
When a plasma is heated rapidly, ionization can not follow
immediately the increase in the electron temperature and the
emission is characterized by ionizing or under-ionization
condition. Such non-equilibrium ionization is observed in the
spectra from young supernova remnants. On the other hand, the
presence of UV or X-ray radiation source affects the ionization
balance with ionizing photons. The photoionized plasma is
recombining or in over-ionization in a sense of collisional atomic
processes and the resultant emission spectra. One can see such a
condition in iron K-line emission from the accretion matter onto a
compact star in X-ray binaries. The emission in ionizing or
recombining condition is very different from that in an ionization
equilibrium which may be attained for solar plasmas or
magnetically confined laboratory plasmas as tokamaks.

1. Introduction

From the point of view of collisional atomic processes
responsible for thermal emission, plasma conditions can be
classified into three regimes, ionizing, ionization equilibrium and
recombining by the relation between the thermal (kinetic) energy
and the energy distributed in the ionization state. In an ionization
equilibrium, the energy Cow between the two is balanced through
the comparable ionization and recombination rates, and the
ionization state is maintained by the thermal pool of electrons.

Ionizing condition can be found in X-ray spectra of supernova
remnants, where the thermal energy dominates over the energy
contained in the ionization state. Because the density in the
ambient medium is very low, for instance, lower than 1 cm'3 in
the inter-stellar/cloud medium, it takes considerable time for
collisional ionization compared to shock wave heating. Thus, the
plasma is under-ionization with much energy stored in the thermal
pool. The similar situation is '-rand naturally in the case that the
heating time scale is much shorter than the ionization time scale.
One can see an example in the early phase of solar flares, which
are the phenomena of much shorter time scale than the supernova

remnants though the density is much higher to be 1010 cm'3.
Now, we consider a plasma irradiated by ultraviolet (UV)

and/or soft X-rays, which can influence the ionization structure.
In the ionization-recombinalion balance of the plasma, the

presence of ionizing photons results in an over-ionizaiion
condition in a sense of collisional balance. In other words, the
plasma looks as recombining in atomic processes responsible for
thermal emission when the contribution of photoionizalion can
not be ignored. One can find this situation in the vicinity of early-
type stars emitting UV photons and of compact objects such as
neutron stars and black holes emitting X-rays, in supernova
explosions with UV flash, and so forth. In these cases, the
energy from radiation is distributed into the ionization state, an
internal degree of freedom, which does not immediately come to
the thermal energy of the plasma. The energy stored into this
degree of freedom is larger than the electron kinetic energy of
thermal pool.

In the following section, we describe the collisional ionization
process in heating/recombining and derive a characteristic tim :-
scale for a plasma to reach an ionization equilibrium. Next, as an
example of ionizing condition, we consider the case of shock
heating by the interactions of supersonic stellar winds or
supemovae with the ambient matter. In section 4, the case of UV
or X-ray irradiated plasma is presented as examples of
recombining condition. In Section S, we describe the effect of
ionizing/recombining condition on iron K-line emission
processes. The difference from a plasma nearly in an ionization
equilibrium as in the case of solar flare or magneto-confined
plasmas is important for understanding the thermal properties of
astrophysical plasmas or physics behind. Finally, we summarize
thermal properties of various X-ray sources in view of emission
processes. Through the text, c.g.s units and the temperatures in
energy units are used if not specifically mentioned.

2. Collisional lonization

When ionization is dominated by electron impact, the rate
equation depending on time ( is written in a form (Réf. 1)

d(net)
n = Fn. (D

Here ne is the electron density and F is a (Z+l)x(Z+l) tri-

diagonal (without Auger effect) matrix consisting of the rate
coefficients, S2 for ionization and or., for recombination from ion

z to z+1 and z-1, respectively, where the rate coefficients are the
functions of the electron temperature Te and Z she atomic number

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in Toki, Japan,
17-20 November 1992 (ESA SP-351, February 1993).
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of the element, n = (H11Ji2,...,nz,...,iz.,.i)T is acolumn vector of
which each element represents an ion abundance normalized with
Z /I2 = 1. This assures a non-trivial solution, del F = O which

gives ion abundances in an ionization equilibrium given by F n =
O. Our interest here is the time scale to reach an ionization
equilibrium. This characteristic time can be estimated roughly in
terms of the diagonal element/,, of the matrix F as

(2)

to be of the order of 1012 cm'3 s nearly independently of Ï or Te

on account of the harmonic nature and Sz = a, in an equilibrium.

Hence, when the plasma is heated up to Te, at « < ̂  the

plasma is ionizing or in under-ionization compared to the
ionization structure in an equilibrium at Te and the emission

spectrum looks like one at a temperature lower than Te. In order
to express the ionization structure in non-equilibrium, we define
an characteristic ionization temperature T2 as follows. When the

ion abundances of an element at a given Te are approximated by
those of collisional ionization equilibrium at an electron
temperature T6', then we put T1 = Te', i.e. n(Te) = n^r.,).

According to this definition, T2 <TeT2 = Te and T1 > Te for

plasmas in ionizing, an ionization equilibrium and recombining,
respectively. The similar argument as above is applied also for
the case in cooling a plasma.

3. Effect of Dynamics

In the interstellar medium away from UV/X-ray radiation
sources, ionization is dominated by electron impact as given by
eq. (1). The thermal energy of electrons sometimes comes from
the mechanical energy of shock waves driven by supernova
explosion, by supersonic wind of early type stars, and so on.
The kinetic energy of a supernova is as huge as lO^-lO51 erg,
though it is less than ten percent of the total energy released in the
explosion. In the supersonic wind of early-type stars, the kinetic
energy of 1035-!!)36 erg is emitted per second, and the energy
integrated over the life ~ 106 yr is about 1049 erg, which is one
tenth the kinetic energy of Type I supernova. In ordinary
interstellar media, the Alfven velocity is only 106 cm s'1 on
account of the week magnetic field of 1O-6 G while the velocity of
supernova explosion reaches O. Ic and the early-type stellar wind
IO8 cm s'1. As well the thermal pressure is much higher than the
magnetic pressure. Therefore, the magnetic field plays little role
in the above dynamics in contrast to the solar and space plasmas.

In supemovae, UV photons are strongly emitted just at the
moment of explosion. This UV flash is too short to affect the
ambient matter considerably. Through the evolution of the
supernova remnants or the interaction with the ambient medium,
the kinetic energy of the explosion plays a dominant role via
shock waves. By the reverse (inward) shock and the forward
shock, the supernova éjecta and the ambient matter, respectively,
are heated up enough to emit thermal X-rays.

The supernova éjecta expand almost freely in the early phase
till the mass of the ambient matter swept-up thereby increases to
be comparable to the initial éjecta mass. This dynamical time
scale can be estimated for the number density R0 of the ambient

matter as

to =
AfO 5/6

AfO

1-1/2
(3)

where M0 and E0 are the initial mass and the kinetic energy of the

éjecta, respectively, and // the mean molecular weight. In ihe

ambient medium of density of 1 cm'3, this free expansion phase
lasts for several hundred years after the explosion. In this phase,
the envelope of the éjecta is responsible for the interaction with
the ambient matter, and dominates the resultant thermal emission
from the supernova remnant.

Without a significant effect of the magnetic field, the ions
(protons) are much efficiently heated at the shock front, and their
energy is transferred to electrons in the post-shock region. The
equipartition through Coulomb collisions requires 1013 ne~

l s for

the shock velocity Vs = 3x10s cm s'1 at around the end of the

expansion phase. At time much shorter than the equipartition
time, the electron temperature at the post shock region is
approximately expressed by a function of time as

ISOOyrJ
keV. (4)

As seen from eq. (4), in 1010 M/1 s, the electron temperature is

raised up to a few keV at which free-free emission would
dominate with cosmic element abundances if ionization
equilibrium were the case. In practice, the emission from the
supernova remnant is ruled by longer time scale of the order of
1012 ne'' s, as discussed in section 2 for collisional ionization.

Then, bound-bound emission from C, N and O with K-shell
electrons and Fe and Ni with L-shell electrons still survives, and
(innersheU) excitation and innershell ionization by electron impact
are responsible for Fe K-line emission reflecting Tz < Te, ionizing
condition.

After the free expansion phase, the core of supernova éjecta is
responsible for the interaction. Then the ambient mass shocked
or swept-up is larger than the éjecta mass, and dominates the
thermal emission from the supernova remnant. The dynamics in
this phase is well described by Sedov solutions well known, so
that the phase is called Sedov phase. The phase lasts for about 10
thousand years till the radiation cooling dominates over the initial
kinetic energy of explosion. This time scale is estimated as

_Egj3/14
(5)

which may be comparable to the ionization time scaling the
emission processes for the density of 1 cm'3 or less in the inter
stellar/cloud medium.

During the Sedov phase and the earlier free expansion phase,
the supernova remnants are well approximated by the adiabatic
evolution. Non-equilibria in the shock-heated matter described
before are still important issues also in the Sedov phase. The
shock velocity decreases with expanding the remnant, ana in the
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radiative cooling phase thermal emission no longer ûominates in
X-ray wavelengths. Consequently, the X-rays observed from
supernova remnants are always under the influence of non-
equilibria.

Now, we consider a case of the interaction of the supersonic
stellar wind with the ambient medium (Réf. 2). The interaction
causes two shock waves at the contact surface, one propagates
forward (outward) into the ambient medium and the other inward
into the stellar wind. The forward shock forms a dense shell into
the ambient medium. The dynamics is similar to the case of
supernova explosion. So that, one could expect soft X-ray
emission from an ionizing plasma of shocked matter as in the case
of supernova remnants. However, it should be noted that stars
emitting supersonic stellar wind, early-type stars, emit also strong
UV photons which affects the ionizadon structure of the ambient
matter to be recombining, as discussed in the next section.

We estimate the radius of the contact surface, i.e. the location
to which the stellar wind is extended, as

Rc = 91 Lw F f fflS cm, (6)

where Ln, = ( 1/2) (aMw/At) Vw
2 is the kinetic energy emitted per

unit time in the stellar wind with the mass loss rate AMw/d: and

the wind velocity Vw . In order to see the effect of dynamics on

the thermal structure, we compare -this radius with that of
Stromgren sphere, which is given by eq. (12) as

= 3 10*0 n52/3 crai

where Lp is the luminosity in units of ionizing photons per

second. The ambient matter photoionized earlier is swept by the
stellar wind, and the inward-shock forms a hot bubble in the HII
region. This bubble expands with time to be comparable to the
Stromgren sphere at the end of the blue supergiant stage.

In the HII region formed by the stellar radiation, Te -1 eV <

Tz on account of photoionization. However, the interaction with

the stellar wind can raise the electron temperature rapidly by the
shock wave to be Te > T2. Taking into account the electron

thermal conduction, we can estimate the electron temperature and
the density of the bubble as

8/35;
(7a)

(7b)

In comparison with those of the preshock H II region, the
temperature increases and the density decreases by about two
orders of magnitude. Hence, in the vicinity of early-type stars,
the radiation energy as well as the kinetic energy of the wind
influences the atomic processes. The plasma is ionizing and/or
recombining depending on Rc and ̂ y(H IT).

4. Effect of Irradiation

We consider a plasma in the vicinity of strong radiation
source, an early-type star or a compact star (Refs. 3, 4). For
simplicity we assume a spherically symmetric distribution of
matter about the central star. The ambient matter corresponds to
the interstellar matter in the case of early-type stars and to the
accretion matter in the case of neutron stars. We have
photoionization - recombination balance in a form

(8)

where /3Z is the photoionization rate per ion specified by z, L the

luminosity, £ the photon energy, /z and O2 are the ionization
potential and the photoionization cross section of ion z. The
(!(electronic recombination as well as collisional ionization gives
negligibly small contributions compared to photoionization or
radiative recombination.

The right-hand side of eq. (8), recombination rate, is a
function of the electron temperature. The electron temperature of
the photoionized sphere is determined by heating - cooling
balance as written in a form

4*fl2;

Z,z
(9)

Here ae is the cross section for Compton scattering and the first
integral on the left-hand side represents the heating or cooling rate
thereby (Réf. 5). The second integral represents the heating
energy due to photoabsorption and Auger processes following
innershell ionization. Aff and Abb on the right-hand side
represent the cooling due to free-free and bound-bound emission,
respectively. In the case of H II region around early type stair,
photoabsorption by H is the heating source. In the case of
accretion matter onto neutron stars, photoabsorption and L-shell
excitation of C, N and O and K-shell excitation of He are
important for the thermal balance near the He II ionization front
and outside. In the complete He III region the thermal balance is
dominated by Compton heating and free-free emission. In the
region so close to the neutron star as iron/nickel is almost fully
ionized, the balance is determined by Compton heating and
cooling.

A characteristic temperature of the radiation from the source
may be represented by an e-folding energy Ts, as ALjAE ~ F(E)
exp(-E/Tfi). For simplicity in analytical expressions, we here

take (.ALIAE) AE = £-r expO-fi/T^) E d£ for the spectrum

introducing y to account for the lower energy spectrum. From
eq. (8) with this spectrum, we can obtain a radius of the
photoionized sphere for ion z as,
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where Ey+3 is the (y+3)-th exponential integral, and O2(E) =

G2(I1) (EII2)'
3 is taken into account for K-shell electrons which is

of practical importance for the discussion here.
In eqs. (B)-(IO), we ignore the attenuation or the reprocess of

the primary photons emitted from the central source. In the
astrophysical plasmas, photoabsorption by abundant hydrogen
and helium with nHe/«H ~ 0.1 are the dominant opacity source.

The relative abundances of heavier elements to hydrogen are on

the order of Iff4 or les".. Therefore, this sphere is attained for
less abundant species highly ionized, e.g., He-like iron inside the
fully ionized He (He HO region.

We consider the case'that the optical thickness for the primary
photons is much larger than unity. Then, for the ionization-
recombination balance coupled with the radiative transfer, we
have (Réf. 6)

J
HZ

= n2 V2(E) OR

where

is the optical thickness, and j is the emissivity. For an optically

thick limit with rz(TR) = TjJ1) (yrfi)
3 » 1 or IJTR > 1, eq. (11)

givej a radius.

vhere tt'z+j is the rate coefficient of recombination into n > '

levels, and aK, - a',+I accounts for the secondary émission/

Eq. (12) corresponds te the Stromgren sphere well known by H
II region, which is formed around early type stars emitting UV
photons with TR of a few eV.

On the other hand, for another optically thiCK limit with 1 «

rz(/z) < (I2ITg)'3 or IJTS « 1, an approximate solution is

obtained as

Oitfz) 115

Sn2+1
4;r TK ne a2+ (13)

where S is a parameter related to the thickness of the ionization

front, which depends on L as well as TK, and is close to unity.

This is the case for the accretion plasma on a compact star with
TR of a few keV. Hence, R0(z+l) is realized only when it is

smaller than the HII region Ry y(H II) around early type stars or

the He III region Rx(He HI) around compact X-ray stars. The

opacity for primary photons has to be taken into account also for

the thermal balance given by Eq. (9), where t/4nR2 should be
replaced by the local radiation energy flux (Réf. 1).

The three radii obtained here are important for bounding the

strongly recombining regime, as /J2 + ne S1 = P2 «• ne «z+1. Even

outside of these radii, unless /3Z is negligible compared to ne S1,

the plasma is recombining on account of S1 < Ot2. Plasma should

be free from ionizing photons to attain equilibrium thermal
emission as observed from solar corona. Line emission
processes under recombining condition are discussed in the next
section for iron K-lines. Finally, one should keep it in his mind
that the structure discussed here is not applied to ths central star
itself, its photosphere or atmosphere, but to the ambient matter
irradiated. In the atmospheres of the stars considered here, -
hydrogen is fully or almost fully ionized and the opacity is
dominated by the scattering of free electrons.

5. Iron K-line Emission

Iron K-lines at 6-7 keV have been observed from various
classes of astrophysical object, supernova remnants, accretion-
powered X-ray binaries, active galactic nuclei and so forth. In
solar flares and laboratory plasmas like tokamaks, He-like iron
spectra with dielectronic satellite lines are observed and indicate
these plasmas are nearly in ionization equilibria of the electron
temperature of a few kcV. Hcvever, such a relation between the
abundant ion or the prominent lines and the electron temperature
does not hold for astrophysical plasmas discussed in sections 3
and 4, where T2 < Te and T2 » Tg1 respectively. For instance,

He-like iron exists at around only ~ 100 eV in a plasma irradiated

by X-rays of TR » 5 keV with L = 1O37'38 erg s'\ (Réf. 8).

Under such non-equilibrium ionization, not only ion abundances
but the line emission processes are considerably different from
those in ionization equilibria, because the level populations are
affected by the relation between T2 and Te as well.

When the ionizalion structure of a plasma is close to that in a
colhsional ionization equilibrium, T, = 7"c, collisional excitation

and dielectronic recombination are the dominant processes for line
emission. In these processes, the population of lower atomic
levels, particularly of the ground state, is of practical importance,
since the excited states are produced by collisional excitation from
lower levels. Even dielectronic recombination is associated with
a resonant excitation of electrons of lower energy levels.

When a plasma is ionizing, Tz < Te, innershell excitation and

innershell ionization are enhanced to affect line emission spectra.
Then, depending the deviation of the ionization slate from a

equilibrium at Te, Ka (n = 1-2 transition) lines of Li-like, Be-

like, ..., neutral iron can be observed at energies 6.4-6.6 keV
lower than 6.70 keV of He-like resonance line. The fluorescence
yield following the inner K-shell ionization is roughly scaled as

Z4/(324+Z4), ami about 30 % comes to K« nne emission for

iron, where Z4 comes from a dependence of electric dipole (El)

transition and the power 4 of 324 has no physical meaning, which
just means a constant or very weak Z dependence of the electron
transition (Auger process). The fluorescence yield does not
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depend very much on ionic slate. The fluorescence following K-
shell ionization of Li-like ion results in a He-like forbidden line
Is2 (1S) - Is2s (3S), where the yield could be 75 % exceptionally
if the Li-like ion is populated according to the statistical weight.

In the above conditions, the population of lower energy levels
is responsible for line emission. In recombining as T2 > Tc

radiative recombination is enhanced to populate upper excited
levels. In radiative recombination in a plasma of T2 = T6, free

electrons are captured substantially (~ 80 %) into the ground state
and release the energy into the fee-bound continuum. With
decreasing the electron temperature compared to the ionization
potential or T2 > Te the energy level subject to capture rises

roughly as n = (21jyTe)
112 with hydrogenic approximation.

Capture into n > 1 levels are followed by recombination line
emission or by cascade into lower levels. In He-like ion, the
cascade enhances the population of Is2p (3P) and Is2s (3S) states
and results in prominent intercombination line at 6.67 keV and
forbidden line at 6.63 keV. In T2 ~ Te the intensities of these

lines are 1/3 or less that of the resonance line, but can be much
higher in a strongly recombining condition or photoionized
plasmas.

Fig. 1 shows the emissivity contour of iron Ka lines
including the satellite lines on the T2 - Te plane. The contour of

the emissivity-averaged line energy is also shown by broken
lines. In the present actual condition of X-ray observations of

astrophysical plasmas, Ka lines close to each other in energy
cannot be resolved but are blended into a broad line with the mean
energy. An emissivity maximum close to Te = T2 diagonal line,

which means ionization equilibria, is corresponding to the
emission due to electron-impact excitation with less contribution
of dielectronic recombination. A slight deviation from T£ = T2

above a few keV is due to further ionization to Fe XXVII which
has no bound electrons. The upper-left maximum at TC » T, is

due to fluorescence following inner K-shell ionization under
strongly ionizing condition. The lower-right maximum at Te « T2

is due to radiative recombination-cascade under strongly
recombining condition. The latter two maxima are not concerned
with a plasmas in or close to ionization equilibrium, as solar
flares and tokamak plasmas. However, slight deviation from Te

= T2 toward Te > 1 '2 is sometimes observed in the initial phase of

solar flares. This can be noticed by the deviation in ion
abundance ratio from the equilibrium value. Also in tokamaks,
Te > T2 condition is found in the emission spectra of impurities.

This is due to their transport with a considerable speed across

VTe from the periphery toward the inner plasma region of higher

temperature.
The emission in the regime of Te > T2 is responsible for the

spectra from young supernova remnants, as discussed in section
3, whereas the emission in Tf < T2 for photoionized plasmas. We

briefly mention another process to produce iron K-lines in
photoionized plasmas. As in the case of innershell ionization by
electron impact in strongly ionizing plasmas, innershell
photoionization is also followed by fluorescence lines or Auger
electron transitions. Their probabilities are the same as in the case
by electron impact described above. Therefore, about 30 % of

inner K-shell photoionization results in Ka fluorescence lines for
iron. The photoionization-fluorescence process can not be shown
on the T2 - Te diagram in Fig. 1, but should be argued in the

relation of T1 and TR. This process plays an important role in a

plasma strongly irradiated by X-rays with high TR or a hard

spectrum as expressed by power-law, as in the case of active
galactic nuclei.

6. Summary

The energies of K-lines by radiative recombination to H-like
and He-like ions are exactly the same as those by collisional
excitation of the respective ions. Even in taking all emission
processes into account, as seen in Fig. 1, the two maxima mainly
due to these processes give nearly equal line energies. So that, in
an observational sense the recombination line may not be
distinguished from usual excitation lines as observed from a
plasma of Te ~ a few keV. In astrophysical situations, the internal

degree of freedom of particle like the ionization state is sometimes
important for the thermal structure of the plasma and the emission
therefrom. In photoionization, the radiation energy is stored in
this freedom, and does not immediately come to the thermal
energy of the plasma or the kinetic energy of particles. Modeling
based on atomic processes as well as kinetics should be helpful
for understanding the thermal properties of such plasmas and the
physics behind. To summarize my talk, in Fig. 2 we draw a
picture for various X-ray sources from a point of view of line
emission processes depending on the relation among T2, Te and

TK, which correspond to the energies stored in the ionization state

(internal degree of freedom), in thermal pool of electrons (kinetic
energy) and in ionizing photons (radiation field), respectively.
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PAIR PLASMAS IN THE CENTRAL ENGINE OF ACTIVE GALACTIC NUCLEI
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ABSTRACT

As the most promising model for the X-ray emission
from a class of active galactic nuclei (AGNs) represented by
radio-quiet quasars and Seyfert nuclei, here we introduce the
non-thermal pair cascade model, where soft photons are
Comptonized by non-thermal electron-positron pair plasmas
produced by 7-rays. After summarizing the simplest model
of this kind, the "homogeneous spherical cascade model", our
most recent work on the "surface cascade model" is
presented, where a geometrical effect is introduced. Many
characteristics of this model are qualitatively similar to the
homogeneous cascade model. However, an important
difference is that 7-ray depletion is much more efficient in
the surface cascade, and consequently this model naturally
satisfies the severe observational constraint imposed by the 7-
ray background radiation.

1. INTRODUCTION

Until relatively recently the X-ray spectrum from AGNs was
thought to be a rather featureless power-law which could be
explained by a variety of physical models, and hence it was
difficult to distinguish one model from another (e.g. Réf. 1).
During the last several years at least for a class of AGNs
represented mostly by Seyfert nuclei and radio-quiet quasars,
this situation has changed dramatically, due to instrumental
advances in such satellite missions as EXOSAT, Ginga, and
ROSAT. Data for these AGNs from EXOSAT and Ginga
clearly showed that several interesting features, such as the
soft X-ray excess, an iron line-edge feature, and hard X-ray
hump, are superimposed on the generally power-law X-ray
spectrum (e.g. Refs. 2,3,4). It is generally thought that
radio-quiet quasars and Seyfert nuclei are powered by
accretion of gas onto a supermassive black hole (e.g. Refs.
1,5). Then, the presence of relatively cool, dense plasmas is
inevitable near the central engine of these objects (Réf. S).
Consequently, even before its discovery the presence of these
additional fine features has been predicted as a natural
consequence of the reprocessing of X-rays by these cool
plasmas in the central engine (Refs. 6,7).

Among various models suggested for the roughly power-law
X-ray spectrum from this type of AGNs, the most promising
appears to be the Comptonization of soft photons by energetic
electrons, produced either thermally or non-thermally (e.g.
Refs. 8,9). We shall briefly explain why electron-positron
(e~ - e+) pairs may be important in this type of models.
Accepting the supermassive black hole model where accretion
to the hole is responsible for the power supply, the
temperature or protons in the accreting plasmas will reach -
1012 K if all the released gravitational energy is used to heat
the gas. Even if only the Coulomb interaction is considered
electrons will be heated to -109 K, with the thermal energy
close to the rest mass energy. If more efficient proton-
electron interaction mechanisms are in operation (e.g. some
collective plasma processes (Réf. 1O)) the electron
temperature may become higher. Then production of e" - e+

pairs will be inevitable. It has been pointed out, on the other
hand, that in the environment of the innermost portion of
accretion flows in the central engine of AGNs, the accretion
energy could be radiated non-thermally, e.g. by accelerating
some fraction of electrons to highly relativistic energies.
These electrons will emit gamma rays, which will produce e"
- e* pairs before escaping t!>e system if it is sufficiently
compact (e.g. Réf. 9).

Non-thermal injection of reiativistic electrons is more
efficient than thermal production. Also the observed detailed
spectral and temporal behaviour appears to favour the non-
thermal model. For instance, in the thermal Compton model
soft photons are up-scattered by thermal electrons (and pairs)
to produce the observed X-ray power-law spectrum, and
hence harder X-ray variations should lag the softer variations.
On the other hand, the observed behaviour is far more
complicated. For instance, the hard lags the soft in some
sources, but the reverse is seen in some other sources. Such
complicated behaviour is predicted from the non-thermal
Compton model, where the direction of the lags depends on
various different physical conditions, e.g. the fraction of the
input energy channeled into relativistic electron injection.
Consequently, the physical mechanism most extensively
explored theoretically has been the non-thermal process (Refs.
9,11-14).

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in Toki Japan
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2. HOMOGENEOUS SPHERICAL CASCADE MODEL

In the simplest kind of the non-thermal Compton model,
blackbody soft photons are up-scattered by relativistic
elections injected with a high Lorentz factor. Relativistic
electrons will emit gamma rays which will produce the e -
e* pairs through photon-photon collisions before escape and
the process will continue in cascade, if the source is
sufficiently compact (Refs. 11-14). We shall refer to this
type of model the "non-thermal pair cascade model". It has
been shown that the presence of the soft photon source,
however, is not required for this type of cascade process to
take place. If the released accretion energy is used 100% to
accelerate electrons to a high Lorentz factor and to emit
synchrotron radiation in a highly compact object, the gamma
ray end of the synchrotron photons will produce e" - e+ pairs
which will up-scatter the lower energy portion of the same
radiation, and the process will continue in cascade (Réf. 9).
The result is the steepening of the primary synchrotron
radiation and the depletion of the gamma ray end of the
radiation. In the more recent calculations, therefore, it has
been a standard practice to keep as a free parameter the ratio
of the fraction of the input energy channeled into the hard
component (relativistic electrons) to the fraction in the soft
component (soft photons) (Refs. 11-14).

The compactness of AGNs is considered to be very high (e.g.
Réf. 14). This is due to the very short timescale of large
amplitude X-ray variability detected from many of these
objects, for instance, 300 to 1000 sees in Seyfert nuclei such
as NGC 6814, NGC 4051 and MCG 6-30-15. Accepting the
cosmological redshift, the typical luminosity of AGNs is —
10" - 10" ergs sec"1. For such highly luminous objects the
central black hole mass is required to be — 10" - 10* M0
(e.g. Refs. 1,5). Then the X-ray emission region will be
typically - 10 R1 (where R, is the gravitational radius of the
black hole).

The non-thermal pair cascade model investigated earlier has
been confined to a homogeneous spherical case where soft
and hard injection, and the resulting electron-positron pair
plasma, are uniformly distributed within a spherical region.
We shall refer to this model the "homogeneous spherical
cascade model".

Plausible primary emission spectra are constructed generally
by drawing upon theory and observation. In a wide class of
radio-quiet quasars and luminous Seyfert nuclei there exists
a prominent feature in the hard UV, the "UV bumo", which
rises above the extrapolated power-law of the energy index -
1. The most recent ROSAT results show that all Seyfert
nuclei observed have the X-ray soft excess, and moreover the
soft excess and the UV bump variations are strongly
correlated (Trumper, private communication). Therefore, it
is most likely that the UV bump extends to the soft X-ray
region, and this UV to soft X-ray thermal emission is the
peak of a multiple temperature, quasi-blackbody spectrum
from cool (IfJ4 - Iff K) gas, existing as cool clouds within
hotter plasma or as an accretion disk. The model, therefore,
generally includes a "soft" component of the primary
spectrum, given by the specific flux distribution F,(x) (erg
cm"2 sec ' per unit x), which is proportional to a Planck
distribution at temperature Td, where x = hvlmj?. A
characteristic soft energy x, = 2.8 Kiy(mec

2) is defined at the

peak of the soft emission. The compactness parameter
corresponding to soft emission is defined by 1. = L1(T1/
(Rnuc3), where L1 = 4TR2jF,(x)dx is the soft luminosity and
<TT is the Thomson cross section.

For substantial pair production to occur, a sufficiently strong
flux of hard (x > -1) photons must be present. Various
authors have argued that accretion flows are natural sites for
•y-ray production, through the presence of one or more
particle acceleration mechanisms, such as shocks, magnetic
r&ionnection, etc. Although it is difficult to make specific
quantitative calculations of such systems, it has been found
that these relativistic particle accelerations generally produce
power-law radiation (e.;. Refs. 9,11-14). Therefore, a
"hard" primary spectral component, Fh(x), is generally
modeled as a power-law, with spectral index O0, and
extending from the soft energy x, to a maximum emitted
energy x,,. The compactness associated with hard emission is
defined as I6 = Lj1V(Rm1C

3), where L1, = 4irR2jF,1(x)dx is
the hard luminosity. The relative strength of the soft and
hard emission is set by the model parameter IA, which is the
ratio of soft to hard compactness (or the ratio of soft to hard
luminosity, since both are emitted from the same source).
The total compactness of the source is 1 = La-,/CRmc^),
where 1 = 1, + lh and L = L1 + Lfc is the total luminosity.
Further details on the equations and methods are found in
Refs. 11-14.

2.2 Results and Discussion

The detailed behaviour of the homogeneous spherical cascade
model has been investigated using various different injection
parameters (Refs. 11-14). The dotted curves in Figure 1
show, for the homogeneous spherical cascade model, the
emergent spectra from representative models with the
following injection parameters: x, = 3 x 10"s, IA = °-25,
Xn, = - 5 x 103, Q0 = 0.5, and I1, = {1, 10, 100, 1000}.
The effect of varying the hard compactness lh is clearly seen.
Increasing L1 leads to increases in pair yield, thermal pair
optical depth, and annihilation line strength. Depletion and
steepening of the y-ray spectrum occurs as more high energy
photons are absorbed in pair creation, initially at Xn, and
proceeding down towards x =• 1 with increasing
compactness. Enhancement of the x-ray spectrum occurs as
•y-rays are reprocessed through pairs and reappear at X-ray
energies. The X-ray energy index Ot1 steepens from 0.5 (the
injected photon index corresponding to monoenergetic particle
injection) towards 1.0, the final value depending principally
upon the number of pair generations produced. See Refs. 11-
14 for further details.

This model naturally explains many aspects of the observed
spectrum, such as the presence of the UV bump, soft X-ray
excess, and a medium-to-hard X-ray energy index confined
to ~ 0.5 - 1. However, this model poses a serious problem
in the sense that the high energy tail of the emergent
spectrum exceeds the constraint imposed by the -y-ray
background radiation, unless a very limited fine tuning of
model parameters is imposed (Refs. 12,14).

3. SURFACECASCADEMODEL

Very recently a possible geometrical effect is introduced, for
the first time, in the calculations of the non-thermal pair
cascade model (Refs. 15,16). In this model hard and soft
photon injection are no longer distributed throughout the pair
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Fig !• Emergent spectra for primary thermal soft photon and power-law hard photon injection,
with x, = 3 x Vf5, Xn = ~ 5x Vf, IA = 0.25, «„ = 0.5, and lh = {1, 10, 100, 1000}.
The solid curves show the surface cascade model, while the dotted curves refer to the
homogeneous spherical cascade model. The dashed curve shows the surface cascade model with
!.=1000 when scattering by thermal pairs is neglected.

plasma, but are concentrated along the source surface.
Specifically, a spherical or planar surface source emits soft
photons and 7-rays, which initiate a pair cascade in the space
surrounding the source, producing a pair atmosphere or
corona above the surface. We shall refer to this model the
"surface cascade model". Detailed, self-consistent calculations
were carried out for the structure of the resulting pair-photon
atmosphere and of the spectral reprocessing which occurs
(Refs. 15,16).

3.1 Methods

Various elements of a set of the adopted equations and
methods are taken from previous cascade calculations (Refs.
12,13,14), as briefly summarized in Section 2.1. However,
we replace equations describing radiative transfer in a
homogeneous spherical system by those corresponding to
radial out-streaming of radiation from the source in the
surface cascade. The computer code was constructed such as
to accept arbitrary primary spectra within the range of
dimensionless photon energies 10~* < x < 2 x 10*.
However, in the results shown below the same primary
spectrum as specified in Section 2.1 is used at the source.

3.2 Results and Discussion

Solid curves in Figure 1 show, for the surface cascade model,
the emergent spectra from models with the same injection
parameters as in the homogeneous model shown in Section
2.2 (dotted curves): x. = 3 x Vf5, \J\h = 0.25, X01 = - 5
x Uf, or» = 0.5, and lh = {1, 10,100,1000}. The non-zero

annihilation line widths result from the finite energy
resolution used in the calculations. The secondary peaks
softward of the annihilation feature result from the
approximate treatment of thermal Comptonization,
specifically from the neglect of dispersion and frora the
absence of separate treatment for scattering the annihilation
line.

Much of the spectral behaviour noted in Refs. 11-14 for
homogeneous spherical injection is seen in the surface
cascade results as well, with the important exception of
enhanced depletion at ihe highest -y-ray energies in the
surface cascade. For instance, the effect of varying the hard
compactness lh, as noted in Section 2.2, is clearly seen. Here
little spectral evolution is seen for lh « -160 (i.e., the lb

= 1 and 10 curves in Figures 1), while substantial
reprocessing occurs for ̂  » -160 (i.e., the lh = 1000
curve). The effect of scattering by thermal pairs is seen in
Figure 1, where the dashed curve indicates \, = 1000 without
thermal Comptonization. Thermal pairs downscatter photons
from the energy range I/(TT)Z < x s 1, depleting this
region, as can be seen in the spectra. Here, rT is the optical
depth of the atmosphere in thermal electrons and positrons.
Thermal upscattering of the soft blackbody source is readily
seen in Figure 1, but the scattered peak is not nearly as

broadened as in the homogeneous model (dotted curves), due
in part to the lack of dispersion in our treatment of thermal
scattering.

A comparison of the 7-ray region in the surface cascade
model (solid curves) with the homogeneous case (dotted



140

curves) illustrâtes an important difference between these two
cascade models. While there is seen a progressive depletion
and steepening of the 7-ray spectrum with increasing I6 in
both models, in surface cascades the depletion is more
pronounced; indeed, a progressively complete emptying of
the 7-ray spectrum starts at I1, significantly lower than in the
homogeneous case. This enhanced depletion is a direct result
of the surface cascade geometry, in which -y-rays must travel
through the entire column of absorbing atmosphere lying
above their point of injection or creation and extending out to
around the freeze-out radius at h « R, before becoming part
of the emergent spectrum. In contrast, f-radiation injected or
created within absorption optical depth unity of the surface of
a homogeneous spherical injection region is more or less free
to escape. For large hard compactness the optical depth can
be quite large, and the exponential depletion in the surface
cascade may far outstrip Ae much weaker depletion in the
homogeneous model. Further details are found in Réf. 15.

To obtain the surface cascade results shown in Figure 1 (solid
and dashed curves) our attention was restricted to a specific
type of atmosphere, the pair cascade shower, in which
scattering of radiation back down towards the accretion flow
is neglected. This and some other simpler assumptions were
relaxed in Réf. 16, where the general case of arbitrarily
anisotropic atmospheres is investigated. However, we have
found that the surface cascade results presented in Figure 1
agree qualitatively with the more exact results of Réf. 16. In
view of the excessive computing requirements needed for the
exact approach and its practical usefulness, we conclude that
the surface cascade results shown in Figure 1 are justified.

The surface cascade results shown in Figure 1 were also
obtained by adopting a spherical geometry, with the source
.adius R. Trite (Réf. 16) investigated uniform, infinite planar
sources and obtained results that are qualitatively similar to
Figure 1, if a cutoff height is imposed on spectral evolution
above lue planar source. The location of such a cutoff is
somewhat arbitrary, requiring the specification of an
additional model parameter. Spherical models, however, are
more physical in the sense that the n — r"2 density dilution
will effectively terminate spectral evolution in the vicinity of
the "freeze-out" height at h - R. Because the surface pair
cascade is limited to the space immediately surrounding the
source (see Refs. 15,16), the results from the spherical source
should be applicable to the planar geometry of a disk corona
model, if a suitable cutoff is imposed.

3.3 Comparison with Observation

In order to delineate a parameter space in which the surface
cascade model is consistent with observations, the approach
of Réf. 14 was adopted and the following constraints were
applied to the model. The first constraint is that many AGNs
exhibit a 2 - 10 keV spectral energy index in the range 0.6 <
a, < 0.9, with a mean value around 0.7 (Refs. 12,14). The
emergent X-ray energy index a, was calculated from the
slope of a power law fit to this energy band. Second, the
ratio of UV luminosity to X-ray luminosity, Vl1, is
observationally restricted to the range 1 < Vlx < 10 (refs.
12,14). Here J1 is a model parameter and I1 is obtained by
integrating energy flux over 2-10 keV. Third, observations
of the 7-ray background provide an upper limit to the
strength of the 1 - 100 MeV band for a given 2 -10 keV flux
(Refs. 12,14). Tus Y-ray excess is defined as the ratio of the
calculated 1-100 MeV energy flux to the maximal value

allowed by the observed 7-ray background radiation (Réf.
14). To be consistent with the 7-ray background
measurements, AGNs in general must exhibit excesses less
than or equal to unity. The fourth constraint is a maximum
strength of the annihilation line required by the failure to
detect the feature in observed spectra (Réf. 14). Line strength
is measured in terms of its equivalent width, EW (keV),
which is the ratio of annihilation photon flux density to
continuum photon flux density at the line energy. If it is
assumed that turbulent velocities in the system reach 0.3 c (a
reasonable value as argued in Réf. 14), then annihilation lines
must have EW < 300 keV to remain undetected. The
continuum flux density is calculated by interpolation on a
power-law fit between x = 0.3 and x = 3.0 (Réf. 14).

We have calculated a,, !,/!„ the 7-ray excess, and the
equivalent width of the annihilation line for models whose
injection parameters are chosen to allow direct comparison
with results in Réf. 14. Specifically, we have chosen two

typical cases. Model (a) represents a relatively high energy
injection which is capable of producing several generations of
pairs: x. = 10"4, X0 = 1.333 x 104, aa = 0.5, IA = (1°, 1,
10"', VP], and 7 x 10'2 < lh < 7 x Vf. Model (b)
represents a low energy injection which is capable of
producing one generation of pairs: x. = ICf5, X0, = 13.33, aa

= 0.5,1./1, = (10, 1,10"', 10"2}, and 7 x 10"2 £ I1, £ T \
Vf. We find that successful models, consistent with all
constraints, are produced by a moderately wide range of
injection parameters. For the high energy model (a) the
approximate criteria are -0.1 < IA < -1.0 and -120 <
lh < -5800, while for the low energy model (b) they are
-0.1 < IA < ~0.5 and -310 < V. < -4300. These
criteria are sufficiently similar that the following general
criteria to meet observational constraints for either case may
be stated: -0.1 < IA < -0.7 and -200 < lh < -5000
(Réf. 15). In contrast, Done and Fabian (Réf. 14) find that no
homogeneous spherical injection model robustly satisfies all
constraints, and that only a narrow range of parameter values
will marginally satisfy them.

4. SUMMARY AND CONCLUDING REMARKS

As the promising model of a class of AGNs represented by
radio-quiet quasars and Seyfert nuclei the non-thermal pair
cascade model is introduced. After presenting the simplest
model of this kind, the homogeneous spherical cascade
model, the surface cascade model is introduced where a
possible geometrical effect is included. Here the source of
soft photons and 7-rays are concentrated along the surface of
a sphere of radius R, and the pair cascade takes place in the
coronal region above the source. Various characteristics of
the results are qualitatively similar to those exhibited by the
homogeneous spherical model in which photon and particle
injection and the pair cascade are uniformly distributed
throughout a spherical region. However, by geometrically
separating injection from the pair cascade, we obtained an
important, qualitatively different result.

A major problem of the homogeneous pair cascade model is
the production of a high energy tail excess, above the severe
constraint imposed by the 7-ray background radiation (Refs.
12,14), unless ;:iodel parameters are very finely tuned. This
high energy excess, however, no longer appears in the
surface cascade model, for a wide range of injection
parameters. This is due to the more efficient depletion of 7-



rays. In this way the Y-ray excess problem is naturally solved
in the surface cascade model. In particular, we find that the
observational constraints on the X-ray spectral index, the
ratio of soft to hard luminosity, the annihilation line strength
and the -y-ray excess are satisfied by a wide range of typical
injection parameters, with -0.1 < IA < -0.7 and -200
< lh < - 5000. Similar results were obtained when a planar
(instead of a spherical) geometry is adopted for the source
distribution, if an appropriate cutoff height is imposed (Réf.
16), and hence this model is applicable to a disk corona
configuration, too.

The surface cascade model presented here examines the
Comptonization of soft photons, emitted by an accretion flow, -
by the electron-positron pair plasma created in the region
above the flow. .We have neglected an important reverse
process, of further reprocessing of the X-ray power-law
emission by the cooler gas in the accretion flow, which is
responsible for the production of additional fine spectral
features such as the iron line-edge structure and hard X-ray
hump. Ideally, these two-way processes should be solved
simultaneously, and this more realistic case will be treated in
our future work. - - r - - ~ ;
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ABSTRACT

Gamma-ray astronomy provides a diagnostic tool to
study high-energy processes in the Universe. NASA's
COMPTON Gamma Ray Observatory has completed
the first full sky survey in gamma rays on 1991
November 17. In this paper the highlights of this
first observation period of COMPTON are presented.
Special topics are the mysterious gamma-ray bursts,
the surprising large number of active galactic nuclei
found, the 511 keV and 1.8 Mev line emissions from
the galactic plane, the detection of the 57Co line from
supernova 1987A, some pulsar results and observa-
tions of gamma rays and neutrons from solar flares.
Emphasis will be given to present combined results of
all four instruments on the COMPTON Gamma Ray
Observatory.

Keywords: COMPTON Gamma Ray Observatory,
gamma-ray astronomy, gamma-ray bursts, gamma-
ray lines, AGN, solar flares.

1. INTRODUCTION

COMPTON Gamma Ray Observatory (CGRO), as
one of NASA's Great Observatories, provides for the
first time coordinated observations over six decades
of energy in the gamma-ray range. Four instruments
cover, with some overlap, the energy band from few
keV up to 30 GeV (Refs. 1-3).

BATSE is an omnidirectional sensitive gamma-ray
burst detector with one detector module mounted on
each of the eight corners of CGRO (Réf. 4). Dur-
ing the first year, the location accuracy for gamma-
ray bursts on the sky was increased to better than
5° in most cases. BATSE also has the capability to
measure spectra of bursts in the energy interval 15
keV to 30 MeV. In addition, if a gamma-ray burst is
detected, a signal triggers the other instruments to
enable them to observe the burst as well.

OSSE is the instrument on CGRO with the small-
est field-of-view (Réf. 5). Its four detector modules,
which view an 4° x 11° area on the sky, can be pointed
in pairs towards interesting regions on the sky which
lie in the X-Z plane of CGRO, thus allowing to mea-
sure several objects during one fixed CGRO pointing.
The energy range covered is 100 keV to 10 MeV.

COMPTEL is an imaging Compton Telescope work-
ing in the energy range 750 keV to 30 MeV (Réf.
6). Its location accuracy is about half a degree for
strong (Crab-like) sources and few degrees for weaker
sources. Given the large field-of-view of about 1 stera-
dian, COMPTEL observes a large part of the sky
containing several gamma-ray sources in each point-
ing of CGRO. It is the first time that an instrument
sensitive in this MeV gamma-ray range is flown on a
satellite.

EGRET has a similar field-of-view as COMPTEL and
points also along the Z-axis of CGRO (Réf. 7). The
energy range covered is 20 MeV up to photon ener-
gies > 30 GeV. Its predecessor COS-B had mapped -
with much lower sensitivity - the galactic plane and
EGRET now for the first time has surveyed the com-
plete sky in the high-energy gamma-ray range.

After its launch with space shuttle Atlantis on 1991
April 5 and an initial check-out phase, CGRO begun
the all sky survey on 1991 May 16. This first phase
ended 1992 November 17 with the completion of the
44"1 pointing. The overlaping pointings resulted in a
coverage of the entire sky (as seen by the wide field-
of-view instruments COMPTEL and EGRET) with
a minimum of ~ 6 days effective observing time and
a maximum of ~ 20 days. The goal of more than 5
days effective observing time at each point on the sky
and a reasonable homogeneous coverage of the sky
was fully achieved with an average viewing time of
about 12 days (see Figure 1.).

COMPTON GimmiRiyOtn.iv.twY

Figure 1. Sky coverage measured in effective observ-
ing time (days) after the completion of the sky survey
(see text).

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in Toki, Japan,
17-20 November 1992 (ESA SP-351, February 1993).
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2. GAMMA-RAY BURSTS

Since their first detection in 1973 (Réf. 8), gamma-
cay bursts (GRBs) ate one of the most mysterious
events in astronomy. GRBs are extremely intense
bursts of low-energy gamma rays which last from frac-
tions of a second to tens of seconds. The time scales
seem to require a neutron star origin, and quite a
number of theories about the origin and physics has
been developed, bat none could be verified by obser-
vations. Even EOW, after BATSE has been measuring
more than 450 bursts during the 18 months of the sky
survey, from which an all-sky rate of ~ 800 bursts
per year is derived, their origin is still unknown. If
the origin of the gamma-ray bursts would be associ-
ated with objects in the Galaxy, the distribution of
the GUBs on the sky should show a concentration
towards the galactic plane. However, the bursts lo-
cated by BATSE are isotropically distributed. On the
other hand, the intensity distribution of the bursts de-
viates significantly from what is expected from a spa-
tially homogeneous distribution of the sources. The
measured V/Vmat is 0.32 where 0.5 would be ex-
pected and only the strongest bursts follow the -3/2
power law of a homogeneous distribution of the burst
sources (Réf. 9). The observations suggest either
that vre are near the center of an isotropic distribu-
tion of burst sources whose space density decreases
with distance or that the sources are at cosmological
distances.

GRB 910503
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Figure 3. Example of a burst location. Circles are
the EGRET photons detected from this burst, the arc
is from a triangulation vsing CGRO and ULYSSES
data, and the COMPTEL location probability is given
by the grey-scale.

The search for counterparts in other wavelength re-

gions depends strongly on a precise location of the
GRBs. So far only "triangulation" of bursts observed
by more than two satellites gave error boxes small
enough to search for counterparts. The imaging ca-
pabilities of COMPTEL on CGRO can provide a lo-
cation of a burst if it occures in its field-of-view. For
this strong and short events, the location accuracy of
COMPTEL is few degrees and together with an trian-
gulation arc obtained from a comparison of the burst
onset-times of an other satellite (see Figure 2.), the
locations are good enough to start a search in other
wavelength regimes as e.g. X-rays or optical (Refs.
10,11). Attempts are made to derive burst locations
within few hours so that follow up observations can
be made without a large time delay. Despite all this,
no object in the error box of a gamma-ray burst has
been identified as a counterpart visible at other wave-
lengths.

Analysis of the spectra of bursts measured by
BATSE, COMPTEL and OSSE (only one burst in the
field-of-view of OSSE so far) did not show any detec-
tion of lines. Although only a small fraction (< 100)
of the spectra obtained from gamma-ray bursts de-
tected with the BATSE spectroscopy detectors has
been analyzed, the lack of any (low-energy gamma-
ray) lines is very strange, yet still compatible with the
statistics based on the number of bursts with lines
detected by the Japanese GINGA satellite (Réf. 12).
In the MeV range COMPTEL measures spectra and
time profiles for all bursts when a BATSE trigger sig-
nal is received. Seme bursts have been detected by
EGRET in the high-energy gamma-ray range above
20 MeV.

The characteristics of the observed bursts (duration,
time profile, spectra) are so different for each individ-
ual burst, that so far no clear groupings or common
signatures have been found. Each burst seems to be
unique.

3. ACTIVE GALACTIC NUCLEI

Extragalactic gamma-ray astronomy barely existed
prior to the launch of CGRO but there were good
indications that this is a potentially very promising
field of research. Particularly good indicators were
the detections of 3C273 by COS-B at energies above
50 MeV (suggesting a peak energy output in the MeV
range) and the detections of Cen A and NGC 4151 at
MeV energies (Refs. 13-15). Since most of the COS-
B observations were concentrated along the galactic
plane, there was some hope that the CGRO point-
ings away from the plane might show additional ac-
tive galactic nuclei (AGNs).

This expectation has been borne out, since EGRET
has detected a surprisingly large number (> 15) of
active galactic nuclei above 50 MeV. Of these, the
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majority are quasars and four are usually classified
as BL Lacertae objects. All are radio loud and have
a flat radio spectrum (Réf. 16). No Seyfert galaxy
has been detected by EGRET, but OSSE has detected
several AGNs of this type at energies below 300 KeV.
The "middle energy instrument" COMPTEL has so
far detected four AGNs (Réf. 17). Three of them are
also seen by EGRET (3C273,3C279, PKS0528+134)
and two are seen by OSSE (3C273, Cen A). The com-
bined spectra over the wide energy range provide im-
portant information for models of the energy produc-
tion in AGNs (see Figure 3).
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figure 3. A comparison of different AGN 'luminosity'
spectra of SCSlS and 3C279. The different location
of the break in the slope at MeV energies (~ If1 Hz)
points to different gamma-ray production mechanisms
(see Réf. 18 for details).

4. GAMMA-RAY LINES

4.1 Galactic Line Emission

Prior to the launch of the COMPTON Gamma Ray
Observatory gamma-ray line emission at 511 keV and
1.8 Mev has been measured from the direction of the
galactic center region (Refs. 20,21). However due to
the poor angular resolution of the instruments, it was
not clear in both cases if the emission was originating
from a single point source, from several point sources
or from a broader "diffuse" distribution.

The 511 keV line is produced by the annihilation of
positrons which originate from the decay of radioac-
tive nuclei. This radioactive material is generated
in nova or supernova explosions or in nucleosynthesis
processes in the envelopes of massive stars. OSSE has
observed the galactic plane around the galactic center
several times and detected the 511 keV line in a re-
gion out to ±25° longitude. The emission is clearely
peaked at the galactic center but the measured flux
of (2.4 ± 0.4) x IQ-4 photons cm"2 s"1 is the low-
est ever observed. No significant variations of the
line strength during all observations was observed. A
comparison of the measured galactic longitude pro-
file with the predictions of different models seems to
indicate that the measured distribution of the 511
keV emission is similar to distribution of novae in the
Galaxy (Réf. 22).

The galactic 1.8 MeV originates from radioactive 26Al
which can be synthesized during explosive H-burning
in novae, supernovae and in the envelopes of massive
stars. As the decay time of the radioactive 26Al is
only ~ 106 years, either a steady creation of the ele-
ment or a recent production is needed to explain the
observations. COMPTEL has detected the 1.8 MeV
line along a wide part of the galactic plane around the
galactic center. Again a comparison of model predic-
tions with the measured distribution are made. A
point source origin can almost ceïtainly be ruled out.
But all other models, including many point sources
and/or a broad "diffuse" emission region are not in
significant disagreement with the data (Réf. 23).

BATSE is continously monitoring the gamma-ray
emission of bright AGNs by using the Earth occul-
tation technique to identify them (Réf. 19). The ob-
servation of variability of hard X-ray and low-energy
gamma-ray emission from active galactic nuclei has
important implications for understanding the physi-
cal processes powering these sources. The observed
time variability within days for many of the sources
(e.g 3C273, Cen A) suggests a small region for the
central engine in this objects. This time variability is
not only observed in the low-energy gamma-ray range
(OSSE) but also at high energies (EGRET).

4.2 57Co Line Emission from SN 1987A

A major contribution to the understanding of super-
nova events and the nucleosynthesis comes from the
OSSE measurement of the 122 keV emission line and
continuum of radioactive 57Co in the spectrum of SN
1987A (Refs. 24,25).

The decline of the light curve of supernovae in later
phases (> 200 days) is determined by the energy in-
put from radioactive elements produced before and
during the explosion. The bolometric light curve of
SN 1987A followed closely the predictions based on
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the calculated amount of radioactive 56Co produced
in the event. Models predicted, that after about 800
days, the presence of other radioactive material as
e.g. 57Co, 44Ti or 22Na should slow the decay rate of
the light courve. This was actually observed, but the
derived ratio of 57Co / 56Co was five times the solar
value (Réf. 26).

200 600 1000 1400
Time (days)

1600

Figure 4. Later pari of the light curve of SN 1987A.
The contribution of different radioactive elements to
the flattening of the curve is demonstrated here (see
Ref.25).

The observed flux in the 122 keV line as measured by
OSSE and the decline of the bolometric light curve
were used to modify the models for supernova II ex-
plosions. As a result, the 57Co / 56Co ratio was found
to be about twice the solar ratio (see Figure 4).

5. PULSARS

Although before the launch of CGRO only two
gamma-ray pulsars (Crab and Vela) had been known,
and only three new ones have been detected in the sky
survey phase (PSR1509-58, PSR1706-44, Geminga;
(+ EXO2030+375 in the hard X-ray range detected
by BATSE)), they contributed much to the important
results of the COMPTON Gamma Ray Observatory.

Compton Crab Puls.ir Spectrum

a OSSC

a COUPTEL

• EGRET

3.5 I 10" (E/278 MeVr'

O.01 0.10 1 10 lOl)
Energy (MeV)

1000 10000

Figure 5. Crab pulsar spectrum over almost five
decades of energy as measured with the COMPTON
instruments (Réf. 27).

The Crab pulsar is the standard candle of high-
energy astrophysics and its light curve and spectrum
has been measured by all COMPTON instruments
during the calibration phase and repeatedly during
the survey period. High quality results spanning the
whole energy range of CGRO have been obtained (see
Figures 5, 6).

Compton Crab Pulsar Light Curves

0.4 0.6
Phase

Figure 6. Crab pulsar light curves from all COMP-
TON instruments (Réf. 27).

The most exiting news for all gamma-ray astronomers
was the announcement (Réf. 28), that a pulsar has
been found in ROSAT data at the position of the
enigmatic source Geminga. Geminga is among the
three most luminous high-energy gamma-ray sources
on the sky (the others beeing the Crab and Vela pul-
sars). All attempts to identify this source since its
detection by the SAS-2 satellite about 20 years ago
had failed. Geminga was observed several times by
SAS-2 and COS-B and the measured luminosity was
almost constant in the time interval 1972 to 1982.

Immediately after the detection of a pulsar close to
the gamma-ray position of Geminga, a search in the
EGRET data resulted in the detection of the same
period (Réf. 29). The period of Geminga could be
determined from the EGRET and ROSAT data with
such a precision, that a re-analysis of the COS-B data
also detected the period in data taken more than 15
years earlier. Due to this long time-baseline, the pe-
riod could be determined with very high accuracy
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(Réf. 30).

Recently a very large proper motion was found for
one of the proposed optical counterparts (Réf. 31).
This supports the assumption, that Geminga is an
relatively close (100 pc), isolated, rotating neutron
star with a magnetic field of ~ 1.6xl012 gauss, a
characteristic age of 3 XlO5 years and a spin down
energy loss rate of 3.5 xlO34 erg s~l.

6. SOLAR OBSERVATIONS

As a secondary scientific objective of the COMPTON
Gamma Ray Observatory observing and measuring
solar flares assumed an unexpected importance due
to the unusually high level of solar activity early in
the mission. During the two week period of 1991 June
I to June 15 an very active region transited the solar
disk producing an unexpected number of large flares.
After the first week of this activity, the prospect of
more flares was such that the sun was declared a Tar-
get of Opportunity and on June 7 CGRO was reori-
ented so as to place the sun near the spacecraft Z-axis.
Subsequently major flares were recorded on June 9,
II and 15.
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Figure 7. Decay of solar 2.2 MeV emission after the
1991 June 11 flare (from Réf. 32).

6.1 Gamma-ray Emission from Solar Flares

COMPTEL has detected in all three flares the deu-
terium formation line at 2.2 MeV, a line at 1.6 Mev
probably deriving from 20Ne and a broad shelf above
4 MeV arising from both broad and narrow lines of
C, N and O.

The time history of the three flares is quite different.
While the flare of June 9 lasted on the order of 10
minutes above 10 MeV, the June 11 flare was seen
up to ~ 1 GeV by EGRET lasting for about 6 hours
and finally the June 15 flare showed emission in the
COMPTEL energy range for at least 90 minutes. The
decay times for the June 11 and 15 flares are ~ 12
minutes and ~ 14 minutes respectively (Réf. 32 and
Figure 7).

Both long lasting events suggest either a very long
acceleration phase or else some type of magnetic con-
finement of the accelerated particles with a subse-
quent slow loss into the photosphere.

6.2 Neutron Emission from Solar Flares

The COMPTEL instrument on CGRO has the unique
capability to image not only gamma rays but also to
image neutrons using a similar measurement method.
Neutrons have been measured by COMPTEL dur-
ing the 9 and 15 June 1991 flares. The energies of
the measured neutrons were in the range 15 to 80
MeV. The neutron emission from both flares is consis-
tent in time with the associated gamma-ray emission.
That is, the June 9 neutrons are impulsive as are the
gamma-rays, and the neutrons from the 15 June flare
are present for long periods of time, similar to the
gamma-ray emission (Réf. 33).
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DARK - HSUTROH SSAR HAlO AHD Tffii! HATUH3 OP GAMiIA-BURSTS
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ABSTRACT

It is shown, that darlc matter forms a halo
around the Galaxy, with a power-law densi-
ty distribution/=Kr-~, ̂  .=.1.7, K=1.2»10"
g cnf'-i(Ref .1-2). She siie of the halo and
the moment of its formation are respective-
ly estimated to be H=300+400 kpc and i =
4+5. The same halo is formed by relic neu-
tron stars (RHS) OGcuring in the protogala-
sy as a result of supernova bursts \vhich
cause a change in the original chemical
composition (Réf.3). The second component
of the neutron stars which were born in the
galactic disk and were pulsars at the early
stage of their evolution, occurs much la-
ter. The statistic distribution of ̂-bursts
determined by both neutron-star components
is shown to be in good agreement with ob-
servations. A method of direct verification
of the model is proposed.

Keywords: f -bursts, neutron stars, galaxy
formation.

1. R3LIC IKUTROH STARS

It is a well-known fact that in the course
of galaxy formation, the primary matter
consisting of hydrogen and helium is chemi-
cally transformed to become a galactic gas
with a large amount of heavy elements (lief.
3). Such a transformation in an early pro-
togalaxy is due to a rapid contraction and
burning-out of massive stars, which results
in supernova flares and the formation of
neutron stars (Réf. 4). These neutron stars
do not undergo collisions and hence move
as the dark matter which forms a giant sphe-
rical halo. The density distribution of ne-
utron stars is similar to that of the dark
matter, , given by the relation (Hef .1-2)

The latter expression takes into account. .-;-
that at the moment of self -trapped cluster,.
formation the baryon ft and the dark fj
matters are uniformly distributed: the-pa-"_-
rameter p=/i//j in (2) is a world constant-,
which is the some for all galaxies.

It is exceedingly important that at the
moment of self-trapping and the formation
of a protogalactic dark-matter cluster, the
Hubble expansion inside the cluster ceases.
It becomes an independent element in the
Universe, and the Hubble expansion only in-
creases the distance between the clusters.
ï/ith allowance for the fact that the mean
dark-matter density varies by the lav; (Réf.

= t.? - (1)

The effective radius R0 of the dark matter
cluster can be expressed, using (1), in
terms of its total mass M or the baryon ma-
tter mass HG:

„ /-(3-^/M/3-1* r(3-«)M.s -,«••/I^K-J 'i-ïïTtrJ (2)

we find the moment of protogalaotic cluster
formation ta

p -Jf w
Here Ji0 =3 «10 g/cm is the mean baryon
matter density at the present instant of
time t (Ref.5), IU is the effective scale
of a galaxy at the moment t0 .

The K value in (1) can be estimated using
the curve of galaxy rotation. For our Ga-
laxy

it -1.3
K <* 1.2 x 10 g cm (4)

which corresponds to the customarily as-
sumed dark-matter density near the Earth
(Ref.6), fj =0.3+0.4 GeV/cm3. Finally, kno-
wing K, we estimate R0 and 7,a :

-]">

za •=

t/tf _ _

IQ i)3'3*^

The relic neutron star (RHS) distribution

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in Toki, Japan,
17-20 November 1992 (ESA SP-351, February 1993).
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/ « f»r"- (7)
is similar to the dark matter distribution
(1), The parameter K here is determined
by the portion of the matter remaining in
the neutron star after the burst of a re-
lic supernova, and since the supernova
mass M-(10+1 QO)II- and the neutron star
mass E=1.44M0 the portion of the mass, P1,
contained in RHS must be 2 to 10J» of the
total galactic star matter. Prom this we
find

3 ~ O* /> ^ A / /ci \

where H& ~ 2-10 is the total number of
stars in the Galaxy.

Thus, around the Galaxy there necessarily
occurs a giant spherical RHS halo with a
characteristic dimension of 300+400 kpc,
these stars being nonuniformly distributed
in space by the law (7), (8).

2. HKUTROII STARS OF TH3 DISK

'lie now proceed to disk neutron stars (DHS).
These stars are born in the disk and leave
it owing to high intrinsic velocities.
Since at the early stage of their lives
these stars are pulsars, we know their
spatial distribution, initial velocity
distribution and their birth frequency q-
1/30 years (Réf.7-9). Shis permits a rather
accurate determination of the stationary
DITS density distribution in the Galaxy.
The corresponding calculations have been
made in a number of papers (Hef.10-12). In
contrast with these papers, our distribu-
tion function over initial velocities has
not been thought of as isotropic because
the regular motion associated with the ge-
neral star rotation in the Galaxy has velo-
cities much higher than the peculiar velo-
cities of radio pulsars. Furthermore, we
have used the Galaxy potential which exp-
licitly contains the contribution of dark
matter.

Figure 1 illustrates equal-density DKS pro-
files. Ws can see that the characteristic
width makes up approximately 1 kpc and the
DKS fill a torus-shaped region (see also
Réf.13). This is exactly what should be ex-
pected because DHS that are born in the
central region of the Galaxy are in a deep
potential well and are unable to overcome
the gravitation field of the Galaxy. The
total number m of DHS is equal to q ts -
10*, where ttf.^6-10

a years is the galactic
life time.

3. COMPARISOH WITH OBSKRVATIOK-S

Wov/ suppose that the sources of/"-bursts
are neutron stars which form an extensive
halo around the Galaxy (cf. Réf.14). As is
known, ,T-bursts are distributed over the
sky very isotropically and at the some
time demonstrate a considerable prevalence
of near sources (Réf.15-16).

ïhe existence of a giant HHS halo allows
us not only to understand the nature of
such a distribution but also to give a
quantitative account of the observed sta-
tistical properties of/"-bursts.

Indeed, since the total number of relic
neutron stars H,=p,Hff-10' exceeds greatly
the number of disk neutron stars H,~10 ,
and the halo radius R » 400 kpc exceeds si-
gnificantly the distance between the Sun
and the galactic centre rs«8.5 kpc, it
follows that we are in fact almost in the
centre of the extensive spherical cloud
whose density falls, according to (7)> with
increasing distance. As is shown in Pig.2,
the curve log H(?S)-log S, obtained by an
accurate calculation for the resultant ha-
lo and disk neutron star density, agrees
with observational data.

wo-

•10

Figure 1. Equal-density DHS profiles
in (kpc)"3.

LOO

Figure 2. The log H(;>S)-log S dependence
modeled for halo and disk neutron stars.
The solid line corresponds to the "stan-
dard candle" model P(L)= (L-L.), the da-
shed line corresponds to the wide distri-
bution function of sources over the humi-
nosity L: p(l)=1/2.7 Le, 0.3L0<L<3L0. The
dots indicate the observed dependence re-
ported in ref .18.
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Figure 3. Parameters <V/V.,,> and <cos Q>
as functions of the luminosity L and of the
portion of relic neutron stars relative to
the luminescent matter PJ for the case p=

In Pig. 3, on the plane Px=L for p=3# we
see the range of variation of parameters
«.V/V,, >and <cos 9 > which are customarily
employed in a statistical analysis of sour-
ces (Hef .17). The threshold sensitivity F=
10~*erg/cm2s corresponds to the sensitivity
of the COMPTOlJ observatory (Hef .18). We
see that in the region l£<pt< 10% the va-
lues £ V/VT«»»>and <cos 6> agree with obser-
vations: iV/VWv> =0.32̂ 0. 02 and < cos 9> =
0.04+0.03. The quadrupole anisotropy
£sin*b>=0.31+0.32, which also coincides
with experimental results. Finally, the
luminosity I necessary for explaining the
observed isotropy proves to be within the
narrow range

Vl Ii
8-10 erg/s e 1 < 3 -1 0 erg/s

and, accordingly, the total energy release
Q -10" erg.

It is noteworthy that to estimate the va-
lues of < V/VW,,> and ̂  cos 6> we can, using
the spherical distribution of SSS halo (1),
(7) and neglecting the disk stars, obtain
the following simple expressions

< —. 0.31 (9)

.-'/*

cose»= i.t -

where R̂ 0x(L)=(LAn- F) . The expressions
(9) and (10) agree closely with the re-
sults of the calculations shown in Pig. 3.

Pinally, knowing the observed frequency of
/-bursts (Réf. 18), Ĵ , * 800 years"*, we
can estimate burst recurrence for each ne-
utron star, 9 =f,it /SivQ-'IQ'* years'* . Con-
sequently, during its lifetime t,~10 bil-
lion years, each halo neutron star must

burst n=t>t.~103 times so that the total
energy release due to radiation in the
gamma-ray range must be Qt,t =nQ ~10 erg.
Such a high value restricts significantly
the gamma-burst generation mechanisms.

Concluding we note that the theory sug-
gests quite clear ways of verification of
the proposed model. Increasing the thres-
hold sensitivity P, i.e., choosing bursts
of intensity P«3-10"7, 10 ,... erg/cm^s,
etc., we must see a noticeable rise of
source anisotrbpy, as shown in Pig.4. But,
of course, reliable statistics of strong
bursts is necessary. If the anisotropy
does not grow with increasing threshold
sensitivity, then, the neutron stars of our
Galaxy are definitely not/"-burst sources.

io

Pigure 4. Angular anisotropy <?eos 0 > and
tsin*b> versus the sensitivity F-. The so-
lid line corresponds to the "standard can-
dle" case, the dashed line is wide distri-
bution.
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GENERAL RELATIVISTIC WINDS IN A BLACK HOLE MAGNETOSPHERE

Akira Tomimatsu
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ABSTRACT

We study black-hole driven magnetized winds in a. station-
ary and axisymmetric magnetosphere. Ingoing and outgoing
winds are injected from a particle creation region around the
black hole. This region is assumed to be a thin shell with a
large poloidal current density. By using Ohm's law, the pro-
duction of the mass flux and the heat flow is evaluated as a
process of the Joule dissipation. We can expect an efficient
radiation emission from the particle creation region. The sup-
ply of the enegy flux is ensured, because the ingoing winds can
have negative energy owing to the general relativistic effect of
hole's rotation. The MHD accretion induces a spin-down of
the black hole. In the region far distant from the light cylin-
der, the outgoing winds with a large positive energy are found
to have a quasi-radial structure and asymptotically collimate
along the rotation axis. However, the collimation becomes
significant only in a logarithmic scale depending on the en-
ergy of winds. Therefore any observed collimated winds will
not have too high Lorentz factors.

Keywords: MHD winds, black holes, jets.

1. INTRODUCTION

Observational studies of galactic X-iay sources and active
galactic nuclei suggest the existence of a black hole in the cen-
tral legion. The activity will be driven by the central black
hole surrounded by an accretion disk. In particular, for active
galactic nuclei, many theories require strong magnetic fields to
explain non-thermal X-ray emission and collimated superlu-
minal motion with high Lorentz factors between 2 and 20. The
jet-like structure is extended to a few hundreds of kpcs. This
motivates us to study the black hole magnetosphere which
plays a role of the central engine. A large amount of quasi-
neutral plasma will be accumulated in the magnetosphere,
and the engine will work through the formation and propaga-
tion of general relativistic MHD winds.

Usually the magnetosphere of a rotating hole is assumed to be
stationary and axisymmetric. We consider the poloidal mag-
netic field which is strongly amplified by gravity. The field
lines are threading the black hole and are extended to large
scales. The toroidal magnetic field and the poloidal electric
field are generated by rotation of plasma around the black
hole. A schematic magnetospheric model considered here is
drawn in Fig.l. An important aspect is that the black hole
cannot eject any winds from the surface. To maintain station-
ary winds along the poloidal field Unes, the plasma particles
must be supplied from a pair creation region. Then the mag-
netosphere can be divided into the following three regions;
(1) the inner region where ingoing winds are accreting onto
the black hole,
(2) the outer region where outgoing winds are driven away
into large scales,

(3) the particle creation region which is a thin boundary layer
between ingoing and outgoing winds.
The poloidal velocity of plasma should be very small in the
particle creation region, and the acceleration of injected ingo-
ing and outgoing winds will occur near the inner and outer
light cylinders formed by the effects of gravity and rotation.
In this paper we investigate the magnetospheric structure to
discuss interesting features of black-hole driven winds.

In Sect.2 we give a brief review on the well-known results for
the axisymmetric, stationary ideal MHD system. The general
relativistic effect becomes very important for ingoing winds
near the black hole. In Sect.3 we find the total energy carried
by ingoing magnetized winds to be negative. This is a mech-
anism of energy extraction from a rotating hole. In Sect.4 we
consider the particle creation region to see the pair produc-
tion of ingoing winds with negative energy and outgoing winds
with positive energy. In this region we use Chm's law instead

Fig.l: Schematic view of the black hole magnetosphere. The
solid line denotes a field line along which an ingoing wind and
an outgoing wind are propagating. The thin shaded region is
the particle creation region.
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of the ideal MHD condition. The particle creation is due to
the effect of a finite electric conductivity and a large poloidal
current density. Interetingly, through the process of the mass
flux production, a part of the enegy flux is found to be dis-
sipated as a heat flux. The particle creation region will work
as a radiation emission region. If the ingoing winds with neg-
ative energy are magnetically dominated, the outgoing winds
will have a positive energy much larger than the partcle rest
mass mp. In Sect.5 we discuss how the relativistic outgoing
winds collimate along the rotation axis in the asymptotic re-
gion distant from the outer light cylinder. We can introduce
a logarithmically-scaled collimation surface. The magnetized
wind model is useful to give an unified view on the black hole
evolution, the radiation emission and the formation of rela-
tivistic jets.

2. General Relativistic MHD

For the stationary, axisymmetric system the background met-
ric with signature H can be written in the form

ds- = gudt- + 2g,tdtdcl> + g^df + gtrdr* + g,,d62. (I)

We use the spherical coordinates (r, S, <f>) and units such that
the light velocity c = 1. The event horizon is the surface
given by pj, = j,^ — JuJ^ = O. The component j(^ denotes
the hole's rotation.

In addition to the Maxwell equations for the electromagnetic
field Fai,, we assume the ideal MHD condition

ubF"- = 0, (2)

and the conserved energy-momentum tensor

T"" = m^u'it + (\/4x)(F"FÏ + (3)

where n and «" are the proper number density and the four-
velocity of plasma respectively. The particle number conser-
vation Va(7iu0) = O is automatically satisfied by virtue of
the equations (2) and V6T"6 = O. From the MHD equations

we obtain the following results (Ref.l): We can introduce a
stream function ^(T, S) constant on poloidal flow lines. The
poloidal velocity uA(A = r, B) is parallel to the poloidal mag-
netic field FAj, = dj^l with the coefficient j)(<$),

From the poloidal amplitudes defined by u2 = — UAUA and
Sf = -p^gABdA^ldB^!, the Alfven Mach number M has the
form Af2 = 4KTtIfTjUf/Bp. The poloidal flow carries the energy
flux TA = TtU-4E and the angular momentum flux —TA =
nuAL, where E(9) and I(*) are the total energy and angular
momentum respectively. For the electric field the toroidal
component FI$ must vanish, and the poloidal components are
given by FM = -SlpF^, where Q(*) is the angular velocity
of magnetic field lines. We have the four integration constants
TI, E, L and flf.

At the static point where UA = O, the angular velocity of
plasma fi = u*/u' must be equal to ftp- The light cylinder
corresponds to the static limit surface difined by KF = JH +
2OfJi^ + tipga = O. Before reaching the event horizon or
the distant regions (A> < O) from the static region, the cold
winds pass through the Alfven point where Af2 = A> and the
fast magnetosonic point where Af6 = (4ffmp7;/Bp)2(e2 - A»
and e = E — LfIp.

The remaining equations to be solved are the poloidal wind
equation for the critical point analysis

m2(l + «2)(AV - Af2)2 = e2A> - 2e2Af3 + e2Af4, (5)

where e2 = -(g^E2 + Zg1^EL + ff«i2)/p2 and the trans-
field equation which is a very complicated partial differential
equation for the field line configuration 9(r,8).

3. INGOING WINDS

First let us apply the results obtained in the previous section
to ingoing winds. The total energy carried by the winds can
be divided into the two parts

E = mpu, + (6)

where F,a is the toroidal magnetic field. The first and sec-
ond terms denote the plasma and electromagnetic energies
respectively. Even if the paticle energy is positive, the mag-
netized ingoing winds can carry a nagative energy. In fact, at
the Alfven point, we obtain E = e(gu + SlFStt)/Kr (Ref-2).
Therefore, E < O if and only if the Alfven point is located in
the region

- ftf(QIC + îîfSW) < git + fifgit < O. (7)

For a non-rotating hole the component gt$ vanishes, and no
winds can satisfy the condition (7). The negative energy is

due to the general relativistic effect of the hole's rotation,
and the angular velocities SIF and UH of the field lines and
the black hole must be in the range

O < flF < uiH, Lflf/E < 1. (8)

The magnetic field lines are dragged by the hole's rotation,
and the negative energy influx is always accompanied with
the negative angular momentum influx. The rotating black
hole surrounded by the magnetosphere can evolve with the
mass loss and spin-down.

If the field line configuration is assumed, we can solve the
poloidal wind equation (5) to give up. In Ref.2 the solutions
for ingoing winds with negative energy and angular momen-
tum have been found under a monopole field Une geometry.
The ingoing winds are injected with zero poloidal velocity
and pass through the critical points to reach the event hori-
zon. The solutions clearly illustrate the process of extracting
the rotational energy of the black hole.

For the ingoing winds with E < O the particle energy mput is
suppressed by the redshift effect of gravity (Ref.3). Then the
condition — E 3> mp means magnetically dominated winds.
The Alfven Mach number remains very small, i.e., M* =
O(m2/fi2) <g 1, and the Alfven and fast magnetosonic crit-
ical points are very close to the light cylinder and the event
horizon respectively. If the energy flux is conserved in the
particle creation region, we have

= (nupE) (9)

For the magnetically dominated ingoing winds a large positive
energy Eml 3> mp can be transported into the outgoing winds,
which will be accelerated to high Lorentz factors in far distant
regions. To check the validty of Eq. (9), we must study the
process of the mass flux production in detail.

4. PARTICLE CREATION REGION

Here we assume that the ingoing and outgoing winds are in-
jected from some boundary region, where the particle number
conservation V0(nu°) = O breaks down. To treat the particle
creation for the energy momentum tensor given by Eq.(3), the
ideal MHD condition (2) must be replaced by Ohm's law

'/"•» = , -_< (10)

where j" and e = uaj
a are the current density and the proper

charge density. A high but finite electric conductivity a is
important in the particle creation region, because we obtain

V0(m,,nu°) = -(-J (11)

The mass flux is produced through the Joule dissipation of
the electromagnetic energy flux. The particle creation region
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must be a current sheet with a large poloidal current density,
which is due to a large spatial change of the toroidal magnetic
field FTg.

To solve the structure under the condition (10), we use a thin
layer approximation. The particle creation region is treated
as a thin spherical shell with the mean radius rc(0) and the
width of the order of <r~l (S = (retr)~l « 1). Then it is useful
to introduce the coordinate defined by

x = a(r-rc(0)). (12)

We consider the shell structure limited to the range | x |< I1
where the poloidal velocity «„ is of order of S. Ingoing and
outgoing mass fluxes are produced in the region x < O and
z > O, respectively, with the proper number density n of order
of*"1. The thin layer approximation means

the coefficients become

dr ~ a~ (13)

which will be valid except at the rotation axis (sinfl —> O). If
the toroidal magnetic field F,e depends on the -oordinate z,
we have a large poloidal current of order of 5~'~.

Now we can solve the MHD equations valid in the thin layer.
The Maxwell equations lead to

(14)

The electric and magnetic components E\\ and BX, which are
parallel and perpendicular to the surface r = rc(fl) respec-
tively, do not depend on z. The ratio -E^fBj. is the angular
velocity îîp, and Ohm's law gives

(15)

where A = -g<"> - (drjdefg" and K = ,.
Even in the limit of low poloidal velocity the angular velocity
n of plasma can differ from Qf owing to the effect of a finite
conductivity.

If the energy and angular momentum fluxes are conserved for
the energy momentum tensor given by Eq.(3) (i.e., V0T1" =
V11TJ = O), we obtain

(16)

O, (17)

where F*' = FrS(x = 0,B), and m = m.n(u' - (drc/dB)v?)
is the mass flux perpendicular to the surface r = rc. Though
these equations can give the mass flux

i/ JfA, (18)

the rotational motion of created plasma is found to be space-
like (K < O). To avoid this difficulty, some parts of the en-
ergy and angular momentum fluxes carried by ingoing and

outgoing winds must be dissipated in the process of particle
creation.

Here we consider a heat flow 9" as the dissipation mechanism
and add the term j-u* + «V to T"b (Ref.4). The condition
"o?" = O is required from the absence of a density of heat. For
the production of rotating plasma with Q corresponding to a
timelike motion (K > O), the components q' and }* become
important. Hence, we can neglect the poloidal heat flow q*
and Eq.(18) for the mass flux remains valid. If we denote q
and }* by

(19)

• - Q), (20)

where k = gtl + (Q + Qf )?i^ + îîîîf ff^. Because the energy
and angular momentum fluxes carried away by the heat flow
are given by riiftui and m^u^ respectively, we can expect a
radiation emission with the flux of the order of | m | from the
particle creation region.

The dynamical equilibrium of the thin shell corresponds to the
equations V0T"*" = O. The gravitational force perpendicular
to the surface r = rc can be balanced with the Lorentz force
of Frg. However, no electromagnetic force can work for the
equilibrium in the direction parallel to the surface. The thin
shell must be located on a equi-potential surface given by

(22)

where the prime denotes the differentiation dg + (drc/d9)d,
along the surface r = rc. This force balance will break down
just outside the particle creation region, and the acceleration
of winds must occur under the ideal MHD condition. In the
present analysis we cannot determine the width of the thin
shell. This problem remains in future works.

5. OUTGOING WINDS

In the previous section we found the dissipated energy to be
of the order of the particle energy. Therefore, if the magneti-
cally dominated winds are injected from the particle creation
region, the total energy flux carried by the magnetized winds
is almost conserved, and we can consider the outgoing winds
with E > mT.

Let us study the asymptotic structure, by using the ideal
MHD equations. The asymptotic region means .RQf 2> 1,
where the cylindrical coordinates (R, Z, ^) are used. E°ca.ise
the effect of gravity is negligibly small, we assume ; !;•- Hat
spacetime. The poloidal field strength is

Br = fl~l[(9/j*)J + (9z*)2]''2. (23)

The field line configuration can be expressed by

(24)

where p may depend on R and 1J*. The poloidal wind equation
for uf is approximately given by

where MQ = M/RfIp- If 'he usual three-dimensional velocity
is denoted by «,, we have the Lorentz factor 7 from the equa-
tion Up = -ivp. The four-velocity uf is related to M0 through
the equation

UP = (26)

Because the static limit (up —> O) is forbidden in the region
Kp < O, we find from the poloidal wind equation that p > 1
in the asymptotic limit RitF —> oo, and p —> oo in the limit
* -» O corresponding to the polar region. The field lines near
the rotation axis must be cylindrical.

These boundary conditions are crucial to solve the trans-field
equation for *, which is written in the form

) = 0) (27)

where K = -3fl*/9z$. For the outgoing winds with T =
E/m,, » 1, the first term of the left-hand side becomes much
larger than the second one in a super-fast magnetosonic re-
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gion. Then the field line configuration is found to be quasi-
radial (p :* 1) as follows: At the fast magnetosonic point
where M$ = r"2/3, we obtain the exponent p = 1 + O(i--2/3)
and the Lotentz factor 7 = G(T1/3). After passing through
the critical point, the exponent and the Lorentz factor change
to p = 1 + O(r-2) and 7 = O(T) (M$ = O(\)). The increase
of 7 is a result of the conversion of magnetic energy, and the
winds obtain the kinetic energy which is not much smaller
than E.

Though the quasi-radial structure is an important feature of
the relativistic magnetized winds with T » 1, the region must
be limited to a finite scale given by

T2/3 < In(flîîp) < T2. (28)

In the asymptotic region In(-Rfip) > T1, K ~ (/Zîî/-)p~l drasti-
cally increases, and in the left-hand side of Eq.(27) the second
term becomes dominant compared with the first one to give
the solution

(29)

where g and / are arbitrary functions of Z. From the bound-
ary conditions that p — » oo at the polar region (*t — > O) and
p ->• I on the equatorial plane (* — > Vc), we obtain the
asymptotic exponent

Poo = /*'(SlF/E)d<S>/ J*(nF/E)d* (30)

in the limit ln(JZÎÎf) > r2 or In(ZUp) » T3. The field lines
are found to be collimated in this logarithmic scale.

The asymptotic collimation can be understood in terms of the
characteristic curves for the trans-field equation too. (Note
that the equation becomes hyperbolic for the super-fast mag-
netosonic region.) The gradients of the curves are given by

± a(* (31)

where a = 47rmp7;/fiJ,M3fl | 9Z* |. In the quasi-radial region
we have Q < 1, which leads to (dR/dZ)± ~ K. The char-
acteristic curves are almost along field lines. Therefore any
interaction between field lines remains negligibly small. How-
ever, in the asymptotic region Ia(JtUp) > T*, we have a > 1.
The gradients of the characteristic curves drastically changes
to (dR/dZ)+ < O and (dR/dZ), > O. The magnetic tension
can work to match smoothly the field line configuration to
the boundary condition at the polar region. We can regard
the surface a = 1 as the collimation surface. For the colli-
mated winds we have the terminal Lorentz factor 7 -> E/mp

(Ref.5). This is because the Alfven Mach number increases
as Af? ~ In(MJp) -> oo. The magnetic energy can be com-
pletely converted into the kinetic energy.

In summary, we have studied the production and propagation
of ingoing and outgoing winds in a black hole magnetosphere
drawn in Fig.l. Our conclusions are as follows:
(1) By virtue of the general relativistic effect of hole's rota-
tion, the ingoing winds with negative energy can be produced.
The Alfven point must be present in the region -Op(Ji^ +
^Fffw) < Su + fifji* < O.
(2)The ingoing and outgoing mass fluxes are produced through
the Joule dissipaion in a thin shell with a large poloidal cur-
rent and a finite conductivity. This process is induced by a
large spatial change of F,e. In the particle creation region the
negative energy influx carried by ingoing winds is transported
into the positive energy outflux carried by outgoing winds and
a heat flow. The energy flux of heat will be observed as a ra-
diation emission from the magnetosphere.
(3) In the region far distant from the outer light cylinder, the
super-fast magnetosonic outgoing winds with a large energy
E S> nip must have a quasi-radial structure and finally colli-
mate along the rotation axis. The asymptotic collimation has
been pointed out in Ref.5. Here we want to emphasize the
importance of the collimation surface defined by a = 1 which
corresponds to a logarithmic scale In(TtSIp) ~ (E/niff. Usu-
ally the magnetospheric region is surrounded by ambient mat-
ter and cannot be extended to infinitely large scales. There-
fore, for outgoing winds with too high 7 (like pulsar winds),
eventually no strong collimation will be observed. This rela-
tion between the scale for collimation and the energy of winds
should be checked by numerical calculations of the trans-field
equation.
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VERTICAL STRUCTURE OF ACCRETION DISKS
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ABSTRACT

Vertical structure of accretion disks is determined by
solving hydrostatic equilibrium and radiative diffusion
self-consistently for a given column density and accre-
tion rate. The heating rate is assumed to be proportional
to the mass density. We found that emission spectrum
strongly deviates from blackbody owing to a combined
effect of electron scattering and temperature distribu-
tion. As the accretion rate increases, the peak of emis-
sion spectrum moves from ultraviolet to soft X-rays. For
accretion rate higher than 10 percent of the Eddington
luminosity, an inversion in the temperature distribution
occurs at the disk surface. For lower thickness of the
disk, optically thin, two-temperature and Comptonized
bremsstrahlung dominated disk is found.

Keywords: Active Galactic Nuclei, Accretion disks, Ra-
diation Spectrum.

1. INTRODUCTION

The vertical struture of the disk affects much the spec-
tral shape of emission since there exists a temperature
gradient as in the usual stellar atmosphere and since
scattering dominates over absorption as the opacity source.
As a result, emission spectrum is expected to deviate
from the blackbody spectrum even for optically thick
disks. Observationally some AGNs show soft X-ray ex-
cess which suggests that spectrum deviates from black-
body. Some attempts have been made in calculating
the emission spectrum for optically thick disk(Ref.l-5).
Most investigations to date were made by adopting the
given vertical structure which is obtained by assuming
that radiation pressure dominates over gas pressure. But
this seems to be quite inadequate, because the effect of
gas pressure is expected to be significant in determin-
ing the vertical structure near the surface where emis-
sion spectrum is formed. Here we perform more detailed
calculation, where we solve radiative transfer and ver-
tical structure self-consistently.

The energy source of active galactic nuclei (AGN)
is most generally considered to be due to the release of
gravitational energy by accretion onto a massive black
hole. Since spherical accretion onto black holes is inef-
ficient at converting this energy into radiation and any
accreting matter is likely to have some angular momen-
tum, a conventional assumption is that an accretion disk
is formed around a black hole. Accretion disks have
partly succeeded in explaining various activitiy of AGN,
most important of which is radiation spectra from AGN.
If the disk is optically thick, emission spectrum can be
simply calculated by assuming that each disk element
radiates blackbody at effective temperature Te// which
is determined by equating the dissipated f "jc per unit
area to the emitted flux. For parameter range appropri-
ate for AGNs, Te// takes around 1O5K and in reality is
consistent with UV bump observed in many of Seyfert
1 galaxies and quasars. Optically thin two-temperature
solutions are also possible for the same parameter range
of hole mass and accretion rate and they can produce
hard X-ray emission from AGNs with a power law form
through thermal Comptonization of soft photons. It is
not clear which state is realized in actual case. These
two states may cycle around each other or may coexist.

Even if we accept the idea that UV bump is caused
by optically thick disks, detailed investigation is needed.

2. FORMULATION

We assume that disks are geometrically thin and that
it consists of fully ionized hydrogen. The equation of
hydrostatic equilibrium in the vertical direction in a disk
around a Schwarzschild black hole of mass M, i.e., is
given by

dP,,. GM

where R and z are radial and vertical coordinates and
P,ai and Nt are gas pressure and number density of
electrons which is the same as that of protons; mp,G
and c are mass of the proton, gravitational constant,
and the velocity of light, respectively. As for radiation
field, v denotes frequency, Fv and A1, are radiative flux
and total mean free path of a photon, respectively. We
adopt diffusion approximation in calculating radiative
flux, which is valid if the mean free path is shorter than
the grid size.

3 dz (2)
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where <rv is radiation density per frequency. This does
not necessarily mean that the medium is optically thick
to absorption. But the optical thickness to scattering
should be greater than 1. The conservation of mass can

_be expressd as

dr
(3)

where at and T are cross sections of Thomson scattering
and Thomson scattering optical depth measured from
the midplane defined by

• = / N,C
Jo

(4)

respectively. We take r as an independent variable of
space in place of 2 and we denote total Thomson scat-
tering optical depth by T0. Equation of state is given
by

wh^re Tp, T,, k are proton temperature, electron tem-
perature, and Boltzmann constant respectively. We treat
Tp and Te separately. The dissipated flux per unit area
of disk surface Qo is given by standard accretion disk
model (Ref.6) as

where Erad is the radiative cooling rate which is written

= 7
Jo

(W)

Here, als, jf and A? are the bremsstrahlung absorp-
tion cross section, the bremsstrahlung emissivity and
Compton cooling rate. A^ is described by the Kom-
paneets equation(Ref.S), where

A° —A,, =
87T/II/3

with

(12)

Here, electron temperature and the frequency are nor-
malized as T,=fcT/mec

a and x = KvJm1I?, and nv is
the photon occupation number.

In stationary states, the dissipated energy is finally
converted to the radiative flux and we have the equation
for F1v as

(13)

Qo =

where M and fl = (GAf/fl3)1'3 are the accretion rate
and the angular velocity of Keplerian motion, respec-
tively; R, = R/R, is the normalized radius, where Rs =
2GM/c2 is the Schwarzschild radius. We assume that
the heating rate per unit volume is assumed to be pro-
portional to mass density, i.e.,

(6' We impose that P,,, = O at the disk surface for the
outer boundary condition and z = O at the midplane for
the inner boundary condtion. We use the two-stream ap-
proximation (Ref.8) as the outer boundary of Fv and e»,
and set .FV=ce,,/\/3. Inner boundary condition of F„ is
Fv = O. Hereafter, we use the following noromalization :
Tp, = fcTp/meC2, Nt=N1OTR,, X=log(a;), where m, is
electron mass. M, = MfMsdd with Msdd = Lsddl<? •

i = 4ircGMmp/trT is the Eddington luminosity.

(7)

where Ea is the total mass column density. In stationary
states, energy balance of protons are given by

Q+ = (8)

where the energy exchange rate through Coulomb colli-
sions (Fc) is taken from Guilbert and Stepney (Réf. 7).
The energy balance of electrons is given by

• = &rad,

3 RESULTS

We calculated for a black hole mass of M = 10sM0
as a typical value for AGN for several values of TO and
M,, for example, a typical value of To=IOOO corresponds
to a combination of M.=0.1 and a = 0.62 or M»=1.0
and a = 0.062 in the optically thick, electron scatter-
ing and radiation pressure-dominated standard accre-
tion disk model. We only calculate for the radial posi-
tion of R, = 5 where Q0 takes the maximum. Firstly,
we present numerical results for TO = 1000 at various

(9) M., The vertical distribution of electron temperature
and number density are shown in Figs. . and 2, respec-
tively. In Fig.l, Te// is also shown by the dotted lines.
Since proton temperature is similar to electron temper-
ature, we omit showing it here. Temperature increases
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Fig. 1. The vertical distribution of electron temper-
ature. Dotted curves show the effective temperature.
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creases smoothly outwards, while for high M., N. is con-
stant near the disk midplane; especially for Af.=10, JV.
is almost constant until disk surface. It also means that
at low M,, gas pressure also plays a role in supporting
disk against gravity, while at high M., radiation pres-
sure is dominant. We obtain numerically, at the mid-
plane of the disk, Prad = 0.66Pga, for Jl/. = 0.01, and
Praci = SA x 1O4Pj0, for JW. = 10. The breaking point
in density distribution coincides with that in tempera-
ture distribution in spatial coordinates, which suggests
that a mildly hot corona can be produced. When M.
increases, geometrical height of the disk surface from the
midplane also increases. Since the calculated height of
the disk surface is always smaller than the radial coordi-
nate, geometrically thin approximation is always valid.

Emergent spectrum from disk surface is shown in
Fig. 3. Blackbody spectrum at the local effective tem-
perature which is determined by assT^/ — Qo is also
shown by the dotted line, where OSB is the Stefan -
Boltzman constant. As shown in this figure, the emis-
sion spectrum is quite different from the blackbody spec-
trum. For low accretion rates, the emergent flux is lower
than the blackbody flux at T,j] at low frequencies while
at high frequencies a strong excess is seen compared
with the blackbody flux at T , f f . These results are ex-
plained as follows. If the effect of scattering is neglected,
emergent flux should be principally determined by the
temperature at which absorption optical thickness from
the surface becomes one, which is frequency dependent.
Therefore at low frequencies we see relatively shallow
depth from the surface where T. is low, and at high fre-
quencies we see deep from the surface where T, is high.
In fact, we should take account of the effect of scat-
tering, which would result in the modified blackbody
spectrum and the emergent flux is short of the Rayleigh
Jeans spectrum by the factor which is determined by
the ratio of scattering opacity to absorption opacity. In
this calculation, the frequency at which scattering be-
comes effective turns out to be X=-5.1, -5.3, -5.5, -6.7
for M.=0.01, 0.1, 1, 10, respectively. Therefore, for

Thomson Scattering Optical Depth : 1Og(To — T)

Fig. 2. The vertical distribution of electron number
density.

with increasing M, for same ro. At low accretion rates,
T. is a monotonically decreasing function of T. When
M. increases, a temperature inversion appears at the
disk surface. The reason why this inversion appears can
be explained as follows. As JW. increases, surface layer
becomes optically thin. Temperature is determined by a
balance between heating and cooling. The heating rate
is propotional to JV., while cooling rate is propotional
to CiNlT11*+CiN.T., where C1 and C2 are numerical
constants. Since density is always a monotonically de-
creasing function of T, this gives rise to an appearance of
high temperature zone. These distributions of tempera-
ture and density modify the emission spectrum from the
disk surface as is shown below.

As for the density distribution, for low Jlif., JV. de-

phuton Frequency : lugf

Fig. 3. Emergent spectrum. Solid curves show com-
puted emergent flux while dotted curves show blackbody
spectrum for Î1,//.
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M.=0.01, spectrum is accumulation of blackbody ra-
diation from different depth in most frequency range.
For Jl/. > 0.1, modified blackbody spectrum appears in
fact. When JW.=!, the spectral shape at part of lower
frequency (-8<Jf < - 7) becomes flat. This is because
bremsstrahlung spectrum of disk surface is directly seen,
where there is an abrupt temperature inversion at a
small region near the surface. When accretion rate ap-
proaches Eddington rate, for example M,=10, a Wien
peak appears. This means that for high accretion rate,
Compton cooling is important. Here we emphasize that
this effect is only important when accretion rate ap-
proaches Eddington rate.

E.
I

Thomson Scattering Oplicil Depth : log(rD - T)

Fig. 4. The vertical distribution of electron and
proton temperature. Solid curves show electron temper-
ature. Dashed curves show proton temperature. Dotted
curve shows effective temperature.

Next, we examine behavior of solution with varying
T0 while keeping Jl/. constant. This is important since
the examination may help to understand the connection
between optically thick and thin solutions. We calculate
for Jl/. = 10 in this motivation. The distribution of elec-
tron temperature and proton temperature are shownin
figure 4. As TO decreases, the disk becomes gradually
two-temperature state and gas pressure becomes large
while the radiation pressure decreases. The height from
the ir.mplane to the surface becomes higher slowly but
geometrically thin approximation is always valid. Emer-
gent spectrum is shown in figure 5. As TO decreases, disk
becomes optically thin and the emergent spectrum is of
Comptonized bremsstrahlung. At low TO, a Wien peak
is remarkable.

4 CONCLUSION

We have succeeded to solve the vertical structure and
radiatve transfer of accretion disks self-consistently. Ra-
diation spectrum is very different from blackbody spec-
trum. Our next subject is to apply this numerical code
to investigate various problems under realistic situations.
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Abstract

High temperature shock-heating of relativistically expand-
ing plasmas produced in neutron star binary mergers pro-
vides a model for cosmic gamma-ray burst sources. This
requires the fireball resulting from the merger to have a
very high entropy per baryon, mechanisms for which are
discussed. The energy, temporal structure and spectrum
produced by the blast wave and reverse shock as the fire-
ball is decelerated in an external medium are comparable
to those observed, as is the frequency of occurrence and
the characteristics of the spatial distribution of the events.

I. Introduction

Gamma-ray burst (GRB) sources are currently being
detected at the rate of one per day by the BATSE detector
on board the Compton Gamma-Ray Observatory satellite
(Fishnjan, et al, 1992, Meegan, et al, 1992). The typical
burst durations are At ~ 0.1 — 100 s, reaching occasionally
down to 10~4 s or up to ~ 103 s. The spectrum is typically
a power-law in photon number, of index -1 to -2, extend-
ing at least up to MeV energies, with most of the energy
concentrated above 1 MeV. Their apparent isotropic distri-
bution in sky (there is as yet no sign of either a dipole or a
quadrupole component, with 450 bursts detected) requires
an origin in either a very extended galactic halo (core ra-
dius ^ 50 kpc) or else in a cosmological distribution ob-
served out to sufficiently large distances % 300 -1000 Mpc
so that any association with clusters of galaxies appears
smoothed out (Paczynski, 1991).

While galactic halo models remain a distinct pos-
sibility, there are some difficulties yet to be overcome in
building a satisfactory scenario along these lines. Cosmo-
logical scenarios, on the other hand, provide an adequate

number of astrophysically reasonable sources whose fre-
quency of occurrence and total energy is quite sufficient
to provide the statistics and the luminosity required for
the bursts to be observable at" these distances. These
sources could arise in neutron star- neutron star (NO-NS)
binary mergers, driven together by gravitational radiation
losses (Paczyriski , 1986). The number of such events out
to 300 Mpc exceeds 106 yr"1, and the statistics for neu-
tron star- black hole (NS-BH) binaries is not much lower
(Narayan, et al, 1991, Phinney, 1991). Either NS-NS or
NS-BH (Paczyriski, 1991, Narayan, et al, 1992) could pro-
vide the right energy and photons of average energy in the
gamma-ray range. Other possibilities are failed Ib super-
novae (Woosley, 1992), or white dwarf collapse leading to
a NS with a superstrong CZ 1015 G) magnetic field lead-
ing to pulsar-type emission at high energies (Usov, 1992,
Duncan and Thompson, 1992a). Thus, cosmological sce-
narios offer the required number and distribution of events,
which have a total intial radiation energy of order 1051 erg
(comparable to supernova energies).

There are, however, serious difficulties common to all
cosmological GRB scenarios, as far as a) the total amount
of energy ultimately appearing at gamma ray energies, b)
the time scales, c) the spectrum, and d) the great variety
of time profiles. The release of ~ 1051 erg in a volume
comparable to neutron star dimensions (~ 1018 cm3) leads
easily to a fireball, which will expand and at some point
become optically thin, producing a burst. However, the
typical time scales over which this "thinning" burst oc-
curs are ~ 10~4 s (Goodman, 1986), which is too short
for the average GRB. Furthermore, as in supernovae, it
is extremely likely that the fireball (6^,7) also contains
baryons, and not much of the latter are needed to degrade
the resulting burst into X-rays or lower energy photons.
Also, even a small admixture of polluting baryons leads to
converting most of the available energy into kinetic energy
energy of baryons, rather than photons.

We describe here a very general mechanism which
overcomes these problems, discussing situations were the
pair plasma is created in regions which are relatively free
of baryons, and considering the effect of the interaction of
the expanding fireball with the external medium. Rela-
tively clean pair-plasmas are most likely to arise in com-
pact binary scenarios, where one expects regions in which
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the baryon wind density is much lower than the average
value. This leads to a high-entropy relativistic pair fire-
ball, which is the basic requisite for producing observable
7-ray bursts observable at cosmological distances. Since
the fireball is likely to be strongly anisotropic or jet-like,
the total energy required in photons is significantly smaller
than for isotropic bursts, while the detection probability
of beamed events provides a better fit between expected
number of mergers and GRB statistics. Furthermore, the
interaction of the expanding fireball with even very tenu-
ous external matter (e.g. an ordinary interstellar medium)
can efficiently reconvert the kinetic energy of a baryon-
loaded relativistic fireball into a burst of high energy pho-
tons, which on the observer reference will frame have time
scales comparable to those of GKB. The only requirement
is that a substantial part of the fireball should have ac-
quired a Lorentz factor r >, 102 - 103 - a much less
demanding requirement than is imposed by other mod-
els for GRBs at cosmological distances. Further details
are given in Mészâros and Rees (1992a; 1992b), Rees and
Mészâros (1992) and Mészâros and Rees (1993).

II. Baryonic Pollution and Clean Fireball Jets

In either NS-NS or BH-NS binaries, the neutron
stars will undergo strong tidal heating even before they
are disrupted. The magnitude of this tidal heating is
sufficient to produce a super-Eddington luminosity lead-
ing to a baryonic wind from the NS, of mass AMn, ^
W~3(D/\0S cm)M0, where D is the binary separation
(Mészâros and Rees, 1992a). For an initial energy E0 ~
1051 erg this wind will be extremely optically thick, and
will achieve at most a marginally relativistic bulk Lorentz
factor FB, ~ lEfiM~\.3. Such a wind will degrade any
gamma-rays to much lower energy bands. Single white
dwarf collapse and failed Ib supernova scenarios will also
lead to similar slow, opaque baryonic winds, as will the
super-Eddington accretion disk formed around a BH af-
ter disruption of a SN companion. Pairs are abundantly
formed in all of these scenarios by vv annihilation, as in
supernovae (Goodman, c.t al, 1987). However, the crucial
question is whether some fraction of these pah's can be cre-
ated in a region sufficiently free of baryons as to allow the
e*, 7 fireball to break out from its sluggish, thermal bary-
onic environment. In this case one may get 7-rays from
the high entropy relativistic fireball, after it becomes op-
tically thin to its pairs and whatever polluting electrons
(of associated baryonic mass JIf0 <£. Mw) it carries. In a
slowly rotating single star collapse scenario, because the
symmetry makes it hard to achieve any departure from an
opaque spherical wind. However two simple scenarios for
a "clean" fireball breakout are possible, in the cases of a
NS-NS and NS-BH binary.

In the NS-NS merger, a baryon-minimum is expected
along the binary rotation axis located between the two
stars, due to centrifugal barrier effects. Given enough time,
viscosity could carry baryons into this region, but before
that the two stars are tidally heated to temperatures where
copious vv emission occurs. The vv from each star collid-
ing among themselves will create pairs only very near the
surface, under the baryonic wind, which will prevent their
breakout. However the vv of each star will also collide
with those of the other star, and annihilate into e*, 7 pref-
erentially near the midplane between the stars (the cross

section <x [1 — cos 8U]2 being much more favorable for this
nearly head-on collision). This midplane region contains
the binary rotation axis, where baryons are much fewer
than elsewhere. This results in a relatively "clean" fire-
ball of energy Ef ~ 1051 erg and high specific entropy
per baryon (Mészâros and Rees, 1992a). This highly rela-
tivistic fireball will tend to break out from the surround-
ing low-entropy baryonic wind along the direction of least-
resistance, which is the binary rotation axis.

In a BH-NS merger scenario, an even cleaner fireball
may be possible, just before disruption of the NS. Near the
tidal radius the star releases an energy £„» S 1054 erg in
vv, which are emitted in all directions; the fraction emitted
within an angle ~ 2RsIRt of the BH (where R3, Rt are
the Schwarzschild and tidal radii, respectively) are focused
on the other side of the BH. There, the vv collide in the
focal region (of volume ~ R^D) almost head-on, producing
e±,f. Since neutrinos travel faster than any baryons, this
region is expected to be quite free of baryons for a time
large enough to allow a high entropy fireball to develop.
The firebal' energy is Ef ~ 1050(MH/Mjv)-'/3T_3 erg,
where ~ 10~3T_j s is a typical neutrino burst duration,
and Ma, MN are the BH and NS masses (Mészâros and

Rees, 1992b). This is a lower limit to the luminosity, since
once pairs have formed the higher cross-section v + e —»
i/'+e^e" process will add even more pairs. For a Kerr hole,
the plunge orbits, tidal shear and gravitational focusing
differ in details (and may be even more favorable), but the
essential features of producing copious pairs in a baryon-
free region remain the same. The fireball will tend to break
out along the focusing line opposite to the NS, or else along
the binary rotation axis.

III. Fireball Jet Expansion

As the high-entropy pair-plasma fireball expands, its
thermal energy is gradually converted into kinetic energy
of expansion, with mean bulk Lorentz factor growing as
F ~ r/Ra (e.g. Cavallo and Rees, 1978, Goodman, 1986,
Shemi and Piran, 1990). Eventually, the expanding plasma
becomes non-relativistic and F saturates to a value com-
parable to the initial specific entropy 17 = E0JM/c2, where
Mf is the mass of polluting baryons carried with the fire-
ball.

An underloaded fireball (M/ £ 10~9JS0l5iM0, or 17 /S
01Si ) will become optically thin during the acceler-

ation stage, in which the emitted photons are blueshifted
into the observer frame by the factor F ~ r/R0, just com-
pensating for the adiabatic losses of the fireball radiation.
If the fireball is beamed into a half-angle a > F"1 (a likely
condition), the jet behaves for an observer within a of its
axis just as a spherical fireball would, except that its total
energy requirements are smaller. However, the time scale
for these "thinning" bursts is tth & 10~4 s, evaluated at
the point when optical thinness is reached. This is rather
shorter than the typical main burst observed time scale,
so a number of authors have considered ways of length-
ening it, e.g. by considering a slower energy release in
a disk that evolves on a viscosity time scale. However,
disks should self-pollute themselves through their super-
Eddington wind, and it is not clear that such a solution
would lead to 7-rays. Also, the spectrum of the "thin-
ning" bursts should be close to thermal, with an observer-
frame effective photon temperature which is in the soft

182



167

•y-ray range, instead of the usual burst power-law behav-
ior.

In the high-load fireball case (Mj Z IQ-9M0, Ij &
Vf), which contains a more realistic amount of pollut-
ing baryons, optical thinness is reached after saturation.
These fireballs expand by a larger factor and the Doppler
blueshift boost 7 ~ IJ no longer compensates the adiabatic
cooling factor R0JrU1 > 17, so the spectrum is softer and
the observable energy at thinness is lower than the initial
burst energy (Mészâros and Rees, 1993). Thus neither the
under-loaded nor the high-load "thinning" bursts (which
are usually considered) can be taken to represent the ob-
served main burst events, although they may be candi-
dates for the brief, low energy precursor bursts sometimes
observed.

IV. Interaction with the External Medium

A second, longer duration burst of energy compa-
rable to the initial fireball energy is expected when the
baryons from the fireball crash into the external medium.
The blast wave being pushed ahead of the expanding
fireball baryons moving at F/ (~ rj before deceleration)
shoi-': heats the external medium to a lab frame ther-
mal Lorentz factor of order F2,, so that by the time an
amount of mass M, ~ Fjz.E/e~2 = Fp1M/ has been
swept up the fireball starts to decelerate, and a reverse
shock starts moving into the fireball. In effect, the ki-
netic energy of the fireball (which originally was built up
at the expense of the thermal energy of the pairs) is now
being reconverted into heat, but at a much larger decel-
eration radius r& ~ 0.6 x 1018nf 1^a-1;;"2/3, where n\ is
the external medium density in cm~3, a is opening an-
gle of the jet, and for a saturated fireball F/ ~ rj. The
kinematics of a relativistic fireball resembles the simplest
models of relativistically expanding radio sources (Rees,
1966). The parts of the shell moving towards the ob-
served have an apparent speed ~ ScF2, so the effects
of the shell's deceleration are observed on a time scale
U ~ Td/yr,c ~ 1 nï1'3a'2'3El(2I1-

8/3 s, which is compa-
rable to the observed burst durations (Rees and Mészâros,
1992). If radiative losses are efficient, the total photon en-
ergy inferred from the fluence under the assumption of
isotropy is Eai, ~ l<flEa^ia~2 erg, i.e. for a ~ 0.1

it could be ~ 1049 erg. By the same token, the detec-
tion probability goes down by a factor Q-2 ~ 102, which
brings the expected number of mergers within observable
distances into much closer agreement with the observed
rate of ~ 103 yr"1.

The thermal energy of the decelerated fireball is ap-
proximately equally shared between the gas behind the
blast wave, which is heated to highly relativistic tempera-
tures, and the fireball material in the reverse shock, which
reaches marginally relativistic temperatures, both regions
being in pressure equilibrium. For a very dense exter-
nal medium, comptonized bremsstrahlung losses can be
important, but for a normal interstellar external medium
synchrotron radiation is probably the main mechanism. If
the shocked material develops an equipartition turbulent
magnetic field, the cooling time scale is less than the dy-
namic time scale, and provides for temporal substructure
in the burst time profile. A magnetic field may in any
case be present in the fireball material, if chaotic fields of

strength B/ % 1015 G build up during the tidal disrup-
tion or collapse. Even after adiabatic expansion, such a
field would be sufficient to ensure that the thermal energy
is radiated away. Furthermore, due to the larger volume
encompassed, the compactness parameter is below unity
and the spectrum is essentially optically thin, so that a
non-thermal spectrum is expected. This provides a model
for the observed main bursts of 7-rays extending up to and
beyond 100 MeV, provided F/ à 102 - 10* (Mészâros and
Rees, 1993), a much less demanding requirement than is
imposed by other models of gamma-ray burst sources.

V. Discussion and Plasma Physics Aspects

We have discussed a number of the major difficulties
that are generic to most cosmological (and many of the
halo) gamma-ray burst models, and have shown that it is
clearly possible to achieve bursts of the right time scale,
characteristic photon energy, and total energy compara-
ble to that in the initial fireball from the disruption of a
neutron star, of order 0.1% of a solar rest mass. Even
if the bursts invoke basic mechanisms other than those
discussed here, they generaly produce a shorter gamma-
ray pulse, and those same models ought to produce also

bursts of longer duration, with a time scale giving a better
fit to the observations, due to the blast wave energy re-
covery mechanism discussed in §IV. The key requirement
is bulk expansion with Lorentz factors F/ % 102 — 103;
it makes little difference whether the fireball arises from
neutrino-pair, from electromagnetic effects, or from purely
hydrodynamical processes. Probably the fireball expan-
sion occurs over a narrow range of angles, a JS FT1, over
which it behaves as if it were a section of a spherical model.
As a result, the total energy requirements go down by or2

and the frequency of detection also goes down by the same
factor, which brings the expected number of mergers into
agreement with the observed rate of occurrence of bursters.

From the point of view of the plasma physics, there
are a number of problems which require further investiga-
tion. One of these is the question of the ability of a high-
entropy pair fireball to break through and past a slower,
baryon loaded wind. This problem is also encountered
in other astrophysical contexts, e.g. Hsieh and Spiegel,
1976, Colgate, 1991. Essentially, the question is, if bub-
bles of high-entropy fluid (photon rich and baryon poor)
are formed surrounded by a denser low entropy matter,
whether the former are able to push past the latter in a
gravity field, without entraining too many of the baryons.
One could in principle imagine various instabilities at the
boundary between the two fluids, whose growth rate would
have to be calculated or at least estimated. This would
have implications for the total energetics, the beam size,
and the type of progenitor scenario which is acceptable,
such as compact binaries, supernova Ib or high-field young
pulsars.

Another problem is that of the electron or positron
acceleration at the reverse shock- and at the blast wave.
The blast wave shock is almost certainly an electron-proton
plasma with a very high Mach number corresponding to a
bulk Lorentz factor in excess of 102, while the reverse shock
is transrelativistic but may contain a small fraction of unre-
combined e* which froze out during the expansion. In the
former, the main question is whether the electrons have
sufficient initial energy at injection that they do not see
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the ion shock as so gradual that they suffer only adiabatic
heating. Once the electrons are energetic enough, their
further acceleration is very rapid in nonrelativistic parallel
shocks, but seems inefficient in relativistic parallel shocks
(Ellison and Reynolds, 1991; Ellison, 1992). On the other
hand, in purely transverse relativistic shocks where most of
the particles are pairs but the energy is dominated by ions

. (Hoshino, et al, 1992), the acceleration of positrons by ion
magnetosonic waves appears very efficient, and leads to flat
positron spectra up to Lorentz factors 7+ ~ (mi/me)r/.
The question here is whether the electrons can be accel-
erated by some other mechanism, especially if the number
of pairs is small compared to that of the ions. The lepton
spectrum and maximum energy is of importance for the
observed spectrum of the bursters.

It is also of great interest, as far as the burster en-
ergetics and radiative losses, whether in the collapse of a
degenerate core or the tidal disruption of a neutron star,
convective instabilities develop which are able to generate
chaotic magnetic fields approaching close to the equiparti-
tion value Be, S Id17 G (Duncan and Thompson, 1992b).
Rapid convection with overturn time scales of ~ 1 ms and
magnetic Reynolds number Jîm ~ 1017 are probably com-
mon in nascent or disrupted neutron stars, and may be
able to provide the dynamo action leading to such high
fields, although many aspects of this problem remain un-
certain. This would be relevant for evaluating the radiative
efficiency of the reverse shock. If the contact discontinuity
is unstable and leads to mixing of particles and fields on
both sides, this could affect also the forward blast wave
region.
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ABSTRACT

Based on OQI laboratory simulation of the
earth's ana co.aetary magnetospheres, it is shown
quantitatively how these configurations are
controlled by the solar wind dynamic pressure without
any effects of parameters. Laboratory relations
between the size of contact surface of both
magnetospheres (for the earth's magnetosphere, it is
the magnetopause) and the dynamic pressure of the
solar wind are analyzed and compared with the values
calculated by a pressure balance equations, which are
consistent with each other. The quantitative result
shows the dynamic pressure dependence on the size of
the magnetopanse. This result is applied to
introduce an explanation how the field lines change
during the passage of the discontinuity of the
dynamic pressure of the solar wind. The shrinking of
the earth's magnetosphere increases the current
density in the tail and occur a reconnection in the
tail. We introduce that this mechanism can exist
even in the cometary tails resulting the
disconnection event (DE). We show an evident
chronological series of the solar terrestrial events
of the cometary disconnection and the earth's
magnetospheric substorm due to single solar flare
event. This interpretation exactly results that the
sudden increase of the dynamic pressure of the solar
wind plays important role for the reconnection in the
earth's tail magnetosphere and substorm-like
disconnection events for coœetary magnetospheres.

1. INTRODUCTIOM

Geocentric distance of the contact surface of
the earth's magnetosphere (magnetopanse), R,, is
determined by the pressure balance between the super-
sonic solar wind plasma flow and the earth's magnetic
field energy, i.e..

NBtV0= + NkT = Be(R)s/Bn (1)

Where N, m, V0, T, B0, R, and B, (R) are the solar
wind plasma density, mass of ion, velocity of plasma,
temperature of plasma, the interplanetary magnetic

field, the geocentric distance, and the earth's
magnetic field respectively. Statistic data
analysis (Réf. 1) is consistent with this equation.
The solar wind plasma flow interaction with another
plasma plume creates another type of magnetosphere, a
cometary magnetosphere. The distance of the contact
surface of the comet-type magnetosphere, Rc, is
determined by the pressure balance of the solar wind
plasma flow and the kinetic pressure inside the
cometary magnetosphere (Réf. 2),

Now,! + BoS/Bn + NkT =NC (R)kT (2)

where H0 is the density of the cometary plasma at the
contact surface of the coma. Other parameters are
not important. Eq(I) and Eq(2) suggest that the size
and the configuration of the field lines of the
magnetospheres must be dominantly controlled by the
dynamic pressure of the solar wind. It is important
to investigate the configuration of the magneto-
spheres, which are usually evaluated by statistical
data analysis excluding effects of other parameters
such as the IHF, Bz (Réf. 1). The cusp latitude and
the configuration of the earth's magnetosphere are
examined quantitatively by the use of satellite data
(Réf. 3-4). Although the configuration of the
magnetosphere is dominatly controlled by the dynamic
pressure, there exists another factors such as the
IMF. Understanding the individual solar wind
parameter control of the configuration of the
magnetosphere, we still need more clear data, so that
the laboratoy simulation could be a powerful way to
investigate the relationship. This experiment has
done without IHF to simplyfy the dynamic pressure
effect to the earth's magnetosphere.

Turning of the IHF, Bz, from northward to
southward is a well-known cause for substorm
occurrences. When Bz is negative, substorm is
triggered repeatedly during the successive accumu-
lation of the magnetic energy in the tail. Besides a
sudden increase of the dynamic pressure of the solar
wind with negative Bz triggers substorm stimu-
latively, called Sc-triggered substorm. (Réf. 5)
Introduced theoretically that a reconnection
phenomena occurs in a current sheet and the magnetic
energy may be transfered into the energy of
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particles. Recently these conversion process of the
magnetic energy into the particle energy through a
state of wave instability was quantitatively
evaluated by Podgorny and Podgorny (Réf. 6). An
important role of sudden increase of solar wind
plasma pressure outside of the tail for the Sc-
triggered substorn is studied using the laboratory
results and a chronological data for the earth's and
cometary magnetospheres due to single solar flare.

Measurements of the direction and magnitude of
magnetic field lines around the simulated
magnetosphere have been examined with southward
magnetic fields simulating the IMF (Réf. 7-8).
Hinami and Takeya (Réf. 9) used a plasma emitter in
the tail to trace the magnetic field lines showing
the intrusion of the IHF into the magnetosphere. The
solar wind energy input into the magnetosphere was
measured by summing the luminosities of the digitized
photographs of the simulated magnetospheres with
different Bz's (Réf. 10). Tilting of the laboratory
dipole results in asymmetrical magnetospheres (Réf.
11). It becomes possible now for the laboratory
simulations to contribute to the investigations of
overall structures and dynamics of the magnetosphere
on the basis of the exact scaled parameters (Réf.
12). For the simulation of the earth's
magnetosphere, a high-voltage plasma accelerator, PG-
1, is used to investigate the dynamic pressure
control of the size of the magnetosphere. The
visible cometary structures of plasma tails bring us
a lot of ideas about the possible dynamic behavior of
the earth's magnetosphere by illumination (Réf. 13).
A model cometary plasma (Réf.14), composed of Sr,
interacts with the simulated intense magnetized
plasma flow to reveal the importance of the y-z
component of the IMF in forming cometary tails.
Laboratory simulation of the dynamic pressure control
of the cometary magnetosphere is performed to
understand how the contact surface is compressed by
changing the dynamic pressure of the plasma gun, PG-

2. EXPERIMENTAL EARTH'S AND COMETARY MAGNETOSPHERES

The earth's magnetospheres that result from the
interaction between the laboratory simulated solar
wind and a magnetic dipole field without the IMF are
presented. The dynamic pressure of the solar wind
plasma flow, NmV0=, can be controlled by changing the
gun voltage of the plasma accelerator PG-I, V0, as
shown in Figure 1. The flow (duration of O.l'ms)
interacts with a dipole magnetic field of 10 kG at
the equator. The experimental dipole is 3.5 cm in
diameter. Experimental parameters are selected to
satisfy the scaling laws (Réf. 15-17). The
applicability of this simulation experiment to actual
magnetospheric simulation was previously examined
(Réf. 9). Time exposure photographs should represent
a quasi-stationary magnetosphere. The configurations
of the magnetospheric boundary with different applied
gun voltages, V6, are obtained with time exposure
photographs as shown in Figure 2. The plasma
illumination is caused by the ionized thermal plasma
made of fast neutral gas coming with the simulated
solar wind plasma flow. The plasma is created by the
•*• electric field formed at the magnetopause (Réf.

- 1Q3
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Fig. 1 Simulated solar wind parameters of PG-I
dependence on the applied gun voltage, V0.

Fig. 2 A set of photographs of solar wind dynamic
pressure control of the simulated magnetosphere.

9). The plasmapause in Figure 2 was also identified
by a magnetic probe to the luminous region in the
tail where the circulating current flows (Réf. 18).
For this experiment, helium gas is used. The scaling
laws require the ion gryo-radius to be as small as
possible to obtain the finer structure of the
magnetosphere. The experimental changes of the shape
of the magnetopause and the plasmapause to the
different dynamic pressures to the gun voltage, V0,
is shown schematically in Figure 3. The resulted
location of the subsolar magnetopause, r,, to the
solar wind dynamic pressure, pv?, is plotted in
Figure 4. Where p and v are the mass density and
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Fig. 3 Schematic illustration of the boundaries
of the magnetopause and the plasmasphere.

5 -

Fi9- 5 Simulated solar wind parameters of PG-I
dependence on the applied gunvoltage, V0.

M m v2 [erg cm- 3 j

Fig. 4 The experimental relationship between the
distance of the subsolar magnetopause and the dynamic
pressure of the solar wind.

the velocity of the solar wind respectively. This
figure indicates that the size of the magnetopause is
controlled by the pressure balance equation given as
r, = k (pvî)6. Where k is a constant. Laboratory
simulation has a goofl way to obtain a relationship of
one parameter to the system.

Quantitative analysis of the size of contact
surface to the solar wind dynamic pressure for
cometary magnetospheres has been carried out in our
laboratory (Réf. M) which is inportant *
investigate the dynamicl behavior of the conetary
Plasma tails. The Sr plasma plume is released
through multi-holes witn subsonic vel °
aenenauoâ . '̂ Ĵ lar «̂ plasma gun

produces a high-velocity, high-Mach *

the 10

e

Plasma plume «utter itself is negiigibiy small,

E i£i " actual comet where the cometar*nuci^is small compared with the coma size. The external
magnetic field perpendicular to the sun-earth line
and directed downward is applied inside the chamber
Uy a coil current. The experimental parameters
satisfy the scaling laws. The most noticeable effect
of the formation of the plasma tails is the important
role of the IHF. without the IHF. B2, no notable

189



174

interactions occur between the solar wind and the
cometary plasma plume, because the mean free path is
sufficiently long (Réf. 14). With the IHF, plasma
can behave like a liquid. The dynamic pressure of the
plasma flow is changed by varying the applied voltage
to the plasma gun, VQ . A set of photographs of
simulated cometary magnetosphere vs. V c in Figure 6
shows that the size of the cometary magnetosphere is
controlled by the solar wind dynamic pressure. The
magnetic probe measurement indicates that the
luminous boundary corresponds to the contact surface
of the cometary magnetosphere, which is determined by
the pressure balance between the solar wind dynamic
pressure and the kinetic pressure of the cometary
plasma given by Eq(2) (Réf. 2C). Figure 7 shows that
the energy density of plasma inside the simulated
coma, scaled by R1 -

3, is almost proportional to the
change of the dynamic pressure of simulated solar
wind, where the comet-centric distance of the
subsolar contact surface of the simulated comet is
Rc. It means that the laboratory result of the
dimension of the contact surface vs the dynamic
pressure of the solar wind is consistent with Eq(2).

Fig. 7 The dynamic pressure of the solar wind and
the energy density of the cavity scaled by R5 -*
dependence on the applied gun voltage, V0.

Sc-triggered substorm has been believed to be caused
by a sudden increase of the dynamic pressure. This
means that the compression of the dayside magneto-
sphere seems to trigger substorms immediately when
the strong dynamic pressure arrives. The behavior of
the field lines during that time has not yet been
investigated well. Our experimental results suggest
an exact shrinking of the size of the magnetosphere
due to the increasing of dynamic pressure. The field
lines of the magnetosphere were measured by the
plasma tracer (Réf. 14). On the other hand,
observations of the temporal and spatial changes of
real cometary plasma tails give information how the
structure of the cometary magnetosphere is changed by
solar wind parameters (Réf. 20, 22, 23). Our visible
comet simulations have first made clear the evident
solar wind dynamic pressure control on the size of
the magnetosphere which results the shrinking of the
magnetospheres.

Syrovatskii (Réf. 5) introduced a possible
substorm occurence mechanism due to the rapid
reconnection in the current sheet. The effect of the
solar wind dynamic pressure was not directly
discussed. Our experimental result seems to support
his hypothesis for the possible triggering mechanism
of substorm by the dynamic pressure change of the
solar wind.

Figure 8 schematically shows the predicted
transition of the configuration of the boundary and
the field lines of the earth's magnetosphere from (a)
low dynamic pressure states (Vg = 12 kV), to (b)
transient state of the dynamic pressure (Vg = 18kV),
based on the laboratory result in Figure 2 and 3
The field lines in Figure Sa are illustrated using
our laboratory data of the magnetopause obtained by a
plasma tracer method (Réf. 14). This compression of
the magnetosphere due to the sudden increase of the
solar wind plasma pressure (Figure 1) can cause the
reconncection as shown in Figure Bb, When the near-
earth region of the nightside magnetosphere decreases

3. DISCUSSION AND CONCLUSION

The effect of the solar wind dynamic pressure
was experimentally investigated to the earth's and
cometary magnetospheres in order to examine the
applicability of Eq(I) and Eq(2). As a result, it is
shown quantitatively that the locations of the cavity
(the earth's magnetopause and the cometary contact
surface) are determined by the pressure balance. The
dynamic pressure effect to the size of the earth's
magnetosphere was presented by (Réf. 21) and the
effect of the value of Bz was given by (Réf. 1). To
investigate the effect of one parameter control of
the magnetosphere is still important to understand
the formation of the magnetosphere. Laboratory simu-
lation has a good point for this subject. Recently a
long term statistical analysis of the dynamic
pressure effect to the shape of the magnetopause by
satellite observations was analyzed by Petrinec et
al. Both our experimental and the observational
analysis show the consistency with the pressure
blance equation, r0=(pv2)

6-
Our laboratory result of the solar wind dynamic

présure control of the shape of the magnetopause and
the magnetic field line was applied to the effect of
the sudden change of the solar wind dynamic pressure.

Fig. 8 A representation of the change of a low-
dynamic pressure state of the magnetosphere (left) to
a high-dynamic pressure state (right) based on the
laboratory result of the optical and magnetic probe
measurements. A squeezed state magnetosphere might
be appeared during this transient phase causing the
rapid increasing of the magnetic energy density in
the tail and the reconnection.
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in size due to the sudden increase of the solar wind
dynamic pressure, it is expected that the increase of
magnetic energy density in the tail will compress the
current sheet, push the plasma out and produce the
suitable conditions for instability in the current
sheet. During the accumulating phase of the magnetic
energy in the tail, the sudden increase of the solar
wind dynamic pressure stimulate the occurrence of
substorm during the transient phase as is shown in
Figure 8.

The dynamic pressure effect of the solar wind on
the shape and dynamics of the conretary magnetosphere
was given by Saito et al. (Réf. 22). The cometary DE
(disconnection event) has been a significant problem
to be understood. The DE effect is also explained by
Podgorny (Réf. 6) as a change of IHF direction. We
explain here the reason of DE by the sudden increase
of the dynamic pressure of the solar wind. As shown
in Figure 9, a compression of cometary plasma tails
by the increase of dynamic pressure can cause recon-
nection of the draped interplanetary magnetic field
lines near the coma. The increase of tailward
particle energy by the reconnection causes DE
(disconnection event) of cometary plasma tails (Réf.
6, 22). Figure 10 also shows a passible dynamic
pressure effects occurring in space. A solar flare
on August 12, 1989 released intense dynamic pressure
plasma plumes into the interplanetary space. The
sudden change of dynamic pressure caused the discon-
nection of the cometary plasma tail of P/Brorsen-
Hetcalf 19890, on August 13, 1989, and on August 14,
1989, the earth's magnetospheric substorm occurred.
According to the location of the sun, the comet and
the earth, the expansion of the plasma plume seems to
have a rather wide angle. Host outstanding event of
dynamic pressure change is happened by solar flare,
so that the compression of magnetic energy for the

DYNAMIC PRESSURE

Fig. 9 The dynamic pressure model for cometary DE
phenomena due to a compression of the cometary tail
(Photograph of comet P/Halley on Dec. 31, 1985)
[Saito et al., 1987].

reconnection of the neutral sheet and the resulted
substorm might be appeared at that time. These solar
flare events can be used for a comparative study of
the possible triggering of substorms for both the
earth's and cometary magnetospheres.

In this paper, we showed that the dynamic
pressure changes the shape of the magnetosphere based
on the laboratory experiments. Of course, the
southward turning of B1 has the most important role
in causing the substorm. Our suggestion is that the
sudden increase of the dynamic pressure may trigger a
substorm in the tail region when the magnetic stress
is somewhat already accumulated in the tail with the
negative B-. When B- is positive, the curvature of
the field line near the neutral sheet is not concave

CHRONOLOGY
P/BRORSEN-HETCALF

iUG.12,1989 AUG.13
JhUT 12 O

ONAGAWA HAGNETIC OBSERVATORY
* *
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Fig. 10 The cometary magnetosphere of P/Brorsen-Hetcalf and the earth's
magnetosphere were disturbed by the same high dynamic pressure solar wind
plasma flow released at 03h 09m 52s UT on August 12, 1989 from the sun.
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(Réf. 9) and hard enough to be deformed by the change
of the ambient magnetic field energy density.
We introduced a hypothesis of the possible mechanism
of SC-triggeredsubstorm based on the solar wind
dynamic pressure control of the magnetosphere and the
configuration of the field lines. An example of
solar flare event which caused substorm effects on
both the earth's and the cometary magnetospheres was
introduced to compare the laboratory interpretation
of the dynamic pressure effect to the magnetospheres.
We stressed the importance of the transient behavior
of the magnetospheric configuration due to the change
of the dynamic pressure to trigger the substonns in
the earth's magnetospheric tail, when the
magnetosphere is unstable. This behavior can be
estimated by ths visible dynamics of the cometary
plasma tails.
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LABORATORY STKUCl1URB OF THE HBLIOPADSE

Shigeyuki Hinami

Dept. Electrical Engineering, Osaka City University

Sugimoto, Sumiyoshi, Osaka 558, Japan

ABSTRACT

Tha size and structura of tha 'hellopause' ,which Is
the hypothesized boundary separating the antlflowing
solar wind from the Interstellar medium. 1s a
problem of topical Interest. This 1s due to tha
fact that several spacecraft are presently cruising
towards this boundary. We have performed a
laboratory simulation, and the studies found the
existence of such a boundary as a highly
asymmetrical and open structure which has not yet
been predicted. While there have been theoretical
and computer simulation studies of this boundary,
there has so far been no such a prediction.

1. INTRODUCTION

The heliopausa is the postulated separate!*
between the outflowing supersonic and super Alfenic
solar wind and the local interstellar medium (LISH).
The interstellar medium itself is flowing super-
sonically with respect to the solar system. The
heliospheric structure has been modelled by many
scientists showing different features of the shock.
The size and shape of the heliopause, which may be
obtained by the pressure balance between these two
flows across the separatrix has shown to be tear-
drop shaped with its closest solar distance (nose
distance), is variously estimated (Réf. 1-2) to be
between 300-400 AU. In this paper a laboratory
simulation is used to study the structure of this
boundary layer. There is also the question of the
existence of "inner" and "outer" shocks, whereby the
two flows are decelerated anu directed around the
heliosphexe. We have performed a laboratory
simulation of the heliopause which is produced as a
collisionless interaction between the super sonic
(solar wind) plasma flow and another supersonic
magnetized plasma flow (LISM) flowing relative to
the solar system. Earlier we have performed a
laboratory simulation of a ccmatary magnetosphere
produced as an interaction between the solar wind
(Réf. 3-4) plasma flow and a subsonic plasma flow.
While heliosphere is formed as a collisionless
interaction between the magnetized plasma flow and
the other supersonic plasma flow.

2. EXPERIMENT

Our laboratory investigation of the formation
of heliosphere has been made as an interaction
between a 3-dimensionally expanding plasma flow and
another magnetized supersonic plasma flow. Fahr et
al (Réf. 1). and Holzer (Réf. 2) reviewed recent
observational values of the LISH medium, which show
that the plasma in the LlSH is fully magnetized by
the galactic magnetic field, and the Alfven Hach
number, Hn , is about 0.3. Table 1 lists the
dominant experimental and observed parameters of the
LISH and the solar wind. Our experiment is performed
using a plasma emitter which can produce supersonic
Ba plasma flow expanding homogeneously from a
certain point, which simulates the solar wind plasma
flow. The LISH magnetic field can be applied at any
direction to the LISH plasma flow by the use of two
axial magnetic coils. Plasma flow of argon is
generated by a plasma gun to simulate the LISH.
These experimental parameters are selected to
satisfy the criterion of exact similitude for space
simulation (Réf. 5-6) listed in Table 1. The
interplanetary magnetic field is neglected due to
the small S value of the solar wind. The most
important parameter for the simulation is the ion

gr
mu
Fi
Pl
so
ma
O
th
Pl
fi
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Figure 1: Changes of the plasma density of the
simulated interstellar medium and the solar wind
plasma flow.
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Table 1: Parameters of the heliosphere in space and in the laboratory.

Solar

Wind

LISM

Vo

Nsw

B D

V

N I I S U

B L I S H

Mn

Space

500 km/s

ID'3 cm"3

0.1

20 ktn/s

0.01 cm'3

0.5 nT

0.3

Laboratory

50 km/s

ID13 cm-3

O

20 km/s

10' 2 cm'3

O - 450 G

0.1 - infinity

M o : AIfen Mach Number

& D: Ratio of the magnetic energy density to the dynamic

pressure of the solar wind

gryo radius of plasma (about 0.5 cm for LISH) which
must be smaller to the size of the structure.
Figure 1 shows the time variations of the LISH
plasma density and the solar wind density. The
solar wind interacts after the formation of the
magnetized LISH plasma flow. The magnetic field of
O - 450 G can be applied to magnetize and to change
the Alvenic Mach number, H0 , of the LISH. The LISH
plasma flow can be magnetized because the magnetic
field is applied before the particle ionization at
the plasma gun. Figure 2 shows the structure of the

(a] M A » 0.'

Ib) U

Figure 2: Time resolved photographs of the
simulated heliospheric boundary (the heliopanse).
The magnetized LISH plasma flow cones from the left.

heliopause by illumination which are taken by 1 jis
time resolved camera with (a) a tilted LISH magnetic
field and Hn = 0.1, and (b) with the magnetic
field parallel to the LISH flow and Hu = 0.3. The
LISH comes from the left. The emitted plasma is
picked up by the JxB force of the magnetized LISM
plasma flow (Réf. 7). The heliopause structure
obtained by illumination shows clear asymmetrical
structure.

3. DISCUSSION

Fahr et al. (Réf. 8) suggested the possible
existence of tilted egg-type structure of the
frontside of the heliopause by a Newtonian
calculation, while this laboratory experiment
revealed a whole structure of the heliopause being

LISM FLOW

Figure 3: The predicted
heliopause based on our model.

structure of the
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like an edge of arrow which has not yet been shown
by any computer simulation. Recently some numerical
HHD simulations of the heliosphere have been done,
which are based on the nonmagnetized or weakly
magnetized fluids. Numerical simulations for the low
Alfven Mach number are limited by a requirement of
huge numbers uf calculation grids (Gyro radius
becomes very small) and have not yet performed.

This experitiental result suggests that the
heliocentric distance of the heliopause
perpendicular to tfcs LISH magnetic field is actually
smaller, whoes scaled value is likely about 200 AU
in space. If the configuration of the heliopause is
parabolic (for very weak LISH magnetic field), the
helio-centric distance of the heliopause in the
same direction is about 400 AU. While it is
suggested that the nose distance in real heliopause
can be scaled to be 400 AU based on this experiment.
The predicted configuration of the heliopause based
on our model is illustrated in Figure 3.
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Abstract

A variety of high-frequency electromagnetic modes
have been observed in connection with the Auro-
ral Kilometric Radiation (AKR): extraordinary (X),
ordinary (O), Z, and whistler (W) mode. In addi-
tion, large amplitude Langmuir (L) and Alfvên (A)
waves are observed in the auroral region. We dis-
cuss the nonlinear decay process (L —t W + A) as a
candidate to generate downward propagating AKR
along the auroral magnetic field lines, which has been
detected by satellites and rockets as well as on the
ground level. Explicit expressions for the growth rate
and threshold are obtained analytically. The rele-
vance of this nonlinear wave-wave interaction process
in the auroral plasma is discussed.

Keywords: wave-wave interaction, auroral kilometric
radiation, downward propagation.

1. INTRODUCTION

The Earth's auroral plasma is very rich in the wave
phenomena (Réf. 1, Réf. 2). One of the most im-
portant wave is the Auroral Kilometric Radiation
(AKR). Two types of AKR have been observed:
down-propagating (or leaked) and up-propagating.
The observations of AKR are very extensive. The
literature reports many types of wave modes asso-
ciated with AKR: whistler, ordinary, extraordinary
and Z mode.

Ground-based observations of radio noise from the
aurora date back to 1946 (Réf. 3). Among the radio
waves observed by ground-based facilities, some can
have similar range of frequencies as that of Auroral
Kilometric Radiation. Theories have been developed
in order to explain the observed frequencies and am-
plitudes. The cyclotron maser mechanism proposed
by Wu et al. (Réf. 4) for the AKR phenomenon was
first applicable to the extraordinary and ordinary
modes which cannot reach the ground level. The
new model suggested by Wu et al. (Réf. 5) shows
that, under certain conditions, the trapped electrons
along the auroral field lines, can lead to a cyclotron
instability which may explain the generation of the

waves reported by Benson et al.(Ref. 6). Later on,
Ziebell et al. (Réf. 7) investigated the propagation
effect on the wave amplification to examine whether
the proposed mechanism is indeed viable.

In this work we propose, based on the fact that large
amplitude Langmuir (Réf. _8) and AIf ven waves are
observed in auroral region, that the downward prop-
agating W mode radiation (or leaked AK R) is gen-
erated by the nonlinear decay of a large amplitude
Langmuir wave, L, into an electromagnetic wave,
T, plus and Alfven wave, A , both circularly polar-
ized. In the high frequency limit, UT > u>Ce, the
electromagnetic wave can be right-handed or left-
handed circularly polarized; in the low frequency
limit, WT < uce, the electromagnetic wave is the
whistler wave W, right-handed circularly polarized.
We consider just parallel propagation, since in this
case, the W mode can penetrate to the ground (Réf.
9). The dispersion relation obtained clearly shows
the helicity conservation. The variations of fpe (elec-
tron plasma frequency) and fce (electron cyclotron
frequency) in the auroral plasma are analized in or-
der to verify the region where the decay process
(L — * W + A) is possible. The relevance of this non-
linear wave-wave interaction process in the auroral
plasma is discussed. ___ _

2. THE DISPERSION RELATION

In order to obtain the dispersion relation equations
we consider a cold plasma embedded in an external
magnetic field Bo in the presence of a large ampli-
tude Langmuir wave. We consider a one-dimensional
problem where the coupled waves are propagating
along the external magnetic field. In order to ob-
tain the coupled waves we use the movement and
the continuity equations for ions and electrons and
the Maxwell equations for the wave electromagnetic
fields. We also consider two time scales: high and
low frequency.

The total electric field is given by E =
and the total magnetic field is given by b = BQ +
BT + BA where the subscripts L, A and T refers
to Langmuir, Alfven and electromagnetic waves, re-

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in ToM, Japan.
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spectively and

, = -E0 exp[i(fcoz - w0<)] + cc

- ut)] + cc

ET = 2#± exp[t(*±z - w±f )] + cc

EI and ET are considered high-frequency fields,
.EA is considered a low-frequency field and o>± =
ua±u,k = ko±kby energy and momentum conser-
vations.

The Fourier-transformed coupled wave equations
that describe the coherent generation of electromag-
netic waves by intense Langrnuir waves via pondero-
motive coupling with Àlfvén waves are given by:

D- ET- =
2mew0(w ±wce)

X(w7±w(w-"Twee))g"^ W

2mew0(w T wce)

X I — ± —; £= r I EoEA (2)

DAEA =
_ ± wc

1W0 UI-(U

x -^i

Wce)

A+W,

where
W+(W^

D_=A;2,c2-w2.+

^)) < ̂ *+ X3)

>2_+

'U
"'pe"'-

W_ T Wce

W2^W+

W+ T Wce

WpeW , W2JW

u 3: Cd-. W 4- £J_-

(4)

(5)

(6)

From equations (l)-(3) and defining

fco fewee \

w0 w(w_Twce)y v '

2mew0(w T wce)

x I — ± -
iWQ I

P- = 277leW0(w_ ± WCe)

fc_wc
(9)

2mew0(w+

x C^ ±

we obtain the dispersion relation:

D+ J

(10)

(U)

Taking the complex conjugate of a±, /3± means in-
verting the signs of the coupling coefficients.

If we consider that just the Stokes mode is excited
(L —> W + A), the dispersion relation becomes:

DAD*_ =

(12)

In equation (12) we have two limits to consider, re-
calling that there is a resonant point at w_ = uce,
for the right-handed circularly polarized wave that
propagates parallel to the magnetic field. When
u>_ < u)ce, the electromagnetic wave is a whistler
wave. The low frequency wave is an Alfvén wave,
left-handed circularly polarized, and we can assume
w « WQjOJce, which gives u_ = u>o — w ~ WQ. We
can still assume that |fc| ~ |fc_|. With these consid-
erations, the dispersion relation becomes:

DAD*_ =
4m2wg(w_+wce)2 (I) (13)

Letting w_ = w_ + iTNL,u = w + zT^i, we use the
Taylor expansion (13) around DA — O and D- ~ O.
For w <C WD, wcc, wcl-, it can be verified that

QD-
9w_

199 200



dDA
= -2.(1+^M

Y UciUce J
(15)

Using (14) -(15) in (13) we obtain the growth rate
for the whistler mode excitation:
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where

is the so-called strength parameter.

Assuming o>_ ~ upe > ucc in eq. (16), we recover
the result of Shukla and Sharma (Réf. 10). In this
case, the growth rate is given by:

We
^A1/2!^- <">

The threshold obtained using only w <C wcc, uce is

A >
2w2.(H«H«

X I -T (18)

where f is the electron-ion collision frequency. If we
assume w_ ~ upe > uce in eq. (18), we recover
Shukla and Sharma (Réf. 10) result

(19)

3. CONCLUSIONS

We have derived a dispersion relation that allows us
to study three wave coupling process, decay or fu-
sion L — » T(W) ± A and four wave coupling process,
where the Stokes and anti-Stokes modes are involved.

We have presented the growth rate for decay process
L -» W + A, with a- ~ upe < uce,u « uci,uce ,
and w_ ~ ue > u>«,

Equations (1) - (2) show the helicity conservation.

1 - Decay - T and A have opposite polarization - only
Stokes mode involved.

2 - Fusion - T and A have the same polarization -
only anti-Stokes mode involved.

Since in the auroral depression zone, wpe < uce,
w_ ~ uipe < 11)«, this is the limit o*1 iir interest
and comparisons with the observation to be pre-
sented in the near future.
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COMPRESSIBLE MHD TURBULENCE IN THE INTERPLANETARY
MEDIUM

M. Velli and R. Grappin

Observatoire de Paris-Meudon

ABSTRACT

We present results from numerical simulations of the evolution of nonlin-
ear waves and compressible MHD turbulence in the solar wind, taking
into account the basic properties of the background flow, namely the
solar wind expansion,-We follow the evolution of a plasma parcel in a
comovinç frame of reference. The main_ features of the expansion may
be introduced in a simple cartesian geometry with periodic boundary
conditions by expanding the equations in a small parameter, the angu-
lar dimensions of the box as viewed from the sun. The box is seen to
expand in the plane normal to the radial direction and we follow the
expansion by using stretched coordinates in this plane. The expansion
naturally introduces an anisotropic damping effect on velocity and mag-
netic field, as well as the Parker-like rotation of the average magnetic
field. We show how this effects the evolution of an initially circularly
polarized large amplitude Alfvén wave in oblique propagation. Finally
we present preliminary results for evolution in 2-D and discuss their
relevance to solar wind in situ measurements.

Keywords: MHD, Alfvén waves, solar wind

1. INTRODUCTION

The solar wind is the only turbulent flow with both high kinetic and
magnetic Reynolds numbers which may (perhaps) be described by
MHD/1/. Fluctuations resembling MHD turbulence appear in the so
called "Alfvenic" range, spanning period from 1-2 hours down to 1-2
minutes. The turbulence is often dominated by Alfvén waves prop-
agating away from the sun (whence the name), with enough energy
to heat the distant solar wind/2/. .Denoting the magnetic_fluctua-
tions and velocity fluctuations by Sb and 6v respectively, and denning
Z^ = 6v ± 6b/T/$Trp, [from now on we incorporate the density (p) fac-
tor in the definition of 6b] we may characterize Alfvén turbulence by
the relations 6|B|2 « |66|2, i.e. small total magnetic intensity fluc-
tuations; Jc+J » \s~\, i.e. outward propagating waves dominate (we
incorporate changes in the sign of the average field in the definition of
Alfvén waves);|6p/pl2 « [6u/c,[2 = A/£, where C3 is the sound speed
and A/J- the turbulent Mach number. In standard MHD turbulence on
the other hand, all the «, » above become !±/3/. With little excep-
tions, at at least at solar minimum, solar wind turbulence varies con-
tinuously between the Alfvénic state (in the trailing edges of high speed
streams) and the standard state (slow wind at magnetic sector cross-
ings). Incompressible MHD turbulence predicts Alfvénic turbulence as
the asymptotic outcome when initial conditions have 6v zz Sb (there is
some indication th at this result is also valid in compressible MHD), while
the observed evolution with heliocentric distance is such that Alfvénic
turbulence decays towards "standard". The specific energy decays as
e — r~I-£ (r being heliocentric distance) and the spectral index, which
is flatter than the Kolmogorov and Kraichnan indices in Alfvénic turbu-
lence (closer to 1), appears to increase (to about 5/3 at 10 AU). Sugges-
tions to solve this paradox have included nonlinear evolution due to the
in situ generation of inward modes/4/ in the solar wind (such modes are
necessary, in incompressible MHD, to have nonlinear interactions) and

the Kelvin-Helmholtz instability of the large scale shear between fast
and slow streams/5/. In any case, the specific energy decrease in r"1

is a natural conséquence of the expansion; to understand the observed
evolution this factor, as well as the wind structure, must be included.

2. THE EXPANDING BOX MODEL :

2.1 Equations
To investigate numerically the effects of the expansion, we consider the
evolution of a plasma parcel moving in the supersonic and superalfvénîc
regions of the wind; we thus take the wind speed U to be constant, and
the expansion to be spherical. If the initia! cross-section of the plasma
volume UD (which we will also take to be the initial thickness of the
plasma parcel) is much smaller than the initial distance from the sun,
R0, i.e. £ = OQ/RQ <£ 1, we may neglect the curvature effects as well as
the variation of the cross section of the box in the radial direction at any
given time (see fig. 1). We are left with a rectangular box, whose cross

SU

Fig. 1- Approximation of a spherically expanding plasma packet by a rectan-

gular box

section a (in the zy plane) evolves as a = QQ + Uct} but whose thickness
(in the z direction) remains constant. Conservation of mass implies that
the average density, p, decreases as a~~, and it is convenient to extract
this dependence from the density, pressure and magnetic field, i.e. to
write the equations in terms of p — p / p , p = P//S16 = b/-^/p. We will
place ourselves in the comovingframe, by introducing the "coexpanding"
coordinates x = z/a, y = jj/a, z = z — Ut and the gradient operator
V = (9/ad£,9/a3y,3/3z); in this frame the residual velocity variable
is defined by u = v — U where O = (t{Jx,fUy,U). Dropping the tilde
from the renormalized variables, the equations of motion and magnetic
induction become

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nucleur Fusion, held in Toki, Japan.
77-20 November 1992 (ESA SP-351, February 1993).
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(1)

liere PI and P\\ are the projectors on the xy plane and on the z direc-
tion respectively. We don't write the equations of continuity and energy
conservation: the former retains its standard form in the normalized
variables, while the latter, written in terms of the pressure p, contains
an additional expansion cooling term 2(7 — l)à/ap (y is the ratio of spe-
cific heats). From equs. (1) and (2) it is clear that the expansion acts
differently on the velocity and magnetic field. The transverse compo-
nents of u feel a drag, while it is the parallel component of the magnetic
rield which is damped (this expresses the conservation of magnetic flux
through the box).

Let us consider some simple consequences of the equations (1-2). First
take a plasma parcel stationary in the box. u = O1 6 = 0 while the
equation for the pressure (with an adiabatic index 7 = 5/3) becomes

, i.e., the plasma is adiabatically cooled. Next consider the plasma to be
magnetized, u = O1 we obtain

— _ - , - y , -̂ -

so that the ratio 6r,v/62 — (: the magnetic field rotates à la Parker. A
final example concerns the linear propagation of waves in a radial average
magnetic field: 6 = B0G1 +6, u = u,p = pa +p. For transverse waves
we obtain the equations

dû db

where LJ = kVa = kB0/T/4irpt while for longitudinal (sound) waves we
have

gjf=-«-P, ^ = -^S -4/3^f. (5)

In terms of the normal modes z* (for Alfvén waves), and jr* = «±p/c,
(for sound waves), we obtain the time-dependences (which follow from
the conservation of wave action)

(to obtain the last result remember that ct — *~4

3. 1-D SIMULATION

An interesting example allowing one to understand the effects of the
expansion on nonlinear interactions is the oblique propagation of a large
amplitude circularly polarized Alfvén wave (first described by M alar a &
Elaoufir /6/)- We have described elsewhere Jl j how the expansion can
totally arrest the steepening of a wave (described by Burgers1 equation)
propagating in a transverse (i.e., orthogonal to the radial) direction.
In the present 1-D example we show that a similar effect occurs more
generally. We start with a wave propagating at an angle of 45° with
respect to the magnetic field, which is assumed parallel to the radial.
We take the initial Mach number MT — u/c, = 0.75. Figure 2 shows
the time evolution of characteristic (rms) quantities, in the absence of
expansion (left hand panel) and with expansion turned on (tight hand
panel). In the latter case c = 0.3. If the time and amplitude of the
fluctuations are appropriately reseated the evolution in the two cases
appears remarkably similar.

4. 2-D SIMULATION

I'D nonlinear interactions are essentially compressible in nature, and
simulations in at least 2-D are necessary to take into account of possible
incompressible nonline?r interactions as well as interaction of the tur-
bulence with the large scale structure. Alfvénic turbulence evolves with
distance from the sun within a shear structure (do to the presence of
fast and slow solar wind streams) which also evolves with distance. The
shear structure is not globally unstable to Kelvin-Helmholtz type modes,
but evolves into Corotating Interaction Regions (CIR's) of compressed
plasma due to the combined effects of longitudinal velocity variations
and the solar rotation. In order to simulate this large-scale evolution
in our box, we start with a shear structure almost perpendicular to the
radial direction (as shown in figure 3). With a mesh of moderate res-
olution, only finite (and quite large) angles are possible. To avoid this
we tilt our box slightly with respect to the radial direction: in the sim-
ulation that follows we take this angle to be 6° initially, to avoid the
formation of shocks too close to the sun. We superimpose a large am-
plitude Alfvén wave, outwardly propagating along a uniform magnetic
field aligned with the z' axis of our box (and hence also forming initially
a 6° with the radial). The wavenumber is Jb = 3. In figure 4 we show
the correlation contours

|--+P-H--T' (7)

at times t = l,f = 5 (again t = 0.3). We see that correlation is de-
stroyed where the transverse gradients are large (the compression and
rarefaction regions), while it remains high at the maxima and minima of
the wind speed. This is reminiscent of the fact that Alfvénic turbulence
is most often observed in the "trailing edges of high speed streams"/8/.

Fig. 3 The structure of the global shear flow.
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Fig. 4 Correlation contours for the simulation described in text at times t=l and t=5.

The reason our simulation shows high correlation persisting also in the
middle of slow streams is the absence of the magnetic neutral sheet,
which is present in the wind. Our simulation also lacks realism in tlmt
the curvature terms (of order 1 at the largest scales) are lacking, and we
have taken an initial condition with a pure, monochromatic wave. We
are currently generalising our model to include both these effects.

5. CONCLUSIONS

Numerical simulations in a somewhat crude model which combines the
main features of the large scale solar wind (low (expansion, stream and
sector structure) allow one '-c iietter understand the main mechanisms
at work in the relaxation of Alfvcnic turbulence in the ecliptic plane:
the main effect appears to be the nonlocal interaction of the turbulence
with the large scale shears, and the consequent wave-front déformations
and phase-mixing. The expansion in this context appears to delay the
u — 6 decorrelation and the growth of small scale density fluctuations,
as well as delaying the nonlinear steepening of the stream-structure it-
self. Work is in progress to obtain more realistic simulations with the
hope of obtaining a quantitative as well as qualitative agreement with
observations.
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TANGENTIAL STRESS DUE TO KELVIN-HELMHOLTZ INSTABILITY
AT THE MAGNETOSPHERIC BOUNDARY

Akira Miura

Department 01 earth ana F!ap.et;ry Physics, University of Tokyo
Bunkyo-ku, Tokyo, 113, Japan

ABSTRACT

A 2-dimensional MHD simulation of the Kelvin-Helmholtz
instability at the terrestrial magnetospheric boundary shows that a
finite thick velocity shear layer with super-AIfvenic velocity jump
at the magnetospheric boundary is unstable no matter how large
the rnagnetosheath sonic Mach number. For all magnetosheath
sonic Mach numbers a velocity boundary layer is formed inside of
the magnetospheric boundary due to tangential stress associated
with the instability and a flow vortex is excited at the inner edge of
the velocity boundary layer. The magnetospheric boundary is
more highly nonlinearly corrugated by the instability for a smaller
sonic Mach number. Tangential stress due to the instability at the
boundary is mainly caused by Reynolds stress and is found to be
large enough for exciting a residual plasma convection inside the
terrestrial magnetosphere.

Keywords: Kelvin-Helmholtz instability, tangential stress, MHD
simulation, magnetospheric boundary, anomalous viscosity,
magnetospheric convection.

1. INTRODUCTION

The Kelvin-Helmholtz (K-H) instability is important in
understanding a variety of phenomena involving sheared plasma
flow in space and astrophysical plasmas. The instability driven by
the velocity shear at the terrestrial magnetospheric boundary is a
prototype of a number of similar problems in space physics and
astrophysics, such as the ionopause stability (e.g.. Réf. 1), the
heliopause stability (e.g.. Réf. 2), and the stability of the
boundary between the accretion disk and the magnetosphere of a
compact object (Refs. 3-5). Whether or not the anomalous
momentum transport due to the K-H instability at the terrestrial
magnetospheric boundary can contribute to the magnetospheric
convection (plasma circulation i side the magnetosphere) (Figure
1) is a classical but an important problem. The purpose of the
present study is to investigate in detail by means of a 2-
dimensional MHD simulation the dependence of the development
of the K-H instability at the magnetospheric boundary on the
magnetosheath sonic Mach number and to evaluate quantitatively
the importance of the instability in the anomalous momentum
transport across the magnetospheric boundary by calculating
tangential stress due to the instability.

Axford and Hines (Réf. 6) have suggested ihat a viscous
interaction along the flanks of the magnetosphere can permit solar
wind momentum to diffuse onto closed magnetospheric field lines.
The resulting tailward convection flow would eventually be closed
by an earthward return flow in the center of the tail, and a
magnetospheric plasma convection (plasma circulation inside the
magnetosphere) is formed inside the magnetosphere. Since the
magnetospheric plasma convection is a global plasma circulation

by E x B electric field drift, a good measure of the global plasma
circulation is the total convection voltage difference over the polar
cap of the magnetosphere. The maximum of the convection
voltage difference over the polar cap is 60 - 15OkV (e.g., Réf. 7),
and its dominant component, which is controlled by the north-
south component of the interplanetary magnetic field, is thought to
be due to interconnection of interplanetary magnetic Field lines
with magnetospheric field lines by dayside reconnection (Refs. 8,
9). An important observation of the plasma convection inside the
terrestr --agnetosphere, however, is that this plasma circulation
inside . nr jr.ctosphcrc has a residual component which is not
controlled by the riorih-south component of the interplanetary
magnetic field (Réf. 7). It is natural to hypothesize that this
observed residual plasma convection is caused by some viscous
in.eraction between the flowing magnetosheath plasma and the
stationary magnetospheric plasms, Although such a viscous
contribution to the magnetospheric convection appears to be small
(5 - 35kV) in comparison with a reconnection induced convection
voltage difference, the determination of the physical mechanism of
the viscous interaction and its contribution to the magnetospheric
convection by the tangential stress is important for complete
understanding of the solar wind-magnetospherc interaction. A
direct evidence of the viscous interaction seems to be the presence
of a boundary layer inside of the low latitude magnetospheric
boundary, wherein the plasma is flowing tailward (Réf. 10).

In pursuing a viscous interaction process at the terrestrial
magnetospheric boundary we must notice that a classical viscosity
by ion-ion Coulomb collision is negligibly small to explain the
tangential stress necessary for the observed residual plasma
convection; for this reason the viscous interaction at the boundary
is often c?!!ed the viscous-like or quasi-viscous interaction. The
viscosity at the magnetospheric boundary must therefore be
essentially "anomalous", and some anomalous plasma process
must be responsible for yielding the required momentum transport
or the required anomalous viscosity. Although there is no present
agreement as to the exact physical mechanism involved in the
tangential drag at the magnetospheric boundary, it has recently

Simulation Box

Solar
Wind

Equatorial Plane
Figure 1. The magnetospheric convection (plasma circulation
inside the magnetosphere).
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been demonstrated by using 2-dimensional MHD simulations
(Refs. il-16) that the K-H instability at the magnetospheric
boundary can yield tangential stress in its fully developed
nonlinear stage and the instability is indeed an efficient viscous
interaction at the boundary; Boiler and Stolov (Réf. 17) were the
first to suggest based on observations that the K-H instability at
the magnetospheric boundary could possibly be a viscous
interaction.

2. A MODEL OF THE MAGNETOSPHERIC BOUNDARY

In the present model of the finite thick magnetospheric boundary
(Figure 2), both the flow velocity and the magnetic field are
sheared across the magnetopauso. For simplicity the thicknesses
of the velocity shear layer and the magnetopause (magnetic shear
layer) are assumed to be equal. The unperturbed flow velocity in
the y direction and the magnetic field are expressed as follows;

Streamline

voy (X) = (Vo/2) [1 - tanh (x/a)j

B0y (X) = (Bo/2) [ I - tanh (x/a)]

(1)

(2)

B0z (X) = (Bo/2) [(i P^)]1/2!!+ tanh (x/a)] (3)

where VO is the total jump of the flow velocity across the

magnetospheric boundary, and P^/, and psp are the plasma P (P =

2|inpo/Bo2) in the magnetosheath and in the magnelosphere,
respectively. The plasma pressure is taken to satisfy the total
pressure balance. The plasma temperature is assumed to be
uniform across the boundary. The magnetospheric magnetic field
is perpendicular to the magnelosheath flow and the magnetosheath
magnetic field is parallel to the magnetosheath flow. Notice that
the nonuniform v0y(.,.) requires a nonuniform electric field
component EQX(X), but this satisfies an equilibrium condition

3B/3t = - curl E = O. The magnetosheath flow is characterized by
the Alfvén Mach number MA = VO/VA, and the sound Mach
number MS = V0IC5, where VA and Cj are the Alfvén speed and

the sound speed in the magnetosheath, respectively. P1/, is given
by (6/5)(MA/Ms)

2 and P,,, is 0.2. In the present magnetosheath
configuration, where the magnetic field is parallel to the flow, the
sound Mach number is equal to the fast Mach number for PsA >1,
because the fast mode speed parallel to the magnetic field is equal
to the sound speed for P1/, >1. The unperturbed plasma pressure
in the magnetosheath P1/, and that in the magnetosphere pjp are

related to each other by p.5p/piA =psp/psh = (l+P^-'Vd+p^-l),

where psp and ps/, are unperturbed plasma densities in the
magnelosphere and in the magnetosheath, respectively. A periodic
boundary condition is imposed at y = O and y = Ly. In the x
direction we have placed boundaries at x = ±10a. The boundary
condition in the x direction is such that there is no mass flow (vx =
O) across the boundaries at x = ±10a. It then follows from ideal
MHD equations that Bx and derivatives with respect to x of the

magnetosheath magnetosphere

Bn,(x)

•"• Flow Velocity

--Magnetic ReId

Low Latitude Boundary
Figure 2. A model of the magnetospheric boundary.

PsH=120

T=40

M5 = 2.5
PSH = 19-2
T=75

lv%=4.0

PsH = 7'5

T=90

O y/a 15.7

Figure 3. Streamlines in the simulation box for three different
magnetosheath sonic Mach numbers,
remaining quantities (p, vy vz. By, B2, p) must vanish at the

boundaries (x = ±10a), where p, V, B, and p are the plasma mass
density, the bulk velocity of the plasma, the magnetic field, and
the plasma pressure, respectively. The two-step Lax-Wendroff
method with an artificial viscosity term is used to solve MHD
equations. Time is normalized by 2a/V0.

3. SlMULATIONRESULTS

A MHD simulation is initiated by adding a small seed of unstable
perturbation to the flowing equilibrium described by Eqs. 1-3.
For all simulation runs performed in the present study, the same
wavenumber ky of the unstable K-H mode, which satisfies 2kya =
0.8, is used. This wavenumber is nearly equal to the wavenumber
of the fastest growing unstable mode. Using this ky the periodicity

length Ly is expressed by Ly = 2jt/ky =15.7a.

For fixed magnetosheath Alfvén Mach numbers MA (=2.5 and
10.0), which are large enough so that the magnetic field is too
weak to suppress the K-H instability, the model magnetospheric
boundary shown in Figure 2 is found to be unstable to the K-H
instability no matter how large the magnetosheath sonic Mach
number MS (Réf. 14). This result suggests that not only the
dayside flank boundary but also the tail flank boundary of the
magnetosphere is unstable to the K-H instability. This result
appears to be contradictory to the stability criterion for the
discontinuous vortex sheet (the velocity shear layer of zero
thickness) (e.g.. Réf. 18), which predicts that in the compressible
plasma there is an upper critical Mach number above which the
vortex sheet is stable to the two-dimensional perturbation
propagating in the direction of the shear flow. According to
Papamoshou and Roshko (Réf. 19) this striking distinction
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between the stability of a vortex sheet and the stability of a finite
thick velocity shear layer is due to the fact that in the compressible
finite-thickness shear layer there is always an imbedded subsonic
region, thus a region potentially dominated by subsonic-type
instabilities.

Figure 3 shows streamlines in the simulation box at quasi-
saturation stages of the K-H instability for three different values of
MS (1.0,2.5, and 4.0) and for MA = 10. The vortices are seen in
all panels. For MS = 4.0 (Figure 3, bottom) the instability is
weakest and the vortex is located at the inner edge of the velocity
boundary layer, which is almost overlapped with the original
magnelopause current layer near x = O. However, as the sonic
Mach number decreases, the instability becomes stronger, more
plasma flow momentum in the magnetosheath is transported into
ihe magnetosphere by the K-H instability, and a wider velocity
boundary layer (VBL) is formed inside the magnetopause current
layer (Figure 3, top). Therefore, as the sonic Mach number
decreases, the vortex, which is located at the inner edge of the
velocity boundary layer, tends to end up at the location of the
larger positive x or at the location of the inner magnetosphere.

Figure 4 shows three-dimensional views of top surfaces of the
plasma pressure distributions (Figure 4, left) and magnetic
pressure distributions (Figure 4, right) at their quasi-saturation
stages for three different values of Ms and MA = 10. In this plot
the height of the 3-D surface is proportional to the plasma or the
magnetic pressu.e. As is required from the zeroth order
equilibrium the magnetic pressure is dominant in the
magnetpsphere, whereas in the magnetosheath the plasma pressure
is dominant. For Mj = 1 the corrugation of the magnetopause
boundary characterized by a large pressure gradient is quite

distinct (Figure 4, top). Since d/dz = .0, this is a kind of
interchange motion, causing an interchange of magnetospheric
magnetic field lines with the magnetosheath plasma. For M5 = 2.5
and 4.0, however, the magnetopause boundaries are only slightly
corrugated (Figure 4, middle and bottom). Instead, however, the

Plasma Pressure (MA=10
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magnetosheath plasma is more highly perturbed by compressional
perturbations including shocks for higher values of the sonic Mach
number M5.

By taking a spatial average of the y component of the momentum
conservation equation

•|pv = -V-(pvv--t- BB)-
at (ID

--
2jlo

(4)

one obtains, for the two-dimensional case (d/dz — O) using the
periodicity of perturbations in the y direction,

y) (5)
Here the angular bracket represents the spatial average over one
wavelength in the y direction. This means that the instability can
exert a finite tangential stress - <pvxvy - BxBy/(i0) on plasmas.

Figure 5 shows (from top) profiles in the x direction of spatial
averages over one wavelength of the Reynolds stress - pvxvy

(solid line), the Maxwell stress BxBy/u,rj (dashed line), the x
component of the electric field Ex (solid line), the plasma
momentum in the y direction pvy (solid line), and the y component
of ihe flow velocity vy (solid line) at the quasi-saturation stage for
MS = 2.5 and MA = 10. The tangential stress (momentum flux
density) is normalized by the magnetosheath flow momentum flux
density ppVg2 and defined positive for the momentum flux density
into the magnetosphere. Other quantities are so normalized that
only relative scales are meaningful. The dashed lines in the
profiles of Ex, pvy, and vy show initial profiles of those
quantities. The Reynolds stress reaches 0.8% of prjVo2 near the
magnetopause, and the plasma momentum pvy in the
magnetosheath is diffused from the magnetosheath into the

Figure 4. Three-dimensional views of top surfaces of the plasma pressure distributions (left
panels) and magnetic pressure distributions (right panels) at their quasi-saturation stages for three
different values of M8, i.e., Ms = 1.0,2.5,4.0 from the top panels, and for MA = 10
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magnetosphere (hatched region), where the large Reynolds siress
is observed. Therefore, the Reynolds stress is responsible for the
momentum transport as Eq. 5 predicts. The Maxwell stress is
much smaller than the Reynolds stress because MA » 1.0. Also

the magnitude of the electric field IEx I increases from the dashed
line to the solid line where the large Reynolds stress is observed.
Therefore, the flow momentum flux in the y direction (lailward

direction) by Ex x Bz drift increases in the velocity boundary layer
formed inside the magnetopause current layer. In order to evaluate
the contribution of the K-H instability to the magnetospheric
convection the spatial average over one wavelength of the
convection potential difference (not necessarily electrostatic
potential but just an integral of the electric field) across the
boundary layer defined by |{E J dx was calculated. The ratio of
this integral of the electric field to its initial value was found to be
3.23: thus the tailwurd convection voltage difference (strength) is
amplified several limes by the anomalous momentum transport
associated with the K-H instability. Notice that for subsonic Mach
numbers this ratio was found to be much larger (Réf. 13).

Shown in Figure 6 is the peak tangential stress (momentum flux
density) calculated in the rest frame of the magnetosphere when
the penurbation is still slightly growing just prior to the saturation

and normalized by PoVn
2 as a function of Ms for MA = 10. The

normalized peak tangential stress decreases with increasing MS
and approaches a constant value of 0.4 % for higher MS (>4),
which occurs at the tail flank. For 1.0 < M5 < 3.0 the normalized
peak tangential stress is approximated by 0.05Mj-- (the dashed
line in Figure 6) and hence the absolute tangential (shearing) stress

at the boundary T or the absolute momentum flux density into the
magnetosphere is given by

T = 0- = 0.05p0Cs
2 = 0.083/J0 (6)

where Pa is the unperturbed magnetosheath pressure.

4. DISCUSSION

The MHD wave generated by the K-H instability at the

D. Q l Q

magnetospheric boundary has a tailward phase velocity, which is a
fraction of the magnetosheath flow speed (~400km/sec).
Therefore, if a satellite is lot. :ed near the magnetopause (the
satellite speed is only a few km/sec), the magnetopause
corrugation due to the K-H instability as shown in Figure 4 passes
through the satellite and could be seen as a magnetopause
oscillation. Such magnetopause oscillations (multiple crossings of
the magnelopause) have indeed been observed by a number of
satellites (Réf. 20). Sibeck et al. (Réf. 21) have also suggested
that the K-H instability drives subsianlial magnelopause motion in
the distant magnetotail.

Using the Greenland magnetometer chain, McHenry et al. (Réf.
22) found steady, traveling ionospheric convection vortices at the
ionospheric convection reversal boundary. During quiet times
these periodic vortices consist of a continuous series of vortices
moving generally lailward for several hours at a time. The tailward
streaming speed of the observed vortices mapped onto the
equatorial plane is comparable to the phase speed of the K-H wave
at the magnetospheric boundary. McHenry et al. (Réf. 22) suggest
that these vortices are ionospheric signatures of the K-H instability
excited at the inner edge of the magnetospheric boundary layer.
Figure 3 shows that although the K-H instability is destabilized by
the initial velocity shear at the magnetospheric boundary, the
vortex does end up at the inner edge of the velocity boundary layer
produced by the K-H instability. Therefore, the present simulation
result seems to be consistent with their observational results of the
convecting vortices.

The present result shows that for 1.0 < MS < 3.0 tangential stress
due to the K-H instability at the magnetospheric boundary is
approximated by Eq. 6. Substitution of the Newtonian pressure

formula given by P0= Kp^V2 cos2V (Réf. 23), where P-V£ is

the solar wind dynamic pressure and y represents the angle
between the directions of the solar wind velocity vector and a
vector normal to the magnctospheric boundary, into Eq. 6 yields
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Figure 5. Profiles in the x direction of spatial averages over one

wavelength of the Reynolds stress pvxvy (solid line), the Maxwell

stress BxBy/n0 (dashed line), the x component of the electric field

Ex (solid line), the plasma momentum in the y direction pv,, (so/id
line), and the y component of the flow velocity vy (solid line) in
the quasi-stationary stage for M5 = 2.5 and MA = 10. The stress is

normalized by the magnetosheath flow momentum flux P0V0
2 and

other quantities are so normalized that only relative scales are
meaningful. The dashed lines in the profiles of Ex, pvy, and vy

show initial profiles of those quantities. The hatched region in the

profile of pvy represents the net flow momentum transported from
the magnetosheath into the magnetosphere by the K-H instability.

T = 0.083 Kp00Vr0 (7)

This relationship suggests that if the solar wind dynamic pressure
increases, the tangential stress will also increase. It follows that if
the magnetosphere is compressed by the increase in the solar wind
dynamic pressure, the viscous interaction at the magnetospheric
boundary due to the K-H instability will also increase. It is
interesting to note that the linear relationship between the tangential

(shearing) stress T and the pressure p0 given by Eq. 6 is a

10°

-10-'

i 10-2

10-3
o.i 1.0

M5

10.0

Figure 6. The peak of the tangential stress (momentum flux

density into the magnetosphere) normalized by P0Vo2 as a
function of M5 for MA = 10. The dashed line is a power law fit
0.05Ms-2 for 1.0 < Ms < 3.0.
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standard assumption for the tangential stress in accretion disks ("a
disks") (Réf. 24), although the nature of the tangential stress or
the viscosity in the accretion disks is not well known. The
instability in the rotating accreting plasma (e.g., Refs. 25, 26) is
more complicated than the instability in the parallel shear flow, but
the present simulation result of the K-H instability may suggest
that a numerical simulation of the instability in accretion disks for
different flow Mach numbers will clarify the nature of the the
angular momentum transport (or the anomalous viscosity) due to
the instability and whether the a-prescriplion of the tangential
stress is a reasonable assumption.

Figure 5 demonstrates that the tailward flow momentum flux in the
y direction by Ex x B2 drift increases inside the magnetopause
current layer. Equating the flow momentum flux into the
magnetosphere due to the instability with the increase in the Ex x
B2 flow momentum inside the magnetopause yields an increase in
the convection potential difference across the boundary layer
(J(Ex) dx ) of at least about IQkV (Réf. 12). This indicates that the
anomalous momentum transport due to the K-H instability at the
magnetospheric boundary contributes substantially to the
niagnctospheric convection (plasma circulation) inside the
magnetosphere. Although such a contribution appears to be small
in comparison with a reconnection induced potential difference
(-100 - 150kV)(e.g., Réf. 7), the present simulation result
suggests that the K-H instability at the magnetospheric boundary
can contribute to excitation of a residual plasma convection (<
35kV) inside the terrestrial magnetosphere, which is observed
when the direction of the interplanetary magnetic field is
unfavorable to the reconnection of interplanetary magnetic field
lines with magnetospheric magnetic field lines.

6. SUMMARY

For a simple but realistic model of the low-latitude magnetospheric
boundary characterized by a velocity shear and gradients of the
piasma density and the magnetic field strength normal to the
boundary, MHD simulations of the K-H instability have been
carried out for different values of the magnetoshealh sonic Mach
number (Ms). Important results obtained by the present simulation
study are summarized as follows:

(1 ) For all sonic Mach numbers a velocity boundary layer (VBL)
is formed inside the magnetopause owing to the anomalous
momentum transport by the K-H instability. A flow vortex
generated by the instability ends up at the inner edge of the VBL
for all sonic Mach numbers and the magnetopause boundary is
more highly nonlinearly corrugated by the instability for a smaller
sonic Mach number.

(2) The tangential stress (momentum flux density into the
magnetosphere) due to the instability is calculated in the rest frame
of the magnetosphere just prior to the saturation of the instability.
The tangential stress at the boundary is mainly due to the Reynolds
stress because MA » 1 and is approximated by 0.083/70, where
po is the unperturbed magnetosheath pressure, for 1.0 < MS <
3.0. The tangential stress at the boundary is large enough to excite
a residual plasma convection inside the magnetosphere.
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ENERGY RELEASE AT ALFVENIC FRONTS IN SOLAR FLARES

Jennifer Nicholls
Research Centre for Theoretical Astrophysics, University of Sydney

1. ABSTRACT

A model for the release of energy at Alfvénic fronts prop-
agating along a solar magnetic flux tube was proposed by
Melrose (Réf. 1). The Alfvénic fronts are created by the
sudden switch on of a resistance, uniform across the flux
tube, which is used to model the flare kernel. At the
fronts the current flowing in the flux tube is partially
deflected to the surface of the tube, forming a singular
surface current. In the models presented here the cur-
rent density is partially deflected from smaller to larger
radii within the flux tube, removing the singular sur-
face current, producing a straightforward extension of the
original model. More unexpected is the response of the
system to modelling the flare kernel by a radially depen-
dent effective resistivity, since for a significant amount of
power released, the effective resistivity peaks in a thin
sheath on the surface of the flux tube where the current
drops to zero. This has the observationally detectable
result that various flare phenomena due to precipitating
non-thermal electrons, accelerated in the regions of high
resistivity, will be offset from the regions of peak vertical
current density.

Keywords: Solar flares, MHD

2. INTRODUCTION

A solar flare is the explosive release of up to ~ 1025 J
in about 103 — 10* s from a small region, called the flare
kernel, of a magnetic structure in the solar corona. It is
widely accepted that the energy released during the flare
is stored as a non-potential component of the magnetic
structure. The relaxation of the stressed field to a more
potential configuration releases the energy which powers
the flare. In the flare kernel the energy is dissipated, and
observationally the bulk of the energy goes into acceler-
ating electrons to > 10 keV, while a small fraction goes
into accelerating ions. The x-ray, optical, microwave and
radio emissions that are all signatures of flares are then
either the direct or indirect product of these energetic
electrons. Most models of solar flares concentrate on the
energy conversion mechanism, that is, how the energy
stored in the magnetic field is converted to other forms
of energy in the flare kernel. Hence they concentrate on
the energy outflow mechanism. The energy flowing into
the flare kernel is only implicit in these models.

It is apparent that energy inflow to the flare kernel during
a flare is necessary from the following argument. What-
ever the energy release mechanism in the flare kernel it
will change either the magnitude or the profile of the cur-
rent. This can not be a local change, one confined to the
flare kernel, but must be a global change affecting the
whole circuit. A change in the current means a change in
the magnetic field, releasing stored energy which propa-

gates back to the only sink in the system, the flare kernel.
Hence energy inflow during a flare is an inescapable part
of any model and the energy must come from the entire
coronal portion of the magnetic structure.

While most models have only implicit energy inflow,
there are several exceptions. A notable example of
these is Raadu's current interruption model (Réf. 2), sev-
eral important features of which are incorporated into a
model by Melrose (Réf. 1, hereafter paper I). Melrose
modelled the coronal magnetic structure as a cylindrical
magnetic flux tube (cylindrical co-ordinates r, <t>, z ) with
a uniform current density across the cylinder. Alfvénic
fronts propagate away from the flare kernel, partially de-
flecting the current to the surface of the tube as they
pass. This releases stored magnetic energy which propa-
gates back to the flare kernel as a Poynting flux, where it
is entirely dissipated. In the models presented in this pa-
per, some of the simplifying assumptions of the original
model are relaxed.

A more realistic treatment of the deflected current is to
let it flow in a layer of non-zero thickness. In the models
discussed here, at small radii the radially dependent cur-
rent density is partially deflected by the fronts to larger
radii within the flux tube. Although this increases the
current density at larger r, this still decreases the stored
magnetic energy, releasing energy to be dissipated by the
flare kernel. In paper I the flare kernel was modelled as
a resistance which was uniform across the flux tube. The
dissipation region is now described by a dissipation per
unit volume, or an effective resistivity, which has a radial
dependence, determined from the final current density
and the magnetic field before and after the passage of
the fronts.

However, those models with significant release of power
seem to require an effective resistivity which is concen-
trated on the edges of the cylindrical flux tube. That
is, the effective resistivity is greatest in a thin sheath on
the surface of the flux tube. Even changes in the cur-
rent profile which only release a small amount of power
require an effective resistivity that is peaked away from
the centre of the flux tube.

3. THE MODEL

The coronal magnetic structure is modelled as a flux tube
with cylindrical symmetry and radius TO, with a current
of uniform profile flowing solely in the z direction. At
t = O the dissipative mechanism in the flare kernel, mod-
elled as a double layer by Raadu and by a resistance,
Rc, by Melrose, is turned on, marking the onset of the
flare. This impulsive switch on of the dissipative region
creates fronts, tangential discontinuities of the <4 compo-
nent of the magnetic field, B<t>, which propagate away at

Proceedings of fie Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in JoM, Japan,
17-20 November 1992 (ESA SP-357, February 1993).
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the Alfvén speed, as shown by Goertz and Boswell in a
magnetospheiic context (Réf. 3). The current is partially
deflected to the surface of the tube at the front, abruptly
reducing B* across the front for r < ro- This releases en-
ergy, part of which goes into the rotational motion of the
plasma. The remainder propagates as a Poynting flux to
the resistance where it is entirely dissipated.

Since the current profile is uniform across the flux tube
in paper I, the model is only valid for B$ « B1. This
limit, known as the weak current limit as it only holds
for weak currents, is not valid for a solar flare model for
two reasons. Firstly, flares are known to correlate with
regions of strong current, ~ IG12 A, suggesting a relation
between the current and the power released in a flare.
Secondly, the weak current limit is not force-free, whereas
large-scale coronal magnetic structures must be (Réf. 4).
The details of a force-free generalization to the model are
presented in another paper (Réf. 5), but for reasons of
computational simplicity the assumption of a weak cur-
rent is maintained in the models presented in this paper.
However, the uniform current profile assumption is re-
laxed to allow a radial dependence for the current density.
Two classes of models are considered for this dependence:
DGH distributions, i.e. (r/ro)fe exp(—r2/2rj)), and power
laws. Despite the differences in details, both classes of
models yield similar types of behaviour. The radial de-
pendence is the focus of partially deflecting the current
density from small to large radii at the front.

3.1 Power law current densities

For the power law models the flux tube is divided into
two regions: an inner region of radius ro, and a concen-
tric outer region of radius rc > to, the edge of the flux
tube. (As in the previous model the region outside the
flux tube, in this case r > rt, is of no relevance to the
discussion as no magnetic energy is released in this re-
gion.) In the inner region the current density grows to
some maximum at r0, then falls to zero at re so that

!

(£)* O < r < ro
/ \*
I c ~ I TO < T <r,\re — ro ] — —

(1)

(Except for the parameters ro and n used to define the
various current densities, the subscript O (1) are used to
indicate a quantity before (after) the front has passed.)
The final current density has the same form but a dif-
ferent value for the index, and the overall constant J0

is replaced by Ji. Requiring that the total current be
conserved fixes Ji in terms of J0. The passage of the
front partially deflects the current density from the inner
to the outer region, decreasing the current density for
r < TO and increasing it for ro < r < re, so no singular
surface current is necessary to account for the deflected
current. This still leads to a net decrease in the stored
magnetic energy. Even if, as happens in some cases, the
stored magnetic energy is greater in the outer region after
the front has passed than it was initially, it is more than
compensated by the decrease in stored magnetic energy
in the inner region.

3.2 DGH distribution current densities

DGH distributions are less artificial than simple power

laws, in that the flux tube is not divided up into an inner
and an outer region. However, this does mean that the
tube, and hence the fronts, are of infinite radial extent,
as the current density only tends to zero asymptotically.
This means that B<j,\ —> B^0 as r —» oo, but they are
never exactly equal. This leads to a serious mathematical
difficulty, as discussed below. To overcome this, as well
as requiring that the total current be conserved, it is
required that from some radius r = re, Ji (r) = Jo(r), for
all r > T,, i.e.

W-J <*)•"* (f?) 0^<r

T>TC

(2)

where n and n are the parameters used to define the
DGH distribution. Current conservation and matching
Ji to Jo at Tf fixes two parameters, usually taken as the
overall constant, Ji, and n. Matching Ji to Jo gives a
finite extent to the front, beyond which the current and
the magnetic field are unchanged by the front. However,
for r < T, the front deflects the current density from
small to large radii, thus releasing magnetic energy.

3.3 The effective resistivity

Once the current densities before and after the passage of
the front are defined, the magnetic and electric fields and
various other quantities such as the total power released,
the power in the Poynting flux and the power that goes
into the kinetic energy of the plasma, may be determined.

In the model in paper I it is taken as a constraint that
the dissipated power is equal to the power due to the
Poynting flux, PdIa1 = Ppoynting, fixing one of the vari-
ables in the model. In the models discussed here this is
turned around to investigate the radial dependence of the
effective resistivity, TJ(T). The power dissipated per unit
volume is

(3)

The axial component of the Poynting flux, the only rele-
vant component here, is given by

Sz = £r(r)B^i(r)/Mo, .'<)

where /to is the permittivity of free space, and Er oc
B$o — B$i is the radial component of the electric field
which is determined by Faraday's law. If the dissipative
region is of length Al along the axis of the tube, then
the requirement that the power dissipated per unit area
balances the incoming energy fl^;: from both sides gives

So by defining Jo and Ji ,
and hence T/.

and Er can be determined

4. DISCUSSION

If Pdiaa = Ppoynting were kept as a condition to fix a pa-
rameter, in other words if i) were uniform across the flux
tube, then it would be possible to construct a model with
well behaved quantities and examine the behaviour of the
model as a function of the remaining parameters. How-
ever, for a radially dependent »j, given plausible initial
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and final current densities, and significant power release
by the front, it seems that ij becomes concentrated on
the edges of the flux tube, peaking at r«. Indeed in the
DGH distribution models »; diverges as re —- oo. Even
for minimal power release, i/ is a maximum away from
the centre of the flux tube.

The reason for this is apparent from eq. 5. To illustrate
this consider a power law model with Jo ~ r*, Ji ~ r"
as T —* TC and Jt, n > O. Since

^(O = £i rdr'T1Ji(T1)
T J O

(6)

the dominant term in BQO is oc rfc+1 and in Bj,\ is oc rtue uuimuiiiiL Lciiii 111 o^a is Ot T aiiu 111 uq>\ 10 ̂
Hence, putting these expressions into eq. 5, for r

"+1

~ T,

,(r) t-n+l _ r 2 _

î f f c - n + l>2 then j/ ~ rfc-"+1, whereas if fc - n + 1
2, -i/ ~ r5.- In either case, as r—* TC, 17 grows . So eve
though Er oc " "

K
> even

Tj '= O, for all r > Te, and hence
IT; = O, for all r > re, the fact that Ji (r) falls to zero 3
faster than B$i means that as r —* re, i/ grows then
drops abruptly to O at T,, when there is significant power
released.

The requirement that IJ(T) peak at large r, near the edge
of the flux tube, seems to be a feature common to all
models with reasonable current density profiles. Almost
any model where the current density drops smoothly to
zero at the edge of the flux tube will have Ji (r) falling to
zero more rapidly than the corresponding magnetic field.
So IJ(T) will form a thin sheath at the surface of the tube
for models where there is significant power released, and
will peak away from the centre of the tube for models
with only a small amount of power released.

It may be possible to construct a Bja that cancels out
the relevant terms in B$\ as r approaches the edge of
the tube to prevent t\ growing to rapidly with increasing
radius. However, it would be an highly artificial model
with a large degree of fine tuning and, as the released
energy is dependent on the change between BJO and B^1

which would be very small, it would probably not release
much power, and hence is not a good prospect for a model
for solar flares.

The peaking of 77 on the surface of the tube appears to
be only weakly dependent on the choice of model, and
it is relevant to consider the possible observational con-
.-.^quences. As discussed in the introduction, the energy
dissipated in the flare kernel goes mostly into energetic
electrons. Many of these electrons follow the field lines
down to the chromosphere where, due to the denser en-
vironment, they emit hard x-rays, UV photons, He» and
other optical emission. Since the peak value of the re-
sistivit. for significant energy release is offset from the
peak value of the vertical current density, one would ex-
pect these signatures also to be offset from the regions
c£ high vertical current density. There have been several
studies of the spatial relation between regions of high
current density and flare phenomena, with Ha the most
studied phenomenon (see Réf. 6 and references therein).
In the majority of these studies sites of strong Ho emis-
sion appear to be coincident with peak current densitiu:
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as determined from magnetograms. However, their res-
olution was somewhat limited, and Ha emission during
a flare can also be due to effects other than precipitat-
ing electrons. A new survey (Refs. 6, 7, 8) claiming
greater accuracy and the ability to distinguish between
Ha emission from non-thermal electron precipitation and
that from other processes, has so .far yielded results that
imply that electron precipitation-is offsetifrom the re-
gions of peak vertical_current density. It is possible that
this feature, if confirmed, might be explained by an offset
between the regions of peak resistivity and peak current
density, as occurs in the models presented here.

5. SUMMARY

To summarize, a model with Alfvénic fronts releasing
magnetic energy which then flows into the flare ker-
nel during the flare, was developed by Melrose. In the
present extension to the model, several simplifying as-
sumptions of the original model are relaxed: the current
profile and the dissipation per unit volume are no longer
uniform across the flux tube, but have some radial de-
pendence, and the current is now partially deflected to
larger radii within the flux tube, no longer forming, a sin-
gular surface layer. It is found that the dissipation per
unit volume, or effective resistivity, is concentrated in a
thin sheath on the surface of the tube for models with
significant release of power. This may h.tve observational
consequences, in that one expects the precipitating elec-
trons ii • flare to be concentrated near the edge of the
flux tube, rather than in the region of maximum current
density.
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ABSTRACT

We have analyzed time dependent BCS X-ray spectra of Fe XXV
and S XV during the flare of 21st. January, 1992 from Yohkoh
satellite. The electron temperatures are derived from the intensity
ratio of the (!!electronic satellite lines to the resonance line from
the spectra accumulated for one minute. Also the ion abundance
ratios, n(Li)/n(He), n(Be)/n(He) and n(B)/n(He) of iron ions and
n(H)/n(He) and n(Li)/n(He) of sulphur ions are obtained from the
intensity ratios of the inner-shell excited satellite lines to the
resonance line. The electron temperatures derived from S XV
begin to increase after the rise of that from Fe XXV and the
values from S XV are always lower than those from Fe XXV.
The derived ion ratios show a deviation from an ionization
equilibrium toward an ionizing phase except for the ratio
n(H)/n(He) of sulphur ions. To confirm these features the
accuracy of atomic data have been examined.

1. Introduction

The time - resolved X ray spectra obtained by Bragg crystal
spectrometer flown on the Yohkch satellite from an M1.3 class
flare which occurred on January 21st. 1991. starting at about
19:37 UT. have been studied. At the beginning of the flare, the
electron temperature in the plasma increases very rapidly. The
ionization process of ions of high temperature plasmas advances
following the rise of the temperature. Generally it is considered
that the ionization equilibrium is attained in the solar flares, since
the ionization time to reach the equilibrium is estimated to be 10

sec for the electron density 1011 cm"3(Ref. 1). This rime scale is
shorter than the time duration of the flare; about 10 minutes. The
differential emission measure distribution is sometimes assumed
for the spectral lines of the different species. We have derived the
time dependent ion ratios from the X-ray spectra. The derived icn
ratios show always the shift from the values in the ionization
equilibrium indicating the ionizing plasma.

2. Observed spectra

Highly resolved X-ray spectra of Fe XXV, Ca DC and S XV
observed by Yohkoh satellite have been analyzed. The X-ray
fluxes begin to increase ai 1^4OUT, reach the maximum after 3-5
minutes and decreases until 19:50UT for Fe XXV. The flux of S

XV decreases more gradually in comparison to Fe XXV. The
maximum counting rates are 6000 counts/s for S XV and 3000
counts/s for Fe XXV. The data during 19:42 - 19:44UT are
missing due to the influence of the ionosphere. The integrated
spectra for one mini .te in the early phase (19:39 -19:41) show the
blue-wing for Fe XXV. The spectra in the decay phase (19:45. -
19:47) have no blue > ng. The spectra of S XV in the early phase
show the broad line width which indicates the contribution of the
other plasmas such as active regions. The spectra in the decay
phase give the sharp line profile without any effect. Ion
temperatures derived from the line broadening in the decay phase
are 2.4 keV and 400 eV for Fe XXV and S XV, respectively.

3. Analysis and atomic data

a) Fe XXV spectra
The spectra of He - like ions give a lot of information. The

electron temperature can be derived from the intensitv ratio of the
dielectronic satellite lines to the resonance line of the He -like ions
(w). The most prominent satellite line is (j) for Fe spectra. Tnen
the temperature is determined mainly from the ratio j/w, in the
synthetic spectra. Ion abundance ratio is derived from the
intensity ratio of the inner-shell excited satellite lines to w;
n(Li)/n(He), n(Be)/n(He) and n(B)/n(He) from q(1.8610A)/w,

P(1.8700A)/w and I4(1.8822A)/w respectively, where n(He),
n(Li), n(Be) and n(B) indicate the ion density of He -, Li - ,Be -

and B-like ions. The symbols q, (J and 14 indicate the inner shell
excited lines of Li -like, Be-like and B-like ions, respectively. The
atomic data for the Li-like satellite of Fe ions are published in
Réf. 2. Recently Safronova (Réf. 3) calculated the satellite lines
for many elements of Li-like, Be-like, B-like and C-like ions. We
have used the data of Réf.3 for the analysis of satellite lines, since
the data in Réf. 2 do not give data for B - like ions. The excitation
rate coefficients of He-like ions from the ground state to n = 2
states are taken from Réf. 4.

Generally the intensity of the dielecfronic satellite lines of Li-
like ions by Ref.3 are larger than those by Ref.2. Then the
derived temperature from the synthetic spectra with Réf. 3 is
higher than that with Réf. 2. An example of the synthetic spectra
applied to the observed spectra in the decay phase at 19:46UT is
shown in Fig.l for Fe XXV. With the use of the electron
temperature derived from the intensity ratios of Li-like satellite
lines to the resonance line j/w, the intensity of the theoretical
satellite lines of Be-like ions are always larger than the
observations, although the theoretical satellite lines for B-like ions

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in Toki, Japan.
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fit well as shown by dotted line in Figl, where the solid line is
the measurements. The difference between measurement and
synthetic spectra for Be-like satellite lines ate larger when the data
in Réf. 2 are used than in Ref.3. This difference can not be
explained by the differential emission measure model, because the
higher temperature is required for the region of the Be-like ions
than that of Li-like ions.

With the use of the derived electron temperature mentioned
above, the ion ratios are obtained from the inner-shell excited
lines. The excitation rate coefficients for the inner-shell excitation
of Li-like, Be-like and B-like ions are almost the same values. In
Table I, the wavelengths, transitions and the branching ratios are
listed for the inner-shell lines(Ref. 3). The contribution of the
resonance line (w), intercombination lines (x,y), forbidden line
(z) and the innershell excited lines are shown by hatched regions
in Fig.l.

b) S XV spectra
The line widths of the sulphur spectra change considerably

from the beginning of the flare to the maximum. It is considered
that the lines from the different active regions are overlapped at
the beginning when the intensity of the lines from the flare are not
so strong. Also there is a possibility of the influence of the
turbulence on the line width.

For the spectra of Fe XXV, the intensities of the dielectronic
satellite lines of n = 3 of which wavelengths are just near the
resonance line, are much smaller than those of n = 2 satellite lines
(j, k). On !he contrary, for S XV the intensities of dielectronic
satellite lines for n = 3 are almost the same as those of n = 2
satellite lines. The intensity of the dielectronic satellite lines are
proportional to Qd,

(1).

where Ar and A3 are the radiative transition probability and the
autoionization rate from the upper state and g(u) is the statistical

weight of the upper state. For n = 2 satellite lines Qj oc A1. oc Z*

because Aa > A1, on the contrary for n = 3 satellite lines Qj "

constant because Aa < Ar, where Z is the charge of the ion. .

Then value Q^ for n = 2 are much larger than that of n = 3 for

high Z, but for low Z the difference is small. In the He-like
sulphur spectra obtained from Yohkoh, the forbidden line(z) and
the n = 2 satellite lines (j, k) can not be resolved as shown in
Fig.2, where the contribution of the dielectronic satellite lines are
shown by hatched regions. We derived the electron temperature
mainly from the resonance line and the n = 3 satellite lines. The
atomic data from Réf. 3 are used for the calculation of the satellite
lines. The ion density ratio n(Li)/n(He) is derived from the
intensity ratio q/w as in the case of Fe XXV. The ion density
ratios n(H)/n(He) are also obtained for S XV since the
contribution of the recombination from the H-like ions is not
neglected. The excitation rate coefficients of He-like ions from the
ground state to n = 2 states are taken from Réf. 5. The
contribution of the recombination from H-like ions is about 20%
for the forbidden line in Fig.2.

4. Results and discussions

The time variation of the electron temperatures and ion density
ratios are derived from the observed spectra of Fe XXV and S
XV as de-cribed in Sec. 2. The time history of the electron
temperatures derived from the spectra are shown in Fig.3. The
electron temperatures from Fe XXV, T6(Fe), are always higher

than those from S XV. The electron temperatures from S XV,

T6(S), rise up later than T6(Fe) as shown in Fig.3. The value

T6(Fe) in the initial phase of the flare at 19:40UT is already 1.47

keV, whereas T6(S) at the same period is lower than 1 keV,

although it is difficult to estimate the exact temperature due to the
contamination from the other regions. The ion density ratios for
Fe ions are shown in Fig.4 as a function of T6(Fe). In the early

phase when T6(Fe) increases, the ion ratios n(Li)/n(He),

n(Be)/n(He) and n(B)/n(He) decrease which indicates the plasma
in an ionizing state. In the decay phase when T6(Fe) decreases,
the ion density ratios increase indicating a recombining plasma.
But these values never reach those in the ionization equilibrium.
In Fig. 4, the values in the ionization equilibrium are shown by
solid lines. It is interesting to note the slopes of the derived ratios
against the temperature are almost parallel to those in the
ionization equilibrium. They seem just shifted. The shift is about
factor of two for all the three ratios. When we look at the ratios
for S XV as shown in Fig.5, n(Li)/n(He) show the same
tendency as Fe ions, but not for n(H)/n(He) which is strongly
ionizing in the early phase and reached in the ionization
equilibrium in the decay phase.

In order to compare the ion ratios in the ionization equilibrium,
we have to know the correct values of the ionization and
recombination rate coefficients. Recently Arnaud and Raymond
(Réf. 6) evaluated the ionization and recombination rate
coefficients for iron ions. The recombination rate coefficients are
much improved in this paper. The ratios of the recombination rate
coefficients of Réf. 6 to those in the previous one (Réf. 7) are
about factor of 2 at 1 keV for Fe XXIV and Fe XXIII. The solid
lines in Fig. 4 are the ratios from the data in Réf. 6, whereas the
dashed lines are those in Réf. 7. The derived ion ratios depend on
the inner-shell excitation rate coefficients. The rate coefficients for
Li-, Be- and B-like ions are almost the same values. The
agreement for the q line between Ref.2 and Ref.3 is very good.

The deviation from the ionization equilibrium might be
interpreted as the flow in the solar flare. Generally speaking,
when there is a flow in Ih? plasma, (he ionization never reaches
the ionization equilibrium. To account for the shift of the factor
of two, the velocity

v = 2 XlO7^lO10J(IVlO9) cm/s (2)

is required, where n£ is the electron density and L is the size of

nethe flare. For n = 1010 cm"3 and L = 109 cm, v = 200 km/s is

derived.
It is necessary to confirm the shift of the ion ratios from the

ionization equilibrium for other flares systematically.
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Fig.2 S XV spectra in the same decay phase as in Fig. 1. The hatched regions indicate the
dielectronic satellite lines.
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Fig.3. The electron temperature derived from the spectra of Fe XXV and S XV as a function of time.
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Fig.4. The ion density ratios n(Li)/n(He), n(Be)/n(He) and
n(B)Ai(He) for iron ions as a function of T6(Fe) .The solid lines

are the ion ratios in ionization equilibrium by Réf. 6, whereas
dotted lines are those by Ref.7..

Fig.5.The ion density ratios n(H)/n(He) an<3, n(Li)/n(He) for
sulphur ions as a function OfT6(S). The solid lines are the ion

ratios in ionization equilibrium.
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ABSTRACT

Some of solar compact flares are known to be caused
by emerging flux, for which the magnetic-reconnection-
model is suggested. We studied this model using a nu-
merical simulation method. Our simulation is performed
with the two dimensional MHD code. Initially we con-
sider a two-temperature layered plasma similar to the
solar photosphere/chromosphere and corona in magne-
tostatic equilibrium. The initial magnetic field is hor-
izontal, and localized in the photosphere, while in the
corona it is nearly uniform and antiparallel to the pho-
tospheric magnetic flux. Our results show that magnetic
flux in the photosphere emerges by magnetic buoyancy
instability (Parker instability) as rising loops. When the
rising loops reach the coronal level, magnetic, reconnec-
tion starts between the loops and the coronal field, cre-
ating a magnetic island is created, which confines cool,
dense plasma. The magnetic island as well as the am-
bient hot plasma are ejected toward both sides of the
emerging loop as a jet-like flow. It is found that, the
magnetic reconnection is more violent, when the resistiv-
ity is smaller, or when the specific heat ratio 7 is smaller.
It is also found that there are four types of jet-like flow
associated with'the reconnection; (1) hot jet along the
magnetic field lines, (2) slingshot jet, (3) simple island
ejection, (4) surge-like cool jet.

Keywords: Sun, magnetic reconnection, jets, flares,
corona

1. INTRODUCTION

Some of compact flares are known to be often asso-
ciated with emerging flux (e.g., Kundu and Woodgate
1986). To explain these phenomena, the magnetic-
reconnection-model is proposed (Heyvarets et al. 1977,
Uchida and Sakurai 1977). Numerical simulations have
been performed on the basis of this model (Forbes and
Priest 1984). Shibata et al.(1989b,1992a) performed the
first simulation which includes the effect of magnetic
buoyancy, and succeeded to construct a self-consistent
emerging-flux reconnection model. These simulations

show that plasma jet-like flow is associated with the mag-
netic reconnection.

The recent observation of the Soft X-ray Telescope
(SXT) aboard YOHKOH has revealed that there are
many jets in the solar corona (Shibata et al. 1992b).
These jets are often associated with emerging flux re-
gion, and some of hot X-ray jets (T > W6K) coexist
with cool H0, surges (T « 104/'Q. It has also been re-
vealed that two-sided-loop brightenings or two-sided jets
occur when emerging flux expand in quiet corona with
nearly horizontal magnetic field (Shibata et al. 1993).

In this paper, our main purpose is to discuss in detail
the physical process of the magnetic reconnection asso-
ciated with the emerging flux, and study the parameter
dependence of the process.

2. MODELS AND NUMERICAL COMPUTATION

Our simulation is performed with the nonlinear, time-
dependent MHD code. Cartesian coordinates (x,y,z) are
adopted so that the z-direction is antiparallel to the grav-
itational acceleration. The unite of length, velocity, and
time are H, C3, and r = H/C,, respectively, where H is
the pressure scale height, C, the sound velocity, at the
base of the atmosphere (z = O). The typical values for the
photosphere are H = 200 km, C, — 10 km s-1, r = 20
s. Hereafter we use these values to compare numerical
results with the observations.

We assume the following: (1) The evolution is two-
dimensional with d/dy = O, By = O, and vy = O.
(2) The gravitational acceleration (g) is assumed to be
uniform. (3) The medium is inviscid perfect gas. (4)
The anomalous resistivity model is assumed, i.e. 17 =
T]o[(vd - vc)

2/v%]HC, for vd > vc, r) = O for vd < ve,
where TJ is resistivity, 770 is non-dimensional resistivity
parameter, vc is critical velocity above which anomalous
resistivity sets in, uj = j/p, is drift velocity, j is electric
current density, and pe is charge density. To help under-
standing, it is convenient to consider magnetic Reynolds
number, which is defined here as Rm = I/T]O. (5) In the
energy equation, Ohmic heating is taken into account,
but the effect of heat conduction and radiative cooling is
neglected for simplicity.

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in Toki, Japan,
17-20 November 1992 (ESA SP-351, February 1993).



204

The initial condition is as follows. We consider a two-
temperature magnetostatic gas layer as a very simplified
model of the solar corona (T = TCOr, for z > zCOr) and
chromospheie/photosp here (T = Tphoi for z < ZCOT)-
We take TCOr/Tpho = 25 and the base height of the
corona zc0r = 13# . The magnetic field is horizontal
(in IE-direction), and localized in the photosphere, while
in the corona it is nearly uniform and antiparallel to
the photospheric magnetic flux. The field is prescribed
by Bf(z) = Mz)//3(z)]1/2, where we took /3(z) = 1
for 4H < i < 9>H for the photospheiic flux sheet and
/î(z) = Q.Z for z > ZCOP + 5ff for the coronal magnetic
field.

The total area is O < x < xmax> O < z < zmox, and
XIMX — 105, Zmax = 55. We assumed periodic boundary
at £ = O and x = xmax, a rigid conducting wall boundary
at z = O, and a free boundary at z = zmax. Small velocity
perturbations with the amplitude of 0.05C, are initially
imposed on the magnetic fiux sheet, within the finite hor-
izontal domain (imax/2-A/2 < « < *max/2+A/2), where
A(= 10£T) is the horizontal wavelength of the velocity
perturbation. The equations (see Shibata et al. 1989b)
are solved numerically by using a modified Lax-Wendroff
scheme with artificial viscosity. The mesh sizes are non-
uniform in both x and z directions with grid spacing of
Ai = 0.5ff - l.O-ff.Az = 0.15ff - 0.375ff. The total
number of mesh points are taken to be (Nx x JV,) =
(153 x 203).

3. RESULTS

3.1 Typical Case : 7 = 5/3, T]0 = IQ-1

In this subsection, we describe results for 7 = 5/3 and
ijo = W~l(Rm = 10) as a typical case (Case I), where
7 is the ratio of specific heats. Figure la-Id shows the
time variations of the magnetic field lines (B11B1), and
the velocity field (V11V1). The evolution of the system is
divided into three stages.

The first stage is characterized by the expansion of
the loop. (This expanding loop corresponds to emerg-
ing flux.) One of the interesting points is that, when
7 = 5/3, the magnetic flux sheet is linearly stable for the
Parker instability (Horiuchi et al. 1988, Shibata et al.
1989a), although the instability actually occurred in our
nonlinear simulation. This is understood as nonlinear
instability triggered by the finite amplitude initial per-
turbation (Kaisig et al.1990). More detailed discussion
about this nonlinear instability will be given in Yokoyama
et al. (1993). When the loop enters the coronal level, a
current sheet, is created between the loop and the coronal
magnetic field. Note that the dense loop, which may cor-
respond to arch filament (Bruzek 1969), is situated just
in the current sheet. Gravitational downflow is seen

(a) B, v t/r = 84.7

(b)B,v iff = 92.1

(c) B, v t/r = 100.1

VNM= 5 . 0

Fig. 1. Results for Case I, where T = 5/3 and Tj0 = W-'(!im = 10), namely,
this is the IVpImIr11SC. E.ich pnnels show (a) magnetic field li:.es B and velocity
vectors v at I/T = 8.1.7. (b) D and v nl l/r = 92.1, (c) D and v al l/r = 101.1,
(d) B and v al (/r = 107.9, (e) log/i at t/r = 100.1. The times are in units of
T = 11IC. = 20s. and the illuslratd area is O < r < rmar = 105// = 21000 km
and (l < ; < :iu = .)0// ~ 8000 km « :„,„,. = 5.1/7). The scale of the velocity
vector is shown below tile (lame of the lower right-hand panel, and the equation
VNM = 5.0 indicées that the arrow with the length of this line has the velocity
of 5.OC, ~ 50 km s"1. The contour level step widths i,-c 0.2S in units of
logarithmic scale

along the loop. Density in the arch filament continues
to decrease during the expansion of the loop. As den-
sity in the current sheet decreases, the drift velocity Vd
increases. When the drift velocity exceeds the critical
velocity for anomalous resistivity, magnetic reconnection
suddt Jy starts.

The second stage is characterized by island formation.
As the reconnection proceeds, a magnetic island is cre-
ated, which confines cool, dense, and high-pressure chro-
mospheric plasma. Only single island is seen in our re-
sults, in contrast to the multiple islands in the r«.-.>-Its
of Shibata et al. (1992a), due to low resolution of the
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calculation. But the size of the island in our results is
almost the same as that of the single island created by
coalescence instability in Shibata et al. (1992a).

The third stage is characterized by plasma ejection.
Cool plasma confined in the magnetic island and hot
plasma heated by Ohmic dissipation in the current sheet
are accelerated along the sheet to speeds up to the Alfvén
speed. The ejected island collides with the side loop and
then reconnects with the loop field. We call this recon-
nection the 'second reconnection' because the island ex-
periences magnetic reconnection twice. After this recon-
nection, the island disappears and the cool plasma in the
island flows along the side loop. Figure Ie shows that the
cool plasma distributes continuously from the top of the
ejected cool plasma to the foot point of the side loop. It
is similar to H0, surges (Kurokawa 1988).

3.2 Case of strong compressibility : 7 = 1.05

In this subsection, we describe the case when the com-
pressibility is strong (Case II), i.e. 7 is small. Fig-
ure 2 shows the results of the case when 7 = 1.05 and
T10 = lO-Hftn = 10).

We can see two sub-loops beside the main center
loop. In 7 = 1.05 case magnetic flux in the photo-
sphere/chromosphere is linearly unstable, and small per-
turbations generated by the expansion of main loop trig-
gers unstable growth of sub-loops. An arch filament and
a current sheet develops over the expanding magnetic
jop. Because of compressibility of the plasma, the

current sheet is thin. Compared with the Case I, the
size of the island is small. This can be explained from
the theory of the tearing instability, which predicts that
when the current sheet is thinner, the size of the magnetic
island is smaller.

Figure 2c shows that, owing to strong compressibility,
cool plasma is strongly confined in a magnetic island.
When the island is accelerated, it keeps cool plasma.
Hence, surge-like configuration of cold plasma cannot be
seen in this case.

As expected, the magnetic reconnection occurs vio-
lently when compressibility is strong (Sato et al. 1992).
Figure 4 shows the hot jet flow from the reconnecting
point. Compared with the Case I, the jet does not change
its flow direction during the whole process. This shows
that the kinetic energy of the jet is large enough and that
the flow direction is not affected by the magnetic field
line configuration. We call this violent jet a 'slingshot
jet' to distinguish from the weak jet which flows along
the magnetic field lines in Case I.

3.3 Case of small resistivity : 770 = 10~3

In this subsection, we describe the case when resis-
tivity is small (Case III). Figure 3 shows the results of
7 = 5/3 and rjo = W~3(Rm = 103). The development
of the magnetic loop, the arch filament, and the current
sheet is almost the same as in the Case I. Figure 3c shows
that the magnetic island is larger than that of Case Ï, as
expected from the tearing instability theory.

(a) B, t/T = 64.4 (a) B, t/T = 82.4

V N M = 5 - 0

Fig. 2. Results for Case II, where 7 = 1.05 and Ij0 = 10"'(/?m = 10). namely,
this is the strong compressibility case. Each panels show (a) magnetic field
lines B and velocity vectors v at r/r =: G-1.4, (h) D and v at t/T — 70.9, (c)
Icigp at t/T = 70.9. Other remarks are the same as in Case I (Fig.l).

(c) log p t/r = 86.5

1

V N M = 5 .0

Fie- 3. Results for Case III, where 7 = 5/3 and I)0 = IQ-3I«,„ = 10J), namely,
this is the small resistivity case. Each panels show (a) magnetic field linrs D
and velocity vectors v at t/T = 82.4. (b) D and v at t/T = 86.5, (c) lo&,i at
t/r = 86.5. Other remarks are the same as il. Case I (Fig.l).
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25.OO 50.00 0.0 Z S - O O SO.00

Z/H Z /H

Fig. 4. Distribution or the horizontal (vf) and the vertical (U1) component of
vcïuciuy in r along r = 75/f line. Each panels show (a) vr for Case I (7 = 5/3),
(bj r, for Case I (7 = 5/3), (c) u, for Case II (7 = 1.05), (d) u, for Case II
(-, = 1.05).

As shown in figure 5, most remarkable point in this case
is that velocity of inflow to the reconnecting point is
larger than in the Case I. It suggests the possibility that,
when resistivity is small, the magnetic reconnection is vi-
olent . This is explained as follows: After ejection of the
magi.etic island, plasma pressure in the current sheet be-
comes suddenly small. This induces strong inflow into the
current sheet (i.e., collapse of current sheet) and drives
violent reconnection.

50.00

Fig. 5. Distribution of the vertical componet of velocity (V1] in x along
i = 50 line. Each panels show (a) u- for Case I (ijn = 0.1), (b) D, for Case
III (I)0 = 10-3).

4. DISCUSSION : Four types of mass ejection
associated with magnetic Reconnection

When the magnetic reconnection occur? between the
emerging flux and the overlying coronal field, cool dense
plasma and hot plasma are ejected from the reconnectir ç
point.

Hot plasma is created by Ohrnic dissipation in the cur-
rent sheet between the emerging flux and the coronal

magnetic field. It is accelerated along the current sheet
to speeds up to the Alfvén speed. This hot, jet is catego-
rized into two types.

(1) Hot jet along Ihe magnetic field lines: Case I shows
that the hot jet ejected from the reconnecting point
changes its direction from horizontal to oblique. This
is because the jet flows along the side loop and the mag-
netic field configuration of the side loop changes its shape
from flat loop to round loop.

(2) 'Slingshot' jet: Case II shows that the hot jet
ejected from the reconnecting point does not change its
directions. In this case, the reconnection rate is high and
the conversion of the magnetic energy into the kinetic
energy is violent. Consequently, the jet flow is no longer
along the magnetic field lines. Its direction is straight
from the ejected point, namely, the reconnecting point.

On the other hand, cool plasma originally from chro-
mospheric plasma is confined in the magnetic island. It
is ejected in the following two ways.

(3) Simple island ejection: When the confinement of
the cool plasma is strong, the magnetic island is simply
ejected.

(4) Surge-like cool jet: In Case I, 'second reconnection'
is found between the ejected island and the side loop.
After this reconnection, the island disapperars and the
cool plasma in the island flows along the side loop. This
may be observed as the surge-like cool jet.
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X-ray Jets in the Solar Corona:
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ABSTRACT

Time series of soft X-ray images taken by SXT (Soft
X-ray Telescope) l aboard Yohkoh have revealed many
jet-like features in • he solar corona. Typical size of the
"jet" is 5 x IU3 -4 > 105 km, the translaHonal velocity is
30-300km/s, and the kinetic energy based on the trans-
lational velocity is estimated to be 102S -1028 erg. Many
of the jets are associated with flare-like bright points,
flaring emerging flux ragions, or flaring active regions.
They appear to recur at the same place. The following
characteristics are found; (1) Tn some cases, a dark void
appears after ejection at the footpoint of the jet. The
void seems to be a result of the change in the topology
of the X-ray emitting plasma, perhaps due to magnetic
reconnection. (2) Some jets show structure which sug-
gests a helical magnetic field configuration along the jet.
(3) One of the jets associated with a flaring bright point
was found to be identified as an Ha surge. In this case,
the X-ray bright point is situated just on the Ha bright
point at the footpoint of the surge. The top of the surge
is not bright in X-rays. We briefly discuss the origin of
these newly discovered X-ray "jets".

Keywords: Sun, X-ray, corona, jets, flares, magnetic
reconnection

in Shibata et al. [1992b].) We will discuss the origin of
newly discovered X-ray jets and the relation to known
solar jets at other wavelengths.

2. OBSERVATIONS

We found more than 10 jets per month in the full frame
images (FFI) of SXT (Tsuneta et ai 1991) during the
period of November 1991 - June 1992. The total number
of X-ray jets has already exceeded 100. The spatial res-
olution of FFI images is either half resolution (~ 5") or
quarter resolution (~ 10"). The time resolution depends
on the event, ranging from a few minutes to an houv.
We also found several jets in partial frame images (PFI)
of SXT, whose spatial and temporal resolutions (~ 2.5"
<"-d 30 sec) are much better than those of FFI.

Typical size of the "jet" is 5 x 103 - 4 x 105 km, the
translational velocity is 30 - 300 km/s (in a few cases,
the velocity reached 600 - 1000 km/s), and the kinetic
energy based on the translational velocity is estimated to
be 1025 —1028 erg. Many of the X-ray jets are associated
with the flaring bright points (BPs), flaring emerging flux
regions (EFRs), or flaring active regions (ARs). In the
next section, we will describe typical examples of X-ray
jets.

1. INTRODUCTION

The soft X-ray telescope (SXT) aboard Yohkoh bas
revealed many jet-liks features, i.e., collimated features
with apparent motion along the direction of collimation.
Although it has not yet been established (except for an
X-ray jet associated with an Ha surge) that these X-ray
"jets" are real jets showing doppler velocity, it is very
likely that they are real jets with mass motion, as will be
discussed in the following sections.

Here we shall report the discovery of such X-ray jet-
like features (hereinafter simply called jets) using SXT
aboard Yohkoh. (More detailed discussion will be found

SXT team include the following people in relation to this work;
Y. Ishido, L. Acton, K. Strong, T. Hirayama, Y. UchHa. A.
McAllister, R. Matsumoto, S. Tsuneta, T. Shimizu, H. Hara,
T. Sakurai, K. Ichimoto, Y. Nishino, and Y. Ogawara

3. TYPICAL X-RAY JETS

3.1 "Jet" ejected from flaring ARs (or EFRs or BPs)

Figure 1 showa a typical example of a jet ejected from
flaring active regions. This jet was observed in the active
region NOAA 6918 on 1991 Nov. 12 between 08:12 and
13:15. The image is a part of the full frame image. There
is no jet-like feature in 08:12:12 and 10:45:40 data, bat a
jet appears at 11:28:20, and disappears at 13:08:39. The
length of the jot is about 2 x 10s km. The lower limii of
the velocity of the jet is ~ 100 km/s.

It is interesting to note that a void appears at the
footpoint of the jet after its ejection during 11:36 - 13:15.
It seems that there is less hot or dense plasma in the
void. This void is similar to dark regions often seen in

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in loki. Japan,
17-20 November 1992 (ESA SP-351, February 1993).
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SXT just above sunspots, and seems to be produced by
magnetic reconnection occurring during the ejection of
the jet.

A preliminary study by the filter ratio method (Hara et
ai 1992) using Al 0.1/wn and Al/Mg/Mn filters showed
that the average temperature in the jet and in the am-
bient are nearly the same, ~ 3 x 106 K. Hence, the high
X-ray intensity in the jet region is attributed to the in-
crease in density, not due to the increase in tempera-
ture. This, in turn, leads to the conclusion that the jot
mass should be provided from somewhere, possibly at
the footpoint of the jet in the AR. From emission mea-
sure measurement, we derived the electron density at the
footpoint and the midpoint of the jet are Ne ~ 2 x 109

cm"3 and 4 x 10s cm"3, respectively. Here we assumed
the jet has uniform width d ~ 20000 km. The total
mass of the jet and the mass contained in the AR before
ejection of the jet (at 08:12:12) are found to be nearly
equal, MAR « Mjet ~ 2 x 1013 g. It is noted, however,
that the mass in the AR increases to about 4 x 1013 g
during the ejection of the jet (at 11:30:28). This means
that the mass in the flaring AR and associated jet must
be supplied from the chromosphere, via evaporation (Hi-
rayama 1974) as a result of the flare-like heating in the
AR. The total energy released in this flare-like heating
is ~ (3/2}MARRaT/fi ~ 3 x it)28 erg if T ~ 3 x 106 K,
where /i = 0.5 is the mean molecular weight and Rs is the
gas constant. This is much larger th.... the total kinetic
energy of the jet, Ek ~ (l/2.)Mjctv

2 ~ 1027 erg.

3.2 "Jet" with meandering or undulating structure, sug-
gesting helical magnetic field configuration

Figure 2 shows another class of the jet with meandering
or undulating structure, which occurred on 1991, Nov. 8.
There is no jet-like feature at 03:13:19, but a jet appears
at 04:10:23. The increase in the length of the jet seems
to stop after 04:10. The length of the jet is ~ 4 x 10s

km at 04:10, so that the lower limit of the translational
velocity of the jet during 03:13 and 04:10 is ~ 110 km/s.

It is very impressive that the jet shows the meandering
or undulating configuration, which suggests that the jet
may be along the helically twisted magnetic field «nos.

The emission measure of the jet at the midpoint is
EM = N,2d ~ 2 x 1027 cm~5, if T ~ 3 x 10s K. The
apparent width of the jet is d ~ 2 x 104 km. Then, the
electron density (Ne), the mass (M), the kinetic (Ek)
and internal (Etnt) energies of the jet are estimated to
be A~e ~ 1 x 109 cm-3, M ~ 4 x 1013 g, Et ~ 2 x 1027

erg and Eint ~ 2 x 1028 erg, respectively.

3.3 "Jet" which is identified as the Ha surge

Figure 3 shows an X-ray image of the jet identified as
the Ha surge, as well as an Ho image of the surge taken

by the Flare Telescope at Mitaka (Sakurai et al. 1992).
The comparison of these images has revealed that the
X-ray brightening occurred at the footpoint of the surge,
where Ha brightening also occurred. The X-ray bright-
ening cannot be seen at 01:45:18, but the Ha brightening
and the surge ejetction can be seen at 01:45:16. The X-
ray jet at 01:46:54 is nearly cospatial with the Ha surge
at 01:46:58. The length of the X-ray jet is ~ 5000 km
at maximum (01:46:54) and the velocity is ~ 100 km/s.
On the other hand, the length of the Ha surge increased
up to 45000 km at 02:17:28, and the average velocity is
only ~ 30 km/s. Although there is no X-ray image af-
ter 01:50 because of the satellite night, we could examine
X-ray images around 01:48, and found that only X-ray
bright point can be seen at the footpoint of the surge af-
ter 01:47, and that there is no strong X-ray emission at
the top of the surge.

If the temperature of the X-ray jet is 3 x 106 K, the
emission measure of the jet becomes 2 x 1029 cm~5. Since
the jet width is ~ 2000 km, the electron density of the
jet is:~ 3 x 1010 cm~3, the mass is ~ 6 x 1011 g, and the
kineti- energy is 3 x 1025 erg. If the density of Ha surge
is ~ IG11 cm"3, the mass and the kinetic energy of Ha
surge become 1014 g and 1028 erg, respectively, both of
which are much larger than those of the X-ray jet.

4. LiSCUSSION

We shall now discus- the possible origins of the X-ray
jets described in the -irevious sections.

4.1 Evaporation flow resulting from rapid energy release
by magnetic reconnection

We interpret that a "void" seen after ejection of the
jet is a true void (lack of hot or dense plasmas) and may
be an observational evidence of magnetic reconnection
which occurred between the emerging flux and the pre-
existing coronal field (see Fig. 4).

From the emission measure analysis, it is concluded
that the mass should come from the chromosphere, via
evaporation. Hence the basic physics seem to be esen-
tially the same as those of the typical flares (Hirayama
1974). The velocity of the evaporation flow as a re-
sult of the flare amounts to [2/(y - I)]C, ~ 3 x C, ~
1500(IYlO7K)1/2 km/s at maximum, where C, is the
sound speed of the flaring plasmas, and 7 = 5/3 is the
specific heat ratio. The apparent velocity of iso-density
(iso-intensity) surface of the jet becomes v = [l/(~f —
1)][2 - (7 + iXp/Po)^-1'/2]^ = [3 - 4(p/p0)

1/3]C. ~
30 - 350 km/s if C, ~ 500 km/s and p/Po = 0.2 - 0.4,
which explains the translational velocities of many X-ray
jets.

4.2 Magnetic twist jet
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Fig. 1 Typical example of the X-ray jet observed by
SXT of Yohkoh, at 11:30 UT on Nov. 12, 1991, in active
region NOAA 6918. This image is extracted from the
full frame images of the Sun at half resolution mode; the
pixel size is ~ 5" ~ 3500 km. The filter and the exposure
time are Al/Mg/Mn and 2668 msec, respectively. The
size of the image is 120 x 120 half resolution pixels, i.e.,
600" x 600" ~ 4.2 x 105 km x 4.2 xlO5 km.

Fig. 2 A meandering or undulating jet observed ~atr

04:38:39 UT on 8-Nov-91. This image suggest the pres-
ence of helical magnetic field along the jet. The size of
each image is 950" x 1100" (665000 km x 77COOO km).
The velocity of the jet is ~ 110 km/s. This image is
from the full frame images taken at quarter resolution
and exposure time 668 msec using Al 0.1 /*m filter.

(a)

Fig. 3 (a) Ha images of the surge of Feb. 25, 1992,
01:46:58 UT, observed by the Flare Telescope at Mitaka.
(b) A jet identified as an Ha surge, which occurred on
Fab. 25, 1992, 01:46:54, near the flare in NOAA 7070.
TMs image is taken with partial frame image mode at
full resclat.ion (~ 2.5"); filters and exposure times are
Al/Mg/Mn and 17.0 msec. The image size is 95 x 77
pixels, i.e., 238" x 193". The Ha image is approximately
coaligned with ',he SXT image.



210

The meandering or undulating configuration of the
Nov-8 jet suggests that the jet may have a helically
twisted magnetic field structure. Thus it could be that
the jet is accelerated by the J x B force when the non-
linear magnetic twiso relaxes and propagates along the

^global flux tube (Shibata and Uchida 1986). Such a
magnetic twist jet is produced when magnetic reconnec-
tion occurs between twisted and untwisted magnetic flux
tube. As for the propagation of the iso-density (iso-
intensity) surface, the same discussion as that for the
evaporation flow is applied also to the magnetic twist
jet. Thus_the_translational velocities of this kind of jets
seem to be consistent with the magnetic-twist-jet model.

4.3 Reconnection jet with mixture of hot and cold plas-
mas

It has long been discussed that the surges are usually
not associated with the X-ray emission, except for a few
rare cases (e.g., Svestka et al. 1990). This result, how-
ever, was strongly biased by the insensitivity of the X-ray
sensors used for the comparisons. The discovery of co-
existence of the X-ray emission and Ha emission in the
surge gives a strong constraint on the theory of surges.
That is, the simple picture of pure hydrodynamic accel-
eration along rigid magnetic flux tube seems to be no
longer valid for this class of surge. This is because if
we input the large energy to the upper chromosphere to
make an X-ray emitting plasmas, then the whole cold
plasmas above the energy injection point are heated up
and evolve into the X-ray emitting plasmas (i.e., evap-
orate), so that there is no cold plasma jet emitting Ha
(Sterling et al. 1991, 1993).

In order to make both hot and cold plasmas, we have to
assume multi-dimensional magnetic field structure. Shi-
bata et al. (1992a) showed that the mixture of hot and
cold plasmas are ejected along the current sheet as a
result of magnetic reconnection between emerging flux
and pre-existing coronal fields. In their model, cold plas-
mas are confined in the magnetic islands as in the melon
seed spicule model of Uchida (1969). Thus the cold
plasmas survive even if the huge energy is released in
the reconnection process. By extending Shibata et al.
(1992a)'s numerical simulations, Yokoyama and Shibata
(1993) found that in some cases the confined cool plasma
can be transferred to the neighboring loop by 'second'
magnetic reconnection between the island and the loop,
keeping the velocity (momentum) and the temperature
similar to those of the island. As a result, a cool elon-
gated mass ejection feature (i.e., jet) is formed along the
side loop. This could be a model of Ha surges. In three-
dimensional situation, it may also be possible that, ih-
islands correspond to helically twisted field lines. In that
case, the ejection of magnetic islands may be observed as
an ejection of helical loops.
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(a)

08:12:12 11:30:28 13:08:39

(b) -

pre-jet oost-jet

Fig. 4 Schematic picture of possible physical situation
of the 1991 Nov. 12 jet. (a) Cartoons of the SXT image
of the active regions and jets for pre-jet, jet, and post-jet
stages, (b) Magnetogram data (from Solar Geophysical
Data) and the birds-eye view of the inferred magnetic
field line configuration, (c) Side view of the magnetic
reconnection occurring between the emerging flux and
the pre-existing coronal field.
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ABSTRACT

With YGSO- Yohkoh Gamma-Ray Spectral Observations - we
present Yohkoh gamma-ray flare data obtained from the flares on
October 27, November 15 and December 3,1991. The October
27 flare (X6.1/3B) shows a strong gamma-ray line emission,
while the December 3 flare (X2.0/2B) shows a strong
bremsstrahlung continuum extending to 10 MeV. High-energy
protons and ions were producerd in the former flare, while
electrons were preferentially accelerated in the latter flare. The
line-to-bremsstrahlung flux ratio is variable within flares. A line
feature at 420 keV was observed from the November 15 flare
(Xl .0/3B). This is likely due to a complex of redshifted nuclear
deexcitation lines of Be (428 keV) and Li (478 keV) resulting
from nonthermal He-He reaction. The spectral data support that
the He nuclei form a downward beam. Furthermore, the
November 15 flare shows a possible evidence of positron
annihilation line at 511 keV. The positron emission processes and
the electron density of the annihilation region are discussed on the
basis of the light curve of 511 keV line.

Keywords: solar flares, gamma-rays, particle acceleration.

1. INTRODUCTION

The gamma-ray spectrum is composed of two components,
electron bremsstrahlung continuum and characteristic line of
nuclear origin. The light curves and energy spectra for both
components provide essential information on electron and proton
energization processes during solar flares. SMM (Réf. 1) and
Hinotori (Réf. 2) observed a large number of gamma-ray flares in
a last solar maximum, and the panicle acceleration and gamma-
ray production processes have been widely studied. However,
the particle acceleration mechanism which is the most important
for understand: ng high-energy solar flare phénomène, has not yet
been well understood so far.

The Yohkoh gamma-ray spectrometer consists of two identical
bismuth germanate scintillation detectors (3 inch in diameter and
2 inch in thickness) and cover the 0.4-100 MeV band. It has an
improved detection sensitivity to gamma-rays in the 1 -10 MeV
band. Details of the gamma-ray S":ctromeier was given by
Yoshimori et al. (Réf. 3).

A Yohkph gamma-ray spectroneicr recorded several X-class
flares with >1 MeV gamma-ray emisbion between October and
December, 1991. In this paper, the following problems are
discussed on the basis of the gamma-ray light curves and energy
spectra observed with Yohkoh; (1) timings of electron and proton
acceleration, (2) the proton energy spectra in the 10 - 200 MeV
band, (3) the angular distribution of accelerated He nuclei and (4)
the production of positron annhilaiion line at 511 keV.

2. OBSERVATIONS

Most gamma-ray flares have been known to emit strong nuclear
lines in the 1 - 7 MeV band. A typical gamma-ray line flare
(X6.1/3B, location S13 E15) was observed in 0540 -_0542 UT
on October 27,1991 (Réf. 4). The light curves for the 0.4 - 0.7
and 4-7 MeV bands are shown in Fig. 1. The light curves are of
impulsive characteristics in gamma-ray energies. The energy
spectrum, integrated over the maximum phase of the flare
(0540:31 - 0541:15 UT), is shown in Fig. 2. The spectrum is
dominated by nuclear lines above 1 MeV. The spectrum shows
strong nuclear deexcitation lines of Fe (1.25 MeV), Mg (1.37
MeV), Ne (1.63 MeV), Si (1.78 MeV), C ( 4.44 MeV) and O
(6.13 MeV) and neutron-capture line at 2.22 MeV. As shown in
Fig. 1, the light curves of the electron bremsstrahlung radiation
(0.4 - 0.7 MeV) and nuclear lines (4-7 MeV) do not exhibit
close similarities.

Fig. 1 Light curves of the 0.4 - 0.7 and 4 - 7 MeV bands for the
October 27 flare.

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in Toki. Japan,
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Fig. 2 Gamma-ray spectrum for the October 27 flare.

Another type of gamma-ray flare (X2.0/2B, location N17 E72)
was observed on December 3 (Réf. 4). The flare shows a strong
power-law spectrum extending to 10 MeV. The gamma-ray
energy spectrum, integrated over the maximum phase of the flare,
is shown in Fig. 3. It is dominated by electron bremsstrahlung
over the entire energy range and the contribution of nuclear lines
is very small.

8 -2
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1991 Dec. 3 Flare
X2.0/2B
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Fig. 3 Gamma-ray spectrum for the December 3 flare.

A line feature at 420 keV was obtained from the November 15
flare (X1.0/3B, location S12 W13). Fig. 4 shows the light
curves for the 0.4 - 0.7 and 4 - 7 MeV bands. The count
spectrum, integrated over the maximum time of the flare (2237:48
- 2237:52 UT), is shown in Fig. 5 . The line feature is likely due
to a complex of the 429 and 478 keV gamma-ray lines from Be
and Li produced by interactions of accelerated He nuclei with
ambient He in the solar atmosphere (Réf. 5). The derived fluence
(time-integrated flux) in the Li and Be line feature were (3.2 ±
0.7) photons / cm2.

TIiM (Mt) Itttr 3317M U

Fig. 4 Light curves of the 0.4 - 0.7 and 4 - 7 MeV bands for the
November 15 flare.

Fig. 5 Count spectrum of the Be-Li Unes for the November 15
flare.

Furthermore, a possible evidence for the positron annihilation
line at 511 keV was observed from thft November 15 flare.The
count spectrum, integrated over the decay phase of the flare
(2247:52 - 2248:16 UT), is shown in Fig. 6. The derived fluence
in the 511 keV line was (6.7 ± 2.2) photons / cm2.

I ••'

1991 Nov.15 Flare
GRS SpcCinim

Fig. 6 Count spectrum of the positron annihilation line for the
November 15 flare.

3. DISCUSSION

The October 27 flare shows strong bremsstrahlung continuum
below 1 MeV and gamma-ray lines in the 1 - 7 MeV band This
type of spectrum is usually observed from a large number of
gamma-ray flares. This implies that protons were efficiently
accelerated to high-energies (>10 MeV) in a short time scale. The
temporal dependence of the line-to-bremsstrahlung flux ratio is
shown in Fig. 7, in order to study timings of electron and proton
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acceleration during the flare. The ratio is variable within the flare.
It provides evidence that the electrons and protons were not
simultaneously accelerated, and the electrons and protons were
complicatedly accelerated during the flare.

1991 Oci.27 Flare (X6.1/3B)

KucCur/BnmnfnJiluiicRilib

(4.7MeV/4DO-700keV}

\

TIm* [HC) SlUI DS)IJI UT

Fig. 7 Temporal dependence of the line-to-bremsstrahlung flux
ratio for the October 27 flare.

On the other hand, the December 3 flare showed a strong electron
bremsstrahlung continuum extending to 10 MeV, but did not
show significant gamma-ray line emission. This implies that
electrons were preferentially accelerated to high-energies during
the flare. This type of spectrum has been observed from a small
number of gamma-ray flares (Réf. 6) and is called an electron-
dominated event

A proton energy spectrum can be derived from a fluence ratio of
nuclear deexcitation line to neutron capture line at 2.22 MeV
(Réf. 7). The nuclear deexcitation lines are produced by low-
energy proton interactions (10 - 30 MeV), while the neutron-
capture line is produced by high-energy proton interactions (>50
MeV). Since the threshold energies for production of these two
gamma-ray lines are different, the fluence ratio depends on the
accelerated-proton specrtrum. The following typical three types
of proton spectra are assumed: (1) power-law spectrum with
spectral indes s, (2) exponential spectrum in magnetic rigidity,
exp (-P/PO) (Po is *e characteristic rigidity), and (3) Bessel
function spectrum characterized by the acceleration parameter aT.
The spectral parameters, s, PQ and aT, derived for the two
gamma-ray line flares on 27 October and 15 November are given
in Table 1. In addition, the total number of protons accelerated
above 10 MeV is given in Table 1.

Table 1 Spectral parameters, s, Pg and aT, and total number of
protons with >10 MeV for the October 27 and
November 15,1991 flares.

1991 Oct. 27

s <3.7

P0 (MV) >53

aT > 0.012

1991 Nov. 15

4.2 + 0.3

40 + 5

0.009 + 0.002

Np (>10 MeV) (2.7 ± 0.3) x 1032 (1.5 ± 0.3) x 1032

The profiles of 428 and 479 keV gamma-ray lines from Be and
Li deexciration depends on the angular distribution of the
interactiong accelerated He nuclei (Réf. 5). First detection of
these lines was made by the SMM gamma-ray spectrometer
during the flare of 27 April, 1981 and the anisotropy of the
accelerated He nuclei and the panicle transport models were
discussed (Réf. 8). For most gamma-ray flare, it is difficult to
detect these gamma-ray lines, because these lines are masked by
a high flux of electron bremsstrahlung radiation. The continuum-

subtracted count spectrum observed from the November 15 flare
is shown in Fig.8. It is consistent with the count spectrum
obtained by assuming the interacting He particles form a
downward beam. Two gamma-ray lines are redshifted by 7 % in
this case.. The Yohkoh spectrometer response to the Be - Li
gamma-ray lines for the downward beam model is shown in Fig.
8 for comparison.

Emrgy(kW)

Fig. 8 Continuum-subtracted spectrum of the Li - Be lines. The
instrument spectral response to the Be - Li lines is shown
for comparison.

The positron annihilation line was detected during the decay
phase of the intense portion of the impulsive phase of the
November 15 flare. In a previous solar maximum, the strong 511
keV line emission was observed from two intense flares of 21
June, 1980 and 3 June, 1982 (Réf. 9). Positrons are primarily
produced from the decay of positron-emitting nuclei (beta-
unstable nuclei) and positive pions resulting from nuclear
interactions of acceleratred ions on ambient solar atmospheric
medium. Since the production of 511 keV line requires that the
positrons slow down and annihilate with electrons, there is a time
delay between positron production and annihilation. The light
curve of 511 keV line emission depends on the following two
factors:(l) the relative production rate of the positron-emitting
nuclei and their half-lives and (2) the slowing down time of the
positrpons. The time profile of the 511 keV line emission from
the November 15 flare is shown in Fig. 9. The light curve of
nuclear line emission in the 4 - 7 MeV band is shown in Fig. 9
for comparison. Although statistical significance of the counting
rate is not high, the light curve of the 511 keV line shows a
longer decay constant. The present result indicates that the
dominant positron-emitters are I6O (6.05 MeV), 1^Ne, 17p,
14O and 15O, and the electron density of the positron
annihilation region is (1 - 4) x 10*4 cm"3-

1991 Nov.15 Flare 511 keV and 4 - 7 McV Emissions

H-

t V
rn-niw

i-ny line»

T)ItM IMC) *1\fl 3ZJT-IO U

Fig. 9 Light curves of the 511 keV line and the 4 - 7 MeV
gamma-rays
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ABSTRACT

The YOHKOH SXT images are analyzed to find the
large-scale structure of the solar plasma corona.
The clarified characteristics are preferred posi-
tion of active regions and its possible mechanism!
rules governing the coronal hole channel, a rela-
tion between the inner and outer corona, formation
of the 4-sector structure, and the outer corona in
pseudo-aligned phase. These character!atics
are in agreement with both the rotational revers-
ing model and the triple-dipole model on the
structure and dynamics of the heliomagnetosphere.

1. INTRODUCTION

Baaed on an analysis of various photographs of the
solar corona taken during the total solar eclipse
from Hawaii to Mexico on 11 * July 1991, Saito, et
al. ( Hef . l ) classified the solar outer corona
into the plasma corona and the dust corona* In
the present paper the large-scale structure of the
plasma corona component will be analyzed.
Concerning the structure and dynamics of the
heliomagnetosphere, we have proposed two models; a
rotational reversing model on a dynamics( Réf.2 ) ,
and a triple-dipole model on the structure ( Réf.3
) . The former model consists of the three
elements; 1. the outer corona of the sun is dis-
tributed along the warped neutral sheet, 2. the
coronal neu t r a l sheet is basically u n i q u e
throughout 11-year cycle » 3. the coronal neutral
sheet makes a reversal once per solar cycle by
rotating around an equatorial axis.
On the other hand, the triple-dipole model con-
sists of the following three elements; 1. The
solar magnetic field at the source surface is rep-
resented by the summation of the fields from three
dipoles; a central dipole along the solar rota-
tional axis, and two photospheric dipoles nearly
parallel to the equatorial plane, 2. the centered
axial dipole maximizes in sunspot minimum phase,
decreasing its moment in the increasing phase,
changing its polarity in the maximum phase, and
again maximizes in the next minimum phase, 3, the
two photospheric dipoles tend to occur in middle
latitudes approximately at antipodal positions
relative to each other- ( The source surface is an
imaginary sphere with radius r = 2 .5 Rs, from
which the solar magnetic field is conveyed out
radially into the interplanetary space by the
solar wind, where Rs means the radius of the
photosphere. )
The Japanese spacecraft, Yohkoh, wad launched ir
August 1991, as though with the principal a
examining our two models. With the huge numb
«-ha QVT I n _f4. V i _ 1 n _ . . .

aim of
—••*""•—••*'•& WMI. ofi« uiLJuej.3 * ni LII cne nuge number of
the SXT ( soft X-ray telescope, Réf. 4 ) images,

2. ANALYSIS OF THE YOIIKOlI SXT DATA

2.1. Preferred position for an active region
The 20 circles in Figure 1 indicate the sunspots
on the photosphere and the Yohkoh SXT images ob-
served from the view longitude ( R é f . 5 ) for the
20 solar rotat ions f r o m January 1991. The
rotation number is marked on each circle together
ui th the observed date and the Carrington lon-
gitude Lo. The neutral lines on the source sur-
face ( Réf.6 } are projected onto the photosphere
to clarify the relation between the active region
and the neutral line. The Yohkoh observation
from the view longitude started f r o m Rota t ion
1847.As seen in the figure, an active region shows
growth ( Rotation 1838-1841, 1846-1848, and 1852-
1857 ) and decay ( Rotation 1842-1845, and 1849-

Fisure 1. The sun for the period froi 27, Jan. 1991 ( solar
rotation No. 1838 ) to JuI. 1992 ( rotation 1857 ). Sunspot
and source-surfacr neutral line fro» 1838 to 1846, while the
Yohkoh SXT inases fron 1847 to 18S7.

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in Toki, Japan.
17-20 November 1992 (ESA SP-3S1, February 1993).
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Figure 2. Pieldline topology in the
coronal region.

1850 Ï alternatively every time under the neutral
l ine in the southern hemisphere. This fact
suppor ts our t r i p l e -d ipo Ie m o d e l , because the
preferred position coincides with the position of
the GUMR (g ian t bipolar magnetic region, see Réf .7
Ï , The fact that every neutral line shows a Z-
shaped conf igura t ion also agrees wel l w i t h the
simulation based on the triple-dipole model.

2 . 2 . Growth /decay of an ac t ive region and its
proper motion.
As well known, the sunspot bipolar fields tend
to rotate d i f f e ren t i a l ly , suggesting a motion
relative to the source-surface neutral line that
displays the rigid rotation ( R E f . 8 ) . When the
orientation of the bipolar region coincides with
the orientation of the source-surface field, The
bipolar fields cannot easily merge wi th the am-
bient fields. Therefore, the fieldlines from
the bipolar region must make tall loops that ex-
tend to the source surface aa shown in Figure 2.

surtace.
This could be the reason why the relatively moving
b ipolar reg ions g rew and decayed under the
source-surface neutral line in the southern hemi-
sphere. ( cf. Figure 2 ) .

2.3. Systematic rules governing the coronal hole
channel
We found that the coronal hole channel (see Figure
1 of R é f . 9 , for example ) appears only in the
central area of the UM region in the toward
polarity region for 10'-190' longi tude , and in
the away region for 190'-10' longitude. These
rules are well explained by the three-dimensional
structure of the coronal region magnetic- field (
Figure 3 ) .
On the other hand, when the orientation of the
bipolar region does not coincide wi th that of
the source-surface f ield, the bipolar fields can
merge with the ambient fields. Therefore the
residual fieldlines from the bipolar region make
low-altitude loops that cannot reach to the source

Pieure 3. Coronal hole channels and
aibient lagnetic field.
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2.4 . The EW-type inner corona and the NS-type
outer corona
The inner corona observed by SXT is largely ar-
ranged in an EW-direction ( Figure 4 ). This
fact seems to contradict the idea of a vertical
coronal sheet in the sunapot maximum phase as
derived from the rotational reversing model.
However, a potential field calculation indicates
that the outer corona is in fact organized in the
NS-direction as shown in Figure 3. Hence,
the SXT images do not appear to contradict the
rotational reversing model of the solar cycle
variation of the heliomagnetosphere ( Réf. 10 ) .

2.5. Appearance and disappearance of the 4-sector
structure.
S o m e t i m e s in sunspot m a x i m u m phase , a
"subcone"-type neutral sheet appears suddenly
causing an abrupt appearance of the 4-aeotor in-
terplanetary magnetic structure, and disappears
suddenly causing an abrupt change from the 4-
sector to the 2-seotor as shown in Figure 5 ( of.
also Figure 3.14 of Réf. 11 ) . Because of the
short-lived appearance of the subcone neutral
sheet, we used the word "basically" in the defini-
tion of the rotational reversing model. A poten-
tial field calculation for the magnetic neutral
sheet in the coronal region reveals that a
continuous growth or decay of the neutral sheet
gives rise to such abrupt changes in the following
way.

HOTOSPIlERE-SOURCE SURFACE-EARTH'S ORBIT

Figure 4.(A) Magnetic neutral lines from the photosphere (
r = IRs ) to the source surface ( r - 2.5Rs ) viewed from the
earth, and ( B ) fron the photosphere to the earth's orbit ( r
= IAU ) viewed fron the north pole.

MAGNETIC NEUTRAL SHEET
VIEVED PROH

Figure 5. Relat ion between the
sunspots and the neutral sheet for the
period fron Rotation No. 1844 to 1848.
(A) Sunspot near the 3SO* ieridian,
(B) three-dinensional neutral sheet
viewed fron the photosphere to the
source surface and (C) fron the source
surface to the photosphere, respec-
tively, and (D) sunspot near the 190*
meridian*
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Even though the source surface neutral line still
shows a 2-sector structure in Rotation No. 1884, a
submerged mountain-like neutral sheet dome was
growing at about longitude L = O ' , and latitude B
= O' , associated with the decay of the dipole com-
ponent and growth of the quadrupole component (
Cf. Figure 5 !.Associated with the growth of the
quadrupole component at L ̂  350* ,The submerged
mountain appears suddenly on the source surface in
Rotation 1845 forming a subcone neutral sheet and
4-sector structure. Associated with the growth
of the dipole component at L -- 190' and the decay
of the quadrupole component, The subcone became
smaller and smaller from Rotation 1845 to 1847.
The island and the subcone disappear suddenly in
Rotation 1848, causing an abrupt change from the
4-aector to the 2-sector structure, even though
the submerged mountain still exists. It is
noteworthy that even though the change of the
heliomagnetoapheric structure between the 2-sector
and 4-sector is abrupt, the change of the neutral
sheet in the coronal region is continuous.

2.6. Observation of the outer corona and pseudo-
aligned phase
The Yohkoh SXT has succeeded in wide-angle ob-
servations of the sun including the outer corona
as exhibited in Figure 6. The coronal con-
figuration coincides well with the three-
dimensional structure of the neutral sheet, if we
assume the coronal sheet along the warped neutral
sheet taking into consideration of the optical
depth ( Réf. 1 ). Since the equivalent centered
dipole is nearly aligned to the rotational axis,
and since the sheet is strongly warped, the
heliomagnetosphere is regarded to be in the
pseudo-aligned phase. ( The reader may refer to
Figure 7.1 of Réf.12 for the evolution phase of
the heliomagnetospheric cycle. ) Let us repre-
sent the tilt angle of the coronal sheet by the
heliolatitude B of the VHP ( virtual heliomagnetic
south pole of the equivalent centered dipole for
the source-surface magnetic field , see Réf. 9 ).
The heliolatitude B for the solar eclipse in
Hawaii-Mexico on 11 July 1991 ( Ref.l ), for the
outer corona observation by Yohkoh on 8, May 1992,
and for the solar eclipse on the Atlantic Ocean on
30, June 1992 ( Réf. 13 ) was -60-, -75", and -85',
respectively. The change of the latitude is in
agreement with our rotational reversing model.

Figure B. The first wide angle SXT
inage of the solar corona, which is

"~-_ superposed by the three-diiensional
neutral sheet.

-.\\\-1

3. SUMMARY AND DISCUSSION

The result of our analysis of the YOHKOH SXT
images are summarized as follows:
1. Active regions grow and decay at a preferred
position at the root of the interplanetary neutral
sheet in the southern hemisphere.
2. This tendency can be interpreted as the match-
ing of the orientation of the bipolar sunspot
field, with differential rotation, as it passes
through the root of the interplanetary neutral
sheet with rigid rotation.
3* The coronal hole channels appear in the
central area of a
UM region only when the magnetic polarity of the
region coincides with the magnetic polarity at the
source surface above the region.

4. The bright inner corona is distributed along an
east-west belt of the midlatitude active regions,
while the bright outer corona tends to distribute
along the meridian plane especially in the early
phase of the YOHKOH observations.
5. When a submerged neutral sheet "mountain" grows
to the source surface , the m o u n t a i n f o r m s a
"subcone" neutral sheet and a 4-sector structure
in the interplanetary space. Submergence of
the mountain is associated with a disappearance of
the subcone and a sudden change from the 4-sector
to the 2-sector.
6. The YOHKOH team succeeded in the observation of
the outer corona. The conf igura t ion of the
corona showed a good agreement with the configura-
tion of the large-scale neutral sheet as viewed
from the earth.
The results 1, 3, 4 , and 6, and the results 1, 2,
4, and 5,respectively, provide good evidence to
support the rotational reversing model and the
triple-dipole model.
According to our models, we may expect two evident
GBMR's , a stably tilting neutral sheet, a pair of
antipodal coronal holes, and stably recurrent
geomagnetic storms after the pseudo-aligned phase.
A detailed analysis of the soft X ray corona for
this phase should be interesting for both solar
physics and solar-terrestrial physics.
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ABSTRACT

In order to reveal the solar flare mechanism, the dynam-
ics, as well as the equilibria, in solar coronal magnetic loops
and arcade are investigated using the numerical simulations.
First, we calculate the Taylor's minimum energy state for the
coronal magnetic arcade, and find the different types of so-
lutions which have different topology in magnetic field each
together. Secondly, we carry out the two-dimensional (2D)
simulations for the magnetic arcade and reveal that the 2D
dynamics are able to obtain the Taylor's state if and only
if the state is accessible without reconnection processes. Fi-
nally, we execute the three-dimensional simulations for the
magnetic loops which are aligned periodically. VVe observe a
loop-loop interaction when the magnetic energy and helicity
are injected by a rotating motion on foot points of loops.

Keywords: MHD relaxation, coronal magnetic field, MHD
simulations, solar flare, magnetic reconriection.

1. INTRODUCTION

The solar flare is a very remarkable phenomenon. The
source of the flare energy is widely believed to be the mag-
netic field, so that the solar flare is related to sunspots. The
most promising mechanism is magnetic reconnection. In or-
der to reveal the solar flare mechanism, the equilibria, as well
as the dynamics, in solar coronal magnetic arcade and loops
are investigated. Our main objectives are the following: 1)
To achieve the solution of Taylor's minimum energy state for
the magnetic arcade, 2) to investigate the two dimensional
(2D) dynamics in a magnetic arcade by numerical simula-
tions, 3) to investigate the three dimensional (3D) dynamics
in magnetic loops by numerical simulations.

2. EQUILIBRIUM ANALYSIS

According to Taylor's conjecturefl], the minimum energy-
state for the magnetized plasma is described by

V x B = aB. (1)

In the two dimensional system which has a translational sym-
metry along ;-axis, the magnetic field B can be written by
using the flux function (/>, B = (dt/i/dy^ijj/dx,!};.)- The
equation (1) is modified to

where the coefficients <v and c are constant. First, we obtain
the minimum energy state for the magnetic arcade in the
coronal region, by numerically solving the equation (2) in
the rectangular domain as shown in Fig.l(a), and the scale
of the domain under consideration is given by

0.0 < T < L1,

0.0 < y < L11= IL,,

0.0 < :<L.

The boundary contition for 0 is given as following: 0 =
</.'o(l - cos2iri)/2 at y = O, <l> = O at i/ = Ly and at .1- = O
and x = L1, where the bottom boundary (y = O) corresponds
to the photosphere, and the variable y means the height from
the photosphere.

As a result, we find that the Taylor's minimum energy
state for the magnetic arcade has I hree different types of so-
lution, which have different topology each together: A simple
arcade (type 1), an arcade plus an island above the arcade
(type 2), and an arcade plus an island within the arcade
(type 3), respectively. The magnetic flux configuration of
the typical solution for each type in shown in Fig.2. Which
type of solution appears depends on the magnetic helicity
K = /J-A- BdS and the magnetic flux '!> = JsB.dS. As
shown in Fig.3. the low helicity region is occupied by type
1 of solution. As the helicity is increaced, the solution is
changed to type 2 and/or 3. Because the different types of
solutions have the different topology in the magnetic field,
the magnetic reconnection process has to be involved in the
transition processes between the different types of solutions.

3B
= -B=-, and B, = ai/i + c, (2)

(b)

Figure 1: Simulation domain and the schematic diagram of mag-
netic field in (a) equilibrium analysis and the two dimensional
dynamic simulations, and (b) the three dimensional simulation.

Proceedings ol the Fourth International Conférence on Plasma Physics and Controlled Nuclear Fusion, held in Toki, Japan,
17-20 November 1992 (ESA SP-351, February 1993).
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Typel Type 2 Type3

Figure 2: Coutoure plot of the magnetic flux function for three
different types of the Taylor's minimum energy state.

flux

Typel

TypeS

helicity
Figure 3: The parameter region, for several types of minimum
energy state, is shown on the magnetic helicity vs. the magnetic
flux diagram.

3. 2D DYNAMICS IN A MAGNETIC ARCADE

Secondly, we carry out the two dimensional (2D) dynamic
simulations of the magnetic arcade, where the magnetic he-
licity is injected by the shearing motion on photosphere (j/ =
O in Fig.l) into the arcade. The basic equations are given by
as following:

9v
p-fo = -P(V-V)v+Jx B - V - f l , (3)

£>B
— = Vx (v x B ) - V x (ijj) , (4)

j = -VxB, (5)

n = p[l(v-V)I-Vv-'(Vv)], (6)

where the notation is standard. The time, spatial length, ve-
locity and magnetic field are normalized by LxfVA,Lx,VA =
\JB-/poiia, B, respectively. The normalization unit for the
magnetic field B is determined by such a way that the nor-
malized magnetic field on photospheric boundary is 0.2 The
resistivity TJ is 10~3 x (J0L1VA and the viscosity is vanished.
The simulation box is the same as the domain used in the
equilibrium analysis before, and the translational symmetry

is also assumed. The boundary conditions are given by the
impermeable and the perfectly conductive condition. Only
for the photospheric boundary (y = O), however, the plasm?
velocity u. is given by

ZiTx /Lx for easel,

/Lx for case2.

The shearing velocity U0 is given by t>0 = 0.1V,,. The flux in-
jection rete è = Jf* v^Bydx is given by Uv0IIi0IlL1 for case
1, but is vanished for the case 2. On the other hand, the
helicity injection rate is positive for both cases. In the case
2, hence only the magnetic helicity is injected and the mag-
netic flux across the domain is kept Io be zero. Therefore,
the results in the case 1 remains on the paramcler region for
the type 1 of the minimum energy state considered in the
equiliblium analysis as shown in Fig.3. However, the sup-
plied helicty and flux in the case 2 lie on the region for the
type 2 and 3.

By analyzing the evolution of the total magnetic energy
H' = / B-dS in the simulation, we find thai the energy in
the case 1 well agrees with the Taylor's minimum energy.
On the other hand, in the case 2, the exess energy over the
Taylor's minimum energy is increasing as I he magnetic en-
ergy is injected from the boundary- From these results, we
can conclude that Taylor's minimum energy state can lie ob-
tained through 2D dynamics, if and only if the liclicily and
the flux remains in the region where the minimum energy
state is given by the typel of solution. This result is con-
sistent with Biscamp and Welter's simulât ion[2] However, if
the parameters are in the region for types 2 and 3. 2D dy-
namics no longer generate Taylor's minimum energy state
spontaneously. The accumulation of the excess energy sug-
gests the presence of three dimensional dynamics to release
itself. Such an energy relaxation process is a possible mech-
anism of solar flare.

4. 3D DYNAMICS IN MAGNETIC LOOPS

Finally, we study the 3D dynamics in the magnetic loops
by the numerical simulations. In this simulation, the simu-
lation domain is given by the rectangular box like Fig. l(b).
The periodic boundary condition is adopted for both x and
r directions. The scale of the domain is the same as in the
previous studies. The initial state is given by a current-free
field, where the magnetic flux-holes are periodically aligned
on the photospheric boundary (y = O). The magnetic energy
and the helicity are supplied by the rotation of the plasma
on the flux-holes, that are the fool-points of the magnetic
loops. The basic equations are given by the MIID equations,
eqs.(3) tu (G). The electric resistivity >) and the viscosity /J
have a spatial dependence given by

ij = ID"3 exp{-3(j/ - 0.02)} ,

Ii = 10-3exp{-3(y-0.02)},

respectively.
On the bottom and top boundaries, however, ij = /u = O.

The angular velocity u of the rotation at the foot-points is
given by

2;r 1 - cos(2irr/fl)
W = -f - 2 - '

where R is the radius of the flux-hole, and r is the length
from the center of it. The centers of the foot-points lie on
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(i,y,;) = (0.28^,0,0.4Si1), (0.721,,0,0.4Si1), respectively.
The radius R is 0.1S. The period T is 2 .

As a result of rotation in the foot-points, the magnetic
field lines of force are twisted, and the loop-loop interaction
takes place, where a loop is reconnected with an another loop
in the neighboring domain. Figure 5 shows the structure
of the magnetic field lines of force (top view). We can see
that the field lines leaving from a flux-hole reach an another
flux-hole in the neighbering domain. The result means that
reconnection process takes place around t he regions A and B
in Fig.5. We can also observe that the strong sheet currents
are generated around the reconnection points.
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t = 20

Figure 4: Structure of tlie magnetic field lines of force in the
two dimensional dynamic simulations.

Figure 5: The trace of magnetic field lines, of force projected
to the i - ; plane in the three dimensional dynamic simulation.
Magnetic reconnection is observed around the region A and B.
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PARTICLE ACCELERATION IN A FILAMENTARY CURRENT SHEET
MODEL
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ABSTRACT

Considering the observational indications that the energy
release and particle acceleration in solar flares occur in a
fragmentary manner as an important clue to the under-
lying plasma processes, the behaviour of test particles in
a filamentary current sheet, which had earlier been pro-
posed as a model for fragmentary energy release, is inves-
tigated. For simplicity, an analytic current sheet model,
the well known Fadeev equilibrium, with antiparallel ex-
ternal fields is used and a perpendicular electric field is
added. By considering test particle orbits in detail it
is demonstrated that the perpendicular electric field can
accelerate particles efficiently and that the multiple X-
line configuration permits higher particle energies than
a single X-line configuration for similar plasma parame-
ters. Taking typical plasma parameters of impulsive flare
regions in the lower solar corona, many of the observed
particle charcteristics can be reproduced; on the other
hand, the relevance of the considered process to parti-
cle acceleration in galactic and extragalactic plasmas re-
quires further study.

Keywords: particle acceleration, solar flares, current
sheets

1. INTRODUCTION

Astrophysical plasmas are nearly everywhere in a dy-
namical state, either permanently or during transient
phases of transformation of stored energy or configura-
tion changes. The emerging radiation, and within the
heliosphere also direct particle observations, show that
the dynamical plasma virtually always accelerates groups
of particles to highly superthermal, frequently to rela-
tivistic, energy. There are many ways the plasma can
do this, which may be grouped into shock wave accel-
eration, turbulent acceleration, and direct electric field
acceleration mechanims, respectively. Many subgroups
and variants are known, in particular it is important
whether the shock wave propagates parallel or perpen-
dicular to the magnetic field, whether the turbulence is
dominated by Alfvén, lower hybrid, or Langmuir waves,
respectively, or whether the induced direct electric fields
point essentially parallel or perpendicular to the mag-
netic field; also the magnetic field geometry is of decisive
importance. Obviously, the theoretically inferred accel-
eration mechanism is generally an important clue to the
physical nature of the particle and radiation source under
consideration. Frequently shock wave acceleration, which
is able to reproduce the ubiquitous power law spectra,
is the favoured mechanism (e.g., Réf. 1), but it should
be pointed out that direct electric field acceleration due
to reconnecting magnetic field lines is also a process of
nearly universal applicability. The reconnection of mag-
netic field lines is a basic process during the release of

magnetically stored energy and during the reconfigura-
tion of magnetoplasmas (Réf. 2), but while it definitely
involves induced electric fields and accelerated particles,
its potential to accelerate a large number of particles to
high energies has been questioned (e.g., Refs. 3, 4). It is
the purpose of this paper to demonstrate that the recon-
nection of magnetic field lines can be an efficient source
of accelerated particles. We will focus on one aspect of
the problem which has not yet received much attention,
the acceleration by the perpendicular component of the
induced electric field.

Particle acceleration is generally important in the ten-
uous, hot outer envelopes of astrophysical objects where
the mean free paths are large and the particles can es-
cape and/or produce nonthermal radiation signatures.
These plasmas are generally characterized by very high
electrical conductivity, (T1 and, correspondingly, very
high Lundqvist (or magnetic Reynolds) number, S =
47r<T/,V/i/c2, where L is a characteristic length scale and
VA = B(InNM)~lt2 is the Alfvén velocity, N — par-
ticle density. Because the magnetic diffusion is so slow,
such plasmas develop structures at "tiny" length scales
where locally the Lundqvist number is greatly reduced,
and reconnection, magnetic energy transformation and
dissipation can occur. The characteristic structure that
develops in a dynamical high-S plasma appears to be that
of a thin current sheet, which transiently and recurrently
form and dissipate (Biskamp and Welter, Réf. 5). For
high S, long current sheets generally form, these are sus-
ceptible to the tearing instability which breaks the sheet
into a chain of current filaments (magnetic islands in the
field line picture). The filamentary current sheet is again
susceptible to the coalescence instability which involves
repeated pairwise approach and coalescence of the cur-
rent filaments. (In the case of solar or stellar flares a "coa-
lescence event" of one filament pair possibly corresponds
to an elementary energy release event which shows up
as a millisecond spike in the radio and hard X-ray emis-
sion, Réf. 6.) Both instabilities involve the reconnec-
tion of magnetic field lines and the induction of electric
fields. While the tearing instability ("TI") evolves at a
hybrid time scale between the resistive and convective
time scales

TTI ~ (TrT,,)1'2 = S1/2 TA (1)

where TV = 4!nr(I/c)2, TA = L/VA, and L is the current
sheet half width, the coalescence instability ("CI") con-
sists of an ideal phase where the filaments aproach each
other with nearly Alfvén velocity,

-1 LCI
• = — ~0.1 -1 (2)

where LCI is the distance between the filament centres,
followed by a resistive phase where the reconnection of
field lines and the merging of the filaments proceed at a
time scale TCI^ somewhere in between TTI and TCI, (the

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in Toki. Japan.
17-20 November 1992 (ESA SP-351, February 1993).
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actual value depending on plasma parameters), Refs. 7,
8. The existence of these two phases is particularly ap-
parent for low plasma resistivity (high S), in which case
also oscillations of the filament pair (reversals of the main
flow pattern) can occur before the coalescence is com-
plete. In the compressible case, i.e. low plasma-/? and
nearly antiparallel external field configuration, £ « 1 can

- be reached. The ideal phase of the coalescence instability
: therefore appears to be the one which is associated with

the highest electric field strength; these predominantly
corrective electric fields occur locally and transiently be-
tween the dynamical current filaments and are directed _
mainly perpendicular to the magnetic field, they reverse
sign irTcase of oscillations of the filament pairs. Depend-
ing on the strength of the forced reconnection between
the attracting current filaments, also during the resistive
phase of the coalescence instability substantial electric
fields are induced which possess also significant parallel
components. The strength of this field does not only de-
pend on the local magnetohydrodynamical development
but also on the microscopic dynamics (possible develop-
ment of anomalous resistivity) and on the dynamics of an

'underlying large-scale electric circuit (circuit interruption -..
and double layer formation). We: will restrict ourselvesr
hereto the perpendicular (essentially convective) electric
field component which is probably always large during
the coalescence instability. Correspondingly, the basic
geometry is that of a filamentary current sheet.

The convective electric field is generally considered as
being unable to contribute to particle energization, but
there are two important exceptions to the rule, relevant
to the case under study:

(1) at magnetic X- and O-lines (similar to the situation
at magnetic inversion planes) particles perform a
meander-like motion and decouple from the fluid,

(2) particles drift across the magnetic field due to in-
homogeneities in B; those particles that enter the
region where an Ecom) is induced in an inhomoge-
neous B from a region with a different local flow
velocity u and are collisionless at the scales of the
u and B variations experience energy gain or loss,
respectively, depending on the sign of Econu-

Efficient acceleration of test particles by a perpendicular
electric field was found earlier in a similar configuration, a.
current sheet with two coalescing magnetic islands, which
had been obtained in a magnetohydrodynamical simula-
tion of the terrestrial magnetotail (Scholer and Jamitzky,
Réf. 9). In their model the strongest electric fields were
connected with the development of anomalous resistivity
at the "dynamic" X-lines, yet still always directed per-
pendicular to the (2D) magnetic field, and the strongest
acceleration occurred at the dynamic X-lines. Here we
wish to emphasize that also the convective electric field
can efficiently accelerate particles in the filamentary cur-
rent sheet and we study the individual particle trajec-
tories in more detail. In specifying plasma parameters
we will concentrate on the solar flare case. For certain
parameters our simplified model shows efficient particle
acceleration also at the O-lines.

E sin(j:/L)
Dcosh(z/i) + f cos(z/L)

(36)

with By = O. The generalization to non-antiparallel ex-
ternal fields is left for future work. The parameter c
(O < e. < 1) controls the current localization within the
filaments, its choice is c = 0.3 throughout this paper
which makes the island half -width"'zh5.w-£.- ^An -elec-
tric field into the invariant-direction is formally added
to simulate the occurrence of convective electricjields
due to filament motion during the coalescence instabil-
ity. The simplest choice, Ey = const., implies à flow
that is directed to, or away from, the centre of the is-
lands at each point, which is not characteristic of coales-
"cence. Instead, neighbouring islands approach each other
as a whole, this is modeled by a periodic electric field
Ey(x) which changes sign at the position of the O-lines
(x/Lit = ±1,3,5,...)- With E» <* cos(i/2i), accelera-
tion and deceleration of particles trapped in the config-
uration would exactly cancel. We take into account that
the islands are deforming while approaching or repelling
each other, with different magnitude of |u| and |B| on
either side of the O-linesf This results in a convective

-electric field that ~is~asymmetric about the O-lines and
may be modeled as (cf. Figure 1) M_

Ey = Ey0 COs(^1) COs=(J1) (3c)

This electric field permits net acceleration or decelera-
tion of the particles. Our configuration (3a-c) is not self
consistent (since V x E ^ O implies dH/dt ^ O), but it is
expected to reveal the particle orbit characteristics (me-

Ey

2. THE CURRENT SHEITT MODEL

As a model of a filamentary current sheet we employ the
well-known Fadeev equilibrium

sinh(z/£)
cosh(a/L) +1 cos(i/L) (3")

X/Tl

Figure 1. The considered configuration B(i,z), Ey(x),
The implied flow u (equivalent to VE) is indicated by
heavy arrows. Arrows out of the plane give the direc-
tion of the VB - drift for positive charges. Lengths are
normalized to L in this and subsequent figures.
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ander motion and drift motion), on which the acceler-
ation is based, qualitatively correctly, A characteristic
value of L at which current sheets typically undergo
dynamic development, comprising the tearing and co-
alescence instabilities, is not known. A lower limit is
the threshold half width corresponding to excitation of
anomalous resistivity, lcr ~ 40"1 Td (where notation is as
usual), and one may argue that the dynamic development
preferably occurs in sheets close to this limit (Réf. 10).
In this paper L ~ 3lcr is used in conjunction with char-
acteristic plasma parameters of the lower solar corona,
-B0 = 200 G; JV = 1010 cnV3; T = 2.5 x 106 K. This
gives ft = 4.3 X 10~3 and L = 2 x 10* cm. (Other param-
eters take the values S = 5 x 10s and VA = 4360 km s~J.)
The mean free path length becomes lmfp « 4 x 106 cm.
This seems to invalidate a MHD description at the con-
sidered spatial scale L>lcr but one should remember
that the CI primarily involves fluid motions across the
magnetic field where the freedom of the particles is re-
stricted to ree,i < 'cr- We see that even thermal particles
are collisionless over an island length and will have tra-
jectories similar to the test particles considered below.
Hence, bulk acceleration appears possible in the filamen-
tary current sheet at spatial scales L^lcr- The current
carried by the accelerated particles, which is opposite to
the applied current, j = (c/4?r)V x B, in the neighbour-
hood of the X-lines (where particles mainly perform drift
motions), will then modify the fluid dynamics and reduce
the electric field strength. A self consistent treatment of
these effects requires a particle simulation which is out-
side the scope of this paper. Here we will simply demon-
strate the basic effect and mechanism(s) of the particle
acceleration, leaving the problem of saturation for a later
study.

3. ORBIT CHARACTERISTICS

VVe will now study single test particle trajectories in
the filamentary current sheet to show the energization
by the perpendicular electric field. Taking BO, ™VA,
EO = VA.BO/C, L, TA as units of magnetic field, momen-
tum, electric field, distance, and time, respectively, the
relativistic equ ations of motion of a test particle of charge
q and mass m read in dimensionless variables

dx
dt

P
r

where
q 3aTA 27T

Tc

In the given configuration there are three types of net
motion in directions across the magnetic field: meander
orbits at magnetic X- and O-lines, the magnetic gradient
and curvature drift, and the E x B - drift.

Similar to the situation at uniform current sheets, the
particles reaching the vicinity of a magnetic X- or O-
line start performing a meander-like motion perpendic-
ular to the magnetic field and decouple from the fluid
motion. An electric field pointing into the direction of
the meander accelerates or decelerates the particles. In-
dependently of the sign of charge and the type of field
reversal, particles are accelerated by the convective elec-
tric field if the underlying fluid velocity points toward

the line or plane of magnet.'? field reversal or rotation.
In the opposite case the particles are decelerated during
meander motion. During meaudor motion the particle
energy increases quadratically with time. The meander
motion is stable at O-lines if the electric field is accel-
erating (EyoBo > O in our model): the particles con-
tinue the motion without limit, even if the field strength
is differing on both sides of the inversion. Of course,
the implied flow can only temporarily occur at O-lines,
but the existence of stable meander orbits permits some
particles to attain the full energy gain provided by the
strength and extent of the convective electric field near
the O-lines. On the other hand, only initially sufficiently
energetic particles run into a meander-like motion about
an O-line within one characteristic coalescence time and
experience strong acceleration there, runs with a large
number of test particles have shown that rc/L>0.2 is
required for rapid acceleration (less energetic particles
do not 'feel' much of the asymmetry of the electric field
about the O-lines). Therefore, O-line meander accelera-
tion does not lead to bulk energization (as seems to be
required for solar flares) but it may be of relevance to
the most energetic particles observed in connection with
dynamical plasma behaviour.

At X-lines, if a flow across the séparatrices is present,
the meander motion is not stable. (A steady electric field
along the X-lines is always connected with a flow across
the séparatrices, which is not necessarily true for electric
fields induced by magnetic compression.) Generally af-
ter at most a. few cyclotron periods with energy gain in
the upstream region the test particles move to the down-
stream region where the electric field is decelerating dur-
ing meander motion. There the particles are quickly lost
from the vicinity of the X-line and go through a phase
of drift motion (where acceleration is again possible, see
below). It is obvious that acceleration during meander
orbits at X-lines occurs in the configuration for either
sign of E. Out of a large number of test particles only
very few reach a meander orbit about an X-line (the ma-
jority crosses the séparatrices earlier), but these acquire
the highest final energy in the cases of negligible O-line
acceleration.

Also the magnetic gradient and curvature drift of a
particle with velocity v, given by

B x V B
B3

is exactly parallel to ±E in the 2D field case (By = O), In
the neighbourhood of an X- or O-line, this drift motion is
always oppositely directed to the meander motion about
the X- or O-line. Hence, in order to gain energy due to
the drift along an X- or O-line, the orbit must be located
in plasma that is streaming away from the X- or O-line.
Again it is obvious that this type of particle energization
occurs near the X-lines in the considered configuration
(3a-c) for either sign of E, cf. Fig. 1.

The E x B - drift, given by VE = (E x B/B2)c, is
nothing else than the perpendicular component of the
fluid motion in the particle picture, if no external elec-
tric field is applied. In our analytical model (3a-c) it
implies an artificial drift of the test particles across the
(stationary) field lines. While this drift does not directly
cause energy gain or loss, it influences the number of par-
ticles that start meander motion at an O-line and reach
high final energy there. Our model thus overestimates
O-line acceleration if Ey0Bo > O. This effect remains
weak, however, because the E x B - drift slows down in
the neighbourhood of the O-lines with our field model,
Eq. (3c), and the majority of the particles does not reach
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Figure 2. A proton orbit which combines E x B - drift toward the X-line and finally toward the O-line, meander motion
about the X-line, and gradient drift motion along the X-line. The particle is most effectively accelerated (similarly to a
free motion) during the meander at the X-line (indicated by squares). Efficient acceleration also occurs during the drift
at the first few passes close to the X-line (indicated by triangles and circles). There are several drift acceleration phases
of decreasing intensity due to magnetic guidance of the particle in the considered configuration. Shown is the first part
of the orbit up to t = 0.4. Subsequently the particle experiences strong O-line meander acceleration (not shown here for
clarity of the figure) to become the most energetic particle of the distribution shown in Fig. 4, where its final position and
energy at t = Ta1 can be seen. (The asterisk marks the position of the particle at the arbitrarily chosen time origin.)

the vicinity of an O-line during the time of orbit inte-
gration which was always set equal to Ta1. Figure 2
illustrates the discussed characteristics of the single par-
ticle motion.

4. TEST PARTICLE DISTRIBUTIONS

The relative importance of X-line versus O-line accelera-
tion, respectively, depends upon parameters like the ini-
tial particle energy and electric field strength. The fi-
nal energy a particle reaches during X-line acceleration
strongly depends upon the distance of closest approach
of the particle to one of the X-lines. To obtain an idea
of the characteristic maximum energy of accelerated par-
ticle distributions for a range of parameters, runs were
performed in which ~ 103 test particles were distributed
randomly over the area of an island, O < io/L < ÏTC,
—1 < zo/L < 1, yo = O, and at the surface of a sphere
in velocity space at t = O. The total time of orbit
integration was always chosen to be rc/,. The parti-
cle energy was varied between 7.65 eV and 7.65 MeV
in steps of two orders of magnitude between the runs,
for protons this corresponds to initial cyclotron radii of
(IQ-* - IQ-1 )L. The electric field strength was varied in
the range ±Ey0/Ea = f = 10"1'5 — 10° in steps of one
half order of magnitude.

Results of such a calculation for a moderate field
strength, Esa/E0 = —0.1, and Ey0Ba > O are shown
in Figures 3 and 4. The mobility of the particles can
be clearly seen (the difference between the two figures

in this respect is mainly due to the different initial ve-
locity and partly due to the larger mobility across the
islands for larger cyclotron radii). Nearly all particles
are trapped in the configuration. The first figure shows
a dominating role of O-line meander acceleration in the
case of large cyclotron radius. For many different sets
of parameter values, onset of O-line meander accelera-
tion has been observed to occur whenever the individual
cyclotron radius exceeds r,-/L>0.2, which corresponds
to proton energies W > 2 X IO7 eV for our background
plasma parameters. For the lower initial particle energy
of Fig. 4 and the chosen moderate field strength, only
one partich acquires sufficient energy to experience ap-
preciable O-line acceleration (the orbit of which is shown
in Fig. 2), hence this case is completely dominated by
X-line acceleration. The great majority of the IO3 parti-
cles does not come close enough to an X-line to perform
meander motions there but is solely energized due to the
drift along an X-line. In both cases a minority of particles
can be seen to loose energy.

In the case of reversed electric field and plasma flow
directions (Ey0Bo < O) a relatively similar picture is ob-
tained for parameter values where X-line acceleration is
dominating (there is no O-line meander acceleration in
this case). Again the majority of the particles gains en-
ergy. For otherwise identical parameters, the maximum
final particle energy is clearly less in this case, since the
effect of repeated X-line drift acceleration is less pro-
nounced, but by not more than one order of magnitude.
Many particles drift out of the sheet at the even multiples
of 2icL.
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Figure 3. Final positions, energies and the corresponding energy distribution of IO3 test particles (protons), which were
initially monoenergetic and randomly distributed over the area of one island, after one coalescence time rc/,. Parameters
are Eyo/Ea = —0.1 and rc/L = 0.1 (i.e. W(O) KS 7.7 MeV). (Note that the more distant particles have been removed
from the Z-K- and y-x-scatter plots.)
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Figure 4. Same as Figure 3 but with r<:/i = 0.01 (i.e. W(O) « 77 keV).
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The spectral forms of the accelerated test particle dis-
tributions appear to vary considerably between the differ-
ent chosen sets of parameters (which might be an effect
of too small particle numbers per computational run).
Quantitative results such as spectral forms must be con-
sidered with caution due to the adopted model simpli-
fications. Further, in a more general configuration, the
simultaneous presence of many dynamical filaments in a
large turbulent plasma volume as well as the excitation of
waves by the rapidly moving filaments introduce a diffu-
sive component into the particle motion and modify the
escaping particle spectra accordingly.

Characteristic maximum particle energies are pre-
sented in Figure 5 for Ey0B0 > O and a representative
rangs of parameters. Since the actual maximum energy
in a test particle distribution sensitively depends upon
the details of the closest approach of one of the parti-
cles to an X-line, "characteristic" maximum energies (ob-
tained by disregarding the uppermost 0.5, respectively
1.0, per cent of the final test particles) are given. It
turns out that O-line meander acceleration is relevant
if rc(t = 0)/£>0.1 or Ey0/E0 = u/VA W 1, otherwise
X-line drift-acceleration is the relevant mechanism. For
dominating drift acceleration it is further found that the
characteristic maximum particle energy scales roughly as

Ld u La

with LCI = 2irL in our model — due to the repeated drift
phases some particles drift about an island half-length in
the strong field region along the X-lines. The dependence
of Wmai upon the mass of the test particles is found to
be relatively weak, Wmai ~ m* with S ta 0.24 is a good
fit to the numerical values for a wide range of parameters.

10
INITIAL CYCLOTRON RADIUS

Figure 5. Comparison of "maximum" energies of runs
with 103 test protons each and different parameter
choices with Eq. (4), represented by arrows. Solid line:
energy reached by 1 per cent of the test particles; dashed
line: energy reached by 0.5 per cent of the test parti-
cles. Values of the applied electric field strength are

= u/VA = 10° (asterisks); 10 °-5 (squares);
10-1 (circles); and lO"1'5 (triangles).

5. CONCLUSIONS

The small-scale dynamics of a current sheet connected
with the tearing and coalescence instabilities and mag-

netic field line reconnection, which had earlier been pro-
posed as a model for fragmentary energy release in flares,
also leads to substantial particle acceleration. We have
stressed the role of the perpendicular electric field which
is always large during coalescence. Collisionless particles
can be accelerated by the connective electric field induced
in the filamentary current sheet.

Except for the case of very strong electric fields (C ~
1), X-line drift acceleration is the dominating mecha-
nism with maximum particle energies roughly scaling as
Wmax ~ (Ld/2)Ej_ (in the considered case of antipar-
allel external fields), where LCI is the distance between
the coalescing current filaments. For typical parameters
in solar flares this leads to Wmax ~ 5 X 106 — 5 X 107 eV
in accordance with gamma-ray observations. The corre-
sponding acceleration times lie in the millisecond range.

In comparison with a single X-line configuration a fil-
amentary current sheet 'a far superior with respect to
particle acceleration bi -ause near Alfvénic velocities and
correspondingly strong electric fields occur near the X-
lines, many particles have rapid access to an X-line, there
are repeated drift acceleration phases at the X-lines due
to trapping of the particles in the configuration, and a
small population of highly energetic particles can be pro-
duced by O-line meander acceleration.

The considered acceleration mechanism should be of
general relevance to dynamical plasmas at hi°h mag-
netic Reynolds numbers. If the current sheet thickness
scales as assumed here (L ~ 4/3"1TCi) then Eq. (4) leads
to Wmal ~ B3 (if £ is independent of B). There-
fore, only weak acceleration occurs during a single co-
alescence event in galactic and extragalactic plasmas
(B ~ 10"6 -10~3 G). However, unlike solar flares where
possibly we can directly observe the results of elementary
energy release and acceleration events in the millisec-
ond spikes, the radiating particles in remote sources have
probably experienced many acceleration phases. Taken
the huge dimensions of these sources, tiny filling factors
for dynamical current sheets in the sources are sufficient
to yield the observed particle energies, but further inves-
tigations are required to come to definite conclusions in
this respect.
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ABSTRACT

Recently, the Japan-U.S. satellite "Yohkoh" has obtained new
observations of solar flare plasmas. In particular, the interactions of current
loops have been observed in the active regions on the Sun. This observation
has pointed out the importance of their idea that the solar flare is generated
by the coalescence of current loops.

The new 3-D electromagnetic particle simulations are to help in
understanding the global interaction between two current loops, including
the evolution of the twist of loops due to instabilities. Associated rapid
dynamics of current loop coalescence such as reconnection, shock waves and
associated kinetic processes such as energy transfer, acceleration of
particles, and electromagnetic emissions are to be studied by the code Io
complement analytical theories and MHD simulations of the current loop

The preliminary simulation results show the strong interactions
between two current loops, beam and whistler instabilities, and associated
parallel and perpendicular particle heating
Keywords: current loop coalescence, whistler wave

!.INTRODUCTION

1.1. Introduction

This research addresses in understanding basic physical processes
involved in the current loop coalescence as a generation mechanism of the
solar flares on the active Sun. In particular, we would focus on microscopic
processes associated with coalescence of two current loops and their role in
facilitating the energy transfer, acceleration of particles, and electromagnetic
wave radiation. The coalescence of current loops as the generation
mechanism of a flare have been proposed by some authors (Rets. 1-3).

A solar flare has three physical processes related to magnetic
energy, i.e., generation, storage and dissipation of magnetic energy. (1)
Carrent generation and storage of magnetic energy: photospheric plasma
motion in active regions such as shear motion of Sun spots and rotational
motions can produce plasma currents (dynamo process) in the form of
current loops in the upper atmosphere of the Sun. Storing magnetic Held
energy, some of the current loops emerge out into die lower corona In this
research, we assume dial current loops are produced by these processes with
storing magnetic energy mainly in the poloidal magnetic field. (2)
Dissipation of magnetic energy stored hi the current loops: the magnetic
energy stored in the loops may then be dissipated through loop-loop
interactions. The carrent loop coalescence, is one of the main loop-loop
interactions, which can rapidly dissipate magnetic energy through the
explosive magnetic field Une reconnection in the region between two current
loops. The current loop coalescence could occur several loops at one time.
Among them, the two-current coalescence is the most elementary process.
(3) Various Hare phenomena: the magnetic energy in the loop is rapidly
converted into macroscopic plasma kinetic energy and into thermal energy
through the magnetic field reconnection. At the same time, a number of
high-energy nonthermal particles are produced. Fast magnetosonic shock
waves can also be excited and cause further plasma heating and particle
acceleration. Those high-energy nonlhennal particles will generate various
radiations such as radio waves, x-rays, and y-rays. and those emissions
provide us with a great deal of information about solar flares These
phenomena will also be investigated in this research.

1.2 Importance of 3-D E-M particle code

Computer power has reached the stage where 3-D electromagnetic
particle simulations can be performed to reveal the principal dynamical
processes governing the coalescence of current loops. A three-dimensional,
fully electromagnetic particle simulation has advantages over other lower-
order simulations, hybrid simulations, for simple geometric reasons: (1) tne
problem is inherently three-dimensional (3-dimensional structure and
dynamics of current loops). Furthermore, even in situations where initial and
unperturbed conditions exhibit a symmetry of lower dimensionality, the
inclusion of the third dimension has in many simulations revealed
spontaneous growth of nonuniformities in the dimension intuitively deemed
"ignorable" due to nonlinear coupling of multidirectional waves, full E x B
drift effects, etc. (Réf. 4). And (2) nu'croprocesses. involving both electrons
and ions, are expected to be important for the kinetic instabilities and
associated diffusion and acceleration of the particles through the
coalescence.

It is the goal of the present research to investigate the global
dynamics of the current loop coalescence by using a 3-D electromagnetic
particle code (including microscopic processes). To this end, we have
developed a new, faster and larger 3-D electromagnetic particle simulation
code. This code has been applied to several studies (ReIs. 5-8). For this
research we have modified the simulation code which has been used for
whistler waves excited by an electron beam (Réf. 8).

The previous work on loop coalescence has been done mostly for
two-dimensional simulations. Our goal in this study is to investigate the
magnetic energy release process (magnetic reconnection), the high-energy
particle acceleration process, as well as the electromagnetic radiation process
during the current loop coalescence by using the 3-D electromagnetic
particle code. The 3-D electromagnetic particle code could be a good tool
for the understanding of elementary physical processes Jpjing the current
loop coalescence. Results of the dynamics of the current loop coalescence
process can be compared with the 3-D MHD simulations from which we
have some data and the Yohkoh data. From this study, we could obtain a
detailed understanding of the physical processes which is a common
characteristic of cosmic plasmas throughout the Universe.

13. Simulation Study

Computational Methodology/Algorithm

Most existing codes have limitations which restrict the type of
problem they realistically can simulate. Some typical limitations are that
they are lower-dimensional, electrostatic rather than electromagnetic,
nonrelativistic, apply periodic rather than radiating boundary conditions
(Réf. 9) have limited spacial resolution, use too few particles, or are too
slow. The increase of available core memory and speed on the CRAY-2
machine now enables us to perform three-dimensional particle simulations
with more realistic parameters.

The new code is three-dimensional, fully electromagnetic and
relalivistic, and simulates particles rather than fluids. The maximal
simulation domain will be a mesh of dimension 200 x 200 x 200, with some
20 million particles. We expect the code will use 1 min for a time-step and
500-2,000 time-steps for a complete run.

The code that conies closest to our new simulation code is the
TRISTAN code (Réf. 4) developed by Professor Buneman for the CSAY-I
and XMP under CTSS (161 x 161 x 16 mesh, 5 million particles). This code
has been used IS study galaxy formction in the universe (Réf. 10). Several
new features have been implemented in order Io increase speed and
versatility of the code on CRAY-2.

Proceedings of the Fourth International Conférence on Plasma Physics and Controlled Nuclear Fusion, held in Toki, Japan,
17-20 November 1992 (ESA SP-351, February 1993).

243



230

1) Rather than using the somewhat restrictive periodic boundary conditions,
"radiating'" boundaries an introduced for the fint time (Io our knowledge) in
three-dimensional simulations. These boundary conditions allow radiation to
escape freely out of the simulation domain without reflections.

2) Poisson's equation and its time-consuming solution are eliminated
completely.

3) Fourier transforms are eliminated. Instead, the fields are processed and
filtered locally.

4) The code will be highly modular. Each part cao be applied elsewhere.

The code is written in FORTRAN and designed to be easily
transportable to other machines in order to take belter advantage of new and
faster machines. The panicles are a finite size and a local smoothing operator
is applied. Therefore, even if a few particles in a cubic cell arc used in our
simulations, we do not expect serious numerical collision effects or a high
level of thermal noise such as described by Okuda and Binball (Réf. 11) and
Okuda et al. (réf. 12). The three-dimensionality should also help in this
respect (Réf. 12) due to the sphere-shaped particles.

2. Simulation Model and Preliminary Results

In this work we use a newly developed 3-D relativislic
electromagnetic particle code. The mixed boundary conditions are developed
in order to investigate the localized electron current loop. The periodic
condition is used along the magnetic field (z-direction). The radiating
boundary conditions are used for x- and y-directions.

2.1. Simulation parameters

The simulations are performed on the Cray-2 at the National Center
for Supercompming Applications (NCSA), The University of Illinois at
Urbana-Champaign. The system size used for simulations is Ij=Ly = 85 A,
Lz = 160 A, where Lx. Ly. and Lz are the lengths of the system in three
directions and A (= l)is the grid size. The localized electron beam is located
along the magnetic field (in the z-direction) in the middle of the simulation
domain. Along the z-direction, the fields and particles are periodic. On the
other hand, "radiating" boundaries, which* allow radiation to escape freely
out of the simulation domain without reflection, are used for the boundaries
perpendicular to the magnetic Held. Particles which hit the radiating
boundaries are arrested there and redistributed more uniformly by having the
boundaries slightly conducting: this allows electrons to recombine with ions
and provides a realistic way of eliminating escaping particles from the
simulation system.

We consider the two current loops near the middle of the system
along the z-direction, whose radius, rf^ is 4.47 Aflheir centers are located at
Jcje=38,y;c=43,andj2c=48,y2!;=43). The current loop electrons are
randomly chosen in the columns. The current electron density in the columns
is about half of the total electron density for both cases. The total numbers of
current loop electrons in the columns, W;ej>, and Nleb are 4899.4890,
respectry. The drift velocities of curmet loop electrons, V)J- V^d are Svet,
3Va- where vetr is the electron thermal velocity. The temperature of the
beam electrons, 7/rf, (.=Tieb) is 0.09 Te< where Te, is the temperature of
the background electrons. In this study the ion drift velocity, Vr j (=V20 's

zero.
We chose a set of parameters. The parameters used for the

simulations are the following: m,/me=64, T/Tj~ I, £^0^=0.4. c/vel=
10.67.0)xAt = 0.10, p = 0.111. wherem,, BIeT1. Op Wpe.andc are the ion
and electron mass, the temperatures of the background ions, the electron
cyclotron and plasma frequencies, and the speed of light, respectively. The
Debye length, \oe is 0.469 A The simulation plasma is quasi-neutral all over
the system. Other parameters used for the simulation arc the electron and ion
gyro-radii. re= 1.17A, and r,- = 938A, skin depth, doip, =5.00.

22 A quiet Start and preliminary results

The most important development in this study is including the initial
poloidal magnetic field (IPMF) generated by the beam electrons which

corresponds to a quiet start The poloidal magnetic field produced by the
beam electrons are calculated based on the beam electrons (for the details see
Réf. 8). This technique is essential for this research, which corresponds to
the storage of magnetic energy as the poloidal magnetic field produced by
current loops.

The simulation results from the first run is presented in this paper.
This simulation is correspond to the case I type interaction with a weaker
current loop. As described previously, the two current loops are parallel and
located closely. The phase distributions in the z - jr. space are shown in
Hgure 1. Figure Ia shows the initial condition. At mpgl=so both current
loops contract each other and merge, the resulting merged current loop has
smaller radius than the initial combined one. The close look appeals the
signature of the helical structure of the final current loop.
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Fig. 1 Phase space distributions (z- jr) of beam electrons in the first
current loop.
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Fig. 2 Phase space distributions (z - vz) of beam electrons in the first
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The energy sources for instabilities come from Ihe drift energy of
current loops. The evolution of drifting electrons in the z - vz space is
shown in Figure 2. The initial condition for the First current loop with the
faster electron drift velocity shown in Figure 2a evolves into the healed
conditions associated with Ihe beam and whistler instabilities as shown in
Figure 2b. Figure 3 shows the time evolution in Ihe parallel and
perpendicular velocity distributions for the first current loop. The cold beam
electrons drawn by the dashed curves are heated parallelly and
perpendicularly as drawn by the solid curves. This heating of the électrons
come from the interactions with the excited waves (Ihe electrostatic beam
and electromagnetic whistler instabilities).

The excited waves are diagnosed at Ihe outside of the current loops
and shown in Figure 4. The time evolution of the magnetic field component
Bx along Inez direction. The dispersion of Ihe electromagnetic waves is
shown in Figure 4b. The plot has been created by performing a 2-
dimcnsional Fourier transformation (one space and one time) of Bx shown
Figure 4a for the first 512 time steps. The whistler branch extents from Ihe
origin toward Ihe horizontal line at the electron cyclotron frequency <3> with
additional lower amplitude radiation generated at the higher frequencies
along a line with a slope corresponding to Ihe velocity of light. The
perpendicular healing are caused by the whistler waves.

The other diagnoses also show the evidence of the strong current
loop interaction and the resulting heating of the particles.
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Fig. 3 Velocity distributions of beam electrons in me first current loop at
Opel = O and SO.
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Rg. 4 The electromagnetic wave radiation
(a) Time evolution of Bx along Ihe z direction
(b) Wave intensity as function of 01 andij along
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.', Discussion

Our first simulation showed the resonable and interesting results fat
the case I type interaction. In order to understand the current coalescence
further we have to perform more simulations with carefully selected
parameters. ThoughfuU simulation study will lead the following benefits.

1. The 3-D electromagnetic particle simulations of the current loop
coalescence will help us to understand the rapid dissipation of magnetic
energy through the explosive Held line reconnection in the region between
the two current loops.

2. The current loop coalescence processes will provide Veys to further
understanding of many of the characteristics of solar flares, such as their
impulsive nature, simultaneous heating, and high-energy particle
acceleration, amplitude oscillations of electromagnetic emission as well as
the characteristic development of microwave images obtained during a flare.

3. The systematic study of the current loop coalescence with 3-D
electromagnetic particle and MHD simulations assisted by theories will
provide further understanding of the overall physics.

4. The comparison of the simulation results by MHD and particle
simulations with the data observed by the Yohkoh Satellite will provide
more concrete understanding of solar flares.
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ABSTRACT

We present a model of prompt high-energy particle acceleration during two
cuneni loops collision. By investigating a test proton and a test electron
motion in the electromagnetic field derived from the MHD equations, we
found that high-energy particle acceleration occurs only in the case of Y-
typr loop-loop collision. The results are in strong dependence on plasma P
and initial position of the test particle. When plasma ft increases, the
particle acceleration rale decreases. The particles near the edge of the
collision region can be accelerated to higher energy than the ones inside it.
Il has been shown that both proton and electron can be maximally
accelerated to -IfJGeV within 0.001s and -SMeV within 10'6S,
respectively. Ia the case of Y-iype loop-loop collision, one nay expect lhat
high-energy Gamma-ray and Neubons will be generated under interaction
between high-energy particles and low atmospheric plasma.

Keywords: Particle acceleration, loops interaction

!.INTRODUCTION

High-energy particle acceleration mechanism during impulsive phases of
solar flares is one of important subjects to understand various features of
solar flares. From previous solar maximum observations (SMM,
HfNOTORI), it became clear lhat both proton and electron can be promptly
accelerated to relativist»; energies within Is during impulsive phases (Réf. 1 :
Réf. 6; Réf. 15). A physical mechanism to explain this prompt acceleration
was investigated by Salcai(Ref. 9; Réf. IO). bated on UK current loop
coalescence model for solar flares (for a review, see Réf. T). Recent studies
about the current loop coalescence model of solar flares ( Réf. 5) have
provided an opportunity to explain many characteristics of solar flares such
as coronal explosions discovered by de Jager and Boelee (Réf. 4), high-
energy particle acceleration and elementary flare bursts (Réf. 14; Réf. 3). It
has been shown that the loop coalescence processes have different
characteristics, depending on the geometry of the region containing the two
interacting current loops. Bom recent YOHKOH soft X-ray images, Shimizu
et al. (Réf. 13) pointed out that many coronal loops are coupled in the active
regions of solar atmosphere, which leads to transient soft X-ray brightening.

Sakai and Koide (Réf. 12) classified magnetic reconnection during two
current loops coalescence. Chargeishvili el al.(Ref. 2) developed a model of
two current loops collision Io explain the impulsive natures of solar flares,
following previous work done by Sakai(Ref. 8). They divided configurations
of loop-loop collision into three types(as shown in Figure]). The case of X-
type collision is defined by lyî »!, the case of Y-type collision is defined

I, the case of I-type collision is contrary to the case of X-type,

nd Lf^Kl/pX^pfflOT1 are characteristic jcale-
lenglh in radial and longitudinal directions, p is plasma pressure.

In this paper, we present a model to deal with particle acceleration during
two current loops collision. In section 2, we calculate the electromagnetic
field components during current loop-loop collision by using MHD
equations. Ih section 3, we investigate a test proton and electron acceleration
using the values of the electromagnetic field components computed in the
previous section. In rsction 4, we summarize our results.

1-lypc Y-Iy DC

Figure 1- Three types of two loops interaction. X-type
corresponds to the case that plasma pressure gradient in Z
direction is much greater than in radial directiomiyL^»!), Y-
lype corresponds to pressure isotopic CaSe(IyL2=I) and I-type is
the opposite case t

2. ELECTROMAGNETIC FIELD DURING CURRENT
LOOPSCOLUSION

In this section, we present basic equations to describe the dynamics of two
current loops collision and briefly explain how to solve the electromagnetic
field components from the equations. The reconnecting region is considered
as a cylinder with the axis coinciding with the line of symmetry of colliding
loops. In cylindrical coordinates (r,t,z), Axis Z is directed along the line of
symmetry of colliding loops, and an origin of the reference frame coincides
with the RP (point where the reconnection happened). We assume an
arimuthal symmetry, so no variable depends on 9 coordinate. The physical
quantities near the RP can be written as fallows.

For the velocity components :

(2.1)
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For the magnetic field components :

Now we present results of numerical solution concerning on electromagnetic
field components only (for a whole class of solutions see Réf. 2). The
Numerical results have shown lhat plasma P and Ihe type of loops collision
have significant effect on behaviours of all physical quantities. In the case of
Y-type collision, low plasma P shows a rapid pinch and simultaneous
enhancement of all physical quantities. However, increase of plasma P leads
to weaken the pinch and the enhancement. The case of X-type collision is
able to generate a jet, and increase of Ihe plasma p causes high velocity jet
On the contrary, Ihe case of I-lype collision shows neither jet production nor
strong enhancement of physical quantities. We will investigate motion of a
test particle under the strongest electromagnetic field in .ne rr'.tl section.

B,(t] -B10(U +

For the plasma pressure :

3. PARTICLE ACCELERATION

3.1 Equation» of Motion and Numerical Results for Proton Acceleration

We consider motion of a proton in me electromagnetic field described by
Equations(2.S) and (2.7). The motion equations of a lest proton are given by

For Ibe gravity acceleration :

s-go i-ZT-
1T) (2.4)

The time-dependent values: a(t). b(t). Vc(I), V2Q(O. D1(I), V>-
B2O(I) can be sclf-consistently determined from the MHD Equations. Ms the
characteristic scale lenglh of the interaction region. H is pressure
characteristic scale-length in me Z direction. RO is the radius of the Sun and
gO=GM/RO-

The normalized time-dependent components of magnetic field described in
Equation (2.2 ) are given by

(3.9)

«'here P is momentum, q is charge, m_ is mass and V is velocity of a test
proton, y is the Lorentz factor.

The position of the lest proton is calculated from the following equations

• V
dt V'

(3.10)

<™> . (23)

where r and z are normalized by X.

By using Ohm's law.

where Vr. Vp and Vz are velocities of the test proton, which are différent
from plasma flow velocities in Equation (2.1).

After normalizing Ihe Equations (3.9) and (3.10), we have

a c (2.6)

we obtain normalized components of electric field

Er "EnJi* EnT

(2.7)

(3.11)

where electric field is normalized by bçoV^ç'c. The time dependent
coefficients of Ihe above equations are given by Ihe following expressions,

dP, 1
-^- -E1E1 +-(«,,Pr -

where time, P, E, B and space coordinates are normalized by a>Cp"'. nipc,,
bcpflVAip'c, Iy) and A. , respectively. Mq) is Ihe proton cyclotron frequency.
The parameters EI, RI, and y are given by

(2.8)
(3.12)

Y-ViT?
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Now we present numerical results for proton acceleration by solving the
Equations (3.11). The time dependent amplitudes of the electromagnetic
field are assumed to be constant during the acceleration nme(100ftDCp-

I=K)X)OIs if VAqFlO8CTUfS and X=IO9Cm), as it is much less than the
duration time of two ornent loops implosion(0 01tA=0. Is if VAqJ=IO8OrJs

and X=IO9Cm). Therefore, we investigate motion of the test nmicn in
masircal amplitudes of electromagnetic field components.

Figure 2 shows time history of Loientz factor Y=(I+?2)1'2 in the cases ef
X-, Y- and I-typt collisions with the same initial conditions, where r(0)=!..0.
iplO)=0.0, z(0)=1.0, Pr=P(P=Pz=IO-4, [1=0.01. As seen from Figure 2, proton
acceleration occurs only in the case of Y-type collision. In the cases of X-
and I-typr collision, proton can not be accelerated, because electromagnetic
field components arc not strong enough Io générale particle acceleration.
Further, we consider Ihe case of Y-type collision in details with same initial
conditions a' OK Figure 2. Figure 3 sbows time history of the Lorenlz factor
Y=(Up2)1'2 for three different kinds of p. It is clear that the proton
acceleration rate decreases due to increase of ft. From numerical results, it is
found that proton acceleration is sensitive to initial r and z coordinates as
shown by Figure 4. The proton near the edge of Ihe cylinder can be
accelerated to much higher energy than the one inside it. All these above
numerical results are almost same for Ihe initial momenta in range of 10"6 to
10'2. Therefore, we conclude that the proton can be maximally accelerated to
-lOGcV within the lime interval of 0.001s.

BOQ 1000

HIIO tOUO

Figure 2. Time history of the proton's Lorenlz factor for initial
conditions: r(0)=1.0, (p{0)=0.0. Z(O)=LO, P1=Pc=Pz=IO-4^=UOl.
The case of X-type(upper), Ihe case of Y-type(middle), Ihe case of I-
type(Iower).

Figure 4. Comparison among tune history of the proton's Lorenlz
factor for different lands of P in the case of Y-type collision with
Ihe same initial conditions as Figure 2.

[I ZWt

Figure 4. Initial position effect on Ihe proton's Lorentz factor.
Upper one shows influence of r coordinate. Lower one shows
influence of z coordinate.

3.2 Equation? of Motion and Numerical Result» for Electron

Similar to the equations of motion for a proton, the normalized motion
equations of a test electron are given by

db Ri
~T" —dt r(

(3.13)

where lime and P are normalized by CDCC-1 and mec, respectively. The

Now we present numerical results for electron acceleration, where the initial
conditions are laken as r(0)=1.0, m(0)=0.0, Z(O)=LO, Pr=Pm=Pz=IO-4.
P=0.01. Electron acceleration occurs only in Ihe case of Y-lype collision as
shown by Figure 5. Wc conclude from the numerical results that the test
electron can be accelerated to ~5MeV within I000ojce-l -1(T6S if

V=IO 8 CmTs and Jt=IO9Cm.

4. SUMMARY
In this paper, we have presented a model of prompt high-energy particle
acceleration during two current loops collision. By investigating motions of
a test proton and a test electron in the electromagnetic field derived from the
MHD equation, we have found that particle acceleration occurs only in the
case of Y-type loop-loop collision. It has been shown lhat both proton and
electron can be prompily accelerated to -10GtV within 0.001s and -SMeV
within IQ-Ci, respectively. When Ihe high-energy accelerated protons
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Figure 5. Time history of the electron's Lorcntz factor in the case
of Y-type collision with the initial conditions as r(0)=1.0,
ip(0)=0.0, Z(O)=LO. Pr=PqpPz=lfr*,B=0.01

interact with low atmospheric plasma, free neutrons are produced. They
escape from the Sun and those reaching the Earth before decaying can be
detected by suitable detectors (Réf. 6). From numerical results, it is shown
that particle acceleration are in strong dependence on plasma f> and initial
position of the test particle. When plasma B increases, particle acceleration
raté decreases. This is because mat low plasma B leads to a strong pinch and
enhancement of all physical quantities including the electromagnetic field
components, which are important for high-energy particle acceleration. The
particles near the edge of the cylinder can be accelerated Io more higher
energy than the ones inside the cylinder due to stronger electric field near the
the edge of the cylinder. In the cases of X- and I-type collision, the proton
and electron can not be accelerated, because electromagnetic field
components are not strong enough to cause particle acceleration.

14. Van Beck H. F., De Feiterl.D. and de Jager.C. : 1974 in D.E. page
"Correlated Interplanetary and Magnetosnheric Observations'* Reidel,
Dorchecnl.P.533.
15. YoahimoriM: 1989. Space Sci. Rev. 51.85.
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FORMATION OF FAST MAGNETOSONIC SHOCK WAVES DURING TWO CURRENT LOOPS COLLISION IN SOLAR FLARE
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ABSTRACT

We present a numerical simulation of the fast magnetospnic shock wave

formation during two current loops collision by using

magnetohydrodynamical model. It is shown that the rarefaction waves

are generated in the initial stage when the two current loops start to

collide. After the rarefaction waves propagate away from the exciting

region, the fast magnetosonic waves with density enhancement can be

produced for the case where the current strength of the loop is weak.

While, when the current becomes strong enough, the magnetosonic

shock waves can be generated in the direction perpendicular to that of two

loops collision.

!.INTRODUCTION

One of important unsolved problems of solar flare physics is to study the

mechanisms how the high-energy panicles can be accelerated during

flares. Recently de Jager (Réf. 1) and Sakai and de Jager (Réf. 2)

proposed the idea that the high-energy panicles can be accelerated in the

three phases which may correspond Io different acceleration mechanisms.

In the first phase, during rapid coalescence L " two current loops both

protons and electrons can be accelerated to -10 GeV and -IOQ MeV

within less than Is, respectively (Réf. 3). In the secor... phase, the fast

magnetosonic shock waves which may be produced in the first phase can

rapidly accelerate both electrons and protons to relalivislic energies by

the strong coherent electric field in the shock front (Réf. 4 and 5). This

second phase follows the first after a brief period, which delay may be

related to the time needed for the formation of the fast magnetosonic

shocks. In the third phase, high-energy solar cosmic rays are produced

gradually due to statistical acceleration (Réf. 6) near the shock front

which interacts with turbulent waves.

The formation mechanism of the fast magnetosonic shock

waves in the first phase is not studied in details yet We show the results

of the shock formation during two current loops collision which were

obtained by numerical simulation of magnetohydrodynamical (MHD)

model. The fast magnelosonic shock waves can be generated toward the

direction perpendicular to the line along which the two loops collide,

when the current of the loops is strong enough. The shock formation

time is almost the same as the period in which fast magnelosonic waves

propagate from one current loop Io the another one.

2. NUMERICALSlMULATlONMODEL

The code which we use is a three dimensional, lime dependent, no-

linear, compressible, resistive MHD simulation code in cylindrical

geometry ( see for details Réf. T), In this paper, the parallel current

loops collision is treated as two dimensional problem, by the

assumption that all physical quantities are uniform along the direction of
initial current loops. Wc employ the cylindrical coonlinali (r, <j ,z). The

normalized equations solved here are,

^-,xB-nJ, (1)

P "^7" ~ P+J* + s
 T, (2)

J - V x B i

D 1
— - +T-VDt at

(4)

(5)

where B is the magnetic field measured in units of a characteristic filed
B0 - B1 (r - O], the length is measured in units of minor radius of the

cylinder a, p is the mass density measured in units of a characteristic

density PO - plr - o). v is the velocity normalized by Alfven velocity

V A - A ) / Jp0", i is the time measured in units of Alfven transit time
TA -«' "A .pis the plasma pressure measured in units of PO -plr- O), A

is the vector potential measured in units of "S0 and J is the current

measured in units of 4 ' ». The non-dimensional coefficient of viscosity

v is fixed at 2.5. T) is a non-dimensional resistivity which is constant

in lime. The profile of the resistivity is,

1-Ji1+U^-1K (6)

where S is the magnetic Reynolds number. The resistivity at the wall

1. is 10.
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The solution of equations (D-(S) are subject to ideal conducting wall

boundary conditions at r - I. We assume that total axial flux and total

toroidal current arc constant in time. Therefore the boundary conditions

for the magnetic field at the wall are as follows;

A,-», (7)

------ cons» (9)

where <!> is the total flux of the magnetic field and /, is the non-

dimensional total current across the poloidal surface.

~ The boundary conditions for the velocity and pressure arc ;

- . v, -D, p. O . (10)

For V8 and V1 we use the free slip boundary conditions. The above

boundary condition does not influence the results obtained here because

we simulate the shock formation processes during the two current loops

collision before the shock waves reaches the boundary.

We set the initial condition for two current loops collision to be

as follows. The toroidal initial magnetic field B, is uniform and equal to

1.0

y o.o

-1.0

-1.0 0.0

X

1.0

1.0

y o.o

-1.0

;:,' «ï:fS»îîJi
S ! *;:::::îiî}i

-i.o o.o
X

1.0

i.O. The toroidal initial current density /, is given by the following

expressions,

*-*M-£* Irn, s r = !•„, J

Other components of current density are zero when parallel current loops

are considered. Wc used that '« and 'out are equal Io 0.2 , 03

respectively and Ao is 5.0 or 15.0. Initial vector potential is calculated

by method of images from the current given by equation (i i). The

contour map of (he current along the z direction and the magnetic field

perpendicular to z are shown by Figure 1. The initial plasma density is

uniform to be 1 and the initial velocity is zero. The initial plasma

pressure is given by,

where p is 0.01. The above part in Figure 2 shows a contour map of the

plasma pressure across the loops where the pressure is Mi-symmetric.

The lower part shows a profile of (he pressure in the plane y=0. Tbe

pressure near tte two current loops is almost ct'julant.

1.0

y o.o

-1.0

-1.0 o.o
X

1.0

3
CQ
03

cd

S
cd
"B,

Q-OOa

0.0

-LO 0.0
X

1.0

Fig.l. Initial current density of two loops along z direction and

magnetic field across z direction. Magnetic field along 2 direction is

uniform.

Rg. 2. Contour map and profile of initii

almost flat near Ihe two initial current loops.

itial plasma pressure . Pressure is
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3. RESULTS OF NUMERICAL SIMULATION

Our purpose is Io simulate the shock formation during iwo current loops

collision. Magnetic Reynolds number and total parallel current density

are important parameters to control the shock wave formation due to

current loops collision. When the magnetic Reynolds number is low

(s -Jxio3 ), the current loops coalesce into the one current loop

monotonously without shock formation. If the current is not strong

cnoi'gh (Ao =5.0). during the collision of two current loops

magnelosonic waves with a finite amplitude can be generated. We

calculate the case in which magnetic Reynolds numb:', is S -3*18* and

current density is so high (Ao=IS-O) that the external mastic field and

the magnetic field induced by the current are comparable. In the Figure

3. the contour maps of plasma density at i - o.4rA, i - o.5tA, i - o.6rA,

i - o.7rA are shown. Real lines mean the value which is equal or more

than unit and broken lines mean the value less than unit These current

loops attract each other because of non-MHD equilibrium for initial

conditions. The shift toward the x=0, y=0 causes the high density region

between the loops. The density is so high that i; saturates in this scale of

contour map. We found the rarefaction region at upper and lower sides of

the high dense region from early stage. These rarefaction waves

propagate toward opposite direction of the shift of the current loops

where the group velocity is 0.9Si 0.03VA. Affr the generation of the

rarefaction wave, fast magnetosonic waves are produced and propagate

from '- O.STA toward four sides. This time is corresponding to the time

duration in which majnetosonic wave travels between the initial current

loop position and the center of interacting region. The propagation

velocity of the waves toward the y direction ", are equal to

1.06*0.05"» which exceeds last magnetosonic wave speed v f-

JcJ+«A . VA Ji+jf - 1005 and become shocks where '., "A andp are

sound speed, Alfven velocity and ratio of sound speed and AIfi en

velocity respectively . When Ja is S. the similar structure is observed

without shock waves. The shock wave catches up with the rarefaction

wave. As shown in Figure 4, the ratio of the peak density and the

density before the rarefaction wave is 1.059± 0.002 and it satisfies the

Ranldne-Hugoniot condition that the density ratio equals to the ratio of

propagation speed of the wave and fast magnetosonic wave speed

W'r=1.055*0.05. There are also fast magnetosonic waves toward

upper and lower sides with group velocity of 0.88± 0.08VA. In this

direction, fast magnelosonic wave and rarefaction wave are clearly

separated as shown in the Figure 4 (c). The time evolutions of the

kinetic and magnetic energies are shown in Figure 5. In the first

slage.lhe magnetic energy is transformed into the kinetic and thermal

energies . The first plateau of kinetic energy at t - 0.2iA corresponds to

the collision lime of the two current loops. The kinetic energy of these

waves is radiated outward.

4. DISCUSSION

We considered the collision of two current loops. Tohkoh' satellite

suggests that the loop-loop interactions are often associated with solar

flares (Ref.8). It is found that the fast magnetosonic shock waves are

y 0.0

-1.0

1.0

y 0.0

1.0

-1.0
-1.0 0.0

X

1.0

l.D

y 0.0

-1.0

-1.0 0.0
X

1.0

y 0.0

r = O.OTA

0.7TA

1.0

Fig3. The contour maps of plasma density across the current loops at

i- o.4rA, i- o.5rA, r- 0.6T4, i- o.7rA respectively. Real lines mean the

value which are equal or more than 1.0 and broken lines mean the value

less than 1.0.
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produced toward the direction perpendicular to 'he collision line or two

current loops. The shock waves can be generated by the jet flows from

the interacting region between two current loops. Therefore the shock

wave is produced toward the direction only perpendicular to the collision

line of the two current loops. We found that rarefaction waves are caused

by the two current loops collision which is not observed yeL In the

collision region between the two current loops, the density and magnetic

field show very inhomogeneous structures, which can lead to increase the

magnetic reconnection. The shock waves are excited toward two sides of

(a)

i.o

y o.o

-i.o
-i.o

(b)

0.0

X

1.0

g
TJ
Cj

shock wave

faction wave rarefaction wave

-1.0 0.0
X

1.0

(C)

„ ^.^=

g -«
•O ,..O=

1 * —m <».»!
CO nicf*ctioo wave rucfaction wave

-1.0 0.0

y
1.0

Fig. 4. Plasma density of numerical results at r- 0.7 T, is shown in

more details. The figure (a) is contour map of density across the current

loops. Real lines mean the value which are equal or more than 1.0 and

broken lines mean the value less than t.O. The figure (b) shows the

value of density at y=0.0. The figure (c) is graph of density at x=0.0.

the colliding two loops with the same current when external magnetic

field and the magnetic field induced by the current of the loops are

comparable. But in the case of different currents, it is not clear which

direction the shock waves are produced. This is one of the next

problems. The 'Yohkoh' satellite suggests that there are many oblique

interaction of the current loops. We plan to calculate the case of the

oblique collision of two current loops which needs three dimensional

simulations.
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ABSTRACT

A model of two current loops collision is presented to explain the impulsive
nature of solar flares. From MHD equations considering the gravity and
resistivity effects we find self-consistent expressions and a set of equations
governing a behavior of all physical quantities just after a magnetic
reconnection has taken place. Numerical simulations have revealed that the
most important parameters of the problem are the plasma beta and a ratio of
initial values of pressure gradient in longitudinal and radial directions. Thus,
low placma beta case during a Y-type interaction shows a rapid pinch and
simultaneous enhancement of all physical quantities. However, increase of
plasma beta causes a weakening of pinch effect and decrease of extreme values
of all physical quantities. On the contrary, for an X-type collision, which is
able to provide a jet, the increase of the plasma beta causes high velocity JeL
As for a I-type collision it shows neither jet production nor very strong
enhancement of physical quantities. Wc also consider direct and oblique
collisions taking into account both cases of partial and complete
recomtecuon.

Keywords: Magnetic field reconnection, loop-loop collision.

!.INTRODUCTION

On the Sun the magnetic field is mostly concentrated in the magnetic flux
tube structures which are the main channel for transformation of energy
generated at the photosphere level below into the corona. One of the
manifestations of such magnetic structure is coronal loops. They are located
in the active regions and their footprints are anchored around the sunspots
with the opposite polarities of magnetic field. Longitudinal currents are
excited in the magnetic loops due to complicated motion of the sunspots.
Thus usually they have helical magnetic field structure. During the last
decade interacting coronal loops in relation to flare studies (Machado., 1982)
have been investigated and it has been shown that most, if not all, X-ray
flares have their origin in two or more loop structures that intersect at a
common point. Sakai and de Jager, (1989a,b; 1991) nave developed a theory
where they suggested ihal plasma knob associated with X-ray spikes can be
originated by X-type (3-D) flux tube coalescence. Sakai (1990) showed that
during tile implosion driven by 3D X-type current loop coalescence, both
protons and electrons can be prompdy (within less than Is) accelerated Io _
100 Gev and _ 100 Mev, respectively. Using Yohkoh's data Shimizu et al.
(1992) have found that from 144 transient brightening events, single loop
events are 61, multiple loop 69, and point-like events are 14. Furthermore, in
the multiple loop events they found that X-type configuration (geometry is
shown in Figure 1) is about 30%, Y-type is 57% and others are 13%. Hence,
it is of great interest Io investigate physical processes developing during these
interactions (for previous works see Sakai and Ohsawa, 1987; Sakai, 1989;
Sakai, 1990). The final result of such interaction depends on the magnetic
field geometry and mutual position of the interacting current loops. Sakai and
Koide (1992) have classified magnetic reconnection during two current loop
coalescence. They pointed out all possible mutual position and current
directions of loops for partial or complete reconnection Io be held. It seems
possible that under the necessary conditions the X-, Y- and I-type, loop-loop
configuration can provide both complete or partial reconnection.

2. BASIC EQUATIONS

Now we present a schematic picture (Fig.2) of loop-loop interaction which
may describe the magnetic field configuration during the X- Y- and I-type
interactions, if magnetic reconnection takes place. The reconnection region is
considered as a cylinder with the axis coinciding with die RP (point where the
reconnection happened) and directed along die line of symmetry of colliding
loops. We use cylindrical coordinates (r ,̂z). Axis Z is directed along the line
of symmetry of colliding loops and the origin of a reference frame coincides
with die RP.

Using die MHD equations and considering the gravity and resistivity effects
we assume an azimuthal symmetry and so no variable depends on <p
coordinate. Let us start by presenting of the physical quantities near the
reconnection point as follows:
for the velocity components

V'(t)-Sr v,(t)-v.Cûf V<(t)-v«(l) + b7ïïz ,„.,

for the magnetic field components

B,(t)-b,(t)f B9(O f B1(O-B10(I)
• , (2.2),

It must be mentioned that B2Q(I=O)=O corresponds Io the complete
reconnection. However, when B2O(I=O) is not zero, then one has a case of
partial reconnection, in which whole poloidal component and a part of
longitudinal component of magnetic field reconnect only

For the plasma pressure

ZA. , (23)

where H is the scale-height, X. is a characteristic scale length of the
interaction region. (2.6) and (2.7) are the lowest order terms in expansion of
the values close Io the RP. For the gravity acceleration we lake g=go(l-
2r/Ro) where RQ is the radius of the Sun and go=GM/R().

Substituting expressions (2.1-2.3) to the MHD equation, finally we
obtain the basic equations describing the time evolution of all physical!
quantities:

2B1 _ a
V «^^^— — 2,—V
• a'b a •

(2.4)
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V10-HpVbP11-G1-V10-

PH--PH ZY-
a

* ' T PS aV

*} * V-
bj~ha lYb" . (23)

and the following expressions

I

Y-lypc
iV-i-'i

T0-a'bP0

'a'b

(2.6)

where density is normalized on po which is a constant and we fix it with
value of density when I=O. D1O and O7Q are conslanls which are also fixed at
I=O, pressures PZ. P1. PO and PH arc nonnalized by the poo and is value of the
PO when I=O. the electric field is normalized by IM)V Aq/c. The time is
normalized by TA=WvAc. with VA^ttyO'i^po)1'2- P=Cs2/vAc2 is the
plasma beta ratio and C5=(MXyPO)1'2 is the sound speed. h=WH and S=IB'TA

is the magnetic Reynolds number andTB=4noK2/c2 is the magnetic diffusion

So the Equations (2.1-2.6) are the full set of expressions governing a
behavior of plasma in the collision region. It must be mentioned that
Equations (2.4) form a complete system which is independent from other
equations bat governs their solutions. Thus (be lotation of the full system of
equations (2.4-2.5) and consequently the time development of all physical
quantities are in «rang dependence on the parameters and initiai values of
variables which appear in the system (2.4). The most important parameter
which appear» in the equation (2.4) is a value of the plasma beta Q (see also

Fig. 2

Sakai 1990) delcnnining a competition between the radial pressure gradient,
magnetic Lorenlz foue which is responsible for the pinch effect and
centrifugal force. A similar to the p role can play the parameter B] which
shows how strong the electric current is and determines an ability of magnetic
Lorentz force to overcome the centrifugal force. And also, an initial value of
poloidal component of velocity may play an important role in the
competition between the forces mentioned above. One more important
parameter of system (2.16-2.18) is a ratio between initial values of pressure
gradients in Z and R directions caused by the third term of the right hand side
of pressure «pression (ZJ). Actually it shows how strongly plasma can be
compressed by pinching without escaping in the Z direction and the reverse
effect is an excitation of plasma jet in the Z direction through the escaping of
plasma. As for the geometry, it shows what is the ratio between the contact
length of two colliding loops and their diameters or in other words the ratio
between the characteristic scale-length in radial (Lf=l(l/p)(3p/3r)l"') and

longitudinal (Lz=I(IIp)Wz)I'1) directions. The case with l^Lf>\ means a
point like collision and, as we believe, it relates with X-type loop-loop
interaction as shown in Figure 1. However L^z=1 and 1̂ 1̂ «! are related
with the Y- and I-type collisions, respectively; Figure 1 also shows their
relevant geometries.

3. RESULTS OF NUMERICAL SIMULATIONS

Here we present some results of numerical simulations of Equations (2.8-
234). We choose initial conditions according Io the conditions in solar
corona. So that for me v=5/3 if we chooseTA=10sec. and X=lo8cm. then we
get Gi=IO-4, Qz=O-Ol, S=IO9. Keeping in mined that me problem is rather
sensitive to the values of plasma beta and initial pressure anisotropy, we try
to dear up influences of other initial conditions too.

256



243

component (Vza) of plasma velocity. This corresponds to strong jet
production which takes place within 0.2 Alfven transient time. Higher beta
case corresponds to the higher resulting value of jet velocity.

0.0 0.5 1.0 1.5 2.0

Hg. 3

Figure 3 shows the time history or some physical quantities for three initial
values of plasma beta, when Y-type collision takes place (IVL1=I). One can
see (hat low beta p-0.01 case shows a rapid pinch with initial strong inflow,
then abrupt outflow of plasma. Simultaneously a strong enhancement of
amplitudes of magnetic and electric field components takes place. Likewise
Ihe temperature and density show a rapid and strong growth. An increase of
beta causes a weakening of pinch effect and decrease of extrême values of
most physical quantities. However, the maximum value of the amplitude of
longitudinal component of fluid velocity increases and becomes significant
for the p-1 case.
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Figure 4 shows that there is no strong pinch pattern when Ll'

Lz>>1 ("hich
corresponds to X-type collision), but strong enhancement of longitudinal
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The I-type collision (LT/L2<<1) case, as it is seen from figure 5. reveals
neither rapid pinch nor jet production and icr strong enhancement of electric
field. The only interesting thing which characterizes this case is that, as
shown in the Figure 6 of the long time simulations, it has well expressed
pulsating character with damping amplitude and growing quasi-period with
initial value of about 3TCf1. It has to be mentioned on the spot that die case

Fig. 7

<)ul!latinS ""I- "»' *
for the case when yî »!. one has no pulsations.

257



244

Figure 8 shows a comparison between lime profiles (when L1(L1=I) for
different initial values of BI which is responsible for the initial current
strength. So it is clear from these figures that decrease of BI causes a
weakening or pinch effect and decrease of all relevant resulting values of
physical quantities. Simulations show that for the case ofL/L^»!. Bj has
no influence on a jet production.

20

ItI

(I

-10

-30

K)XlO

-1 1_

FiE- »

Figure 9 shows a comparison between time profiles (when L1JLz=I) for Ihe
cases with and without initial poloidal velocities V^jn 'V(pjn

=0 case

corresponds to direct collision of loops and V . =0 J to an oblique collision

wilh some angle. As it was revealed by simulations, the direct collision
provides more rapid pinch and respectively strong enhancement of all physical
quantities. However, V . has no influence on jet production.
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Fig. 10

On the Figure 10 an influence of initial condition of B20 (when L1ILg=I) is
exposed. BaJin=O case corresponds Io Ihe complete reconnection when both
poloidal and longitudinal components of magnetic field reconnect, while the
case when Bzojn=10 means that only poloidal component reconnects
completely and as for the longitudinal component it still remains after
reconnection. Il respects to the case when colliding loops have opposite
directed but not equal Io each other longitudinal components of magnetic field
and through the reconnection one of Ihe loop with more strong longitudinal
magnetic field absorbs anolher. The simulations showed that increase of
Bzoin doesn't change the time histories of most physical quantities, but only
causes a rather strong enhancement of homogeneous component of magnetic
field B20. the amplitudes of electric field En- and E^,r which might be
important for particle acceleration up to relativistic energies even for the case
Lt/Lg»! which was capable only for Ihe jet production when B20Jn=O.

The simulation revealed that the parameter h which is responsible for the
gravity effect have a very insignificant influence on Ihe behavior of a few
quantities only. Also the problem is not very sensitive to the changes of
initial values of radial or longitudinal velocities.

4. SUMMARY

Finally we would like to mention that we used three marginal initial
conditions for the ratio of pressure gradients in the longitudinal and radial
directions which have revealed rather different behavior of three types of
colliding loops. However, intermediate cases may actually take place and they
are able to provide more or less mixed characteristics. For full understanding
of the current loops collision mechanisms, we started to investigate the
physical processes, using 3D MHD as well as particle simulation codes.
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ABSTRACT

Using a 2-1/2 dimensional electrostatic particle sim-
ulation code, we have investigated plasma structure
in a plasma flow along a magnetic mirror field. A
high speed plasma flow is injected along converging
magnetic field lines. The plasma potential and den-
sity increase in the region of the converging magnetic
field lines. The potential difference is greater than
Ts/e, where TS and e are the injected electron tem-
perature and the electronic charge, respectively. The
potential difference increases as the mirror ratio or
the plasma flow speed increases, being accompanied
by a gradual saturation. Twin potential peaks are
generated at the edges of plasma flow in the region of
the converging magnetic field lines. The peak poten-
tials also increase as the mirror ratio or the plasma
flow speed increases. Their positions move to the
strong magnetic field region with an increase in the
plasma flow speed.

Keywords: aurora, potential formation, particle ac-
celeration.

1. INTRODUCTION

The formation of electric field along magnetic field
lines is a challenging problem in space plasmas. In
particular, the auroral electrons are belived to be
accelerated by parallel electric field.(Ref. 1) Double
layers have been paid much attention in this connec-
tion. On the other hand, it has been proposed by
AlfVén and Falthammar(Ref. 2) that a field aligned
potential difference is also generated by the different
pitch-angle antsotropies of electrons and ions along
an inhomogeneous magnetic field.

A recant computer simulation(Ref. 3) has shown
that the magnetic field reconnection occured at the
plasmasheet produces a high-speed plasma flow along
the magnetic field Unes. Subsequently, it is shown
that a high speed plasma flow injected into a con-
verging magnetic field produces a large scale po-
tential difference which can accelerate auroral elec-
trons. (Refs. 4, 5) Since the ion average pitch angle is

much smaller than that of electrons in the high-speed
plasma flow, the ions can penetrate into the strong
magnetic field region, generating a charge separation.
In order to cancel this charge separation, the poten-
tial difference accelerating electrons into the strong
magnetic field region is produced. A one-dimensional
particle simulation(Ref. 6) and a laboratory experi-
ment(Refs. 7, 8) demonstrate a potential formation
in such a situation. The importance of the end-
plate effect on the potential structure and quanti-
tative disagreement with previous theoretical works
are pointed out in Réf. 7. In order to investigate the
plasma structure in a plasma flow along a magnetic
mirror field we perform 2-1/2 dimensional particle
simulation using the configuration similar to that of
the laboratory experiment.(Refs. 7, 8)

2. SIMULATION MODEL

We use 2-1/2 dimensional electrostatic particle sim-
ulation code with full ion and electron dynamics.
Spatial variation is allowed only in the x- and y-
directions, although the particles have three veloc-
ity components (vx,vy,v,). The simulation model
with magnetic field lines are schematically shown in
Fig. 1. External magnetic field is in the x-y plane
and its i-component is given by

, y) = Bo[l + — tanh•

(1)
where BO. Rm, and x\ are the magnetic field strength
in front of the emitter, mirror ratio, and scale length
of the magnetic field variation, respectively. By(x, y)
is calculated from the equation V - B = O. A plasma
emitter is placed at x = Lx and 0.2LB < y < 0.8L1,.
Electron distribution function injected into the sim-
ulation region is

fes(vx,vy,v.) = ns

,3/2

xexp-
2TS

< O, (2)

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in Toki, Japan
17-20 November 1992 (ESA SP-351. February 1993).

260



246

collector

plasma emitter

Figure 1: Sketch of the simulation model and mag-
netic field lines.

and ion distribution function is

Here, ns, Tg, me, TO,-, e, and fa are plasma source
density, plasma source temperature in energy unit,
electron mass, ion mass, electronic charge, and ion
accelaration voltage, respectively. A floating col-
lector is placed at x = O. Thus, the particle im-
pinging to the collector is removed from the sys-
tem and its charge is remained there. All other
boundaries are particle absorbing and grounded. The
physical units refer to the source electrons. For in-
stance, length, time, and potential are normalized by
ADS = (TS/47TH!)1/*, u-£ = (m,e/47rn.se

2)1/2, and
Ts/e, respectively.

The simulation parameters are following. System
size and spatial grid number are fixed to 256 x 256.
The ion to electron mass ratio is rrii/me = 100, mir-
ror ratio is changed from RM = 1 to 7, and the scale
length of field variation is XI = 20. The ion accel-
eration voltage is changed from 4>t = O to 35. The
electron cyclotron frequency in front of the plasma
emitter is wce = 1.

3. SIMULATION RESULTS

At first, we present the results of the typical run with
the mirror ratio RM = 3 and the ion acceleration
voltage (f>k = 10. Initially the system is empty and
continuous particle injection is started at t = O. As
particles fill the system, a plasma structure grows
gradually. The plasma structure becomes stationary

t ~ 500. Figure 2 shows the potential profile(a), elec-
tron density profile(b), ion density profile(c) along
the center of the system y = Ly/2, and the contour
plot of the potential(d) at t = 1000. In our cases,
the electron injection flux is much larger than the
ion injection flux. Thus, an electron sheath is gen-
erated in front of the plasma emitter to keep quasi-
neutrality and currentless condition. The ions are
accelerated by the sheath potential and the ion flow
energy per particle is given by fa = <f>k+<l>s(in- energy
unit), where <t>, is electron sheath potential. Then
the ion flow speed becomes va = cs(2<6i)1/2 ~ 0.5.
It is clearly observed that a large potential structure
is generated in the converging magnetic field region.
The potential difference is about <j>c ~ 3. The elec-
tron and ion density also increase in this region, as
the magnetic field is converging. In the contour plot
of the potential structure, we can interestingly ob-
serve twin potential peaks at x = 64, y = 32 and
96. These may be generated by ions which guiding
center are deflected from the magnetic field lines be-
cause the scale length of the curve of the magnetic
field line (xi ~ 20) is much smaller than the pitch of
ions ( an ion moves about 300 in the ion cyclotron
period.).

In Fig. 3, we show the v^—v± velocity distributions
of ions(a) and electrons(b) in the region 97.6 < x <
113.6. Dashed lines indicate the boundaries between
the mirror confinement region and the loss region in
the absence of electric field. Although all ions moving
into the negative i-direction are in the loss region,
some ions moving into the positive ^-direction are
observed because they are reflected by the positive
potential. The potential in the region of converging
magnetic field accelerates electrons in the negative
z-direction. This extends the loss region in velocity
distribution. However, some electrons are reflected
by the collector sheath potential, thus the effect of
the positive potential structure is almost cancelled
out. As a result, we can not clearly find the effect of
the positive potential structure in the electron v\\-v_i
distribution.

Figure 4 shows the potential difference t/>c in the
converging magnetic field region as a function of the
mirror ratio(a) and ion acceleration potential </>i,(b).
The potential difference <j>c increases from RM = 1 to
3. However, the increase saturates for RM > 5 and it
starts to decrease. The potential difference increases
as ion acceleration potential. Saturation of increase
in potential difference are observed for <f>i, > 20.

Figure 5 shows the peak potential versus mirror
ratio. The peak potential also increases as the mir-
ror ratio increases, being accompanied by a grad-
ual saturation. Figure 6 shows the distance between
the potential peak and the collector as a function of
<t>b- This indicates that the position of the poten-
tial peak moves to the downstream region as the ion
flow speed increases. The dependences of the poten-
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a) Potential . Electron
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128.0
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Figure 2: Potential profile <f>(x,y = 64)(a), electron
density profile ne(x,y = 64)(b), ion density profile
ntfay = 64)(c), and contour plot of the potential
<t>(x,y)(a) at t = 1000 for the case with RM = 3 and
<t>k = 10.

Figure 3: i/||-»j. distributions of electrons(a) and
ions(b) in the region 97.6 < x < 113.6.

tial difference on niirror ratio and ion flow speed is
almost consistent with that of the laboratory experi-
ment.(Ref. 7) However, the decrease in the potential
difference for large mirror ratio is not obeserved in
the experiment. The scale length of the variation in
magnetic field is too small for the large mirror ratio
cases in our simulation. This maybe cause this de-
crease. The twin potential peaks are also observed
in the laboratory °xperiments.(Ref. 8)

4. SLMMARY

We have performed 2-1/2 dimensional particle sim-
ulation in order to investigate the plasma structure
in a plasma flow along a magnetic mirror field. We
have confirmed the formation of the large potential
difference in the converging magnetic field region as
shown in previous simulation and laboratory experi-
ment. The potential difference increases with an in-
crease in the mirror ratio or the ion flow speed, being
accompanied by the saturation. We have shown that
the twin potential peaks are generated at the edge
of plasma flow in the region of the converging mag-
netic field lines. The position of the peak moves to
the downstream region with an increase in the flow
speed.
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ABfTRACT

In this paper we discuss the effect of differential rotation on
dynamo driven weak plasma turbulence. Under the

assumption that the rotational angular speeds of the
celestial bodies vary with the altitude, we obtain the

solutions modified by differential rotations of celestial
bodies, which is applicable to the aim and aolar-like stars.

Keywords i dynamo theory, differential rotation, turbulent
plasma wave.

!.INTRODUCTION

Almost all of the celestial bodies are composed of plasma
and have the magnetic fields. From our investigation we
discover that there are close relation and coupling between
plasma turbulence waves and rotations of celestial bodies,
which is the cause of generating and m»int«minfl the

magnetic field. Using our p-«i dynamo theory we have ever

researched the effect of uniform rotation of celestial bodies
(Tong &. Chian 1992) and found that the rotational effect is
very important, because it is the requisite condition to
produce the toroidal fields in the stars- But the rotations of

most celestial bodies are non—uniform which will lead to

more complex situation. Because of the difficulty on
mathematics, in this paper we only consider the aimpleat
case that the rotational angular speed will vary with the

altitude (»). Via solving the p-oi dynamo equations we

obtain the solutions of poloidal and toroidal fields that

contain the solutions of the uniform rotation situation and

the terms of modificstion caused by differential rotations of
the stars.

I. DYNAMO EQUATIONS AND ITS SOLUTIONS

The magnetic induced equation t

jj -IjV1B1*=*- V,—

(1)
We have already derived out a dynamo equation (Tong et

al. 1985)

- (V0 • V)B, + p JTt

(2)
2 3

where p— —— •=-(X. |U1-1 ) is the variability of the

quantity relating to the density of wave energy in
!-direction, /> = £,/«» = l/V«is the reciprocal of wave
speed in -̂direction.
Using the separation of variables

B0(r,<) .

the Eq. (2) becomes

O (3)

Assuming the celestial bodies are «asymmetric and
adopting the cylindrical polar coordinate, we get three
component of dynamo equations

(V-f

(4)

(V - R-')Bf(R,x) - --J-JRj1(K1I)

,x) - jB.(.R,t) + p ,Q^$) - O

(6)
From observations of the sun we know that the solar

Proceedings of (he Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in JoM Japan
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rotational angular speed decreases with the increasing of

altitude on the sun- For solar-like stars the condition may

be tenable. So we assume the rotation angular speed of the

star may be taken as the form of power series

w(R,x) = <o(z) = W0 + W1(^-) + <"«(^) + ......

(7)

According to the various regulation of the stellar rotation

velocity at different altitude, we can adopt terms of

different order in power series terms of (?)•

1. Assume the variation of the rotation angular speed of a

star with its altitude is small and linear» then Eq. (7) is

taken as a simplest form

«(z) •=«, + «, -̂ (8)

a) For the case of fluR,, <£li adopting the approximation

Eqs. (4), (5) and (6) become

(9)

(10)

VB1(R,*) + F1B1(R,*) = O (11)

where P-(P-XtIy, OD=MI,/^ O,=»,/?, R, a the

radius of a star. Using the same method given by Tong and

Chian (1992) , we can get the solutions of Eq. (4) , (5) and

(6)

B9(R.*) --

toroidal component to maintain the magnetic field.

- O1 J-Bg(R,*) •= O

,x) + F1BJR,*) -

- O1 -z-B.lR,*) = O

BJR.z)

(IZ)

- z"cosmz)

CfO. / » t.»
• (- ^«""tt + «*«nil« - 2 -

(13)

S.(R,z)

(14)

where the J1Oc) and N1Ix) axe represented by Bessel

function of iir?t and of aecond kind with imaginary

argament respectively, and «' =f*— *t,t?t=I*—n%, »;=

!--mj.

In this case then is an amplifying poloidal component and

[̂ —2; (—sinmz — z'cosmz)

, O8Oi f z . . . BK' \+-—r^-1 — cosmz + z nmmi r-cosmz I
dm /c. * OT L '

R)+D..

-- nr —
4ni K0 ^1 OT

(15)

and

UT(T,t) =e"ttBJR,*) ••

X f—2J(- -̂ Vainm* - z'cosmz + —sinmz)
*-Bm\ 3 m l

1--T-Z1SUUBZ + -= COSfBZ )
Z A Bl /

(16)

b) For the case of faiR,<.l, adopting the approximation

l/<.l~paR)*!l+pwR, and then substituting them into

Eqs. (4), (5) and (6), neglecting the second-order small

quantity pd,, we obtain

(17)

VB.CR,*
(18)

(19)

where a=pf.

Due to our assumption that fUi^R is a small quantity, !:':«

influence of the third-terms in Eq. (17) and (18) may be

neglected when we aolve thrir special solutions.

Approximately those solutions of Eq. (17). (18) and (19)

can be obtained finally

f- ^-z-ainmz - z'coswz
*

+f zVosmz + f Ain«z + f f cosmz ) ]

(20)

BJR,*) - 2 (A.Ut(nR) + D.Nt(nR) + yl }cosmz
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X (— cosmz -f- z*a\nmz -- r-cosmz) J (21)v OT ù ' *

B.CR.z) = 2 MCJ0

+D-1N0Cn1R)D + 31, }cosm,z C22)

where the small modified terms y, yl and y2 CTong et «1.

1985) are

31 =ynIaO0(jICnR)jRI J1CnR)N1CnRWR

-N1CnR)JR1JlCnRWR] CZ3)

C24)

-N0Cn1R)JR1J0O11RWR] C25)

Therefore we get the amplifying poloidal acd toroidal field

to maintain the magnetic field of the celestial bodies

B,Cr,O =e*C«AC«.*> + eACR,*» C26)

B1-Cr,*) -*V.CR,z) C27)

where the expressions of .BxCR.*). fi.CRiz) and B«CR,z)

are expressed in Eqs. (20), C21) and (22) respectively.

Ï. For the sun and solar-Iikeatars , if we suppose that the

variation of the rotation angular apeed with the altitude on

the etar is proportional to z'/Rj- From Eq. (7) we have

<uCR,z) = «I,+ «, () C28)

a) In the case of /hi>Rg<O» adopting the approximation

l, the Eq. C4), CS) and C6) become

(V* - R-')B,CR,z) + Z*B,CR,z) - O0Bj1CR1Z)

-O1(^)1BxCR1Z) = O C29)

(V - R-'XB.CR.z) + J-B11CR1Z) + OACR.Z)

) B.CR.Z) - o caw
) - O C31)

where O1

Similarly we can obtain thr solutions of Eqs. (29), (30) and

C31), which give the amplifying poloidal and toroidal field

B,0r ,t) -«*ej, { 2 CA-CJ1CnR) + D.N,CnR))cosmz]

sinmz - z^cosmz)

+**e. { S CA1CJoCn1R) + D^N0

B. Cr ,O =**«. JAJiCn1R) (O0(^sinfnz)

C32)

C33)

b) In the case of the /tnR,<l, adopting the approximation

1/C1—/JaiRsBl+/9aiR), Eqs. C4), CS) and C6) become

CP1 — R-^)BjCR1Z) + I*B,CR,z) + a00RB,(R,z)

= (o0+ Oj ̂ f )BXCR,Z)
C34)

CF1 - R-')BxCR,z) + I-BxCR1Z) + aO0RBxCR,z)

=- (flj + fl.ifW.CR.z)
V K0 /

C35)

r'B.(R,z) + I*B.CR.«) + afl.RB.CR.z) = O C36)

Therefore the amplifying poloidal and toroidal field is

B,Cr,t) =«*«x{ StACJ1CnR) +D-N1CnR))

— JF1O0 (^-ai

X [ — ̂  (— sinmz — z'cosmz)
^ W t M

+•j-mz'sinmz + — z*cosmz + -j-zsinrnz j ] J

+«*«. { 2 CA1CJoCn1R) + D-1N0Ca1R))
•i

C37)

—•i-sinniz)]+ JF1COSiB1 C38)

I. DISCUSSION

3

We have already derived the solutions of p-to dynamo

equation under the conditions of differential rotation

considered above. These solutions Eqs. CIS) , (16), (26),

(27), C32), C33), C37) and C3S), include not only the

terms with Of caused by uniform rotation, but also the

terms with O1 Cor O1) caused by differential rotation.
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Obviously the increase of fif '<• «ids to the inctease of

magnetic field in the star, so the variation of O1 (or /J1)

also influences the magnetic field of the celestial bodies.

For example • the rotational angular speed of the sun varies

- with the altitude as indicated m Table 1. ~~ - .- j-

Talring A0 the value of rotational angular speed at the

altitude 90* on the sun, we can estimate from Table 1 that-

O1=Z'. 2/day and the rate O,//J**0. 2- This indicates that

the difference between the rotational angular speeds at

different altitudes on the aun leads to the variation of about

20% for toroidal field and also some effect for poloidal

field. This difference of 20% can satisfy the condition

considered in this paper, so it is applicable to the solar-like

atars. If the differential rotation is very large, the

condition is not satisfied, but its effect on the magnetic

field of the star is much heavier.
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Table 1 rotation angular speed of the lun (degree per (teller day)

altitude on the aun

angular speed

O"

14*. 2

15*

14.1

30'

13.8

45'

13.2

60'

12.5

75'

11.7

go-

ld. 9

268



253

DOUBLE DIFFUSION CONVECTION IN A ROTATING SPHERICAL SHELL

Kanya KUSANO1, Tetsuya SATO2, and Kyoji NISHIKAWA1

•Dept. of Materials Science, Faculty of Science, Hiroshima University, Higashi-Hiroshima
2National Institute for Fusion Science, Nagoya

ABSTRACT

Nonlinear dynamics of the double diffusion convection in a
rotating spherical shell is investigated using the 3D numerical
simulations. First, we carry out the simulation for the purely
thermal convection, and observe that the drifting columnar
convection aligned the rotating axis appeal. Secondary, we
study the double diffusion convection where the composi-
tional buoyancy works as well as the thermal buoyancy. As
a result, it is found that the columns drift to the opposite-
ward of the thermal convection. Finally, we study the highly
nonlinear property of the double diffusion convection. It is
revealed that the nonlinear convection is much complex, and
completely different from the prediction of the linear prop-
erty.

keywards: double diffusion convection, thermal convection,
dynamo

!.INTRODUCTION

It is widely believed that the magnetic filed in several heav-
enly bodies (sun, earth, planets) is generated by the dynamo
processes. Especially, the convection of the electrically con-
ducting fluid in the earth's outer core must be responsible
for the maintenance and the secular variation of the geomag-
netic field. It is recently pointed out that the compositional
buoyancy of the lighter elements expelled from the growing
inner core has an important influence on the convection in
the outer core.

The objective in this study is to investigate the effect of
the lighter elements on the convection in the earth's outer
core. To achieve the purpose, we carry out the numerical
simulations of the double diffusion convection in a rotating
spherical shell as well as the thermal convection. The dou-
ble diffusion convection of a binary fluid mixture reflects the
situation where the miscible lighter elements are mixed with
the ambient liquid iron in the outer core.

2.SIMULATION MODEL

We adopt the Boussinesq approximation, and numerically
solve the equations following:

^ = -(U- V)U -VP- PTa(R8 + Qi1)J

+Pn, V-U+ T*l2Pr«(U x 3),

r _
at r

J = -O- Vi7 + LV2B + V\

by MAC method. The variable U and 8 are respectively
thcelocity and the temperature perturbation, and (,he t] is
the variable whose gradient is propotional to the flux of the
lighter elements. The parameter range considered here is as
following; Prandtl number Pra = 1, F = 1, Taylor num-
ber T = 105, Thermal Rayleigh number R = O ~ 4 x 10* ,
Compositional Rayleigh number Q = O ~ 4 x 104. The
domain under consideration is a spherical shell, that aspect
ratio (ratio between a bottom radius R{, and a top radius R1)
is 0.35. The number of the difference grids (N,, N$, JV^) is
21 x 33 x 64.

The initial condition is a static equilibrium, that is given
by

U = O, V-S = O, rj = O.

Here, the heat is coveyed just by a diffusion, and the ma-
terial flux is vanished. The boundary condition for top and
bottom boundaries is given by a rigid, impermeable and con-
stant temperature condition.

3.THERMAL CONVECTION

Before the research of the double diffusion system, we carry
out the simulation of the purely thermal convection in a
rorating sperical shell. In All simulations, where thermal
Rayleigh number is up to 4 X 104, an almost steady con-
vection appears after the growing phase of the thermal in-
stability. Figure 1 is the simulation result, which shows the
dependence of the maximum radial velocity in the steady
state on thermal Rayleigh number. Above the critical num-
ber (about 1.9 X104), the saturated velocity is increased with
thermal Rayleigh number.

Figure 2 shows the contour plot of the radial velosity on
a iso-depth surface using Mercator projection. We can see
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that the convection pattern is just like columns aligned a ro-
tating axis. As shown in Vig.3(a), which is a time dpendence
of the velocity on a equatorial and mid-depth line, the con-
vection columns are drifting westward (retrograding). These
results are consistent with analytical results [F.H.Busse and
A.C.Or, J.Fluid Mecli. (1986) 166 (1986) 173],

4.DOUBLE DIFFUSION CONVECTION

Now, let us consider the double diffusion convection, where
the compositional Rayleigh number Q is increased from zero.
The first remarkable phenomena in this system is the oscil-
lating convection. For R = 3.5 X 104 and Q = 2.5 x 104,
the amplitude of the drifting convection oscillates as shown
in Fig.3(b). As the compositional Rayleigh number is fur-
ther increased, the oscillation amplitude is enlarged, and the
standing oscillation type convection appears rather than the
drifting convection. Finally, for Q = 4.0 x 104, the drifting
convection appears again, however the columns are travel-
ling to the eastward, that is opposite sense of the termal
convection. Hence, we can conclude that the compositional
buoyancy has a effect to cause the transition' between the
travelling and the standing wave type of convection.

Radial Velocity

•5 20

Î
'•a.

"* 10

O

Q = O

10000 20000 30000
Thermal Rayleigh Number

Fig.l: The dependence of the maximum amplitude of the ra-
dial velocity on the thermal Rayleigh number R in the purely
thermal convection.

-90

Q = O

0.4

Q = 25000

180
longitude

Fig.3: Temporal evolution of the radial velocity on a equa-
torial and mid-depth line for several compositional Rayleigh
number Q.

180

longitude

1 Fig.2: The contour plot of the radial velocity on the mid-
depth surface is shown by Mercator projection. The solid
contour is up-tvard velocity, and the dotted colour is the
down-ward velocity.
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Non-linear Thermal Instability
of Optical Thin Molecular Structures

Antonio Parravano, and Miguel H. Ibanez S.

Programa de Postgrado en Astronomia y Astrofïsica (PAAS),

Facultad de Ciencias, Universidad de Los Andes , Merida - Venezuela.

Resume
The thermal stability of interstellar molecular struc-

tures in pressure equilibrium is examined by compar-
ing the numerical solution for steady structures and
the analytical study of the non linear stability of the
trivial solution. The above allows one to determine
how the molecular gas must be perturbed in order to
develop Supercritical Stability, Subcritical Instabil-
ity, Superexponential Instability, or Asymptotic Sta-
bility. Nontheless, few and schematized physical pro-
cesses were included in the present analysis, such a
model is useful to understand the effect of the pro-
cesses under consideration and as a guide in more
complex models.

Key words: hydrodynamics - instabilities - Molec-
ular Clouds

1 Summary of the Basic Equations

For static configurations with constant pressure (P)
with time (t), the equation of conservation of energy
can be written in the form:

where cp is the specific heat per unit mass, «(p,T)
is the thermal conduction coefficient, F(p,T) is the
heat input per unit volume and time, and A(p,T) is
the heat loss rate per unit volume and time supposed
to be functions of the gas density p and temperature
T.

In many physical situations the classical thermal
diffusion is a good approximation and the thermal
conduction coefficient /c can be written as

K = K0T
1, (2)

where K0, k, are given constants.

For an interstellar molecular gas at temperature
T ~ 102 K the cooling and heating rates can be
schematized as:

A = c0nlexp(-a/T) = h0exp(~a/T)/T2, (3a)

F = (a0 + b0exp(-Tv))nH = T0/T, (36)

wheie a0, bo, C0, and Q,are given constants (Réf. 1).
In the right hand side of eqs. (3a) and (3b) a constant
pressure was assumed.

Therefore, stationary solutions of eq. (1) must sat-
isfy the equation

where z = r/R and 0 = T/a. The parameter v is
the symmetry index: v = 1,2,3 for slabs, cylinders
and spheres, respectively. The dimensionless param-
eters A4, and 77* are defined by the relations

and

(5o)

(56)

Pm being the minimum pressure at which thermal
equilibrium can exist. Notice that only for 77* > e
(i.e. for P > Pn) thermal equilibrium is possible.

To solve the eq. (4) the following boundary con-
ditions are assumed
d9
— = 0, at z = Q, (6a)

6 = 6t, at z = 1. (66)
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2 Stability of Steady Solutions

When the boundary temperature Tf1 is assumed to
be fixed, multiple steady solutions of eq. (1) are pos-
sible. Then, the problem is to determine which of
them are stable. Figure (1) shows several steady so-
lutions for various values of the central temperature
Q0 when P = Pm and log** = 1.7.

Fig.!.- The distribution of the temperature inside a slab

for logX, = 1.7 and when P = Pm.

It is useful to represent the families of solutions
with Xf = constant in the plane (Qa — QI). Figure
(2) shows several families for the labeled values of A+.

As it has been shown (Réf. 2, and references
therein) the trivial solution (T(z) = T+, where T*
is the thermal equilibrium temperature) is linearly
stable (unstable) when it is located on the positive
(negative) slope branch of Fig (2). Therefore, one
concludes that, in this case, the trivial solution is
linearly stable for all value of the parameter X*.

The analytical study of the thermal instability in
the nonlinear regime can also be developed for the
trivial solution. In effect, assuming solutions of the
form (up to the second order):

(7)

(8)

(9)
UI,

equation (1) can be solved in order to obtain the
functions /i(z), and /2(2), and the constants ai, and
02 compatible with the boundary conditions [eq. (6)].
Therefore, one can know the time evolution of the
amplitude of the disturbance

A0 being the value of A(t) at t = O. Therefore, de-

pending on the values of a\ and 03, the trivial solu-

tion develops Subcritical instability, Superexponen-

tial instability, Asymptotic stability or Supercritical

Stability. See Fig. (3).

Fig.2.- The central temperature Q0 as a function of the

boundary temperature 84 when P = Pm for the labeled

values of A,.

Subcritical instability

(A0 > Aikr) => breaks at (2

(A0 < Aft,) => Asyrnp. stab.

Asymptotic stability

Super Exponential instability

Supercritical Stability

(saturation)

Fig 3.- The nature of the non-linear thermal instability
depending on the values of a\ and aj.
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3 Results and Conclusions

For context, let us examine the stability of the triv-

ial solution for the molecular gas when P = Pm (i.e.
»7» = e in eq. (4) and 0(z) = 1). The linear analysis
indicates that the trivial solution is stable for all A*.

But, from inspection of Fig. (2) one expects that, for
A, large enough, there is a threshold amplitude be-
yond which positive disturbances are unstable. The
non-linear analysis, up to the second order, predicts
the threshold amplitude

Athr = '
Û2

(U)

where <2i = — (vr/2)2 is the growing rate obtained
from the linear analysis (i.e. when ai < O, the trivial

solution is stable under infinitesimal perturbations).
On the other hand, from the second order analysis

(ff/2}2.!,
^J

•3! + 1»-pl-
(12)

Equation (12) was obtained assuming a positive fluc-
tuation (i.e. disturbances that increase the central
temperature). When the disturbance decreases the
central temperature, the sing of ay changes. There-
fore, we denote by A^, and a % (A[J11. and a^) the
values of Athr, and OQ for positive (negative) distur-
bances. Figure (4) shows Athr and 0,% as functions of
the parameter A».

In order to compare the predicted values of
with those obtained from the numerical integration of
Eq. (4), the value AO0(A*) is also plotted in Fig. (4).
From this figure, one concludes that the predicted
curve Af1n. approaches the numerical curve A00 for
small amplitudes. The difference between Athr and
A00 indicates the error involved from neglecting the
higher order terms.

Therefore, one can conclude that the second order

approximation gives a good description of the dis-
turbance evolution as far as the amplitude remains
bellow 10% of the thermal equilibrium temperature.
It is apparent from Fig. (2) that the trivial solution
is absolutely stable for negative fluctuations. The
above also follows from the second order analysis
from which one obtains a threshold value AfhT > 1
for any value of A*.

Finally, it is interesting to note that from a linear
analysis the evolution of the perturbation depends
only on its size. But, from a non-linear analysis the
evolution depends also on the amplitude, and the

direction of the perturbation.

We acknowledge P. Rosenzweig for improving and
O. Escalona for editing the english manuscript. This
work has been supported by CDCHT of the Univer-
sidad de Los Andes through Projects C-488-91 and
C-549-92B, and Fundacion Polar.

Ae0=80(8b=i)-i
(numerical integration)
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Abstract

The thermal stability of symmetric structures with a
given boundary temperature is analyzed. The above
structures are assumed to be heated, cooled, and with
a thermal conduction coefficient depending only on
the density (p) and temperature (T) of the consti-
tuting plasma. First order analytical solutions are
found for plane, cylindrical, and spherical symmetries
for the trivial solution. Additionally, for the above
steady solutions in plane symmetry, explicit analyt-

ical criteria for supercritical stability, subcritical in-
stability, asymptotic stability, and super exponential

instability are reported.

Key words: hydrodynamics - instabilities - plasma

- radiative transfer

1 Introduction

Steady structures resulting from: diffusion of energy,
generation of energy into, and radiation from partic-
ular configurations are likely to occur in many astro-
physical (and laboratory) situations, for instance: in
different regions of the interstellar medium (Réf. 1-
3), in diverse structures of the solar atmosphere (Réf.
4) and in burning shells of nuclei of non-degenerated
stars (Réf. 5).

One may assure that the thermal stability by the
linear approximation for the above physical models is
well understood, and agréât deal of works have been
published on the subject since the pioneer works of

Paker (Réf. 6), Weymann (Réf. 7), and Field (Réf.

8). In comparison, the nonlinear regime is far less

well understood. Therefore, it would be very useful to
advance the analytical study of the nonlinear regime.

In the present paper several general results ob-
tained in previous works (Réf. 9-14) will be reported.
The nonlinear behavior of thermal structures will be
emphasized. In other paper of this proceedings (Réf.
15) applications of the general results to different re-

gions of the interstellar medium will be outlined.

2 Basic Equations

For static configurations with pressure (p) constant
with time (t) the equation of conservation of energy
can be written as (Réf. 16)

pc-t = V - (K(P, T) VT] + T(p, T) - h(p, T),

(2.1)

where K(P, T) is a thermal conduction coefficient,
T(p, T) is the heat liberated per unit volume and
time by processes of irreversible character, A(p, T) is
a heat loss rate per unit volume and time, assumed
to be a "local function" of density and temperature,
and Cp is the specific heat per unit mass.

In many physical situations the thermal conduc-

tion coefficient can be written in the form

K(p,T) = K0T
k, (2.2)

K0 and k being given constants. Therefore, the equa-

tion (2.1) for plane (i/ = 1), cylindrical (i/ = 2),

and spherical (t/ = 3) symmetry can be written in

dimensionless form as

99 1 d -dO, ,.. (, „ ,{2'3)

t being the time measured in units of the relaxation
time Ix = R2pcp/ K0T*. The structure has been
assumed to have a half thickness or radius R, and
z = r/ R ranges between O < z < 1.

Obviously, steady structures correspond to the so-
lution of equation (2.3) with d0/dt = O and appropi-
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ate boundary conditions, which can be taken as

— = O at z = O (center), (2.4 )
Oz

0 = 01 at z = 1 (boundary), (2.4 )

The above first boundary condition follows from the
symmetry, and the second one means that a temper-
ature Ti at the boundary (r= R) is assumed.

The dimensionless temperature 6 is defined de-
pending on the form of the heat-loss function F-A.
For instance, 8 = T/Tb when F - A ~ ±T' (+
for heat sources, and - for heat sinks, Réf. 9 &
10); 0 = T/T. (T, being a reference temperature) if
F ~ Tm, A ~ T" (Réf. 11, 12 & 13); 0 = T/a if
F ~ T", and A ~ e~a/T/1T2 (molecular cooling; Réf.
14 & 15).

3 Stability of the Steady Solutions

Following Landau (Réf. 16)(see also Réf. 7 & 18)
one may analyze the stability of the steady solutions
of eq. (2.3) assuming solutions of the form

(3.1)

(3.2)W(z,t)= E A1-(U)^

(3.3)

where 5(z) is the steady solution of equation (2.3)
with boundary conditions (2.4), A(t) is a function
of time, and /j(z) are functions of the coordinate z
satisfying the boundary conditions

(3.4)

/;(z) = 0, atz = l. (3.4)

The above functions A(t) and /;(z) are to be deter-
mined. In addition, one assumes that the function
g(0) can be well represented near 6(z) by a Taylor's
series.

g(G + SO) = ga(0)+,9i(B)(SÛ) + ^g2(ë)(8e)2 +

.:. (3.5 )
Strictly speaking, the series (3.2) and (3.3) contain an
infinity number of terms. In practice, however, the
first few terms are enough to examinate the stability
near to the critical states.

Substituting eqs. (3.1)-(3.3) and (3.5) in eq. (2.3)
and equalizing terms of the same order in A one ob-
tains for:
The zero order in A

^) + ̂ £(^)=0, (3.6)

the first order in A

«lAW = flifl/iW + p^I^PV»)].
(3-7)

the second order in A

02/2(2)

and so on ....
Generally, the steady equation (zero order approxi-

mation) (3.6) has to be solved numerically. The same
applies to the higher orders of approximation (Réf.
9-15). However, a fully analytical study can be car-
ried out for the trivial solution 9 = constant when
it is a solution of the eq. (3.6).

4 Analysis of the Stability of the Trivial
Solution

The study of the stability of the trivial solution is
very useful for several reasons. First, this solution
physically corresponds to structures in thermal equi-
librium. Second, it allows one to know the maximum
possible size of homogeneous structures in thermal
equilibrium. Third, it permits to identify the sta-
ble and unstable branches when multiple steady so-
lutions exist. Therefore, the remaining of the present
section will be dedicated to quote out the main results
of the first and second order approximation, for the
important astrophysical case when F = T0T" and
A = A0T". For the fully mathematical and physical
analysis and further applications see Réf. 9-15.

4.1 First Order Approximation

When the heating and cooling terms follow power-
laws, then

and the trivial solution of eq. (3.6) with boundary
conditions (2.4) becomes 0 = 1.

On the other hand, the solution up to the first
order becomes

A(t) = (4.2)

/i(z) = cos[A,(m - n) - O1]Z , (v = 1), (4.3 )

/1(2) = J0[A,(m - n) - oi]z , (v = 2), (4.4 )

= 3), (4.5)
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where J0 is the Bessel function of zero order, and

O1 = A,(m - n) - b2
N, (4.6 )

b,t being Nir/2, Jn and Nir, for v = 1,2, and 3,
respectively. N=l,2,..., and Jn are the zeros of the
Bessel function J0(z), (Réf. 11).

Obviously, positive rates Oi (instability) only can
occurs for m — n > O.

From the eq. (4.6) one finds that the fastest mode
(N=I) will be unstable Oj > O if A» > \c. The
critical value Ac being given by

r T(m-n) (4.7 ;

Therefore, the dimensions of marginally stable homo-
geneous structures in thermal equilibrium become

6 2 / « A ^+!-"OA"1-")

which can be straightforwardly calculated from the
physical gas properties (F0, m, A0, n, K0, and k).

When A. > A0 (and m — n > O), the first order
solution is no longer small after a time

(4'9)

At ti the nonlinearity will modify the exponential
growth and the first order solution will become in-
valid, i.e. one has to proceed to the second order.

4.2 Second Order Approximation

For plane symmetry (v = 1) the solution of eq. (3.8)
with boundary condition (3.4) is

,,-, 4az
/2(2) = -07-9—:

[At(m - n)(m + n - 1) -
7T2W2(W2 - 4)

[(2 - w2) cos uz + u}2 cos2 z - 2] +

^(cosa/z-1), (4.10)

where a;2 = 2 - A./AC, z = irz/2 and

= f2

,A» IT „ IT
(— cos -u + w* cos -uj - 2) +
Ac Z 2

JT(COS ̂ w- 1)], (4.11)

is the Landau constant, (Réf. 12).

When Xf—*\c,w^l and the Landau constant
simplifies to

«2 = -(m + n-k-l). (4.12)

On the other hand, from the integration of eq.
(3.3) up to the second order one obtains

A(t) = •
A0

,)exp(-ai*)' )

A0 being the value of A(t) at t=0.
As it is well known, when O2 < O supercritical

stability is set on and the trivial solution becomes
linearly unstable for A* > Ac but it tends to a new
steady solution eventually because the amplitude A(t)
equilibrates to Ac when t -+ oo, where

, tti 3?r A* — AC
4 I A,(m - n) - \ck \ '

(4.14)

Therefore, if A» -> Ac (but A, > Ac) supercritical
stability sets on when

(m + n - l ) - f c < O. (4.15)

Note that when k > O, a sufficient (but not nec-
essary) condition for supercritical stability is that
m+n— 1 < O. Therefore, as it follows from equation
(4.13), the perturbation saturates to the value given
by the equation (4.14) as t -* oo, i.e.the structure
evolves smoothly to a new equilibrium state.

When Q2 > O and A* < Ac (01 < O) the equation
(3.13) becomes

(4.i6 ;

Therefore, IfA0 <| Ae \ then A ~ Au sxp (- | «1 I 1 ) /
(1 - pjjj) as t -xx>. But, A0 >| Ae |, then A -» oo
at, the time

,._ * .-V M. I
Ia 1

(4.17 )

Therefore, | Ac \ plays the role of a threshold value
such that if A0 <| Ae | then A -> O as t -* oo.
But if A0 >| Ae I, the solution breaks down at the
time I2. Hence, the thermal structure may exhibit
subcritical instability when A. -»• Ac (but A» < Ac)
if

m + n-l-k > O, (4.18 )

(Réf. 12).

Obviously, first order disturbances fi(z) =
-COS(ITZ/2) also are solutions of the eq. (3.7). How-
ever, a second order analysis leaves a change of sign
for U2, i.e. if the slab under consideration is super-
critically stable for disturbances ~ cos(n-z/2), it be-
comes superexponentially unstable for disturbances
~ -COS(TTZ/2), as far as the second approximation
holds. Additionally, one also may conclude that when
the thermal equilibrium 5 = 1 is subcritically un-
stable (ai < O, a2 > O) for first order disturbances
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~ cos(irz/2), it will be asymptotically stable for dis-
turbances ~ — cos(irz/2).

5 Applications

For context, in the present section the important As-
trophysical case m = Q (constant per unit volume
heating), n = —0.57, and fc = 5/2 will be consid-
ered. The above values typify thermal structures at
temperatures between 3.16 x 104 - 1.00 x 105 K, in
the Interstellar Medium, or in the Solar Atmosphere.
Additionally, plane symmetry (v = 1) is assumed.

Figure 1 is a plot of the central temperature O0

as a function of the boundary temperature B0 result-
ing from the numerical integration of eq. (3.6) with
boundary conditions (2.4), for three différents values
of A*. The continuous line corresponds to the fam-
ily of the solutions 6(z) for the critical value Ac (the
marginal state for the fastest mode of the trivial so-
lution) defined by the eq. (4.7). The dashed curves
are labeled with the corresponding values of A,.

a', < O J

eb

Pig- 1

Two different steady solutions exist between
06((A,) < B0 < 0fo>(A.)- Ou being the minimum value
of B0 (turning point) and O60 being the value of 0b

at which the central temperatures becomes zero. On
the other hand, one steady solution exists when BI, >
#6o(X). In the upper branch the central temperature
increases when the boundary temperature increases.
The fact that the families of solutions corresponding
to A, < \c have the trivial (stable) solution allocated
in the upper branch confirms the stable nature of the
solutions laying on this branch.

On the lower branch, the central temperature O0

decreases when the boundary temperature BI increases.
The families of steady solutions 6(z) (in particular,
the trivial solutions with A, > Ac) laying on this

branch are unstable solutions. Note that the contin-
uous line has it turning point located at O0 = 9/, = 1,
i.e., the family of steady solutions generated by the
value A» = Ac = 7T2/4(m — n) has its trivial solution
at the marginal state (for the fastest mode).

The family of solutions 0(z) for the critical value
Ac are shown on Figure 2. When the boundary tem-
perature #6 decreases, the central temperature O0 de-
creases up to B0 = 0/, = 1 (solutions on the stable
branch). Below B0 = 1, when B0 increases, B0 de-
creases (solutions on the lower unstable branch of
the Fig. 1)

Pig. 2

Returning to Fig. 1, it is apparent that for A, > Ac

(a\ > O) the disturbances that increase the central
temperature (half plane B0 > 1) are supercritically
stable (aj < O) and they evolve towards the value of
saturation (indicated by a continuous arrow) which
coincides with the stable steady solutions indicated
by S. But, disturbances decreasing the central tem-
perature are superexponential unstable (02 > O) be-
cause no steady solution is found in the half plane
O0 < 1, for this particular value of A. (> Ac). On
the other hand, if A, < Ac (GI < O) positive distur-
bances are asymptotically stable (a^ < O), i.e. the
disturbed trivia] solution (1 +60,1) comes back to
the initial state (1,1). But, negative disturbances are
subcritically unstable (a^ > O). i.e. for disturbances
with I A0 \<\ A~ I the disturbed solution comes
back to the point (1,1), but those with | A0 \>\ A~ \
exponentially blow up.

6 Summary and Conclusions

By applying the Landau (Réf. 16 & 18) method, a
hierarchy of differential equations (3.6)-(3.8) govern-
ing the thermal stability of isobaric slablike thermal
structures was obtained.
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From an analytical study of the trivial solution, up
to the second order, one may conclude:
(1) The nature of the thermal instability is deter-
mined by the eigenvalue ai of the linear approach
and by the Landau constant a2 which close to the
marginal state (ai ~ O), is given by <z2 = TT(JTI 4-71 -

(2) Four different cases may occur: (i) QI < O and
a2 < O, asymptotic stability; (ii) ai < O and O2 > O,
subcritical instabilify; (iii) <Zi > O and a2 < O su-
percriticaly stability; and (iv) ŒI > O and O2 > O,
superexponential instability.
(3)The linear evolution depends only on the form of
the gain-loss heat function i.e. on the m — n value.
Instead, the nonlinear evolution additionally depends
on the m + n and fc values and the direction of the
disturbance (i.e. if O2 < O for a disturbances increas-
ing the initial steady temperature, then O2 > O for
a disturbance decreasing the initial temperature and
viceversa).
(4) The above analytical results allows one to iden-
tify from the set of steady numerical solutions, the
stable and unstable ones and the respective kind of
instability that can set on.
(5) Finally, the above general results were applied to
a plasma with solar abundances, heated at a constant
per unit volume rate, and in the range of temperature
between 3.16 x 104 - 1.00 x 1O5JiT.
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work has been supported by CDCHT of the Univer-
sidad de Los Andes through Projects C-488-91 and
C-549-92B, and Fundacion Polar.
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CONSEQUENCES OF PLASMA-HASEK IN PLASMA ASTROPHYSICS

Mitsuhiro NAMBU

Department of Physics, College of General Education
Kyushu University, Ropponnatsu, Fukuoka 810, JAPAN

ABSTRACT

The total energy conservation relation
between particles kinetic energy and wave
energy is satisfied for the plasma-maser
process. The Manley-Rowe relation among
plasma waves is violated and as a result an
efficient energy up-conversion from the
low-frequency mode to the high-frequency
mode is posr We even for a normal
unreversed t . -.Irons population in plasma
turbulence. .ne plasma-maser process
always coexists with the quasilinear
Interaction, thus it has a potential
importance to interpret numerous
observations in astrophysical plasmas.

Key words: plasma-maser instability,
anomalous radiation, plasma turbulence

conservation relation and the violation of
the Manley-Rowe relation (Réf. 4) for the
plasma-maser process.

2. TOTAL ENERGY CONSERVATION

According to the standard results (Réf.
5), the nonlinear dielectric constant of
the Langmuir wave in the presence of the
ion-sound turbulence which causes
plasma-maser is

lE.fk.u)

1. INTRODUCTION

Since the prediction of the
plasmas-maser (Réf. 1), which is a recently
discovered mode-coupling process in plasma
turbulence, it has been subjected to
careful scrutiny regarding its validity
and probable limitations as an energy
up-conversion process in plasma turbulence.
Let us first define the plasma-maser
Interaction. We consider the nonlinear
mode-mode coupling between two kinds of
plasma waves. The first type is the
low-frequency waves with the frequency o>
and the wavevector k. These waves satisfy
the Landau resonance condition [u> - kv = O]
with the resonant electrons. The second
type of the plasma wave is the nonresonant
mode with the frequency £1 and the
wavevector K which do not obey the Landau
resonance [H - Kv * O] and nor the
nonlinear Landau resonance [CJ - u - (K-
k)v * O]. Accordingly, the growth or
damping of the nonresonant high-frequency
mode is determined only by the nonlinear
interaction with the resonant waves. It
Is well established that the plasma-maser
is effective only In open plasma system
where the free energy source from system
outside is available (Réf. 2; Réf. 3). In
spite of the Intensive studies on
plasma-maser, the basic physics, i.e.,
whether the conservation relations are
upheld or not, is not studied yet. This
article reports on the total energy

n - KV
_ _
Sv - ia -(K-k)v 1

_ _
3v

- kv - IO
(1)

where fi.K and u.k are frequency, wavenumber
for the Langmuir and ion sound wave,
respectively. E,,(k,o), fQ are the
electric field or the ion sound wave, the
electron distribution function,
respectively, +10 shows small imaginary
part, -e and m are charge and mass for
electrons. The plasma-maser contribution
comes from the condition u = kv which
produces high frequency nonlinear forces
for electrons (Réf. 6). It should be
stressed that the plasma-maser contribution
Is always accompanied by the reverse
absorption process due to the slow time
change of medium due to the quasilinear
interaction between Ion-sound wave and
resonant electrons. For closed system,
both processes cancell out each other
exactly and the up-conversion does not
occur. Here, we consider the plasma-maser
process for open system where the electron
distribution functl' -n is fixed by external
agent. Accordingly, the calculation does
not permit the background electron
distribution to evolve by plateau
formation; hence, the energy transferred

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in Toki, Japan,
17-20 November 1992 (ESA SP-3S1, February 1993).
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from the Ion-sound waves by resonant
interaction must go into unstable Langmuir
waves.

The growth rate of the Langmuir wave
[rh(K,Q)l due to the plasma-maser for open
system is

From Eq.(5), the rate of change of total
electron kinetic energy density [3/3t E]
may be expressed as

mv2 3fQe
2 3t dv . (6)

rh(K.Q) = - (2) Inserting Eq.(5) into Eq.(6), we get

30

where e_(K,n) is the linear dielectric
constant of the Langmuir wave, thus we get
3e,(K,0)/an = 2/n. and I shows the
imaginary part. Inserting Eq.(1) into
Eq.(2), we obtain the total energy change
of the Langmuir wave9energy density
[Wh(K.£J) s IEn(K.n)|V4*] as

W-,

at E m° K.k
Hf- [Efi(k.O))[̂  x

9 1 ,
lEh(K.Ci)|

2 3̂vn - KV "" [n - u -(K-k)v]

Jt I Wh ' 2 I rh<K'°> \

6(U, - kv) foe dv

-|~lEfl(k,ui)|
2 IEn(K.Cl)|

!

ft - Kv

__
3v [fi-u -(K-k)v ]

6(* - kv) dv. (3)

In deriving Eq. (3), we put I [(w - kv -
1O)] 1 = n 6(u - kv). m

According to the linear response theory
of a turbulent plasma, the Inverse of the
plasma-maser effect, i.e., the nonlinear
effect of resonant and nonresonant waves
simultaneously on the electron distribution
reduces to

~- ftl Wh(K'0) ' <7)

which simply states that the total energy
density is conserved by the plasma-maser
Interaction between Langmuir waves and
electrons.

Next, we consider the rate of decrease
of ion-sound wave energy corresponding to
the plasma-maser emission of Langmuir wave.
The kinetic equation for the ion-sound
waves is similar to Eq.(1) except that we
also consider the polarization term in
addition to the. direct coupling term. The
most dominant imaginary part contribution
to the ion-sound waves comes from the
polarization term as

fOe = IeI
3t S < E. (-K.-fl) T£- Uf (K,Cl, », (4) - ,ft,» „4

m pe

|Eh(K,0)|
2

VA2] (8)

where Af(K1H) is the electron distribution
function modification due to the
plasma-maser. The symbol < > shows
ensemble average over the low frequency
ion-sound turbulence. After a simple
algebra, we obtain from Eq.(4)

where

A =

3fOe
3t E

K.k
—f dv

- kv +1O)(H - Kv)[u,-n-(k-K)v] 3v Oe

_ _

3v
« - Kv ov [fl - a -(K-k)v ]

(5)

n ID 37 foe dv ' <9>

The plasma-maser interaction is effective
even without the electron population
inversion. Here, we assume the Maxwell
distribution function for f and obtain
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pe 4 2m tt cs
k|k|T

jd1/2!
H B

a/2

|Eh(K,

e0(k-K,u>-Q)
(10)

where c = (Zt/W ' is the phase velocity
for Ion-sound wave, T and u> Is the
temperature and plasma frequency for
electrons, M Is the mass for the ion.
Accordingly, the damping rate of the
Ion-sound wave due to the plasma-maser Is

T8(k.u)

(ma/2s
 |Eh(K-Q)|2 _

4rt N T
(11)

here k and N are electron Debye wavenumber
and electron number density, respectively.
In deriving Eq. (11), we put £_(k-K,<<>-Q) = -
(k/k ) . Accordingly, the rale of the
change of the Ion sound wave energy density
[Wn(K.y) = |En(k.w)|

z/4w * (k /k)z] reduces
to

—at 2 Sr,

If '
k 2

Z (-jf)
K,kK

It Is easy to show that the electrons
kinetic energy gain is equall to the
ion-sound wave energy loss due to the
plasma-maser interaction between the
Ion-sound waves and electrons.

3. VIOLATION OF THE MANLEY-ROWE RELATION

Next, we consider the Manley-Rowe
relation for the plasma-maser. The
Manley-Rowe relation is widely believed to
hold in nonlinear plasma wave phenomena.
It is true that the relation is valid to
the standard mode-mode couplings, viz. the
three waves resonance and the nonlinear
Landau resonance. One may think that the
Manley-Rowe relation or the conservation of
the total plasmon number is satisfied for
the plasma-maser process. However, as is
shown below, it is violated and as a result
an efficient energy up-conversion from the
ion-sound to Langmuir wave is possible.
The plasmon number for ion-sound [Nn(k,u)]
and for Langmuir wave [N. (K1Q)] is defined
ac "

Nh(K.Q) =
Wn(K,Q)

(13)

From Eq.(3), for the Maxwell electron
distribution function, the rate of Increase
of the Langmulr wave energy density for
mode (K,Q) reduces to

Wc(k,u) k 2

K Q W-(K1Q) S -
5 T̂jH (ç5-) .(14)h k IkI K6

Inserting Eqs.(12) and (14) Into Eq.(13),
we obtain the rate of change of the plasmon
number for ion-sound wave(kQ,u0) and
Langmuir wave (K1Qn)

ft WV=

- i (R'1/2 'E0
1'2 WV TV I VK-n) •

3

i<S>1/2«oWVi^<i!;>2-(^

If we put W.(K.Q) = W-(K,Q) 6(K-K.)
6(Q-Q0), W-Tk1U)) = W0Tk1U) « 6(k-Rn)
6(U-UnJ in Eq.(15), then we find for Kn «
If ^ IfK0 Ke

- Nlat N

Nat Nh
» i (16)

o

Accordingly, we may conclude that the
Manley-Ro v relation is violated for the
plasma-maser interaction and as a result an
efficient energy up-converslon from the
low-frequency mode to the high-frequency
mode is possible even for a normal
unreversed electrons population. This is
markedly different from the standard
nonlinear Landau resonance where the
Manley-Rowe relation is satisfied and the
energy up-conversion is possible only for a
reversed electrons population. The
Manley-Rowe relation is derived for systems
without any energy dissipation process
(Réf. 7; Réf. B). On the other hand, the
plasma-maser process always coexists with
the dissipation process (Landau resonance) .
Thus, we may say that the Manley-Rowe
relation is violated for elementary
processes which accompany energy
dissipation (Réf. 9).

Here, to clarify physics, we study the
energy conservation and Manley-Rowe
relations for the plasma-maser interaction
between ion-sound and Langmuir waves. The
growth rate of the Langmuir wave [Eq.(2)]
is small because rh(K,Q)/Q =„
(37t/2NT)(m/M)1'̂  x"l (|k|K/kp) W,, « I
W./NT. This is simply because the Landau
interaction between ion-sound wave and
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electrons is weak. However, the growth
rate is much enhanced for the coupling:
between the low-frequency Langmuir wave and
high-frequency electromagnetic radiation
(Réf. 10) and for magnetized plasma (Réf.
11) where the growth rate is large as
rh(K. wfl/NT.

4. PLASMA-MASER INSTABILITY IN
ASTROPHYSICAL PLASMAS

We comment on possible applications to
astrophysical plasmas. As is well known,
the magnetohydrodynaraic (MHD) waves contain
the dominant turbulent fluctuations in
astrophysical plasmas. The energy
up-conversion from the kinetic Alfven wave
turbulence to the ordinary mode radiation
through the plasma-Baser process is studied
(Réf. 12). In contrast to the previous
electrostatic wave case, -the plasma-maser
process gives large growth rate for the
high frequency electromagnetic electron
cyclotron waves. The results have
potential importance to Interpret numerous
"astrophysical radio -phenomena. In spite
of the intensive studies of plasmaspheric
hiss generation, there is a major
discrepancy In the hiss intensity levels
(Réf. 13) . The energy up-conversion from
MHD waves to whistler mode is possible
through the plasma-maser process, it is an
intersting problem to study the generation
of hiss by the whistler mode instability
based on plasma-maser. Electromagnetic
radiation around plasma frequency in
beam-plasma interaction are frequent in
observations of solar radio emissions. It
is a longstanding problem to clarify the
emission mechanisms. The plasma-maser
mechanism is quite effective to generate
electromagnetic radiation in beam-plasma
Interaction (Réf. 10) . According to the
recent observation In space (Réf. 14), the
sporadic AKR bursts well above the electron
cycrotron frequency with electrostatic
lower hybrid turbulence (Réf. 15) is
reported. The acceralated electrons along
to the auroral field lines by the lower
hybrid turbulence can amplify the
extraordinary mode radiation through the
plasma-maser (Réf. 16). Because the
plasma-maser interaction always coexists
with the quasilinear process, the new
process may play an Important role to
Interpret numerous phenomena in
astrophysical plasmas. In all of the
previous standard textbooks on plasma
physics, the lowest order mode-mode
couplings are assumed to be composed of_two
gartsA viz: the three waves resonance (K -
K'= *k, and fl - Q'= ±u) and nonlijjeaj
Laudau resonance [(R ± u) = (K ± k) -v] . We
emphasize that in addition to the above two
processes, the third process (plasma-maser)
plays an Important role to interpret
numerous phenomena in real open plasma
systems .
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ABSTRACT

An attempt is made to qualitatively account for the basic
features of solar energetic particles; l)the basic composition
pattern of heavy ions which is similar to that of solar corona,
2) 3He-rich events, and 3) rapid ion acceleration to relativis-
tic energies. It is found that large-amplitude magnetosonic
waves in a magnetohydrodynamic turbulence can promptly
produce high-energy ions with elemental composition similar
to that of background plamsa. It is also shown that, in the
presence of ion cyclotron waves or oblique ion acoustic waves
with frequencies near the 3He cyclotron frequency, magne-
tosonic waves can cause 3He-enrichments.

Keywords: solar energetic particles, elemental composition,
3He-enrichments, magnetosonic wave

1. INTRODUCTION

Solar energetic particles (SEP) produced by flares have the
following well-known basic features: 1) the mean elemental
composition is quite similar to that of solar abundances (Refs.
1-3), although it is highly variable from event to event, 2) huge
enhancements of the 3He/4He ratio in SEP are observed in
some solar flares (Refs. 4-7), and 3) solar flares can accelerate
particles to relativistic energies in very short time periods (~1
s) (Refs.8-12).

Unified SEP theory must consistently and quantitatively
explain these three basic observational facts; SEP composi-
tion, 3He-rich events, and prompt acceleration to relativistic
energies.

It has been shown through theory and simulation that
a large-amplitude magnetosonic wave can reflect some ions
and accelerate them to high energies in the direction nearly
perpendicular to the ambient magnetic field (Refs. 13-15).
The time needed for the acceleration is very short; it is of
the order of the ion cyclotron period. The acceleration to
relativistic energies can take place in a plasma such that the
electron cyclotron frequency Sle is greater than the electron
plasma frequency utc (ReIs. 16-17). Since plasmas with Sle ~
tiipf can be found in coronal magnetic loops, prompt proton
acceleration to relativistic energies can be explained by this

mechanism (Refs. 18-19). The particle energies per nucléon
are independent of the ion charge or mass, if the numbers of
reflection are the same. The condition for ion reflection by
a magnetosonic wave was then discussed, and the fraction of
reflected particles as a function of the mass m} was obtained
for a quiescent plasma (Réf. 20).

In this paper we will show that the mechanism of ion ac-
celeration by magnetosonic waves can explain the three ba-
sic observational facts about SEP (Réf. 21); 1) similarity of
the basic SEP composition to the heavy clement composition
of the solar corona, 2) 3He enrichments in some solar flares,
and 3) prompt ion acceleration to relativistic energies. As
mentioned earlier, the third point, prompt acceleration, has
been discussed in the previous papers. We are here, there-
fore, mainly concerned with the first and second issues, i.e.,
the basic SEP composition and 3He-enrichments.

In section 2, we analytically obtain the fraction of particles
accelerated by nonlinear magnetosonic waves. It is given in
terms of the Alfvén speed, Alfvén Mach number, ion mass m,,
ion charge Z", and the variance of random particle velocity
< t/j >; in a quiescent plasma, < u* > reduces to the square
of the thermal speed tijy

In section 3, we point out that fluid fluctuation speeds
due to magnetohydrodynamic turbulence can easily exceed
the thermal speeds of heavy ions even for very small ampli-
tudes of magnetohydrodynamic fluctuations. This indicates
that the variance of random velocity < vf > for heavy ions
is determined mainly by the fluid fluctuation velocity and is
almost independent of the ion mass or charge. Applying this
result to the equation for the fraction of high-energy parti-
cles, we show that the basic heavy element composition of
energetic particles can have the structure similar to that of
the ambient plasma.

In section 4, we discuss the 3He-enrichments in a turbulent
plasma. Fisk (Réf. 6) showed that electrostatic ion cyclotron
waves having frequencies close to the 3He cyclotron frequency
can be unstable in a current carrying plasma, if nn,/np ~ 0.2
and Te/Ti ~ 5 where n/fe >s the He number density, nt the
proton number density, Tc the electron temperature, and Ti
the ion temperature. We will show that oblique ion acoustic
waves with ui ~ fi3H(. can be unstable and, at the same time,
the waves with w — fttHc can De stable. It is then found that
magnetosonic waves can selectively accelerate 3He particles,
if the waves with u ̂  SlsHc are excited.

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in Toki, Japan,
17-20 November 1992 (ESA SP-351, February 1993).

284



270

Section 5 gives summary and discussion. A physical pic-
ture of SEP production emerging bom our analysis is as fol-
lows. In a flare acceleration region, many plasma waves are
excited and the plasma is in a turbulent state. Among those
waves, magnetosonic waves promptly accelerate ions to high
energies (~ MeV). At the same time, the plasma fluid is
randomly fluctuating owing to magnetohydrodynamic turbu-
lence. The random fluctuation velocity can easily exceed the
thermal speeds of heavy ions, masking the differences in ther-
mal speeds of heavy ion species. In such a turbulent plasma,
nonlinear magnetosonic waves produce SEP with the heavy
element composition similar to that of the corona from which
the SEP are extracted. Furthermore, if electron beams drive
ion cyclotron waves with their frequencies near the 3He cy-
clotron frequency, those waves enhance the fluctuation veloc-
ities of 3He particles and drastically increase the number of
3He particles accelerated by magnetosonic waves.

2. Fraction of High-Energy Ions

A large electric potential is formed in a nonlinear magne-
tosonic wave. For a pulse propagating perpendicularly to a
magnetic field in a plasma mainly consisting of protons and
a-partlcles, the magnitude of the electric potenial <p is given

I 4 (Af - 1), (1)

where e is the proton charge, nm the electron number density,
and M the Alfvén Mach number of the pulse. The subscript
o denotes the equilibrium quantity. The equilibrium mass
density pa and the Alfvén speed VA are, respectively, defined
as

Po = TIp0THp + Tl00TR0, (2)

«Î = B2J(^p0), (3)

with B0 the magnetic field strength. The subscripts p and at
refer to the proton and d-particle, respectively. The large elec-
tric potential can reflect some fraction of ions and promptly
accelerate them to high energies.

The number of particles reflected (and hence accelerated)
by a magnetosonic pulse is given by (Réf. 20)

n U ) _ = 2î!

Here, erf is the error function, njo is the number density of
the ion species j, and v},,s is the minimum velocity for the
reflection,

= MvA - (5)

with Zje the charge of ion j, and A, the mass number. Equa-
tion (4) gives the ratio of the number density of high-energy
particles to that of the background particles for the species
j. In deriving equation (4), we have assumed that the j-th
species ions have the distribution function

«»,»„»0 = njo(27r < a;

(6)
before the passage of the pulse. Here, < v] > is the variance
of the random velocity; in a quiescent plasma state, it reduces
to the square of the thermal speed V^3.
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Fig.l. Fraction of high-energy ions, njre//nja, as a function
of the ion mass m} in a quiescent plasma. The beta value is
0.1, and the Alfvén Mach number is 1.6.

We show in figure 1 the fraction of high-energy ions, njre/
/TIj0, as a function of ion mass m,/Tnp in a quiescent plasma
with the ratio of 4He to protons nae/np = 0.1. Here, the beta
value (= kinetic pressure / magnetic pressure) is chosen to
be /3 = 0.11, and the Alfvén Mach number is Af = 1.6. All
species of ions are assumed to have the same temperature.
The fraction of high-energy particles decreases rapidly with
mass m, and increases with charge q}.

If the acceleration occurs with Np large-amplitude pulses,
then the fraction of high-energy particles, n'"pj,', is

W/

'"Here, for simplicity, the amplitudes of the JVp pulses are set
to be the same. Also, the ratio (r$cf Jn10) is assumed to be
small. On account of the approximate expression for the error
function, we obtain the fraction of high-energy particles as

exp (8)

where

O1 = 0.3480242, O2 = -0.0958798, a3 = 0.7478556, (9)

and

t, = [1 + 0.47047uJre/(2 < »» >)-J/2]-i. (io)

Since the quantity i£e//(2 < »? >) is considered to be larger
than unity, the fraction of high-energy particles decreases
rapidly as the quantity u2

rc//(2 < v] >) is increased.

The fraction of high-energy particles (n(?>} Jn10) is propor-
tional to the number of pulses JVP. Hence, the relative abun-
dances of elements are independent of the number of pulses
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3. ACCELEBATION IN TURBULENT PLASMAS

The plasma region where the flare acceleration process is
taking place would be in a turbulent state. In magnetohy-
drodynamic turbulence, the speed of the fluid motion in asso-
ciation with the magnetic perturbation BI can be estimated

\cE x B\/B- (11)

This turbulent fluid speed vp can exceed thermal speeds
of heavy ions even for very small amplitudes of perturbed
magnetic fields. For example, the thermal speeds of protons,
12C, and 56Fe are, respectively, VT f = 107 cm s"1, VTC =
2.9 x 106 cm s"1, and UJ-F, = 1.3 x 106 cm s"1, for a plasma
temperature T =100 eV. On the other hand, the Alfve'n speed
is VA = 10" cm a~l for B =50 G and n = Vf cnT3. This shows
that a magnetohydrodynamic perturbation with a very small
amplitude BiJB0 ~ 10~2 can drive the fluid motion with a
speed greater than the thermal speeds of heavy ions.

When we calculate from equations (7) or (8) the fraction
of accelerated particles in such a turbulent plasma, we should
use, in stead of V^1, the variance of the fluid velocity < Vf1 >
for the < vj > of heavy ions. Strictly speaking, the velocity
distribution may not be a Maxwellian. The essential point
here is, however, that the variance of the random velocity is
given by < i;J, >, which is independent of the ion species
j. The fraction of high-energy particles, equation (7), should

then be written as

_(",)
ni"S _ l . '.
n,°

1+erf

Similarly to equation (8), we obtain its approximate form as

"jr.

n,,
(13)

The function £3
=1 "n<J is of the order of unity and does

not change rapidly. Hence the exponential function deter-
mines the basic pattern of heavy element composition of ener-
getic particles. Furthermore, the dominant term in the min-
imum reflection velocity Vjrej, equation (5), is given by the
propagation speed of pulses, JIf VA, and is independent of the
ion species j. The correction term, the second term on the
right hand side of equation (5), depends only weakly on the
mass number Aj, because, the values of (ZjJA1)

1I2 are in a
narrow range, 0.5 ~ 0.7, from Fe to C for the coronal tem-
perature (Réf. 1). Thus the exponential function does not
rapidly change with the mass number A1. In addition, we
see from equation (13) that the relative abundances (abun-
dances normalized to the abundance of a certain ion species)
of high-energy ions are independent of the number of pulses
N9.

We show in figure 2 the fraction njre//n,0 of high- energy
ions as a function of A3JZ]. Here, the amplitude of the mag-
netosonic wave that accelerates ions is taken to be BI/B0=Qu.
The average amplitude of the magnetohydrodynamic turbu-
lence is assumed to be the same; Vji is estimated from equa-
tion (II). The fraction n,re//njo decreases with Aj/Zj. Its
change is, however, quite small. The compositions of high-
energy ions can, therefore, be roughly the same with those of
the background plasmas in the acceleration region.

10'
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Fig.2. Fraction of high-energy particles njrel/n,a accelerated
by a magnetosonic wave in the presence of magnetohydrody-
namic turbulence. The amplitudes of the magnetosonic wave
and turbulence are chosen to be Bi[B0 = 0.6. The dots on
the line show values of A,/Zj for ions (C, N, O, etc.,) at the
temperature T = 2 x 1O6K.

4. 3He-ENRICHMENTS DUE TO
CURRENT-DRIVEN INSTABILITIES

Fisk (Réf. 6) proposed a mechanism to explain the en-
hancements in 3He; ion cyclotron waves driven by electron
currents in the corona may heat ambient 3He over any other
ion, and thus may preferentially inject 3He into the flare ac-
celeration process. This model does not specify a mechanism
that accelerates particles to high energies such that E ~ 1
MeV but emphasizes the importance of selective preheating
before strong acceleration.

In this paper we show that magnetosonic waves can cause
3He enrichments if the waves with frequencies near the 3He
cyclotron frequency are excited; electron currents can desta-
bilize ion cyclotron waves or oblique ion acoutic waves with
such frequencies.

In the presence of the waves with u s; Sl3ac, the fluc-
tuating velocity of 3He can be very large. If this fluctu-
ating velocity is sufficiently large, then it will play an es-
sential role in determining the number of high-energy 3He,
masking the effects of the thermal speed. Let us estimate
the fluctuation velocity of ions in the presence of an electric
field E = E0exp[i(k • S - ut)] in a uniform magnetic field
B = (°i °i B). The equation of motion is

¥)• (14)
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If E0 = O, we have an unperturbed orbit

v = (Wicos(-Qjj), VL sin(-Qjt), vt), (15)

x = (-PJ sin(-Rj J), PJ cos(-Rjt), U1J), (16)

where V1 is constant, and PJ is the gyration radius PJ = »i/Rj.
Substituting the unperturbed orbit into the right-hand side of
equation (14), we can integrate (14) and find

(17)

)-cos(Qji0)]i

— t/i[sin(RjJ) — Sm(RjJ11)Jy,

where x and y are the unit vectors in the x and y directions,
respectively. For a resonant particle satisfying the condition

(18)k,v, -(w- Rj) ~ O,

the fluctuating velocity due to the electrostatic cyclotron wave
is, roughly,

c [*.».-(« - S"

The ratio K/C is 10~3 ~ 10~2 for [Ib1W1-(U-Qj)] ~ IQ-'Rj and
EaI B ~ 10~3. The fluctuating velocity can thus be very large
even for a small-amplitude fluctuating electric field. Now it
is apparent that we have the 3He enrichments if we use the
fluctuating velocity for < i?} > in equation (8).

We have seen that 3He-enrichments can take place if the
waves with u ~ Qan» are excited and if the waves with
iii =; Q4He are not excited. For some parameters, as men-
tioned in Réf. 6, ion cyclotron waves can satisfy this con-
dition. It should be noted that oblique ion acoustic waves
driven by electron currents along the magnetic field can also
satisfy this condition. Oblique ion acoustic waves thus could
also cause 3He-enrichments. We show in figure 3 the disper-
sion relation of the oblique ion acoustic wave in a plasma
with nttt/np = 0.3, Te/Tp = 6, Tp = T1,,, and vd/vT, = 0.25.
Here, the strong damping at w ~ Q4He is due to cyclotron
resonance of 4He particles; because the abundance of 3He is
very small, damping due to 3He cyclotron resonance does not
occur. Similar dispersion relations can also be obtained for
lower <He-density cases such as HH*/", = 0.1.

In addition, it follows from equation (18) that ion acoustic
waves can drive heavy ion enhancements, because the low
frequency waves such that LU < Q4/fe become unstable even
for small currents.
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Fig.3. Dispersion relation of the oblique ion acoustic wave.
The dotted and solid lines show, respectively, the real and
imaginary parts of the frequency. Near the 4He cyclotron
frequency, the wave is stable due to 4He cyclotron resonance.

Firstly, we derived the number of particles accelerated by
magnetosonic waves in terms of the Alfvén speed VA, the
Alfvén Mach number M, ion mass rrjj, ion charge Z'e, and
the variance of particle velocity < vj >; in a thermal equi-
librium plasma, < vJ > reduces to the square of thermal

speed VTJ. Secondly, we pointed out that in plasmas with
magnetohydrodynamic tu.Lalence the random fluid velocities
can exceed thermal speeds of heavy ions even for very small-
amplitude magnetohydrodynamic fluctuations. By using this,
we showed that magnetosonic waves can produce heavy ele-
ment compositions of SEP similar to those of the background
plasmas. Thirdly, we applied the theory to the selective accel-
eration of 3He particles and found that magnetosonic waves
can give rise to the huge enhancement in the ratio 3He/4He
in SEP. This can occur when magnetosonic waves propagate
in a plasma where the waves with u ~ fl3ne are present; elec-
tron currents can destabilize ion cyclotron waves or oblique
ion acoustic waves at this frequency.
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ABSTRACT

Magnetic regions on the Sun's surface arc observed to absorb large fractions
of the p-mode (acoustic) wave power incident upon them. We propose a
mechanism Io explain the absorption, based on the idea that sunspols are
assembled from many individual flux lubes with highly variant physical
conditions. Strong gradients in the (perturbed) parameters of a wave
propagating through such an inhomogencous medium results in enhanced
absorption of the wave power. The gradients in the wave parameters occur on
the scale of the background flux tubes which is smaller than the wavelength.

Keywords: Sunspots, Wave propagation in strongly inliimogencous media.

!.INTRODUCTION

Solar p-modc oscillations are normally treated as global resonant modes, with
lifetimes much longer than their periods. While many modes arc longlivcd, all
p-modes have finite lifetimes and thus source and sinks. A series of papers by
Braun. Duvall. and LaBonte (1987,1988.15S9,1990) studying the interaction
of p-modes with magnetic regions on the Sun showed that sunspot and plages
both are sinks of p-mode wave power. Compared Io nonmagnetic regions of
the Sun. the magnetic regions show enhanced absorption 01* p-inodc (acoustic)

Many regularities in die observed properties of he p-mode absorption are seen.
1) The absorbing regions are spatial coincident with sunspots and plage seen
on the solar surface, with some differences in detail.
2) The fraction of the incident p-mode power absorbed is zero at low wave
numbers ( k< 0.1 Mm'1), then rises Io a high value at high wave numbers (fc >
0.4 Mm'1). The fraction absorbed remains constant at the high value Io the
observational limit (k~I Mm'').
3) The onset of absorption occurs at lower wave numbers and the absorbed
fraction reaches a higher value in larger sunspots than in smaller sunspots.
Typical isolated sunspots absorb 40% of high wave number ( k> 0.4 Mm'1) p-
mode power incident upon diem. Giant spots absorb up to 70%, while small
spots absorb only 20%.
4) the absorbed fraction is larger in spots than in plages, but the "acoustic
opacity", the absorption per unit magnetic field appears to be saturated in
spots, relative to plages.
5) The dependence on the temporal frequency shows a broad peak in p-mode
absorption centered approximately at 3 mHz.

Any mechanism for the p-mode absorption should explain all these properties.
The various studies of the interaction of acoustic waves with the magnetic
structures have been made See detailed discussion and References in BDL
1988, 1990; and Braun et al. 1992. But these mechanisms fall short of
explaining the observational data.

In this paper we propose a mechanism for the enhanced absorption of p-modcs
based on the idea that in sunspots the magnetic field has a fine filamentary
structure (see. for example, Livingston 1991). We consider the sunspot to be a
dense conglomerate of closely packed magnetic flux tubes of typical radius R,
which is much smaller than characteristic size of sunspot L, L«R, and, also,
R«k"'. Physical parameters such as magnetic filed strength and plasma
density, vary from one flux tube to another by the order of unity. The spot is
then strongly inhomogeneous medium. Liles et ai. (1991) made direct
observations of magnetic fields in spot umbras Io lest ibis idea.

The general idea of our present theoretical approach is based on those
proposed by Ryutova and Persson (1984). They studied the dispersion

properties and enhanced dissipation of MHD waves in a plasma containing
closely packed random inhomogeneities of density and magnetic field, and
found that strongly !«homogeneous medium should behave a sink of incoming
energy: the presence of small scale inhomogeneities (with R«X) result in the
strong enhancement of the wave energy absorption. The enhancement factor is
of the order of (RA.)2-

The physical mechanism responsible for the enhanced absorption of acoustic
waves propagating in such an inhomogeneous medium is easily understood.
The perturbations of all parameters in a propagating wave will be different
inside the different flux tubes. In a dense conglomerate, flux lubes have
common boundaries. Near those boundaries, strong local gradients of all
physical parameters will appear. The equations of motion then contain a large
vortex component of the perturbed quantities. The characteristic scale of the
perturbations is naturally die size of the background inhomogenchies R. The
presence of the strong small scale gradients results in the enhanced absorption
of the wave energy with the properties specified above. There are two sub
regimes corresponding to higher and lower wavenumbers ivith respect to some
critical value kc which is determined by plasma parameters. In the viscosity
dominant case

• (1)
The damping rale of p-modes with k<kc scales as k2, and is enhanced with
respect to uniform medium. The region of k ̂  kc corresponds Io more efficient
damping which soon reaches the saturation and becomes independent on k.
We derive a qualitative theory of anomalous damping of p-modes both, at low
wavenumbers, k < k,., and at high wavenumbers. k :• kcThcn, with the help of
an interpolation formula describing bolh limiting cases, we match the
interpolation curves with observational data for six Sunspols.

2. SPATIALDAMPING RATES IN SUNSPOTS

We consider p-modes with the length scale K = 1/k much larger than the size
of magnetic field and density inhomogeneities:

>.»R (2)
We will assume thai there is also a temporal scale difference, with the
individual flux lubes responding in such a way as to preserve the pressure
perturbation set up by the wave. Given the small spatial scale of the flux tubes,
the perturbation of the total pressure (the sum of magnetic and gaskinelic
pressure perturbations)

then remains effectively constant over the cross section of the individual flux
tube (Fig. 1). This corresponds, actually, Io the entropy type perturbations, and
allows us to use the adiabatic approach.

We use the procedure described by Ryulova and Persson (1984) for finding
the linear MHD-cquations of die evolution of plasma parameters in the
presence of small scale inhomogeneities of magnetic field in medium with
finite viscosity and thermal conductivity. Under the condition (2) the problem
can reformulated in terms of equations for averaged quantities (pressure,
velocity, density, etc.; the average is taken over a length which is much larger
than R.). With the help of these equations we can describe the dissipation of
acoustic waves propagating in medium.
The dissipation rate qp caused by thermal conductivity

qT -x' T(IVOT)*)
leads to the following expression for the spatial damping rate
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Fig.l Sketch of die spatial variation of plasma conditions in me presence of
the p-mode wave. The initial state of die sunspol has large amplitude density
and magnetic field strength variation on the scale of flux lubes, R, The
incident wave sets up a total pressure perturbations P10| on me much larger
scale X I Z . The temperature and velocity respond to me wave witii amplitudes
AT and 6v dial depend on small scale structure, and thus have many small
regions of high gradients.

Imk-r- 2c. y

here C8= Y P/P is die sound speed, y is the specific heal ratio, x is die
thermal diiTusiviiy. and Pn, and P101 are me background magnetic and total
pressures.
For tubes with known internal structure we can easily lake die average of

((W1n] V As an example, suppose die magnetic field decreases from axis
according (o, say, a Gaussian law.

expKr/R)2] (4)

Assuming dial the characteristic distance between flux tube centers is I and
defining me flux tube area! filling factor Io be.

then.
(S)

(6)
and, finally, the spatial damping rate caused by thermal losses has a form:

P_£La
I* P^

A similar mechanism leads Io enhancement of the viscous dissipation. The
plasma densities inside and outside die individual flux tube are, generally
speaking, different and die tola! pressure perturbation oP(ot gives rise Io a
relative motion of flux lube and the external medium (see, Ryutova and
Persson 1984). The characteristic scale of these motions is of the order of R
(and is much smaller than X). So dial me viscous dissipation

(8)
can greatly exceed ils "homogeneous" value. Here T) and C are die viscous

coefficients enuring in die Navier Stokes equations. The final expression for
the spatial damping rale caused by viscous dissipation has a form:

(9)

where we assumed that T) & C. and have introduced a kinematic viscosity v -
T ) X p .

The Eqs. (7) and (9) has been obtained under die assumption that the
viscous forces have a weak influence on die velocity field which is determined
by the inertia! forces. This is true for time scales l/a> of die perturbations less
than UK time of me establishing of viscous flows over die scale R,

Thus, die damping rate (7) and (9) are valid if die following condition is
satisfied:

R2C. (10)
The total dissipation rate which includes both thermal and viscous losses is
simply the sum of CT) and (9). Both these expressions contain two parts: die
usual absorption of sound waves in medium with finite viscosity and thermal
conductivity, and the absorption caused by die presence of small scale
inhomogeneities. The spatial damping rate corresponding Io me usual losses
(in "homogeneous" medium) Imk| and me damping rate caused by die strong
local gradients by Imkj. Then die total damping rate can be written as follows:

where.

and.

Imk= Irnkj + Imk2

<-r x
(12)

For pure molecular transport me kinematic viscosity n and me thermal
diflusivily x are of the same order of magnitude. The same holds in die case of
turbulent viscosity and thermal conductivity, when

v-x-M (13)

with * being a characteristic velocity of turbulent elements and ï ueir
characteristic scale. Thermal dissipation may become more important in tiie
case of large radiative heat transfer where x » v. In what follows we assume
dial x — v, so dial consider die dial the enhanced dissipation is dominated by
viscosity.. According our basic condition, k R 1«1. we have:

hnkj« Imk2
So that die total absorption is completely determined by the anomalous
damping rate Imkj:

Respectively, die enhancement factor,

f=Imk,/ ItHk2

(14)

f.
 3T 3.-
Tk1R1 P^

which according Eq.(2) is quite large.
(15)

Thus, at k 2 Ic1. die total damping rate has me form of Eq. (14). This expression
shows, first of all, dial die damping of acoustic waves does not depend on die
wave number and is determined by die physical properties of absorption
region: magnetic filling factor, the scale of inhomogeneities, etc. The
dependence of (he absorption on die magnetic field is obvious, and is dial of
B4-. At large values of magnetic Held, when P m,max becomes of die order of
P2

lotlhc damping rate does not depend on magnetic field any more and the
enhancement of absorption saturates over die magnetic field strength.

So dial, for high enough magnetic fields, such that P2.
we have.

p2m,max~r lot

2 (16)
The expression (14) allows to introduce the specific parameter (l which
actually determines the "acoustic opacity" of die region:

Irak
"IT1

(,7)
An important feature of me parameter (i is dial it does not depend on die

assumptions on me particular value of viscosity n and, in this respect, is
independent on die particular model of viscous transport

We find also, that the local damping rate has no dependence on sunspot size;
the total absorption of a spot then scales simply witti die path length dirough
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the spot, that is. the sunspot dimension L. If a is the tola! absorption of the
wave propagating through the sunspol, the spatial damping rate can be
evaluated as.

Im k.
(18)

So that the total damping coefficient o = 1 - exp (-Imk L) depends only on the
size of sunspol (or /and plage) and, on the physical parameters of medium:

(19)

When finding above the dissipation rate or p-modes we concentrated on
region of wave vectors higher than critical value Ic0. We extend our analysis to
the region of low wave numbers (low frequencies) when condition (10)
breaks, and.

k<kc. (20)

In Ibis case the picture of anomalous damping of p-modcs described above
considerably changes.

First of all, the viscous forces inhibit the relative motions of the flux tubes and
the ambient gas ("sloshing" mode), thus reducing the dissipation
enhancement: there apperjs a strong dependence of the damping rale on the
wave vector (and frequency), and Imk decreases with decreasing wave
number.
The same happens with the damping process provided by Ihermoconduclivily.
At k < Ic0, the temperature and density perturbations become nonadiabatic and
their relation should be estimated from the full thermoconductivily equation:

(21)

Imki
• | V 6 ZV I I I V Il V l I k * 2R*. I

(22)
We see that the contribution provided by the presence of small scale
inhomogeneities of magnetic field (the second term in curly brackets) is still
larger than the "homogeneous" one. providing, thus, the k2 dependence of the
absorption on the wave vector. This expression for damping rate is valid up to
the critical values of k _ kc. above which the enhancement of the absorption
becomes more efficient and reaches its saturation, described by Eq.(14), and,
obviously, does not depend on the wave number.
To unify the description of both !uniting cases, k < k,., and k > Ic0, we use the
following interpolation formula for the total absorption coefficient (19):

The final expression for the total damping rate has a form:

Fig. 2. The absorption coefficient a versus wave number k calculated from
theoretical model for five smupots are compared with the observational data.
The cross indicates the value of critical wave number kc a) 1983 February 23;
b) The giant active region of March 10.1989 (Braun and Duvall, 1989).

(23)
where according to (14) CJQ is damping rate corresponding to the saturation
over the wave number.

qo -r2 P. (24)

Using the least square approximation we can match the curve (23) with the
observational dependence of the total damping rate a on k. To do this, we
choose six Sunspots: Jan 18 1983, Feb 23 1983. Oct 25 1986, Nov 20 1986
(BDL, 1988). March 10 1989 (Braun and Duvall, 1989), and November
1988 (Braun et al. 1992). These examples cover the cases from the small
(almost the pore) sunspot of Nov 20, up !o die giant active region of March
10.

Fig 3 The interpolation curve and the observed absorption coefficient for the
November 1988 spot: a) versus spherical harmonic degree of the mode I, and
b) versus the wave frequency; the theoretical curve is calculated for the
saturation regime over wave number which corresponds to the critical wave
number Ie0= 0.44 Mm'', or 1= 309.7. The observational points correspond to I
= 308 (Braun et al. 1992).

In Fig.2 the absorption coefficient a versus wave number k calculated from
theoretical model for two sunspots are compared with the observational data.
The cross indicates the value of critical wave number Ic0: a) 1983 February 23;
b) The giant active region of March 10. In Fig. 3 the interpolation curve and
the observed absorption coefficient for the November 1988 spot: a) versus
spherical harmonic degree of the mode 1, and b) versus the wave frequency;
the theoretical curve is calculated for the saturation regime over wave number
which corresponds Io the critical wave number It0= 0.44 Mm'1 or I0= 309.73
The observational points correspond to 1 = 308 (Braun el a] 1992).

3. COMPARISON WITH OBSERVATIONS

When comparing our theoretical results with the observed properties of p-
mode absorption we address each of the observational findings listed in the
Introduction.

1) Absorption of the wave energy is cospatial with magnetic fields. We
conclude that (he damping rate in a nonuniform medium increases with
respect to the uniform medium by the enhancement factor given by Eq.(15).
Al wave numbers below Ic6 the enhancement factor depends on k and is
determined by (22). For a quantitative estimate, we use the observed quantities
for k and R, lake the filling factor qi=l as appropriate Io a sunspot, and assume
0^1 P2HiJUM /P2IOt = !'2. o value consistent with the models of Maltby et al
(1986) for a sunspol with a photosphcric magnetic Held of 2 kG. This gives an
enhancement factor of
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Thus, the enhancement or absorption is quite large. The absorbing regions
should be distinct from the background. The lower Tilling factor in plage
compared to sunspots explains the reduced absorption seen in the
observations, despite the larger size of the plage.

2) The absorbed fraction of the acoustic power rises with increasing
wavenumber at low wavcnumbcrs but then levels off at a constant value at
high wavenumbers. From Eq.(22) we see that at wave numbers below the
critical value It0, Imk is proportional to k .̂ Soon above the critical value the

absorption saturates and at large enough wave numbers ( k=l Mm"' )
becomes constant A plot of absorption coefficient versus wave number as
calculated from our model for six different sunspots are compared with the
observational data (Figs. 2 -3; we give here examples of three sunspots and
one giant active region), and give a good agreement

3) The absorption level increases with sunspot size. The local damping rate
(14) has no dependence on the sunspot size, and the total absorption of a spot
scales simply with the path length through the spot Eq. (18)..

A calculated values for the critical wave numbers kg. covering the cases from
small spot saturating at 30% (Nov20 '86) to the giant active region of March
10 £9 saturating at 70%. show a good agreement with the observational value
of wave numbers corresponding to the saturation region. Note, that the
deviation of critical wave numbers for different spot from the mean value of
kf 0.4 Mm"'(both in theory and in observations) is quile small. This means
that, generally speaking, me physical parameters of medium (mean viscosity
v, sound speed cs. the scale of inhomogeneities R, etc.) are quite similar in
différent sunspots. In order to explain the typical val',:s uf It0, the kinematic
viscosity should be of the order of 10 km Is. This is much larger than the
kinematic viscosity caused by "molecular" transport Therefore, we have to
assume that within the spot some turbulent viscosity is present. If one uses
(13), then, to fit the calculated value v, we use the observed limit on turbulent
velocities in sunspots (Beckers, 1976) of v = 2 km Is to find the length scale of
the turbulence 1 _ 5 km, much smaller than the fibril scale but consistent with
Beckers's observed limit on turbulent scales.

Very important parameter for future diagnostic goals is the "acoustic opacity
coefficient" u. (Eq.(17)), the parameter which is determined only by me
magnetic field and plasma density distribution over the region and is
independent on the particular model of viscous transport

4) The absorption per unit magnetic Held appears to saturate in sunspols
compared with plages. The dependence of the enhancement factor (15) on the
magnetic Held strength is f ~ B^ for weak magnetic fields; at large values of
B, when Pm,rnttt becomes of the order of Ptot the enhancement factor
saturates. The same holds, naturally, with the acoustic opacity, Eq. (17).

5) In a frame of linear theory frequency scales linearly with the wave number,
and we should expect the dependence of the absorption on frequency similar
to those on wave number. Although the presence of inhomogcncities results in
the dispersion of the wave (Ryutova, Kaisig, Tajima, 1991), and the frequency
dependence of the enhanced absorption needs the separate studies. As a first
trying on we found the absorption coefficient versus wave frequency for the
November 1988 spot at the saturation regime over the wave number. The
comparison with observations (Fig.3b) shows the order of magnitude
agreement, and, as we are dealing with saturation regime (over k) the
calculated curve is quite sooth.
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ABSTRACT

High-energy quanta such as gamma rays and hard X-
rays are quite emitted in association with the acceleration
of high-energy protons and other nuclei in solar flares, being
now called solar-flare particles. Also, radio waves covering
a wide band from microwave to decametric wave frequencies
are usually emitted from relativistic electrons as a result of
their interaction with sunspot magnetic fields ambient in the
flare regions. These electrons are accelerated in solar flares,
too.

In order to study by what mechanism these particles are
accelerated in solar flares, it is necessary to first know the
chemical composition of solar-flare particles and also gamma
ray line emissions associated with flares. According to the
observed data currently available, it is likely that heavy nuclei
such as the iron group are preferentially accelerated into MeV
energy or more. This may mean that these nuclei begin to
be accelerated initially in their partially ionized states, since
the efficiency for these particles to be accelerated is shown to
be dependent on the ratio of particle masses to their actual
charges.

Since tiia first observation, in 1961, for the chemical com-
position of solar-flare particles(Ref.l), the observed data have
been accumulated on the composition and it \s now known
that this composition is not much different from that of the
solar atmosphere except for heavy nuclei such as Si, Mg, S,
Fe, Co and Ni(Refs. 2 and 3 ). These nuclei are enriched in
the observed composition of solar-flare particles as referred
to the solar abundances, but their enrichment is highly de-
pendent on the first ionization potentials of these particles in
their atomic states(Ref. 4). This result suggests that most
of the nuclei in solar-flare particles are partially ionized, be-
cause the acceleration mechanism of these particles is always
connected with their interaction with induced electric fields
somewhere in the solar flate regions(Ref. 4). As proposed by
many, the particle acceleration must be causally related to
the effective or actual charges of these particles.

According to the observed data currently available for the
chemical composition of solar-flare particles, an enrichment of
various nuclei found in these particles as referred to the solar
abundances, which is often called the enhancement factor, is

clearly seen as shown in Fig.l. In this figure, we normalized
both of the chemical abundances of solar-flare particles and
the solar atmosphere with respect to the element, oxygen. It
is clearly seen that all the elements with the first ionization
potentials less than 10 eV are relatively enriched in the chem-
ical composition of solar-flare particles relative to that of the
solar atmosphere(e.g.,Ref. 2).
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Fig. 1 The enrichment of the nuclei of solar-
flare particles as referred to the solar abun-
dances with respect to the first ionization po-
tentials in the atomic states of these nuclei.

At present, it is known that several gamma ray lines some-
times being to be emitted in the initial stage of the develop-
ment of solar flares(e.g.,Ref. 6). A prominent line, 2.223 MeV
energy photon, among these is identified as the emission gen-
erated as the result of fusion of ambient protons with neutrons
which are produced somewhere in or out of the flare regions
due to the bombardment of accelerated nuclei into the back-
ground dense photosphere. The observations of this line and
other line emissions from excited nuclei from the sun show
that high-energy particles are often accelerated in association

e
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with solar flares within a few tens of seconds or immediately
after the onset of solar flares. This indicates that the particle
acceleration in solar flares should take place very rapidly with
a high efficiency, since it is necessary for particles to be accel-
erated into some hundred MeV per nucléon or more within a
few tens of seconds in the flare regions(e.g.,Ref. 7).

Solar flares usually occur in the chromosphere and/or
the lower coronal region. In consequence, gases in these re-
gions where flare are observed are assumed to be only partially
ionized before the occurrence of solar flares(e.g.,Ref. 8).Some
minor portion of such gases seems to be accelerated into MeV
energy or more and then become high-energy particles com-
ponent observed later as solar-flare particles. It is, therefore,
natural that most of these particles are not fully ionized even
after they have been already accelerated into such an energy
as some hundred MeV per nucleon(Ref. 9).

A theory of particle acceleration gives the acceleration rate
for particle rigidity, /?, as follows(e.g.,Refs. 10 and 11):

where a and b both the acceleration efficiencies, though being
numerically different from each other. Then, M, c, Z and e
are, respectively, the particle rest mass, the light speed, the
particle "effective" charge number and the electronic charge.
If we refer to the current theory of particle acceleration, the
first and the second terms on the right-hand side of the above
equation express the Fermi and the betatron accelerations, re-
spectively. Their acceleration rates vary with particle rigidity
R as-indicated in Fig. 2 . In case of a particle of relativistic
energy, the first term becomes proportional to particle rigidity
as ft.

BETATRON MECHANISM

FERMI MECHANISM

RIGIDITY

Fig. 2 Acceleration rate versus particle rigid-
ity.

For the case of solar-flare particles, however, it is accept-
able that we only consider these particles in the energy range
usually lower than 1 GeV per nucléon. In this case, the first
term on the right-hand side of the equation cited above is
safely assumed as proportional to Mc/Ze. If particle mass,
M, is expressed by referring to the proton mass, Mp, and the
atomic mass number, A, this mass is rewritten as AMp. This
treatment gives that the efficiency of particle acceleration is
only dependent on the ratios of particle mass numbers to their
actual charges. In case which particles are partially ionized,
their charges are necessarily less than the atomic numbers for
these particles.

When a Fermi-type acceleration process as mentioned above
takes place in solar flare regions, the acceleration efficiency

tends to become higher for particles in partially ionized states.
Thus, it can be led to conclude that the observed results shown
in Fig. 1 are well interpreted by taking into account the ac-
celeration mechanism as mentioned above, in which case such
enrichment as seen in the chemical composition of solar-flare
particles as referred to that of the solar atmosphere is ex-
plained on the basis of an idea for the preferential acceleration
of the elements partially ionized in the solar flare regions.

Even so, it is still necessary to find out some real process
for particles to be accelerated from their thermal energy to
hundreds of MeV energy during a period as short as ten sec-
onds or so immediately after the onset of solar flares. It should
be noted that, at the present moment, there may have been
no theory to explain such an efficient process to accelerate a
portion of atoms in the solar atmosphere into high energies in
such a short time.
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THE ONSET AND SPECTRA OF A MAGNETIZED LANGMUIR TURBULENCE

Lj.R. Hadzievski and M.M. SkorU*
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ABSTRACT

In variety of space and astrophysical plasma studies a theory
of strong turbulence is frequently invoked, where creation
and stability of soliton like wave structures remain a funda-
mental issue. In this paper two dimensional simulation of a
soliton instability in a weakly magnetized plasma is per-
formed in the Zakharov model of strong Langmuir turbu-
lence. Growth rate spectra are calculated showing the
suppression of magnetic field effect with a growing soliton
strength. Nonlinear frequency shift and spectral broadening
are observed, already in an early stage.

Keywords: Langmuir turbulence, solitons, collapse, iono-
sphere, radio emission, solar bursts.

1. INTRODUCTION

Both for laboratory and astrophysical plasmas with a large
energy content, it is typical that plasma reaches a level where
nonlinear wave effects overcome the dispersive ones. In such
physical environment solitons are readily formed, evolving
rapidly from an arbitrary initial plasma state; thus determin-
ing basic features of an emerging strong plasma turbulence.
Generally taken, two different global turbulence scenarios
are possible, depending on whether solitons remain stable
entities or alternatively being unstable, they exhibit a unique
nonlinear phenomenon of a soliton collapse. It is important to
stress the fundamental difference between these two turbu-
lence descriptions, in particular, concerning macroscopic con-
sequences, such as absorption rates, wave energy spectra and
heated panicle distributions.

Much of the current effort in the theory of Strong Langmuir
Turbulence (SLT) comes from its importance in understand-
ing the problem of intense electromagnetic radiation at sub-
critical density as in laser plasma interactions (Réf. 1) and
high frequency (HF) modification of the ionosphere (Réf. 2).
In particular, Zakharov model (Réf. 3-6) of a weakly magnet-
ized SLT is frequently invoked in connection with HF heating
experiments of the ionospheric F layer plasmas confined by
the geomagnetic field (Réf. 2).

On the other hand, the SLT theory is of more general inter-
est, in particular the questions of existence, formation and
stability of Langmuir solitons and their subsequent collapse
toward a singularity point in a finite time (Réf. 3). Nonsta-
tionary, soliton-like wave structures (cavitons) are expected
to play a role of elementary turbulent cells in the global SLT
scenario. Important additional features of SLT are efficient
nonlinear heating-acceleration mechanism of plasma
particles, as well as nonlinear generation of electromagnetic
radiation at fundamental, second and higher harmonics of
the plasma frequency. Furthermore, nonlinear generation of
zero-frequency magnetic fields by SLT has been proposed
(Réf. T). A variety of SLT applications in space and astro-
physical plasmas have been recently attempted; for example:
nonthermal planetary radio-emission, solar phenomena, such
as radio bursts (Type III) and flares and emission from pulsar

magnetosphere (this Proceedings, papers by A. Chian, D.
Melrose and E. Asseo).

Moreover, soliton stability problems are important on their
own merits often exhibiting stability under the perturbations
preserving the soliton dimensionality contrary to the case of
symmetry b-aking perturbations (Réf. 3). Recent studies of
the instability of weakly magnetized Langmuir solitons in the
framework of the vectorial type Zakharov equations instead
of using more simple scalar model represented by magnet-
ized nonlinear Schroedinger (NLS) equation [4], have re-
vealed the detailed growth rate spectral structure in a small
amplitude limit (Réf. 5), pointing an inadequacy of the stan-
dard analytical treatments to accurately predict the instability
spectra. More recently, the problem of instability of weakly
magnetized large amplitude Langmuir solitons have been
numerically treated solving the corresponding linear eigen
value problem (Réf. 6).

In this paper we report on direct numerical simulation results
in two dimensions (2D) of the transverse instability of weakly
magnetized Langmuir solitons in the framework of
Zakharov model of SLT. We use more realistic vectorial
form of the basic equations accounting for full ion dynamics
(Réf. 5,6), valid for both, small and large amplitude
Langmuir solitons. In order to check linear eigen value results
(Réf. 6), we focus on the early exponentially growing insta-
bility stage.

2. SIMULATION

Zakharov model of a weakly magnetized SLT is represented
by the system of time averaged nonlinear dynamical equa-
tions (Réf. 3) describing a nonlinear coupling between
Langmuir wave potential anvelope (V) and the ion density
variation (n) from its mean value (na). In convenient
dimensionless units

r-» 1 1 ,

the system reads

V2( i<l>, + V2V) - "V2V - V(»VV) = O,

(Ib)

where a,* and ta^ are the electron cyclotron and and electron
plasma frequency, respectively, ft is the ion to electron mass
ratio, fo. is the Debye radius and T is the electron tempera-
ture in energetic units. The system (1) is justified for a «ft
corresponding to the physical condition of a weak magnetic
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field (in x-direction) o>^ » o>a, while for «7=0 it reduces to
the original set of curl-free Zakharov equations (Ref .3). The
vectorial form of (1) readely simplifies to a scalar model by
replacing (-Vv) by scalar electric field E(r) (Réf. 4). In the
small amplitude (static) limit nn« V1W the set of equations
(1) simplifies to a single NLS type equation. However, for
large Langmuir fields inclusion of full ion inertia (Ib) is
essential (Réf. 5,6).

A stationary and spatialy localized analitycal solution of the
system (1) in a form of "standing" planar ID soliton is given

Î

0.0 0.1 0.2 OJ 0.4 OJ 0.6 0.7 0.8 0.9

B X-3 ihootini omul.

0.0 0.1 02 0.3 0.4 OS 0.6 0.7 0.8

X.5 ihootinj rimuL

0.0 0.1 0.2 OJ 0.4 0.5 0.6 0.7 0.8

Figure 1. Soliton instability growth rate;(fc) versus transverse
perturbation wave number (Jt) for different values of the mag-
netic field (cr=0,3,10) and three values of the soliton strength
parameter (A): (a) A=I, (b) A=3 and (c) A=5.

An extensive study of the linear instability of the Langmuir
soliton (2) by numerically solving the corresponding eigen
value problem (1) was recently performed by these authors
(Réf. 6), with the linearized exponentially growing (growth
rate y ) perturbation, single harmonic in a transverse direc-
tion with a wave number k±, restricted to a purely growing
form; i.e. the real part of the eigen frequency was neglected
(soliton is stable with respect to longitudinal perturbations in
x-direction (Réf. 3)).

Here, in order to study the soliton instability we have per-
formed a direct numerical simulation of the complete nonlin-
ear set of equations (1) in 2D by using the spectral Fourier
method with respect to spatial coordinates with an explicit
time integration scheme (Réf. 6).

The onset and the time evolution of the instability was fol-
lowed by imposing initial conditions in a form of a standing
planar ID soliton (2), perturbed in a transverse direction

O) (l+2e cos/cy), (3)

where for the initial ion density w? chose the adiabatic

matching n(f=0) = -|v('=0)|2 in order to shorten plasma
transients. Periodic boundary conditions, a numerical grid of
64x64 points and perturbation level t=0.01 was assumed.

Figure 2. Dependence of the instability cut off wave number

ke (left y-axes) and the quantity fcoj^ (right y-axes) on the
magnetic field strength trn.

10»

10J O
D

2dnmu1itiira
ihootim

as

V= = -JgP, = VZA sech At exp Si2I, n, = - |v=|2, (2)

where A stands for the soliton strength parameter.

Figure 3. The growth rate maximum (y „„) versus the soliton
strength (A) covering the range from smalt (static limit) to
large (supersonic) Langmuir soliton amplitudes in the
Zakharov model of SLT.
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Figure 4. Time evolution of the transverse wave number ( ky ) modal spectra of Langmuir energy (E\ and transverse (Ey)t
electric field components for the soliton strength A=I vith initial perturbation put into the first harmonic Arx=Au.=0.25 for zero
((T=O) and weak (a=10) magnetic BeUJ, where kr is in the units of ki .Only the first IV of 32 available harmonics for ky>Q are
plotted due to the symmetry in ky space.

Figure 5. Time evolution of the transverse modal spectra of Langmuir enerjy ;i.i 1 electric field component as described in Fig. 4.,
except for the increased soliton strength /L=S.
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In order to obtain a detailed spectral structure of the soliton
instability we have performed runs with different values for
k±, a and A. The corresponding growth rate are calculated
from 2D simulation results in the early time evolution of the
maximum Langmuir energy by numerical fitting to a single
exponential growth. This procedure does not appear to be
sufficently accurate as the time evolution exhibits growth
modulated with harmonic oscilations due to a soliton self
frequency (= A2) further altered by the nonlinear frequency
shift of an instability. In Fig. 1. we present comparison be-
tween linear eigen value results (lines) obtained numerically
by "shooting" method (Réf. 6) and results based on direct 2D
simulations (symboIs).The results based on these two essen-
tially independent methods show satisfactory agreement. For
all values of the parameters a snd A spectral curves p(k),

(p = r/)?,k = k /A) exhibit a similar structure; single maxi-
mum between k = O and k = fc cutoff wave numbers. Sup-
pression of the magnetic field effect due to an increasing of
the soliton strength is observed.

It was pointed out earlier (Réf. 6) that the cutoff wave num-
ber kc depends only on the normalized magnetic field

OB ((Tn = "/if ). In Fig. 2. we show a dependence of the insta-
bility cut off wave number fc (left y-axes) and the quantity

Ar1JT^ (right y-axes) on the magnetic field strength an revealing
for large values of On the generic universal dependence on

kçofi (Réf. 6). Further, we investigate the maxumum growth
rate dépendance on soliton strenght parameter for both lin-
ear eigen value (Réf. 6) and direct simulation data. In Fig. 3.
( in log-log scales) the growth rate maximum (y mai ) versus
the soliton strength (A) covering the range from small (static
limit) to large (supersonic) Langmuir soliton amplitudes in
the Zakharov model of SLT is given. The power law like jw

— A2" dépendance recovers analytically predicted values
a=1 in the static limit region (A< 1) and a < I for the hydrody-
namic region (A> 1).

Finally, we expose the time resolved spectral structure of
Langmuir energy together with electric field components in
order to enlighten the onset, instability development and
highly nonlinear collapse stage. In Fig. 4. we present the time
evolution of the transverse wave number ( ky ) modal spectra
of Langmuir energy (E2)t and transverse (Ey)t electric field
components for the soliton strength A=I with initial pertur-
bation put into the first harmonic ky=kj_=Q.'25 for zero
(CT=O) and weak (CT=IO) magnetic field. Periodic oscillations
of the zero harmonic mode Ar^=O correspond to "eigen fre-
quency'^—A2) of the Langmuir soliton (2). The growth of
higher harmonics is readily observed in an early "linear"
stage.

Moreover, in Fig. 5. we give the time evolution of the trans-
verse modal spectra of Langmuir energy and electric field
component as described in Fig. 4., except for the increased
soliton strength A=S. As compared to small amplitude case
(Fig. 4.) pronounced effect of nonlinear frequency shift
changing the period of the zero mode oscillations, together
with spectral broadening of growing higher modes is readily
observed. However, increasing magnetic fields (a) narrows

region of unstable modes. The stage of Langmuir soliton
collapse is followed by the rapid growth of higher order har-
monics as a result of an intense spatial localization, still for
increasing a smaller number of harmonics participate in an
collapse process.

3. CONCLUSION

We have performed two dimensional simulation of the
Langmuir soliton instability in the Zakharov model in order
to study in detail the initial onset and spectra of magnetized
SLT. Direct simulation data compare satisfactory with the
linearized eigen value results for the purely growing perturba-
tions. However, important missing physical effect of nonlin-
ear frequency shift and spectral broadening inherent in 2D
simulations are revealed, already in an early exponentially
growing stage. Generally taken, a stronger magnetic field
requires a longer wavelength of unstable perturbations. In
view of possible applications, one should note that the trans-
verse dimensions of an unstable plasma region should be
large enough to accomodate the unstable long wavelength
perturbation; in the opposite case solitons may remain stable.
A more detailed account of !he above problem addressing
also the highly nonlinear collapse stage will be reported in a
separate publication.
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ABSTRACT

We present here our results of simulating the solar wind-
magnetosphere interaction with a 3-dimensional, electromagnetic
particle code. Hitherto such global simulations were done with
MHD codes while lower-dimensional particle or hybrid codes served
to account for microscopic processes and such transport parame-
ters as have to be introduced ad hoc in MHD. Our kinetic model
attempts to combine the macroscopic and microscopic tasks. It re-
lies only on the Maxwell curl equations and the Lorentz equation
for particles, which are ideally suited for computers. The pre-
liminary results shown here are for an unmagnetized solar wind
plasma streaming past a dipolar magnetic field. The results show
the formation of a bow shock and a magnetotail, the penetration
of energetic particles into cusp and radiation belt regions, and
dawn-dusk asymmetries.
Keywords: solar wind, magnetosphere, cusps, bowshock.

1. INTRODUCTION

The solar wind interaction with the Earth's magnetic field
gives rise to a number of important and intriguing phenomena
many of which are only partially understood. These include recon-
nection between the solar wind magnetic field at the dayside mag-
netopause and flux transfer events, the drag of the solar wind ex-
erted on the magnetotail and associated instabilities at the magne-
topause, plasma convection in the magnetosphere/ionosphere, and
the generation of field-aligned current systems. Reviews of these
and other phenomena can be found in Haerendel and Faschmann
(Réf. i), Elphic (Réf. 2), Huang (Réf. 3), and Mauk and Zanetti
(Réf. 4). The range of physical processes involved in the so-
lar wind-magnetosphere system is quite overwhelming, and conse-
quently a wide array of methods have been used to study these,
ranging from detailed studies of select phenomena with the as-
sumption of a specific field geometry or set of boundary conditions,
to fully three dimensional simulations with less spatial resolution
but self-consistent particle or field geometries and with no (little)
influence of the boundary conditions.

In MHD-codes the micro-processes are represented by statis-
tical (macroscopic) constants such as diffusion coefficients, anoma-
lous resistivity, viscosity, temperature, and the adiabatic constant.
Recent studies have pointed out that results from MHD codes are
sensitive to the choice of these parameters, as well as to the accu-
racy of the iteration scheme ar. ' cast doubt on some results
obtained in the past. Thus it h<^ n found that in ideal MHD
simulations using a high-precisir ae, no Kelvin-Helmholtz in-
stability is generated along the m^^netopause and there is no entry

of mass, energy and momentum through the magnetopause con-
trary to conventional knowledge (Réf. 5).

With the model presented here, we intend to take the full
step, namely the global simulation of the solar wind interaction
with a planetary magnetic field using a particle code which con-
tains the complete particle dynamics. As will be shown below, the
advantage is that the model contains the complete physics. The
price to be paid is that some scaling of plasma parameters must
be done.

2. A 3D EM Particle Simulation Model

Our code is a successor to the TRISTAN code (Refs 6-8) Its
new features are: (1) Foisson's equation and Fourier transforms
have been eliminated by updating the fields locally from the curl
equations and depositing the particle currents according to charge-
conserving formulas (Réf. 9), (2) radiating boundary conditions
are applied to the fields using a first order Lindman approxima-
tion (Réf. 10), (3) filtering is done locally, (4) localisation makes
the code ideally suited to modern parallel machines which call
for minimising data paths, (5) the code is in Fortran and fully
transportable: modest versions run on PCs and on workstations.
In the past, the TRISTAN code has successfully simulated large
scale space plasma phenomena such as the formation of systems
of galaxies (Réf. 8). The new version of the code has been applied
to the study of the dynamics of low-/3 plasma clouds (Réf. 11) and
the whistler wave driven by Spacelab 2 electron beam (Réf. 12),
and a tutorial on the code will appear in the proceedings of the
ISSS-4 (International School of Space Simulation) held in Kyoto,
Japan, 1991 (Réf. 13).

For the simulation of solar wind-magnetosphcre interaction
the following boundary conditions were used for the particles: (1)
Fresh particles representing the incoming solar wind (in our test
run unmagnetized) are continuously injected across the t/z-plane
at x — xmin with a thermal velocity plus - bulk velocity in the
+1 direction, (2) thermal solar particle flux is also injected across
the sides of our rectangular computation domain, (3) escaping
particles are arrested in a buffer zone and redistributed there more
uniformly by making the zone conducting in order to simulate their
escape to infinity. They are then written off.

For the fields, boundary conditions were imposed jut, out-
side these zones: radiation is prevented from being reflected back
inward, following Lindman's ideas (Réf. 10). The lowest order
Lindman approximation was found adequate: radiation at glanc-
ing angles was no problem. However, special attention was given
to conditions on the edges of the computational box.

In order to bring naturally disparate time- and space-scales
closer together in this simulation of phenomena dominated by ion

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in Toki, Japan,
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inertia and magnetic field interaction, the natural electron mass
was raised to 1/16 of the ion mass and the velocity of light was
lowered to twice the incoming solar wind velocity. This means
that charge separation and anomalous resistivity phenomena are
accounted foi qualitatively but perhaps not with quantitative cer-
tainty. Likewise, radiation related phenomena (e.g. whistler modes]
are covered qualitatively only.

3. SIMULATION RESULTS

While on a CRAY-2, with lOOMword core memory, a 2003

grid simulation with some 10 million particles would be possible
in principle, a first test exploring the solar wind-magnetosphere
interaction was run on the CRAY-YMP at NCAR using a modest
105 by 55 by 55 grid and only 200,000 electron-ion pairs (Réf.
14). Here, we report on our second test run on CRAY-2 at NCSA
using a lager 215 by 95 by 95 grid and about 1,000,000 electron-
ion pairs. Initially, these fill the entire box uniformly and drift
with a velocity UD = 0.5c in the +z direction, representing the
solar wind. The electron thermal velocity is Uy1 = 0.02c while the
magnetic field is initially zero. A circular current generating the
dipole magnetic field is increased smoothly from O to a maximum
value reached at time step 65 and kept constant at that value for
the rest of the simulation. The center of the current loop is located
at (70.5,47.5,48) with the current in the it/:plane and the axis in
the z-direction. The initial expansion of the magnetic field cavity
is found to expel a large fraction of the initial plasma. The solar
wind density is about 0.7 electron-ion pairs per cell, the mass ratio
is m;/me = 16, and wpeAt = 0.84.

In Figure 1 is shown the ion density in the center xz-layer
containing the dipole center at time step 768. The ion density
is color coded and the magnetic field component in the plane is
shown with arrows at every third grid point. The magnitude of
the field has been scaled in order to see the field direction for weak
fields. Thus the length of the vectors is not a true representation of
the field magnitude. The plasma is flowing through the simulation
domain from left to right (low to high x-values). In the process
the dipolar field is compressed at the side facing the plasma wind
and is extended to a long tail on the down-wind side, just as the
Earth's magnetic field in the solar wind.

Some particles have entered the cusp regions and, on the
down-wind side (night side), particles have gathered on closed field
lines in what could be equivalent to the radiation belt. The parti-
cles at the up-wind magnetopause are forming a bow shock. The
temperature of these particles is much elevated from the back-
ground temperature. Also seen up-wind from the magnetopause
is what could be a second shock or a foreshock. The magnitude of
both shocks has a minimum at the sub-solar point and is increasing
to a maximum at some distance from the sun-Earth line.

The current density associated with the electron and ion
fluxes and the magnetic field are shown in Figure 2. The current
density component shown is perpendicular to the zz-plane (Jv),
with current into the plane (the positive y-direction) colored red
and current out of the plane colored blue. Again, the values are
for the center layer containing the center of the dipole. The cur-
rent densities have been determined from the !/-component of the
particle fluxes at each cell in the layer.

The current system shown in Figure 2 is equivalent to the
Chapman-Ferraro current system of the Earth. At the up-wind,
low latitude magnetopause it runs in a direction which cancels the
original magnetic field on the up-wind side, and doubles the field
at the down-wind side. At the cusp regions the current changes
polarity with the magnetic field as expected. The current (a neg-
ative Jx) in the neutral sheet is carried by the very few particles
located here (not shown due to the exclusion of the far magnetotail
in Figure 2).

4. DISCUSSION

The results presented in figures 1 through show that even
with the modest grid-size of 215 by 95 by 95 cells, our 3D fully
kinetic model is able to generate the complete magnetosphere with
its basic characteristics. This encourages us to continue our work
using finer grids (larger array sizes) and including such features
as an IMF, a tilt of the magnetic axis, and an inner conducting
surface simulating the ionosphere. Larger dimensions will' allow
finer resolution of fields. The number of particles should also be
increased. Longer runs would allow us to enhance realism by us-
ing smaller me/m,- and larger C/VD. On presently available single
processor computers the grid resolution could be increased by a
factor of 3 in all dimensions. Multi-processor machines in the fu-
ture will allow even greater improvement, since the code allows
simultaneous updating of many cells.

Some important issues that with advantage can be addressed
with a kinetic code are:

1) In MHD simulations reconnection phenomena are some-
times studied using artificial numerical dissipation to drive the
process (Réf. 15). Furthermore, artificially high diffusion coeffi-
cients are often used in order to achieve a stable solution (Réf. 16).
With a full kinetic code such problems may be addressed directly.

2) The motions of individual particles are tracked. In many
regions of the magnetospherc, such as the magnetopause and the
tail, gradients in the magnetic field are of such magnitude that
the magnetic field changes significantly during a particle gyration.
This gives rise to non-isotropic, non-Maxwellian distribution func-
tions which drives the physics of those regions. The recent research
into chaotic particle orbits in the magnetotail (Refs. 17, 18) is an
example. The complex particle motion gives rise to such phenom-
ena as collisionless electron viscosity (Refs. 19-21) and collisionless
conductivity (Réf. 22), 1991]. Furthermore, a particle code cal-
culates the particle dynamics in self-consistent rather than model
magnetic fields.

3) The complete wave dynamics from low frequency mag-
netohydrodynamic modes (Kelvin-Helmholtz instabilities at the
magnetopause and ULF pulsations) to electron waves (Langmuir
oscillations) is included. An example where electron kinetics is
important is illustrated by recent studies of the dynamics of the
magnetopause current layer (Refs. 23-26). It is thought that a
generalized lower hybrid drift instability is generated, which in the
case of the magnetopause has the effect of broadening the current
layer and causing filamentation of the current.

4) Any complicated magnetic field configuration can be sim-
ulated by a simple modification of the source-current. This makes
it straight-forward to simulate not only other planetary magneto-

spheres such as that of Uranus, but also the effect of the diurnal
rotation of the Earth's dipole axis with respect to the direction to
the sun.

The simulation with a southward interplanetary magnetic
field (IMF) has been performed. The results show that more par-
ticles are diffused into the magnetosphere than without an IMF.
Due to the limitation of the space the details of this topics is not
included in this paper.

Questions that need to be addressed in the future are those
of scaling from the micro-world of the simulation to the real macro-
world. In particular, the scaling of the ion to electron mass ratio,
the Larmor radii and the Debye length to the Earth's radius or
other characteristic dimensions. An example is that in our simula-
tion the Debye length is a significant fraction of the Earth's radius
or the thickness of the bow shock. The Earth's radius itself can be
determined by the distance from the dipole center to the up-wind
magnetopause. This distance is typically equal to 10 Earth radii.
In the test simulation described earlier an Earth radius is of the
order of one grid spacing.

However, some form of scaling is usually ncodnd in parti-
cle simulations, even in one and two dimensions, .171 d still such
simulations are able to reveal much of the p i .y - i • '•• «id natural
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30 40 50 60 70 80 IB 100 110 120

Fig. 1. Ion density in the center xz-layer containing the dipole
center. "Relative amplitude" on color bar signifies simula-
tion units.

30 10 50 60 70 80 90 100 110 13

X/A

Fig. 2. Current density Jy in the center z2-layer containing the
dipole center. Positive currents flow into the plane and neg-
ative out of the plane.
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phenomena. Similar problems aie also encountered, and to some
degree overcome, in laboratory plasma simulations of macro-scale
space plasma phenomena. Examples include the study of mag-
netic field line reconnection (Refs. 27. 28), and the interaction
of a. magnetized plasma flow with a dipole magnetic field (Réf.
29). We propose, therefore, that a kinetic pat tide model will be a
useful tool for the study of the Earth's and other planetary mag-
netospheres in the solar wind, by supplementing present models
that do not contain the complete particle dynamics.
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GAMMA-RAY BTJRSI AS A RESULT OP THS EXPLOSIVE IKSTABILIIl
IN THE JIAGNETOSPHSRE OP OLD BEUTROW STAR

ïa.N.Istomin and D.V.Mosyagin

P.H.Lebedev Ryrsical Institute, Moscow 117924, Russia

ABSTRACT

If the rotation period of a neutron star
exceeds some limit 7>2S'ff s, B,, =810"'* G ,
than it can't be a pulsar, i.e. the elect-
ron-positron plasma is not generated in
the polar region of the magnetosphere.
However, it does not mean that e*e" pairs
are not created in the closed magnetosphere
of a slowly rotating neutron star. They
will be generated permanently in the cl ^d
region of the magnetosphere if they are
trapped by the electrostatic potential at
the ends of magnetic tubes. The potential
turns out to have an oscillating fom mo-
ving in which the electrons and positrons
generate the photons bearing the new
pairs. The accumulation of the e*e" plasma
in the trap has the explosive character
n -« (te-t)~* where te is of the order of
10-100 years. The energy for plasma crea-
tion is due to the star retardation by the
ponderomotive action of the leakage cur-
rents. The trap will be destroyed when the
plasma energy becomes equal to that of ma-
gnetic field. After that all charged par-
ticles fall onto the star surface. That is
the burst. The whole energy of the burst
is of 10*' B,* ergs. For the observed flux
10 erg cnr* s"1 it gives the distance to
the source of /-burst of 100kpc-B,2 that
corresponds to the extended halo.

Keywords: Heutron star, ('-burst, e+e~
pairs. '

1. IHTRODUCTIOH

Since the discovery of the V-bursts in
1973 (Ref.1) the nature of this phenomena
has not been established. The sources of
bursts and their place in space - these
important questions are not clarified yet.
nevertheless, the most probable candidate
is the neutron star. For the benefit of
the neutron star we have the f ollowing
facts: the observed quasiperiodisity of
the /-ray intensity, in particular for
the burst of 5 March 1979 there were 22
cycles of the oscillations with the mean
period of 8 sec (Hef.2); the strong varia-
bility of intensity especially on the front
of burst ( t̂ 0.2 msec); the observed de-
tails of the energy spectra in the region
of cyclotron frequency and its harmonics
(Réf.3) and also in the region of red

shift electron-positron annihilation line
(Ref.4) (notice also that the recent ob-
servations of GRO did not reveal any par-
ticulars); nonidentification of Jf -bursts
with any visible objects in Universe.

The distribution of Y -bursts ̂ a the
sky is the most unexpected fact. It is so
uniform (Ref.5) that either they are cos-
mological one (Refs.6,7) or are produced
by the large halo of the sources around
our Galaxy with the radius R>100 kpc
(flef.a). As for the pulsars which are the
neutnn stars too, they form the thin
disk. 3ut they are young objects with ages
of the order of 106-10? years and the old
neutron stars (>10'y) are not excluded to
form the extended spherically symmetric
halo.

The source of the y-burst can be i) the
accretion of the matter on the neutron
star and the loss of atability of the sur-
face layer due -to the pycnonuclear reac-
tions (Ref.9), nuclear flash on the accre-
ting neutron star surface (Réf.10), ii)the
star quake (Refs.11,12), iii) the close
meeting of a comet with the neutron star
and disruption in its magnetosphere (Hef .>
13). AJl these must result to the strong
oscillations of the neutron star magnetic
field, to e*e" pairs and r -rays genera-
tion (Refs.14-16). «

However, it is not clear why the same pro-
cesses don't occur on the neutron stars
which are the radio pulsars. Due to the
injection of the relativistic particles
and radiation there is no accretion of the
Interstellar media on the star surface on-
ly. But it is not true for the radio pul-
sars which are the member of binary sys-
tems where the evaporating companion can
give the noticed flux of the matter on the
neutron star.

île cosci<lar the radio pulsars and the -
bursts are the phenomenon of the same na-
turs, their sources are the single rota-
ting me.̂ ne!;i-:ed neutron stars. As a result
of rotation of the magnetic field the e e
plasma is generated in the magnetosphere.
For the pulsars the generation is placed
in the unclosed region and relativistic
particles permanently escape the magnfeto-

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion held in Toki Japan,
17-20 November 7992 (ESA SP-351, February 1993).
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sphere. As for V -bursts the generation
occurs in the closed region of magneto-
sphere and particles are trapped by the
magnetic field and permanently accumulated
in the magneto sphere. The growth of the
plasma density has the explosive manner.
When the energy of accumulated plasma will
compare with that of magnetic field in the
magnetosphere then the trap will be dest-
royed and y-burst happens.

The relativistic plasma accumulation ia
not possible at the rapid neutron star ro-
tation (Pcz<10s) when the convective mo-
tion leads to the fast escape of the par-
ticles. So the value of the period P=P«
separates the neutron stars which are the
radio pulsars from the neutron stars which
are the sources of v-bursts.

Further we discuss how the trap for relati-
vistic particles is arranged, how the ge-
neration of % -quantum and e*e~ pairs take
place, how the star spins down.

2. ELECTROSTATIC TRAP

Let us consider the motion of the char-
ging particles on separate line of the
magnetic field of the rotating star. For
the longitudinal electric field in the ro-
tating frame we have the Poisaon equation:

\f=e <f> /me2 is dimensionless electric po-
tential, n<i =-(Bji.)/2'7rce is the Goldreich
-Julian density of the corotation charge
which arises in a plasma rotating uniform-
ly in a magnetic field; IJ7T (ĵ r) are the
electron and positron distribution func-
tions with respect to their longitudinal
energies Jf =(1+pj;/mJc*)Vi . Here we have ta-
ken into account the fact that the spread
over transverse momenta PJ. is slight in
the strong magnetic field since all par-
ticles are on the seroth Landau level, the
indexer =singe(pB)=±1 is defied the direc-
tion of the longitudinal momentum with
respect to magnetic field. We consider
that the distribution functions of par-
ticles without electric field are exponen-
tial one (that will be confirmed below).

In one dimentional case the functions
PP (y,r) in the electric field are the

cti *
(Y
the

functions of full energies only: £*
ma* (Y+ Y) and are defined by its values
on the infinity Fj; ( \S)

'<&-'*
ft

— } > >*-'-*p±+l >l *-«
For the reflected particles ((T=-O) value
of.̂  is limited above by the value 1 +
Vo - ̂ > where the ̂  ars maximum and mi-
nimum values of potential y.

Prom the equation (1) we find, that unre-
flecting periodical potential (fig.l) ap-

pears in plasma and the values of
limited above and below by values

1-/» respectively: «C^'^V
_ . i.— ̂ J .,"

r\

are
* -1

The spatial period of this oscillations is
Debye length of the relativistic plasma:
d=4 ̂(mcV̂ ne3)''2 . But this solution
is correct without taken into account of
the particles capture process in the po-
tential drops due to the radiation of ele-
ctromagnetic waves. It result to the ap-
pearance of trapped particles. Their dis-
tributions functions are:

for / within interval:
efficients f and D are de I Iffie

- /J

ed as: Y" Co~

**»•« *•-.'„
where ï(/,k) is the density of probability
of radiation of photon with momentum k per
unit time by particle with energy / . As a
result the electrostatic potential is con-
vert. Each following potential hump (on
the negative direction of x) is more than
previous one by the value of A-I- zLfi/
(1* V* )-]#** I , where VJ is local poten-
tial maximum (minimum).

The whole length of this oscillating po-
tential is L ̂d(Yi- /J. These result are
correct for the time t<!Tt- 4»>"

eefr/*cae /£ *
when the density of trapped particles is
less than the density of untrapped ones.
JFor the following values of the parameters
/„,=10, n=-10'*em , V ~ 10* we estimate

d=10 ran, L=IO1Cm, 2̂ 1O8S. We see that
the charged -particles in closed magneto-
sphere are trapped by the strong magnetic
field with electrostatic mirrors having
the quasioscillating form with length of
the order of 10 cm which is shorter than
the length of whole magnetic field line.

3. i' -QUANTUM Gi)HERATIOHi'

The charged particles before reflecting by
the electrostatic potential at the end of
the magnetic field line will change their
velocity as showed in fig. 2.
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The vector-potential A0(R) which describes
the generated radiation on the frequency^
at the large distances from moving particle
has the form (Ref.17)

The intensity of radiation into the unit
solid angle on the frequency uJ is equal to

/C*
where

It is known that Fourier component of the
smooth function at the height frequencies
decreases faster than any power of «J (Réf.
18). So for the smooth velocity v(t) the
spectrum of radiated photons will have the
exponential cutoff for the sufficient large
frequency. In the given case the frequency
of jut off c->i for the small angles &* * *
in which the radiation of reletivistic par-
ticles is concentrated is defined by the
energy of particles and the characteristic
time T1 during which the particles are ref-
lected; i~>t = >/ir?i. For the discussed
electrostatic potential the time T1 is of
the order of d/cv. It is important that
the velocity of 'particle change mainly du-
ring the time T2 (Ta-Tt+d/c) and that the
velocity v(t) is odd function of time t.
Thus for the small frequencies <«J«* 2v/J,
the intensity of radiation in following:

We approximate the spectral intensity of
radiation by the step function:

The intensity of radiation of whole plasma
is obtained integrating the intensity from
one particle over their distribution func-
tion. The radiation in the magnetosphere
is due to the particles reflected from
electrostatic potential, their energy lie
in the interval of energy V* <v< { *£-

°

The frequency of cutoff_of the spectrum
. e -pro ucefl h-o- B o nia.™., ̂  _

„ spectrum
fig.3.

4. PLASMA MULTIPLICATION

The photons generated by particles in
electrostatic potential as described in
the previous section move in aagnetosphere
intersecting the magnetic field lines due
to their curvature. Because of that they
can burn the electron-positron pairs. The
probability of such process for not very-
strong magnetic field (B£0.1BC) per unit
time for the photon of momentum k (by k it
is convenient to understand the wave num-
ber nondimensionalised by division by the
Oorapton wavelength A =îi/mc) is equal to
(Refs.19,20) H

gene-
where A» is the, angle between k and B, B
m*cVeti=4.4-10'3G. The power of eV gene
ration by the photons is (Réf. 20)

a =

Here H(k,r) is the distribution function
of photons over the momentum k, which can
be expressed through the spectral intensi-
ty of radiation dï/̂ /dO: H ( k , r ) a d s

The maximum energy of borning particle
/1.M=It* /2, sg in order to generate the
main part of plasma we need the maximum
value of electrostatic potential V0 to be

*
ent

the following: ^0 =(fdK,/Jt)̂  «2-10*. And
ror the maximum energy plasma generationa f must sreater

She borning in the magnetosphere particles
full the magnetic field tube in which they
are trapped be the electrostatic potential
at the ends of the tube. So their density
grows in time. The equation which descri-
bes it is

2.f

where R 0 and L are the maximum height of
magnetic field line and length of the line
respectively, 0 is latitude of the end of
magnetic field line. Prom eq.(2) we see
the distribution functions of electrons
and positrons are power law ones and the
power is equal to 5.

For the rotation of the magnetosphere with
the angular velocity SL it is necessary to
have nMrJ-n (r)=n6(r). It is possible if
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there exist the small longitudinal electric
field with potential 4> . This field results
to the shift in the distribution functions
of e* and e" : ̂* = X. + ̂, /«"=/-• **• The value
of yM is minimum energy 'of generated pairs
which is defined by transparency of the ma-
gnetosphere with respect to the photons:
/«* 4?/Rs , C is the curvature radius of the
magnetic field lines, Rs is the radius of
the neutron star which defines the scale of
the magnetic field diminition: B̂ r/R̂  )~3 .
The potential drop between two ends of the
magnetic field line is defined by the GoId-
reich-Julian density ns

n
'He need to notice that this potential drop
exists on the magnetic field line before
the electrostatic traps. As for the poten-
tial of the star it is constant and equal
to zero for all surface.

5. 2XPLOSION

Due to the difference of the physical con-
ditions on two ends of the magnetic tube
(the density ns(I) is not equal to that
nodi) because of finite angle # between
the magnetic dipole axis /i and rotation
axis St ) the electric current an flows
along each magnetic field line. The density
of this current is

21}

This current must be equal to leakage cur-
rents on two electrostatic traps which are
situated on the ends of magnetic tube. This
means that the following equality must be
fulfilled

t *r» = $ w0&tiffi27Mc2)~*w
The dependence of the value Vi on time
thought the dependence on density signi-
fies that the potential of the magnetic
field line decreases with respect to the
potential of star (Vs=O).

Substituting (3) into (2) we find that the
plasma density growths by the explosive
manner: n=n0(1-t/te)

v. The time of explo-
sion te is equal to

/ ,
'

The explosion is the result of the e* e"
generation in the neutron star magneto-
sphere due to conversion of electrostatic
oscillations to the transvers photons bea-
ring the pairs in strong magnetic field.
ihe rate of plasma generation is propor-
tional to its density n-n3/*. * e

. th? Plasma density does not go to
infinity because of early the density of
plasma energy becomes equal to that of mag-
netic field. It result to the breakdown of
magnet osphere when the magnetic field can't
keep the relativistic charged plasma.

6. SPIN DOWN OP THB STAR

Above we found tht density of electric
current flowing along the magnetic field
lines. This current will be closed by the
surface one I5. The value of Is can be de-
termined by the continuity equation divlj =
-dg where ĵ  is the radial component of
longitudinal current. The surface current
Is follows the breaking torque K decelera-
ting the star

The integration in (40 is carried on the
whole surface of the neutron. The projec-
tion of the torque K on the rotation axis
gives the losses of the kinetic energy of
the star

Another components of K defined the tur-
ning of the rotation axis n with respect
to the dipole axis//. It turns out that
the product of Si and cosy is constant
during time

Prom (5) we see that when the star rota-
tion decreases the angle Jf decreases too.
The change of the kinetic energy of star
is following

Here 570 and )La are the magnitudes of Cl and
JL at initial moment of time, 3̂  is iner-
tia moment of star (Iĵ IO** g cmz), F6 is
characteristic breaking time which under
the condition B0^IO" G is equal to

7. GOHViICTIVi;; LOSSES OF PARTICLES

Due to the rare collisions of relativistic
particles the classical time of diffusion
though the trap is large enough. Indeed,
•f-Vlri nnl T < «-Î «.H J.J_A ••_ _« _ " , '

of the3-
order'. ^-WJ- .£ • — ** w» ***^ M.J.X J. Ud-LUJJ. UOBLJ.

oient V=v~/Cc in strong magnetic field
( -JcTc^i) so small that the time of exis-
ting of the magnetic trap is much larger
than the time of explosion te

-- If /2) =
There exist not only the diffusion motion
out conveative one also. Because of cent-
rifugal drift of particle in curvilinear
magnetic field plasma rotates across mag-
netic field surfaces with angular velocity
SlJ= c/Xfijti. . If % #0 that results to appe-
arance of toroidal electric field in which
particles began to move in the radial di-
rection (this is analogous to the toroidal
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drift in the thermonuclear devices). The
velocity of thia convective motion V1 is
of the order of T£sncvc /Ĥ n. It leads to
the permanent losses of particles

Comparing the rate of the losses with the
rate of birth we find that the losses is
small for slowly rotating star if Sl< Sl«=
Bĵ  s"1. This boundary separates the neutron
stars which are the • -burst from usual
radio pulsars. «

8. CONCLUSION

We see that slowly rotating neutron star
(old star) can v/ork as the accumulator of
the relativistic electron-positron plasma
which is trapped by the strong magnetic
field in the closed region of magneto-
sphere. The release of the energy will be
at that time when the plasma energy density
becomes equal to that of magnetic field.
The total energy JBVs^dV=IO*' B^ erg ex-
tracts on the star surface that gives the
y-bursts. The frequency of the burst from
one star is of 10-100 years.

This conception agrees with observation if
consider that the old neutron stars form
extended halo around our Galaxy (R:?, 100
kpc).

We thank V.S.Beskin, A.V.Gurevich and I.G.
Mitrofanov for a useful discussion.
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ABSTRACT

Some properties of X-ray novae, which are considered to
contain a black-hole, are described. 71% of the black-hole
candidates belong to X-ray novae. From the spectral
study of these novae, at the rising phase, an indication of
the appearance of hard X-rays beyond 100 keV is found.
A brief discussion of the origin of this hard X-rays is
described.
Keywords: X-ray movac, black holes, jet.

1. INTRODUCTION

Table-l summarizes black hole candidates reported so-far.
Four of them were discovered with the All Sky Monitor
(ASM)(RcI. 1) on board Ginga (Réf. 2) and two of them
were discovered with the Large Area Counters (Réf. 3) on
board Ginga. There arc two grades for the black hole
candidates. Seven candidates are based on the mass
estimation, which shows more than 2 or 3 Mo. Others are
based on the similarity to the mass-estimated black hole
candidates. The ASAf reported the discovery of 4 black
hole candidates based on the similarity. From the follow-
up optical-observations, two of them were estimated the
mass of the compact stars with heavier than 3Mo (Refs.
4,5).

As one can recognize from table 1, the probability that a
black hole candidate is a X-ray nova is large. It is also
notable that the transition from a low state to a high state
appeared in Cyg X-I and GX339-4 is a similar behavior
to a X-ray nova. The probability that a black hole
candidate is a X-ray nova, including the transition, is
71%. Although the number of sample is not enough, this
value is much larger than the probability of ~32%, which
is the probability of the transient sources among the
Massive X-ray binaries, Low-mass-X-ray binaries, and X-
ray sources in Globular clusters (Réf. 6).

Table 1. Black hole Candidates.

Month in 1991 (for GS1124-683)
I Jan. i Feb. | Mar.| April] May | J un | July | Aug.| Sepl.

Name Mass Comment Reference

Cyg X-I 9.5Mo
A0620-00 >3.2Mo
LMC X-3 7Mo
LMCX-I 2.6Mo
SS433 4.3Mo
GS2023+338 >6Mo
GS 1124-683 >3.1Mo
4U1543-47
GX339-4
GS2000+25
GS 1354-64
GS 1826-24
GS 1734-275
1E1740.7-2942

H/L. UltrasoftM (7)
Nova, Ultrasoft (8)
Ultrasoft (9)
Ultrasoft (10)

(U)
Nova (12)(4)
Nova, Ultrasoft (13)(5)
Nova, Ultrasoft (14)
Nova Like, UltrasoftW (15)
Nova, Ultrasoft (16)
Nova, Ultrasoft (17)
Nova (18)
Nova, Ultrasoft (19)

(20)

-50 O 50 100 150 200 250
Day from peak

Fig 1 (a)

1.2

1.0

Jg 0.8
VO

'•0.6

I.0.4

o.o

-0.2
-50 50 100 150

Day from peak
Fig l(b)

200 250

(#) When it is in the high state, it shows Ultrasoft-
spijctrum.

Fig-1. (a)The X-ray light curves in the energy band from
1 keV to 6 keV, observed with the ASM, of two bright X-
ray novae; GS2000+25 and GSl 124-683. The dates of
the maximum times of two novae are adjusted, (b) The
hardness ratio (I(6-20keV)/I(l-6keV)) history of them.

2. LIGHT CURVE AND HARDNESS
RATIO

Figure 1 shows X-ray light curves in the energy range 1-6
keV and hardness ratio (I(6-20keV)/I(l-6keV)) of two X-ray
novae; GS2000+-25 and GSl 124-683, observed with the
ASM. One can find a remarkable similarity in the rising
time and roughly exponential decay with lime constant of
-30 days, as well as the second flare appeared around 70
days after the peak. Besides these two novae, some of
historical bright X-ray novae also showed similar rising

• roceedmgs of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in Toki, Japan,
17-20 November 1992 (ESA SP-351, February 1993).
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time with -10 days and exponential decay constant of ~30
days. Light curves of five bright X-ray transient sources are
shown in figure 2. AH sources in this group show extremely
soft spectrum (ultrasoft spectrum (Réf. 25)) comparing
other bright X-ray sources. Two sources in this category
have been identified to be a black-hole candidate based on
ihe mass estimation. Therefore, X-ray novae in this
category thought to be black-hole candidates. In table 1,
sources in this category are indicated as ultrasoft sources.

Figure l(b) clearly shows the evolution of the hardness
ratio. In the rising phase the energy spectra are rather hard
and they gradually become soft till -120 day after the
peak. The energy spectrum from the rising phase to -120
day after the peak can be represented by a two-component
model consisting of a disk-blackbody (Réf. 26) and of a
comptonized blackbody with an electron temperature of
about 30-50 keV and with the Thomson scattering depth of
less than 1. In the case of GSl 124-683, the comptonized
blackbody component rapidly decreased below 1% within
40 days from the peak of X-ray intensity (Réf. 13). Similar
spectra appeared around the peak of the bright flare (very
high state) ofGX339-4 in 1988 (Réf. 15).

Nova Light curve

io2 r

ilO1

ho0

10-'

. A0620-00(1.5-6keV)

, GS2000+25(l-6keV)

. GSl 124-683(l-6lccV)

3U1543-47(3-6keV)

.

-50 50 100 150 200 250
Days from Peak

Fig. 2 The light curves of five X-ray novae; GSl 124-683,
GS2000+25, A1524-62 (Réf. 21), A0620-00 (Refs. 22.
23), and 3U1543-47 (Réf. 24). The data of GS1124-683
and GS2000+25 are from the ASM. The peak days of all
the sources are adjusted.

3. HARD X-RAY COMPONENT
DURING THE RISING PHASE

As mentioned in section 2, the energy spectra of X-ray
novae in the rising phase are hard. Especially, the Russian
satellite GRANAT observed the rising phase in the energy
range between 40 keV and 150 keV of GS1124-683 (Réf.
27). GRANAT observed the décime of one third during 10
days from the discovery on 1991, January 9, whereas the
ASM observation showed the increase of the intensity in
the energy range 1-20 keV from January 8 to January 15.
This fact means that the spectra, in the rising phase of 1-
20 keV, are very hard, and the main part of the radiated
energy is above 40 keV. The energy flux above 40 keV on
January 9 is roughly 1O36O//! kpc)2 erg sec"1, where d is
the distance to GS1124-683.

It is also known that GX339-4 shows transitions between a
high stats and a low state (sometimes it also shows an off
state). This behavior is similar to the X-ray novae. Figure
3 shows the 4.5 year light curve in the energy range 1-
bkeV observed with the ASM. Four large flares were
observed. The spectral analysis showed the existence of
hard spectra in the rising phase. The observed energy

spectrum at the rising phase and two typical energy
spectra are shown in figure 4. The last flare in 1991 was
also observed by BATSE on board GRO (Refs. 28-30).
They reported that a flare in Ihe X-rays in the energy range
20-290keV started around 2 months before the rise in 2-
lOkcV range of the fourth flare observed by ASM.
Furthermore, in the soft X-ray rising phase, the hard X-
rays showed the decline. Thus, GX339-4 also showed very
hard spectrum around the rising phase of the l-20keV X-
rays.

GX339-4 LIGHT CURVE
2.0

-0.2

!
° 1-6 keV

\t
46800 47400 48000 48600

MJD

Fig. 3, The light curve of GX339-4 in the energy range 1-
6 keV from 1987, March to 1991 October observed by
the ASM.

lOP

HT1

-2io-

10"

1989 April 4-12
(High State)

1988 August 8
(Rising Phase of

Very High State) t
10

Energy (keV)

Fig 4. The examples of the spectra of GX339-4 observed
by the ASM. Three spectra in the rising phase, around the
peak of the very high state, and around the high slate are
shown.

Although only two direct observations of the hard X-ray
appearance, during or before the rising phase of the soft X-
ray (l-20keV), have been reported, the indication of the
hard spectra at the rising phase have been reported in some
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X-ray novae (Refs. 14, 31). Therefore it is possibly
common phenomenon of the X-ray novae, that hard X-
rays above 100 keV arc emitted during or before the
rising phase of the soft X-rays in 1-20 keV.

4. DISCUSSION

The observed facts; (l)Hard X-rays above 100 keV appear
during the rising phase of soft X-rays (1-20 keV), and
(2)These is a component corr.ptonized by hot electrons
(~30-50keV) around the soft X-ray peak, indicate the
existence of some non-thermal energetic phenomenon at
the early phase of the nova activity, A brief model
including a jet phenomenon is discussed. . , <

Miyamoto & Kitamoto (Réf. 32) proposed a model in
order to explain the energy spectra observed at the flare
peak of GX339-4, where they introduced a continuously
ejecting jet. The obscrvationally derived elect'an cloud
(Compton cloud), which maker- a comptonized blackbody
component in the energy spectra, has -lO'cm in radius,
-0.5 in the Thomson scattering optical depth, and -30-
SOkeV in temperature. The density is estimated to be
7.5Jt 10 l^cm-*. The_photons experience at the most one
scattering/and get 1~~20% of the final energy" at one~
scattering.-The observed energy ^fraction of the
comptonized component is ~25% of the total energy
flux. Therefore ~5% of the luminosity is supplied from
the Compton cloud, which is ~5xlO^° erg sec"*. The
internal energy of the Comptor. cloud can be estimated
from the temperature, density and radius, and is
~3xlO-"erg. Thus the cloud cools down in 0.06sec.
Consequently, the Compton cloud requires energy supply
of 5x103** erg sec'l, to maintain itself. Suppose that this
energy can be supplied from a jet from near the compact
object. This jet carries 5% of the released gravitational
energy into the Compton cloud as a kinetic energy. If the
jet contains 1 % mass of the accretion matter, ihc number
of the proton is ~2xlO™ proton sec"' and each proton
carries 100 MeV with a velocity of lO^cm sec"'. Since
the density of the Compton cloud is "7.5XlO^Cm , ihe
jet will be !normalized in 0.16sec and consequently will
maintain the Compton cloud with 10'cm radius.

In this model, what happens in the early phase of the flare?
In the early phase, there is no dense circumstcllar matter.
Therefore the ejected jet can not be thermalized. If initial
density is order of 10^ cm"^, the !normalize time is order
of 10°sec (lOdays). Since the soft X-ray intensity is not
yet so strong, the Compton cooling is also small. Thus,
in the early phase, Ihe jet will keep on run away with high
kinetic energy. Such high energy jet may cause the hard
X-ray emission of order of 10 °̂ erg sec"1 above 100 keV.
Then, why are only the hard X-rays emitted in the early
phase? In the early phase of the nova activity, the falling
matters will form a jet, before the standard accretion disk
is formed near the compact star.
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1. ABSTRACT

We discuss the reappearance of radio emission from
SN 1987A in July 1990. In particular, we present a
model involving synchrotron radiation emitted by elec-
trons undergoing diffusive acceleration at the supernova
blast wave. This model involves reasonable assumptions
concerning adiabatic losses and the magnetic field in the
pre-explosion stellar wind, and from it the light curve
and spectrum produced by a constant rate of particle in-
jection occurring in a localised region of the shock front
- i.e. in a clump or knot - can be calculated. Observa-
tions indicate that at least two such clumps have been
encountered to date. The implications of the model and
its application to the observations are discussed.

Keywords: acceleration of particles, shock waves, super-
novae, SN1987A, supernova remnants

2. INTRODUCTION

There was a brief burst of radio emission from SN1987A
just after explosion (Réf. 1). The flux peaked around
day 3 or 4 and had dropped back below the noise level
by around day 10. Then 3j years later, in July 1990,
the radio emission reappeared. The observed flux has
increased steadily for the subsequent 2 j years It is this
second phase of radio emission which we discuss here.

The image of the radio emission at 8.6 GHz from
SN1987A obtained with the Australia Telescope Com-
pact Array (ATCA) reveals an emission region of roughly
1 arcsec extent (Réf. 2, 3). The centre (Réf. 2) is ap-
parently offset from the supernova position by some 0.4
arcsec to the northeast (Réf. 4) but the uncertainties in
the radio to optical frame-tie may be of the order of this
offset. The favoured interpretation is therefore that the
radio emission is essentially centred on the supernova po-
sition. The emission region appears to be slightly ex-
tended in the East-West direction, with an ellipticity of
some 10%, and Staveley-Smith et al. (Réf. 3) argue that
this may reflect the asymmetry in the circumstellar mate-
rial indicated by optical [Om] emission-line observations
which show a dense equatorial ring (Réf. 5, 6). The [Oui]
ring is elliptical in the plane of the sky and has dimen-
sions 1.66x1.22 arcsec, but is inherently circular, centred
on the supernova, and has a radius of 0.2 pc (Réf. 7).

It is now generally accepted that the progenitor of
SN1987A was a blue giant when it exploded, but that
it had been a red giant before that (Réf. 8, 9, 10, 11).
The [Om] ring is thought to be a belt of dense material
at the waist of a peanut shaped shell, produced as the

fast-moving blue giant wind ploughs into slower-moving
material emitted as a wind in the star's red giant phase.

red giant wind
(very slow)

dense belt
(seen as

a ring)

peanut shel
between fast
& slow winds

Figure 1: A schematic illustration of the distribu-
tion of material around SN19S7A. The radio source,
indicated by the region which has bean shocked by
the expanding supernova blast wave, is still smaller
that the [Om] ring.

It has been suggested that the radio emission from
SN1987A is produced by diffusive acceleration of elec-
trons at the expanding supernova shock (Réf. 12, 13, 14).
The switch-on of radio emission is attributed to an in-
crease in the acceleration efficiency as the shock runs into
a density jump in the circumstellar material. A schematic
for the distribution of material around SN1987A is shown
in Figure 1. The crucial point is that even if the shock
speed is still of the order of 30 000 km s~* as implied by
the size of the radio source (Réf. 3), the shocked region is
still well inside the [Om] ring. The density jump respon-
sible for the onset of the second phase of radio emission
could well be a termination shock in the blue giant wind
(Réf. 15, 12).

The increase in the electron acceleration efficiency is al-
most certainly not just the effect of the increase in the
number of electrons available for acceleration expected
at such a density jump: the increase in the rate at which
electrons are encountered by the shock is likely to be at
most a factor of four, the maximum shock compression
ratio. However, it may well be due to greatly enhanced
levels of turbulence produced at the shock when it hits

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in ToM. Japan,
17-20 November 1992 (ESA SP-351. February 1993).



302

the density jump. Turbulence is essential for scattering
the electrons backwards and forwards across the shock
in order for the process of diffusive shock acceleration to
proceed efficiently.

3. THE MODEL

Ball and Kirk (Réf. 13, 14) presented the solution for the
flux as a function of frequency and time from a 'clump'
of electrons undergoing diffusive shock acceleration at an
expanding spherical shock. The details of the model have
been discussed in those papers and so here we only outline
the salient features.

The situation treated by Ball and Kirk (Réf. 13, 14) was
that of a spherical shock expanding at a constant speed.
It is assumed that electrons which satisfy the appropriate
injection criteria for efficient acceleration are 'picked up'
by the shock at a constant rate after some time ta at
which the acceleration begins. Thus ia is the time at
which the shock encounters the density jump discussed
above. The radio emission switches on somewhat later.

The spatial diffusion coefficient K is taken to be a con-
stant. It is assumed that the acceleration rate is much
faster than adiabatic expansion of the material behind
the shock, and so these two processes are treated sepa-
rately. First the electrons are accelerated according to
a spatially-averaged test particle model of the diffusive
shock acceleration process. There is a steady leakage of
particles into the downstream region behind the shock,
and these electrons suffer adiabatic expansion as a result
of the overall motion imparted by the shock.

The magnetic field is assumed to vary as r—1 where r is
the distance from the progenitor star, i.e. the standard
Parker spiral stellar wind magnetic field is assumed and,
as argued by Ball and Kirk (Réf. 12), the distant limit in
which the field is essential tangential is appropriate. The
accelerated electrons in the shock and in the downstream
region emit synchrotron radiation in the magnetic field,
which is assumed to be compressed by the shock but not
otherwise significantly affected.

These assumptions have two important implications for
the shock geometry, unless either the shock or the field
is significantly distorted. Firstly, as pointed out by Kirk
and Wassmann (Réf. 16), the speed of a point of intersec-
tion between the shock and a magnetic field line almost
certainly becomes superluminal just a few days after the
supernova explosion. Secondly, since the field is essen-
tially tangential to the shock at the times relevant for
the acceleration of the electrons responsible for the sec-
ond phase of radio emission, the shock geometry is quasi-
perpendicular. That is, the magnetic field is essentially
perpendicular to the shock normal direction. These con-
ditions imply that particles tied to magnetic field lines
cannot be efficiently accelerated by the shock, since they
cannot move backwards and forwards across the shock
front. It follows that particles must move across the field
if the acceleration is to be efficient. In particular, the
diffusion coefficient relevant to diffusive shock accelera-
tion is that for diffusion perpendicular to the magnetic
field, which we will denote by KJ.. We will not address
how this cross-field diffusion comes about other than to
say that it may be due to either resonant scattering or

field-line wandering (Réf. 17).

It is assumed that once the electron acceleration begins,
it continues indefinitely. There is no outer boundary to
the emitting clumps. However, the emitted radio flux
does not continue to increase. The emission at a fixed
frequency first rises as an increasing number of electrons
are accelerated up to the required energy. It then falls
as the freshly accelerated electrons which experience a
weaker magnetic field (since B oc r"1 the field at the
shock front decreases as the shock expands) are unable
to compensate for the adiabatic losses.

4. DISCUSSION

The model provides a remarkably good fit to the obser-
vations of the first 300 days or so of the second phase of
radio emission from SN1987A, up to around day 1450-
1500 after explosion. The data show that the flux at
843 MHz observed with the Molonglo Observatory Syn-
thesis Telescope (MOST) systematically preceded the
emission at 4.8 GHz observed with the ATCA (Réf. 2).
This is very important for the interpretation of the emis-
sion. It implies that the observations show the switch-
on of the radio emission in real time and the delay pro-
vides a direct estimate of the rate of acceleration of the
electrons. For a shock speed of 30000 kms"1 and a
shock compression ratio of p sa 2.7 (see below), the ob-
served delay implies a perpendicular diffusion coefficient
of KX = 2 X 1020 m2 s"1, which is very much greater than
the Bohm limit. Estimating the magnetic field based on
the properties of the initial burst of radio emission from
SN1987A (Réf. 16, 12) then enables an estimate of the
time ta at which the acceleration of the electrons respon-
sible for the second phase of emission began. We find
ia a 900 days, some 300 days before the detection of
the radio emission. This implies that the density jump
responsible for the emission is at roughly 0.37 times the
radius of the [Om] ring, with an uncertainty of some 10%
due to the neglect of light travel time effects.

The diffusive shock acceleration model also fits the ob-
served frequency spectrum remarkably well. The spec-
trum flattened rapidly after switch on to a value of
a = 0.8 — 1 where the flux S oc v~" and v is the fre-
quency. The theory of diffusive shock acceleration implies
that after switch-on the spectral index rapidly decreases
to a = 3/[2(p — 1)]. Thus the observed spectrum implies
a relatively weak shock with p si 2.7 rather than the ex-
pected value of 4 for a strong shock in a gas of adiabatic
index of 5/3. This may indicate that the shock which
accelerates the electrons is weakened considerably as a
result of the efficient acceleration of protons (e.g. Réf.
18).

Around day 1450 the rate of increase of the radio flux
at 843 MHz increased abruptly. A similar but less well
defined change was observed in the 4.8 GHz light curve.
This change can be well fitted by including the effect of
a second clump, using the same values of p and KX as
for the first clump, with electron injection beginning on
about day 1200 at roug.Vy twice the rate of that in the
first clump. The implitd position of the second density
jump is at roughly 0.5 times the [Om] ring radius. The fit
of such a two-clump model to the light curves measured
at 843 MHz by the MOST and at 4.8 GHz by the ATCA
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(Réf. 2, 19, 20) is shown in Figure 2.
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Figure 2: Light curves for the first two years of
the second phase of radio emission. The points are
the observations: the upper set are a subset of the
MOST measurements at 843 MHz; the lower set are
the ATCA measurements at 4.8 GHz (the errors are
comparable to the size of the CTOSE -s) The two curves
show the emission from the "two clump" model with
parameters as discussed in the text.

The electron injection rates inferred by these model fits
are 4 x 1044 s"1 in the first clump and 7 x 1044 s"1 in
the second. This requires only some few percent of the
expected electron density upstream of the shock to be
accelerated by the shock.

5. IMPLICATIONS

If the conditions implied by the model fit presented here
persist in future clumps, in particular in the [Om] ring,
and if KJ. remains roughly constant down to nonrelativis-
tic electron energies, the acceleration time inferred from
this work suggests that the predicted sharp rise in X-ray
emission (Réf. 10) should precede a strong upturn in the
radio flux by several months. Furthermore, if the sp3ed
of the shock assumed here and inferred from the size of
the radio source reported by Staveley-Smith et al. (Réf.
3) is correct, the shock will start to encounter the dense
ring material in 1993.

As observations of SN1987A continue into late 1992, the
radio flux is exhibiting a remarkably «rderly increase at
all observed frequencies. There is little evidence of fur-
ther marked changes £»ch as that observed around day
1450-1500, nor is there evidence that the increase is start-
ing to slow. If this trend continues, the simple model
presented here will not continue to fit the observations
because the model predicts that the radio flux will level
out and then decrease. However, if the rate of electron in-
jection into the acceleration process increases with time,
or if the magnetic field decreases more slowly than the
T~ dependence assumed here, the continued steady in-
crease in the observed radio flux could well be accom-
modated by this model. In any event, the observation

and interpretation of the radio emission from SN1987A
is sure to provide a great deal of information on the pro-
genitor's circumstellar environment and on the electron
acceleration processes involved.
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LANGMUIR MICROSTRUCTURES AND PULSAR RADIO EMISSION
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ABSTRACT/RESUME

The simultaneous presence of relativistic particles and
"Langmuir microstructures" in pulsar magnetospheres
result in the emission of electromagnetic waves in, at
least, three different ways. First, the "Langmuir
microstructures", considered as an assembly of
elementary structures, have an intrinsic
electromagnetic radiation. Second, they may also
curvature radiate while relativistically moving along
dipolar magnetic field lines. Third, the acceleration of
relativistic particles in interaction with "Langmuir
rnicrostructures" may also result in electromagnetic
radiation. Implications of these mechanisms for the
interpretation of pulsar radio emissions are
considered.
Keywords : pulsar, radio radiation, strong plasma
turbulence.

1. THE MAGNETOSPHERlC PULSAR PLASMA

According to Ruderman & Sutherland model the
magnetospheric pulsar plasma contains

A weakly dense and cold beam of very energetic

e+(or e") in relativistic motion

nb =10-3 np ,

A dense and mildly relativistic plasma of e~ and e+

, in relativistic motion

np « 10 16 -10 17 cm'3,

Yp = 102- 103,

T = 5 10 6-5 10 7 0K

The beam and the plasma are immersed in the
extremely strong dipolar pulsar magnetic field

B = B11, ( r/R* )3 10 12 Gauss

The behavior of the different constituents follow the
Cheng & Ruderman picture (1977)

i.e. the e" and e+ of the plasma initially created with
the same velocity and Lorentz factor acquire different
velocities while moving along the curved magnetic
field, so that if

Yinitj ! = 2OO, y+ = 300, Y- = 100

Av = v + - v . = 10~4 c

The instability g.owth rate is more efficient for the

interaction of the e- and e+ of the plasma itself.
The fastest particles form the "beam",

nb = n + , Y b = Y+-

The slowest particles form the "plasma" ,

TI, — n V - Vnb - n+, Ip - I-

The contribution of the energetic bearr is negligible.

The geometry is defined locally with respect to the

direction of the magnetic field,

1// = M ' 'l = P? > H = '// A Ij.

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in Toki, Japan,
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2. STABLE "LANGMUIR MICROSTRUCTURES"

IN THE PLASMA REST FRAME
2.2 Associated density fluctuations

The final stage of the evolution of the unstable plasma
waves is the existence of soliton-like structures in the
pulsar magnetosphere, solutions of a modified

nonlinear Schrodinger equation for, £ / / , the

envelope of the parallel electric field component,
slowly varying with space and time

A// [i 3, A// y = 1 s Aj. \|/

written for an e" - e+ plasma in an arbitrary

magnetic field B , with \j» defined through

2 / 32ir npo kB T

np 32 K co2 npkBTp Y±

2. 3 Characteristic spatial and temporal widths of the
Langmuir microstructures

We were able to fix the soliton amplitude

a= 1/10 KD

and thus their extent along the magnetic field

L,, = I/a ~ IO XD

Their perpendicular dimension is such that

L±> A,1)im.n « 2 it kimx = 150 X.D or L ± « A ,

Stability of these structures against transverse
perturbations depends on the sign of

s =
Cue2 -

If s < O the Langmuir solitons are stable,

If s > O the Langmuir solitons are unstable.

In the pulsar case coc » cop and thus the
Langmuir solitons are stable. We call them "Langmuir
microstructures ".

2.1 Electromagnetic field components of the
Langmuir microstructures

A being the perpendicular distance to the rotatiun
axis, Amax = r1/2 RLJp.

We also assume that L = L .

The soliton volume , vs , at the presumed distance of

the radio emission zone , r = 10^ cm is then
estimated as

108 cm3 < vs < 8 1015 cm3

The associated temporal wiiuhs estimated in the
observer's frame are

T // = 3 10 -? sec , Tj_ > 3 10 -6 P2/3 sec

secha(x// - X0) (exp i«p0t + c.c.)
2.4 The resulting electric charge

where £ = 2 rc (K npo kg T )1/2 a

El =l = BH - (exp inpo(t-(x// - x0)/c) + c.c.)

is derived from Maxwell's equations.

Estimate for the charge of one soliton using the
density fluctuation Sn as derived from the
ponderomotive force

8 1010 (r/RJ3/2 e < Q < 1017 (r/R*)3/2 e

The charge density induced in the plasma by the
presence of the soliton is uegligible i-± compared to Q.
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In Asseo, Pelletier, Soi (1990) we conclude to the
probable existence in the pulsar magnetosphere of a
lattice of stable microstructures, with all the same
amplitude a and ex'ent L.. , fixed with respect to

the plasma.

Our results were in agreement with experimental
results obtained by

Antipov, Nezlin, Trubnikov (1981)

for the interaction of a monoenergetic beam with a
magnetized plasma.

They observe a stable lattice of solitons in the plasma,
with electric field maxima related to density wells,
fixed with respect to the plasma, with spatial
modulation period « half the wavelengthgh and
concentration in wave energy W = 40 Wjnjtja]

3. RADIATION FROM "LANGMUIR
MICROSTRUCTURES"

3.2 C u r v a t u r e radiation of the Langmuir
microstructures

The lattice of Langmuir microstructures can be
represented by a succession of elementary charges
moving along each magnetic field line. These
microstructures, being in fact dragged by the plasma
along the curved magnetic field lines, curvature
radiate. The two limits obtained for the power, Pc

,emitted by one elementary structure, result from the
hypothesis of a minimum or maximum soliton volume
for the microstructure. One obtains,

4 109 erg/s < Pc < 6 1021 erg/s

at the presumed distance of the radio emission zone
r = ID** cm, while closer to the star

4 105 erg/s < Pc < 6 10 17 erg/s
(or 10 ^more if Rc = R.,, close to the star).

The microstructures being stable can radiate
electromagnetic energy in at least three different ways

3.1 Direct emission nf electromagnetic energy frnm
the lattice of Langmuir microstructures

is induced by the deformations of the microstructures,
perpendicularly to the magnetic field lines It is
important as long as k± < k^max . This process has
been described in Asseo, Pelletier, Soi, MNRAS
(1990).

Considering the microstructures as independent
emitters, the Poynting flux of the N microstructures
of the lattice through a surface Sj. characteristic of
the emission zone , is estimated as

Sj. =81o27erg /S)

if one assumes,

N = 103 ,

and then sufficient to account for pulsar radio
luminosities L(radio) = 102^ - i()30 erg/s

Thus to propose curvature radiation from these
Langmuir microstructures as a possible pulsar
radiation mechanism one should require a large
number of microstructures with all the maximum
volume. Consequently curvature radiation appears as a
marginal possibility.

3.3 Interaction of relativistic particles with the lattice
of Langmuir microstructures

The acceleration of relativistic beam particles by the
electromagnetic fields of the Langmnir
microstructures and the resultant radiated power are
unsufficient to account for pulsar radiation if the
particles are quite out of phase. If some phase
coherence can be maintained between the beam
particles, for instance through modulation of the beam
by the unstable wave, the radiated power through the
interaction can be sufficient to account for the high
level of pulsar radiation. Then,

PtiC = 2.5 1029

sech2 ( m

ac

) +310'3

) ) erg/s

Thus, Pt)C is maximum at the plasma frequency or at
its second harmonic.
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4. RELATION WITH PULSAR RADIO EMISSION
Ruderman, M.A., Sutherland, P.G., 1975, Theory of
pulsars-.polar gaps,sparks,,and coherent microwave
radiation, ApJ. 378.543.

Direct emission of electromagnetic energy from the
Langmuir microstructures is efficient and could
account for the high level of pulsar radio emissions as
long as kj. < kj.,max •

Indirect emission of electromagnetic energy through
the interaction of relativistic beam particles with the
Langmuir microstructures is active and efficient
enough even when kj. < kj.,max or kj. « kj.,max

For the three processes the frequency of the emission
is easily in the radio domain.

The polarization is 100% linear perpendicularly to the
direction of the magnetic field lines for the direct
emission process whereas it is linear but in the
direction of the magnetic field lines for the coherent
interaction of relativistic beam particles with the
microstructures. The possibility to have
simultaneously direct or indirect emission process
may account for the existence of orthogonal modes
observed in pulsar radio emissions.

The temporal widths associated to the microstructures
are in correct agreement with the observed
microstructures at least for the direct process.
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STRUCTURE OF ACCRETION PLASMAS OF
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ABSTRACT

It is found that die observed power spectral density of the aperiodic
time variability of the X-rt.y pulsar can be well approximated by a
power law spectrum which changes its slope at the coherent
pulsation frequency. The indices of the observed spectra are
respectively 1.4-2.0 above the pulsation frequency and O -1.0
below the pulsation frequency. By studying the density fluctuation
spectra with inverse cascades in magneiohydrodynamic turbulence,
we find that the observed X-ray spectra can be interpreted as the
density fluctuations in the accreting plasmas. It is shown that the
structure of either disk-fed or wind-fed pulsar can be determined
by comparing the observed X-ray spectra with the theoretical
density fluctuation spectra of two or three dimensional magneto-
hydrodynamic turbulence, respectively.

Keywords: X-ray binary pulsar, accretion disk, MHD turbulence.

1. INTRODUCTION

Many accretion powered X-ray sources such as low-mass X-ray
binaries (LMXBs), galactic black hole candidates (BHCs), active
galactic nuclei (AGN), and X-ray binary pulsars are now known
to exhibit aperiodic time variabilities in their X-ray flux (Refs.
1-8). Fourier power spectra of such iperiodic variabilities are
generally represented by either a power law with co.isumt slope
or a power law where the slope changes at a certain frequency. In
spite of the differences between the central compact objects, these
power law spectra have the similar power indices of 1.0-2.0.
Therefore it is believed that there exists a ubiquitous mechanism
to produce temporal and/or spatial fluctuations during the mass
accreting process. However, no explanation of the physical
mechanism which produces this aperiodic variability has been
given. In this letter, we argue that the spectra observed in the
X-ray binary pulsars can be interpret as the density fluctuations
in the accreting plasmas. We study the density fluctuation spectra
in magnetDnyd-ndynamic (MHD) turbulence based on the pressure
fluctuation theory (Refs. 9-12). It is shown that the structure of
either disk-fed or wind-fed pulsar can be determined by comparing
tht observed X-ray spectra with the theoretical density fluctuation
spectra of two or three dimensional MHD turbulence, respectively.

2. APERIODIC TIME VARIABILITY

We first study the aperiodic time variability of X-ray signpls
observed by Ginga satellite (Réf. 13). Ginga has observed more
than twenty X-ray binary pulsars with Large Area Proportional
Counter (LAC). Figure 1 shows typical Fourier power spectra
obtained from X-ray time series of Cen X-3 (4.8 sec pulse period)
and Vela X-I (283 sec pulse period). Cen X-3 is considered to
be powered by matter accreting from the accretion disk (Réf. 14),
and Vela X-I is believed to be powered by the capture of stellar
wind (Réf. 15). The peaks indicated by the arrows correspond to
the pulsar frequencies, and its higher harmonic frequencies also

10" 10" 10" 10' 10Z

Frequency (Hz)

10'

I 10°
I 10'1
S
I io-2

05

io-:

Pulse

Vela X-I

Frequency (Hz)
10-' 10°

Figurel. Power spectral densities of Cen X-3 and Vela X-I,
observed by Ginga.
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appear. We also find that the pc..cr spectral density can be
expressed by a "kink" power law function with a slope change
around the pulsar frequency. The spectral indices above the
pulsar frequency can be approximated by f' with s -1.5 -1.7 for
both Gm X-3 and Vela X-I after fitting a the power law function
(Refs. 7, 8). Below the pulsation frequency, the power density
spectrum of Cen X-3 is approximated by s - O and that of Vela
X-I by s - 0.5 - 1 below the pulsation frequency. These are
flatter than those of slopes above the pulsation frequency. Note
that it was difficult to determine the low'frequency power law
index, because the index is very sensitive to the frequency range
fitted by the power law function. We also find that the similar
property in most pulsars including SMC X-I, Her X-I,
4UOl 15+63, V0332+53, LMC X-4, X1627-673, GX 1+4, Vela
X-I, and X Per, where the coherent pulsation periods range from
0.71 to 835 sec (Refs. 7,8).

3. TURBULENT MODE! }F ACCRETION PLASMAS

The observed X-ray emission is thought to be powered mainly by
release of gravitational binding energy as plasma accretes onto
the surface of the neutron star. Therefore, the observed X-ray
luminosity Lote(t) = m(t)<t>g, where m and $g are the mass accretion
rate and the gravitational potential, respectively. The coherent
pulsation of the X-ray flux has been well understood as the result
of a geometrical effect arising from the misalignment between the
spin rotation axis and the magnetic dipole axis.

One may think that the observed aperiodic variability can be
explained by an unsteady accretion flow excited by a ^. jtion disk
instabilities such as Kelvin-Helmholtz and/or Rayk igh-Taylor
interaction between the neutron star's magnetosphere and the
accreting plasma flow. These processes may generate white noise
producing a flat Fourier spectrum, but these processes do not
give any clue to understand why the steep power law spectrum
can be found in the high frequency range above the coherent
pulsar frequency.

We propose a new interpretation to explain the observed power
law spectra with two different slopes in terms of self-organization
state in magn ohydrodynamic turbulence. We apply inverse
cascade process to the density fluctuations observed in X-ray
pulsars. It is well known that dissipative continuous media such
as msgnetohydrodynamic system exhibit both inverse cascades
and direct cascades, by which the power law spectrum with two
different slopes can be produced. The inverse cascade process
occurs to a specific wavenumber region when the system of the
medium has more than two non-trivial conserved quantities in the
absence of dissipation. For example, three dimensional MHD
equations are known to possess three quadratic invariants: the
total energy E = JdV(V^B2), the magnetic helicity
HM = Jd3r (A-B) and the cross-helicity H0 = Jd3r (v-B), where v
is the fluid velocity, B is tire magnetic field, and A is the magnetic
potential. The energy source of wave excitations in a limited
region is also required to maintain a quasi-steady-state situation.
In our model of she X-ray binary pulsars, ihe energy source in the
bound-limited coherent frequency may correspond to a modulation
process of mass accretion driven by the pulsar rotation. In the
oblique rotator, the magnetic stresses of the neutron star acting on
the surrounding plasma ^3 explicitly time-dependent

Under the incompressible assumption the inverse cascade
processes of gas fluids and magneto-fluids have been considered
by a number of people (Refs. 16-18), who have revealed that two
inertia! ranges with two different power law indices are formed
around the band limited energy source in wavenumber ks. In a 2
dimensional MHD system, the total energy spectrum is expected
to go as E(k) ~ k'"3 for k < k, and E(k) ~ k'3'5 for k > k,. In a 3
dimensional case, the predicted power law energy spectrum is k"1

for k < k, and k"5/3 for k > kr If approximate equipartion of
magnetic and kinetic energy is reached, the k's/3 spectrum is replaced
by a k"3/2 spectrum for the three dimensional MHD system (Réf.
19). In the context of the X-ray binary pulsars, the two dimensional
situation may be considered as the disk-fed pulsar case, and the
three dimension may be as the wind-fed pulsar case. The total
energy spectra, however, cannot be compared to the observed
X-ray spectrum density. We have to calculate the plasma density
spectrum in the compressible MHD medium.

According to the pressure fluctuation theory recently developed
by Montgomery et al. (Réf. 11), we can estimate the plasma
density fluctuation spectra in the compressible plasmas where the
density fluctuations are fractionally small. It is known that small
density fluctuations of 1% in the accreting disk is enough to
explain the observed secular spin-up and spin-down pulse period
in the angular momentum transfer model (Refs. 21,22). In Ihe
calculation of the density fluctuation spectra, we assume the
polytropic equation of state, that is, the density fluctuation p is
related to the plasma gas pressure through p =pgajcf, where c, is
the sound speed. The calculation of the density fluctuation spectrum
expanded in Fourier series is straightfoward. The spectrum of
the density fluctuation can then be expressed as a function of the
magnetic and kinetic energy spectra described in the above
incompressible magnetohydrodynamic turbulence. The density
perturbation is given by

-pova(k-q)vp(q)]

(D

Multiplying Sp(k) by its complex conjugate and taking the
ensemble average, we obtain the density variance spectrum (Réf.
12),

cs«qôp(k)p> = ; - q)£(q) (2)

whereC1 = 1 +cos2 «,G2 = sin2(a- C)sin20,G3 = l -cos20-
cos2(a - 0) +• cosScosa COS(OT- 0), and C4 = cos B COS(OT - 0) -
cosa. Here 0 and a are the angles between k and q, and between
k - q and q, respectively. We assumed that turbulence is
homogeneous and isotropic. Further the normalized helicity
parameters such as the cross helicity, the magnetic helicity and
the helicity of the CTOSS helicity are constants independent of
wave number (Réf. 12), but we found that the cross terms do not
have any significant contributions on the density fluctuation
spectrum. We also assumed equipartition of kinetic and magnetic
energies, i.e., EB(k) = Ev(k). To estimate the density fluctuation
spectrum, one must adopt a model of the energy spectrum. A
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convenient model for the omnidirectional energy spectrum may
be given by (Refs. 10-12)

E(W < (3)

where we used the normalized unit for simplicity: k, -1 corresponds
to the energy containing wave numbers and Icn,;,, is the minimum
wave number containing energy transferred by the inverse cascade
process. For the two-dimensional MHD turbulence, the power
indices (S1, S2) are given by (13/6,2/3). For three-dimensional
turbulence, (s,, S2) = (5/2,1/4). Those asymptotic forms in k^
» k » 1 and in k « 1 behave as those predicted by the standard
incompressible MHD turbulent theory. The minimum limit IcnJ1,
shouldbeadecreasingfunctionoftime, i.e.,fk^Jdt<0. Eventually,
when Ic114, reaches the scale limit of the physical system, e.g., size
of the accretion disk, then energy must begin to pile up at the
lowest available wavenumber.

After numerical integrations of equation (2), we obtain the trensity
fluctuation spectra shown in Figure 2. The oscillation frequoncy
co is related to ihe wavenumber through to = kV., where V. is ;he
Alfvén velocity. We assumed CO^ = 10"5. We find that in two
dimensional MHD turbulence the density spectrum is expressed
as Ep(O)) «= s«1B for w<co. andEp(o>) •« co"5" for U> O)1. In
three dimensional case, the predicted power law density spectrum
is Ep(W) •« co"5'6 for co< tf "nd Ep(ffl) « co~3/2 for co > CD,. We
find that the difference of the spectral indices between 2D and 3D
turbulence is little in the higher frequency range above the pulsar
frequency, but in the inverse cascade range the spectral slops are
quite different.

106 ID"1 10'2 10° 102 10"
co/w

IffI-' I

Iff4 10'2 10° 102 10"
CO/CO

4. DISCUSSIONS

We can compare this theoretical density spectra with the observed
X-ray spectra. Both Cen X-3 and Vela X-I have the spectral
index of 1.5-1.7 in the higher frequency range above the coherent
pulse frequency. On the other hand, in the lower frequency
range, the power density spectrum of Cen X-3 has an almost flat
slope, while that of Vela X-I has a steep slope with index s ~ 1.
From various observations in the X-ray and optical bands Cen
X-3 is known to be powered by an accretion disk (Réf. 14) and
Vela X-I is thought to be powered by the capture of a stellar wind
(Réf. 15). We can conclude that within the accuracy of determi-
nation the observed time variability of disk-fed or wind-fed pulsar
corresponds to the theoretical density fluctuation of two or three
dimensional MHD turbulence.

So far we discussed the time variability of the X-ray binary pulsars,
though it is also known that other accreting powered X-ray sources
such as LMXBs, BHCs, and AGN have the similar time variability,
that is, the aperiodic variabilities are represented by a power law
or a kink power law spectral functions. For example, the Fourier
power spectrum of Cyg X-I is approximated by two different
slopes of « f "'; s ~ O in the low frequency range with f £ O. IHz
and s ~ 1 - 2 in the high frequency range with f S 0.1Hz (Refs. 4,
5). This may be also interpreted as a turbulent spectrum with
two dimensional accretion disk structure, even though the driven
proce? • ̂ f the coherent periodic fluctuation is not yet known.

Cle;u i;', the study of the nature of the density fluctuations provide
an -.-.!portant ingredient in understanding tin. observed behavior
u: the accrerion powered X-ray sources. We have only begun to
investigate the potentially rich consequences of the time variability
of the accretion-powered X-ray sources and its relationship to the
theoretical turbulence model.
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Figure 2. Power spectra of density fluctuations for two dimensional
and three dimensional MHD turbulence.
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VHE GAMMA-RAY GENERATION BY RADIO PULSARS
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ABSTRACT

VHE gamma-ray generation due to inverse Compton scat-
tering of relativistic electrons and positrons on soft thermal
emission of a neutron star is discussed. Particles are acceler-
ated on the Alfven surface placed at the vicinity of the light
cylinder of pulsars. Spectra and light curves of Crab, Vela
and Geminga are estimated. Comparison with observations
is presented. It is shown that the periodically pulsed flux of
TeV emission from the Crab pulsar is considerably smoothed
in comparison with the signal in softer, emission.

Keywords: pulsars - particle acceleration - VHE gamma-rays

1. INTRODUCTION

Due to observations of Crab region in very high energy (VHE)
gamma rays (Ref.l) there are no doubts that particles can
be accelerated to the energies ~ 1012 eV near radio pulsars.
Some observations show presence of pulsating flux (Ref.2,3).
They were interpreted as an emission from the Crab pulsar.
Weekes et.al.(Ref.4) and Vacant! et. al. (Ref.5) observed
only stationary emission from Crab. At first sight these ob-
servations can be interpreted as an evidence of TeV emission
from the Crab Nebula only. An Emission mechanism of the
Nebula is well understood in framework of the Compton -
synchrotron model (Ref.6). But our analysis show that radio
pulsars must inevitably generate TeV gamma-ray emission on
the following reasons.

Firstly we know that the Crab pulsar ejects a relativistic wind
with power L ~ 2 x W^erg/s. The mean Lorentz factor of
particles in the wind is of order < f >~ 5 X 105(Ref.7). The
number of ejected particles per second is L/ < 7 >. It is rea-
sonable to assume that the formation of the wind takes place
In the limit of the light cylinder of the pulsar Secondly, from
the theory of neutron star cooling and from observations it
is known that the surface temperature of young pulsars such
as Crab and Vela is ~ IQ6K (Ref.8). Under these condi-
tions inverse Compton scattering of the relativistic wind on
the thermal X-ray emission of the neutron star surface gives
lower limit on the flux of TeV gamma rays. For the Crab
pulsar such a simple estimate gives flux 2 X 1C 'Wph/cm2s for
temperature of the surface 1O6Jf. Here we present estimates

of fluxes and light curves in TeV gamma-rays for some pul-
sars based on the proposed mechanism.

2. PULSARS CRAB, VELA AND GEMINGA

More accurate estimates of the flux of TeV emission due to
mechanism under consideration in frameworks of the model of
the axisymmetric rotator (Ref.9) are presented in the Ref.10.
A scheme of the TeV gamma-ray production is presented in
Fig.l. Electrons and positrons are accelerated on the Alfven
surface of the pulsar magnetosphere. This surface almost
coincides with the light cylinder .Particles move after accel-
eration almost tangentially to the Alfven surface. The power
of these particles is equal to the full spin down losses of the
rotator, expressed as follows (Ref.llj

L =
4C3 (1)

where H is the magnetic field on the surface of the star, R is
the radius and Sl is the angular velocity of the star. At the
same time particles are scattered on thermal photons emit-
ted by the neutron star, producing gamma-rays with energy
equals the energy of the scattered particle. The integral pho-
ton spectrum is

-v-~» , - -™ 1PD*9

where A is the coefficient of plasma multiplication in the elec-
tromagnetic cascade producing dense plasma (Ref.12 ), T is
the temperature of the star surface in me2 units, re is the clas-
sical radius of an electron, X is the Compton wavelength, D
is the distance to the source, O is the vertex angle of the cone
of the emission. 7mal is the maximal energy of the particles
accelerated on the Alfven surface

iHR
ra r» I _1 ( |2 /0\
!max — / 0 I n ~ . V I i W/2mc*A c

where 70 is ti. j mean Lorentz factor of the plasma produced in
the cascade in the inner part of the magnetosphere(70 ~ 104),
H is the magnetic field on the surface of the star.
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TeV emission

•Inverse Comptpn
scattering

region_of<10 GeV
emission generation

ra^s
:Alfven surface

Fig. 1. A scheme of electromagnetic emission generation in
the magnetosphere of the Crab pulsar. =

In Fig. 2 and 3 the theoretical spectra in comparison with ob-
servations are presented for the Crab and Vela pulsars. Used
parameters are A = Î03 , O = 0.2 and H = 6.7 X 1O12G for =

Crab and A = 500, O = 0.6 and H = 5.5 X 1012 for Vela
- (Ref.10). On the whole there are no strong discrepancy be-

tween the present theory and observations. It is necessary to
take into account that points 7,8 present the observations of
transient emission.

At the same time observations of the Crab pulsar in TeV
gamma rays allow us to exclude the ejection by this pulsar of
the wind with spectra ~ E~2J estimated from observations
of the Crab Nebula in X-rays (Ref.7,13). Inverse Compton
scattering of such a wind on the thermal X-ray emission of the
neutron star gives the fluxes of pulsating emission presented
by dashed (Ref.7) and dot-dashed (Ref.13) lines. These fluxes
are above observed TeV stationary emission from the Crab
direction- thick solid line (Ref.5). This means that the Crab
pulsar does not eject the relativistic wind with power law
spectrum as follows from observations of the Crab Nebular
or the flow of plasma after the light cylinder is absolutely
isotropic. The last is unlikely.

In Fig. 4 the estimate of the spectrum for the pulsar Geminga
is presented . Solid line is the extrapolation of COS-B ob-
servations at the energies less then 5 GeV. The flux is ob-
tained for temperature of the surface T = 4xl0 5 K,A = 360,
// = 2 X 1O12G and D=40 pc (Ref.14,15).

3. LIGHT CURVES OF VHE GAMMA-RAYS.

Ic obtain estimates of light curves we extrapolate the main
results, obtained for plasma flow from a magnetosphere of
an axisymmetric rotator (Ref.9) to any oblique rotator. We
suppose that the rclativistic wind of e+e~ -plasma observed
in the Crab Nebula is formed on the Alfven surface of the
oblique rotator also. THe power of the wind is equal to the
total pulsar spin down losses. Particles are ejected from »
magnetosphere tangentially to the Alfven surface which al-
most coincide will the light cylinder surface.
A scheme of an electromagnetic emission generation from ra-
dio to VHE gamma rays by the Crab pulsar is presented in
figure 1. Although a full theory of electromagnetic emission
generation with photon energy less than 10 GeV is under
developing now, theoretical estimates and observations show
that emission from radio to 100 MeV gamma rays is gener-
ated in the vicinity of the Alfven surface in the region small

10,-9 -3
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-13

.01 .1

Ej1(TeV)

Fig. 2. Comparison of the predicted spectrum of TeV émis-'
sion from the Crab pulsar with observations (Ref.1,5)
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Fig. 3. Comparison of the predicted spectrum of TeV emis-
sion from the Vela pulsar with observations (Ref.l)
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Fig. 4. The predicted spectrum of TeV emission from the
pulsar Geminga. Upper limit is from Ref.l F.

compared with the radius of the light cylinder. Coincidence
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of phase curves and narrow peaks of emission in this energy
band witness to this conclusion (Ref.16).
Figure 1 shows that the generation of VHE gamma rays takes
place on a distance larger than generation length of other elec-
tromagnetic emission. It results in broader pulses than pulses
in the soft emission. If the temporal behavior of an injection
function of relativistic particles was known it would be possi-
ble to estimate the VHE light curve. The dependence of the
density of thermal photons on the distance to the neutron
star is given by

i L,n = n0(—) (4)

where H0 is the thermal photon density on the light cylin-
der, RI is the radius of the light cylinder. The intensity of
the VIIE gamma ray emission from electrons moving in one
direction decreases according to the expression

4/o
/(O =

where P is the period of pulsar rotation. Temporal depen-
dence of the TeV gamma ray intensity is given by

F(()= (6)

where N(t) is the injection function of relativistic particles
in some direction. It is reasonable to suppose that tempo-
ral and angular behavior of N(t) coincides with those of 100
MeV gamma rays. The result of convolution I(t) with inten-
sity of 100 MeV gamma rays observed by COS-B (Ref.17) is
presented in figure 5 . Theoretical light curve is expressed in
arbitrary units. Calculated peaks of the VHE gamma rays
occur weaker and broader than the peaks of 100 MeV gamma
rays. There are delays in the maxima of the VHE gamma -
ray peaks in relation to the 100 MeV gamma ray peaks. For
comparison we present the light curve of the VHE gamma
rays with energy > 0.7 TeV (Ref.4). Possibly there are weak
evidence of pulsating component presence on the large back-
ground of the TeV gamma rays from the Crab Nebula. The
temporal behavior of this component is similar to the pre-
dicted one by developed model. For definite conclusion about
contribution of the Crab pulsar in the observed by Weekes et.
al.(Ref.4) TeV emission it is necessary to carry out accurate
statistical analysis of experimental data. Statistical analysis
on the basis of this theoretical result will give at least higher
upper limits on the TeV gamma ray fluxes from the Crab
pulsar than Weekes et. al. (Ref.4) have obtained.
It is necessary to point out that the observations by Vacanti
et.al (Ref.5) did not give any evidence of pulsating emission
presence. It is easy to understand why. The Crab Nebula
gives the main contribution in the observed emission. The
contribution of the pulsar is small.The spectrum of the Crab
pulsar predicted in the model of the axisymmetric rotator
is very flat (Ref.10). The spectrum of the Nebula is power
law with the spectral index 2.4 (Ref.5). Therefore the
signal from the pulsar on the background of the stationary
emission from the Nebula more likely to detect at the energy
of gamma-rays where the flux from the Nebula is lowerst.
The flux from the Nebula detected by Vacanti et.al.(Ref.S)
more than 10 times exceeds the flux registered by Wekees
et.al.(Ref.4) since in the first work observations were carried
out at lower threshold than in the second. We suppose that
on this reason Vacanti et.al (Ref.5) did not detect the signal
from the Crab pulsar.

•1000

Fig. 5. Crab pulsar light curves of 100 MeV gamma rays
(dashed line), observed TeV gamma rays (Ref.4) and theoreti-
cal TeV gamma ray light curve. The right hand scale is counts
in VHE gamma-rays. Dashed horizontal line is medium level
of counts of VHE gamma-rays. The left hand scale is counts
of gamma-rays observed by COS-B.
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Fig. 6. The estimate of the light curve in VHE gamma-rays
for the pulsar Geminga.

The estimate of the VHE light curve of the pulsar Geminga
is presented in figure 6.

Along with observations of nonpulsating VHE gamma rays
from the Crab direction there are reports on observations
of pulsating emission with peak width of order ~ 1ms from
Crab (Réf. 2,18). Sometimes such an emission was observed
as bursts. We believe that the most reasonable explanation of
the VHE gamma ray bursts is connected with inverse Comp-
ton scattering of the e+e~ -plasma on a narrow beam of soft
nonthermal emission (Ref.10). This emission can appear due
to any activity of the Crab pulsar. In this case VHE gamma
rays must have narrow peaks of pulses. The path length of
an electron before inverse Compton scattering on nonthermal
emission is much less than the light cylinder radius. Therefore
a beam of nonthermal soft emission with luminosity much less

330
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than the observed nonthermal luminosity is sufficient for gen-
eration of strong VHE emission. Unfortunately it is difficult
to observe such variations of soft emission on the background
of pulsating emission of the Crab pulsar.
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PARTICLE ACCELERATION ON THE ALFVEN SURFACE OF A PLASMA EJECTING
AXISYMMETRIC ROTATOR
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ABSTRACT

The equation for a poloidal magnetic field of an axisymmet-
ric rotator is obtained for relativistic plasma . This is the
elliptico-hyperbolic equation. The boundary conditions for
this equation is determined by the causality principle. The
equation is singular on the Alfven surface. It is shown that
the solution of the problem where the plasma flow continu-
ously passes through slow, fast and Alfven surfaces does not
exist. The real flow has a discontunuity on the Alfven sur-
face. On the outer side of the Alfven surface the azimuthal
magnetic field goes to zero. A super fast magnetosound wind
with power comparable with total energetic losses of the star
is formed here.

Key words: MHD - stellar winds
particles.

pulsars - acceleration of

1. INTRODUCTION

In the present paper we consider the model of an axisym-
metric magnetic rotator to analyse the processes of particle
acceleration in a pulsar magnetosphere. In such a system,
plasma flow is stationary and has azimuthal symmetry. Any
emmision generated in the axisymmetric rotator is also sta-
tionary. The pulsations observed from real pulsars are absent.
Therefore we cannot say anything about the time profile of
the emission in the framework of this model. In spite of this,
the model under consideration is very useful for investigating
the mechanisms of transformation of the neutron star rota-
tion energy into the energy of accelerated particles in the
magnetospheres of real pulsars on the following reasons:

1. Ruderman and Sutherland (Ref.l), have shown that an ac-
celeration of particles up to energy ~ 1012 eV and formation
of dense e+e~ -plasma take place in an axisymmetric rotator
magnetosphere;

2. Beskin, Gurevich and Istomin (Ref.2) have pointed out
that, along with energy losses connected with acceleration
of plasma in the inner part of the magnetosphere there are
losses connected with electric currents flowing from the polar
cap of the star. The expression for energy losses connected
with these currents is

L =
HgflWi

4e3 ' (1)

where R is the radius of the star, i is the density of elec-
tric currents flowing from the polar cap of the pulsar ex-
pressed in Goldreich - Julian (Ref.3) electric current density
iaJ = fi#/27r, fi is the angular velocity of the rotation and
H0 is the magnetic field on the star surface. For pulsars
i ~ 1 (Ref.4). Estimates show that in pulsars such as PSR
0531+21, energetic losses (1) exceed the energetic losses from
particle acceleration in the inner part of the magnetosphere
by three orders of magnitude (Réf. 5);

3. Here we show that these energetic losses are transformed
in to the kinetic energy of the plasma on the Alfven surface of
the magnetosphere. For this we consider the general problem
of dynamics of plasma and structure of the magnetosphere
of an axisymmetric rotator keeping in mind that this model
describes both stellar winds where gravitation play crucial
role and winds from pulsars.

2. MHD EQUATIONS ALONG POLOIDAL FIELD
LINES.

In the axisymmetric flow the magnetic field H can be pre-
sented as a sum of poloidal magnetic field Hp and azimuthal
magnetic field Hv. The poloidal magnetic field can be ex-
pressed as (Ref.6)

(2)

where x = S^1 p is the distance to the axis of rotation. Fur-
ther all geometrical values will be expressed in the light cylin-
der radius. The function ^ is proportional to the full flux of
the poloidal magnetic field through a surface at radius x. In
frozen in approximation the relationship between the elec-
tric field E and the poloidal magnetic field is E = xq(ij})Hp

(Ref.S).The function q(ij>) is constant along the poloidal field
force line and describes differential rotation of force lines.
The electric field is perpendicular to the magnetic field and
lies in the plane of the poloidal field.

The first equation defining dynamics of the plasma along the
lines of the poloidai field is the conserved energy flux along

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in Toki. Japan,
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the field line

where F = 7(e + p),

(3)

is the component
of the plasma velocity in the plane of the poloidal field. Due
to the frozen in condition the direction of this velocity co-
incides with the direction of a poloidal magnetic field line.
In the approximation used ,gravitation is taken into account
by adding gravitational energy $mc2 to the kinetic energy of
the particle (Ref.7). Functions F and VV are constant along
a field line. The second equation is the conserved momentum
flux

xUv - F(1>)xHv = M(4>), (4)

where Uv = Futf, »„ is the azimuthal component of the
plasma velocity, and M is the angular momentum flux péroné
particle. The component of the frozen in condition E-\-[vlI] —
O along electric field is

zF + VJi = Uv. (5)

Here Up = Fup, h = j f - . The last equations are the relativis-
tic relationship between F, (e + p), Up and Uf

(6)
and adiabatic condition

a = sW (7),

where s is the entropy per particle.
Equations (3-7) define the motion of plasma along an open
field line of any arbitrary poloidal magnetic field. Using sys-
tem (3-7) it is possible to consider dependence of any of pa-
rameters Up, ft,(/tf,F on x moving along a force line of the
poloidal magnetic field. It turns out that this dependence
has singular points. They appear in derivatives of this pa-
rameters on x. For example the derivative Up on x is

(F(I/,, - U, + ((Up -
dx

- (Up -

F HtU* /H, - (Up - UJ(U* - U*) (S)

Here U, = (1 - x2)F//p, U, = /^L* u = W - $. All

derivatives on x are taken along field line. We simplify the
problem and consider here the case when q(V') = 1-
The singular points of function (14) are Up = U,i and Up =
Uf. They correspond to the points in which plasma velocity
coincides with the local slow magnetosound velocity and fast
magnetosound velocity

4irme2n«

(9)
Here n. is the density of plasma in the comoving system of co-
ordinates, Uj,,i = Fu/,,1, vjj are fast and slow magnetosound
velocities. In the continuous solution the numerator of the ex-
pression (14) goes to zero at these points under some special
critical conditions. These are those conditions that Weber
and Davis (Ref.8) used for defining ujj and HJ on the surface

of the star. Singular points form in the magnetosphere sur-
faces. The surface of slow magnelosound critical points shall
be referred to as SMS and the surface of fast magnetosound
critical points shall be referred to as FMS. The Alfvcn sur-
face is AS. Critical conditions on the SMS and FMS can be
expressed as follows

fif>

- (U, - = O.

(10)

3. EQUATION FOR POLOIDAL MAGNETIC FIELD.

In the analysis of the equation for the poloidal magnetic field
it is important to consider it's canonical form. Here such
an equation for the function 1J> is presented for relativistic
plasma taking into account thermal pressure and differential
rotation of force lines (9(1/') ^ !)•
The equation for 0 is obtained from the component of the
energy-momentum law conservation perpendicular to the field
lines of the magnetic field (Ref.9,10). This equation expresses
balance of magnetic, thermal and dynamical pressure across
magnetic field lines. The gravitational field is taken in to
account in non rclativistic Newtonian limit (Réf. 7). Simple
calculation gives

) +

(11)

where = W - <fr, V = W - Mq, k = (^)2, V1 = (I-
Um = k(Up - U,) + F(H1 - E2)'lHp, R = W^, +
(VH) = UVHV + UPHP. Symbol (); denotes the

derivative with respect to if>.
Equation (10) is the mixed elliptico -hyperbolic equation. In
the regions O < Up < Uc and t/,( < Uf < Uj it is an el-
liptic equation. Uc is cusp velocity(Rcf.ll). In the regions
Uc < Up < U,i and Up > Uj the equation (11) is hyperbolic.

The main feature of this equation is the general multiplier
(Up — Ua) in the left hand side of the equation. It goes to
zero on the AS. For regular solution it means that the right
hand side of the equation must be zero also on the AS. As well
as the critical conditions, a new condition of regularity of the
solution on the AS appears. On the AS one of the following
conditions must take place:

Z* (V.EU + ̂

HV\AS = O.

= O, (12)

(13)
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4. THE PROBLEM OF AN OUTER BOUNDARY
CONDITION FOR V-

Equations (3-7) have two constants W and JIf. Instead of
these constants it is more convenient to consider parameters
WP and //JJ on the surface of the star. If we know these pa-
rameters we can define constants W and M using the system
.(3-7).
There is some difference in information about starting values
w° and //JJ for stellar wind and for wind from pulsars. In the
case of stellar wind we know the following parameters:

where T is the temperature of the plasma on the star sur-
face. Knowledge of 4' on the star surface is équivalant to
the information about the normal component of the poloidal
field since (En) = |gj, where n is unit vector normal to the
star surface, / is the distance along the surface to the axis
of rotation. We do not know w|J, //JJ and (HjJt), where t is
the unit vector tangential to the star surface. In the Parker's
solution ujj is defined by critical condition in the sound point,
where the velocity of plasma equals the local sound veloc-
ity. In presence of magnetic field so strong that VA > c,,
the sound point is transformed in to the slow magnetosound
point. There is no doubt that the critical condition in slow
magnetosound point can be used for fixing v° in stellar wind.
For pulsars we know starting velocity of plasma «° in addition
to the parameters (14). But simultaneously with the infor-
mation about vjj, the critical condition in slow magnetosound
point disappears (Ref.4)
So we know how to define wjj in stellar winds and pulsar winds.
The main problem is how to define //JJ and (H°t). Here we
consider the problem with (HjJt). This problem is a prob-
lem of an outer boundary condition for V in the region where
equation has elliptic type. Here we propose the general ap-
proach to the problem of boundary conditions for V based
on the causality principle. This approach allow us at least
to define the surface where the outer boundary for an elliptic
region of the equation takes place.

In figure 1 the flow described by the mixed-type equation
is shown. There are two hyperbolic regions. The schematic
structure of characteristics for both regions is presented. Such
a structure has earlier been obtained by Sakurai(Ref.l2). In
both regions there are separatrix characteristics. They form
separatrix surfaces. The separatrix surface placed between
t/c and U,i shall be referred to as slow magnetosound sepa-
ratrix surface (SMSS). The other separatrix surface shall be
referred to as fast magnetosound separatrix surface (FMSS).
Usually the SMSS and the FMSS do not coincide with SMS
and FMSS. Coincidence takes place only in the exceptional
case when the plasma velocity on the SMS or on the FMS is
perpendicular correspondingly to these surfaces. The arrows
on characteristics show the direction of a signal propagation.
In the region Uf > U/ characteristics are formed by fast mag-
netosound waves. They propagate in the direction of the flow.
In the region UC<UP< U,i characteristics are formed by the
slow magnetosound waves, which propagate in the direction
opposite to the direction of the flow (Réf. 11). Dashed lines
show magnetic field force lines. The region G can be divided
by the FMSS into two regions Gl and G2. The Gl region is
limited by the boundary (acdba). It consists of parts where

SMS AS FHS FHSS

Fig. 1. The schematic structure of characteristics of the
equation (11).

the equation is pure elliptic and pure hyperbolic. In spite of
this .ill points of this region are connected by causal relation-
ship::, because at least fust magnetosound waves can propa-
gate from any point of this region to any other point of this
region. A signal from any point of the Gl can propagate in to
the region G2.In the region G2 the flow is described by the
purely hyperbolic equation and signals can propagate only
between characteristics. No signal from G2 can propagate
into Gl. The region G2 can not affect Gl. The solution for
the region Gl can be obtained independently from G2. Since
all points of the Gl are connected by causal relationships the
equation in this region must be solved as an elliptic equation
with some boundary condition on the boundary (acdba). It
means that outer boundary condition must be satisfied on the
FMSS. If the solution in the Gl region is known for region
G2 we obtain Cauchy problem.
It is necessary to point out that in spite of the structure
of characteristics near the SMSS are similar to the structure
near the FMSS no additional condition on the SMSS appears.
It is obvious from causality principle point of view because
this surface does not divide the region on parts with different
causal relationships between points. So causality principle
says that the outer boundary condition for ty is placed on the
fast magnetosound separatrix surface. This surface in general
does not coincide with AS or FMS.

5. THE STRUCTURE OF THE SOLUTION.

Now we can carry out analysis of the critical condition (10)
and of the conditions (12),(13) in the light of the outer bound-
ary condition for 1/1 formulated in section 4. This analysis
allows us to understand what kinds of solutions the equation
(11) permits and what kinds of solution are unphysical. We
suppose that in the wind the condition VA > c, is valid, where
VA is the Alfven velocity, c. is the sound velocity. This con-
dition is fulfilled for solar wind and for pulsars. The opposite
case can be considered by analogy. In the magnetosphere of
the axisymmetric rotator three particular surfaces exist: slow
magnetosound (SMS), fast magnetosound (FMS) and Alfven
surfaces (AS). Starting from the work by Weber and Davis
(Ref.8) nobody doubted that the AS and the FMS are differ-
ent surfaces (in our case according to the (9) they coincide
if azimuthal magnetic field is zero on the AS ) because the
azimuthal magnetic field appeared non zero on the AS in all
solutions. The FMS was placed farther from the star than
AS.
Let's consider the possibility of such a continuous solution. In
that case HV\AS ^ O. Since the condition (13) is not fulfilled
the condition (12) on the AS and the condition (10) on the
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FMS must be ensured. But it is impossible , because the
number of independent conditions exceeds the number of free
parameters. In the case under consideration we have only one
free parameter H° and two independent equations (10) and
(12). Earlier we concluded that other free parameters such
as vjj and (H't) are defined by other conditions. This means
that in the general case it is impossible to create continuous
solution of Weber and Davis (Ref.15) type. What solutions
can exist?
Only a solution discontinuous on the AS can be realized. The
condition (12) must take place at least ,on the inner side of
the AS. It fixes the magnitude of H°. On the outer side of
the AS the vector of magnetic field rotates around the vector
normal to the AS so that the azimuthal magnetic field goes
to zero. In that a case the condition (13) is fulfilled on the
outer side of the AS. The discontinuity of such a type is the
Alfven discontinuity (Ref.13).
The schematic structure of the magnetosphere of an axisym-
metric rotator is presented in Réf. 4. Electric currents flow
from the polar cap of the star in the region of open field lines.
Currents are induced by the rotation of the star. They gen-
erate azimuthal magnetic field. In the region of closed field
lines and at least on the outer side of the AS H^ = O . This
means that electric currents do not penetrate through AS.
They flow along AS forming current surface. Currents are
closed on the separatrix force line dividing regions of closed
and open field lines. Currents are generated again in the
outer part of the magnetosphere. Two different closed elec-
tric circuits are formed in the magnetosphere. One in the
inner part limited by the AS and another in the outer part
outside the AS.

6. CONCLUSION

We obtain the following basic conclusions about real solutions
of the plasma flow in the magnetospherc of an axisymmetric
rotator.
1. For the case Ua > U, the starting velocity of the plasma
on the star surface is fixed by the Weber and Davis(Ref.S)
critical condition on the slow magnetosound surface. ( when
UB < U, v° is fixed on the fast magnetosound surface).
2. The azimuthal magnetic field on the star surface is fixed
by the condition (12) of regularity of the solution on the AS
but not by the Weber and Davis critical condition on the
FMS ( on the SMS when U, < U,).
3. The azimuthal magnetic field Hv goes to zero on the AS.

We believe that the last conclusion has important value for
understanding of mechanism of the relativistic wind forma-
tion in pulsar magnetospheres. The condition Hv = O on
the AS means that according to the equation (2), all flux of
electromagnetic energy is transformed in to the kinetic en-
ergy of the particles. Particle acceleration and formation of a
super fast magnetosound wind takes place here. The power
of this wind is comparable with total spin down losses of the
axisymmetric rotator defined by the expression (1)
It is clear that the AS is a region of generation of hard elec-
tromagnetic emission. One mechanism of hard emission pro-
duction is connected with motion of the particles near the
AS. Synchrotron emission must be generated here. We hope
that this mechanism will allow us to explain X- and 1 GeV
Gamma-rays from pulsars such as Crab, Vela and Geminga.
Other mechanisms are connected with inverse Compton scat-

tering of accelerated particles on the soft thermal emission of
the neutron star (Ref.14). TeV gamma-rays are generated in
that process.
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ASYMPTOTIC STRUCTURE OF
MAGNETICALLY DRIVEN MHD WIND
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Abstract

With regard to the astro physical jets or winds, we discuss
the asymptotic structure of plasma wind. By solving the
special relativistic MHD equations for trans-field force
balance, we obtain an analytic self-consistent solution for
the steady and axisymmetric magnetically driven wind in
the limit of viscous-less, pressure-less and resistive-less
plasmas. In this solution, all the field lines are asymp-
totically conical, and inclination angle of each field line
from the equatorial plane is determined. Depending on
the parameters of the solution, we can obtain the thin
jet solution as in radio loud AGN's, or also obtain the
equatorial wind solution as in Crab pulsar, etc.

Keywords: Relativistic MHD, Astrophysical jets/winds,
Grad-Shafranov equation

1 Introduction

For the interpretation of high energy phenomena ob-
served at pulsars or active galactic nuclei (AGN's) etc.,
the magnetospheric model of these activities is very at-
tractive, because it gives simple and universal explana-
tion. In these objects, high velocity (ultra relativistic)
flows of ionized matter (plasma winds or jets) are char-
acteristically observed. These flows may transport the
enormous energy in the form of plasma kinetic energy flux
and Poynting energy flux from the central object, and fi-
nally the transported energy is converted to the form of
radiation by interaction with surrounding mediums at
the distant region. Therefore these flows are considered
to be a fundamental component of active astrophysics!
object as well as accretion disks.

Studies for properties of plasma wind were originated
by Weber and Davis (Ref.fl]). They studied the accelera-
tion of magnetohydrodynamic (MHD) wind on the equa-
torial plane of the solar magnetosphere in the Newtonian
frame work. Goldreich and Julian (Ref.[2]) predicted that
pulsar magnetosphere will be filled with pair (electron
and positron) plasmas and discussed electrostatic accel-
eration of wind based on the force-free approximation.
Theoretic extension to the relativistic MHD winds at the
pulsar magnetosphere was executed by Michel (Ref.[3]).
Camenzind (Ref.[4]), (Ref.[5]J completed the formalism
for steady and axisymmetric relativistic MHD wind.

Recent studies show that properties of Rows strong-
ly depend on the global structure of magnetic field lines,
and to obtain the structure, magnetohydrodynamic inter-
action between ionized fluids and electromagnetic field is
important. The equation to determine the equilibrium
structure is called the Grad-Shafranov (G-S) equation.
The properties of G-S equation were studied by Heine-
mann and Olbert (Ref.[6j). Numerical self-consistent so-

lutions of Newtonian MHD wind were given by Sakurai
(Réf.[7]), (Ref.[8]). In his solution, magnetic field lines
are deflected toward the polar region. He explained that
this deflection is carried by magnetic pinch with respect
to the equatorially accumulated toroidal component of
magnetic field. Now we may question whether the pole-
ward deflection of MHD flow is a necessity or not. Chiueh
et al.(Ref.[9]) (special relativistic wind) show that asymp-
totically horizontal flow never arises, and, from the dis-
cussion for necessary condition to satisfy the MHD equa-
tions, magnetosphere is filled with asymptotically conical
or paraboloidal flows.

Actual astrophysical plasma flows have various shapes,
namely, very thin collimated jets as observed in radio-
loud AGN's, diffuse fan-type jets, isotropic winds or e-
quatorially accumulated winds as in Crab pulsar. Now
we expect to explain these various types of flows with
single model, therefore this model should be demanded
to contain the degree of freedom to explain these various
shapes. Observed astrophysical jets may be sufficient-
ly larger than the scale of the light cylinder. Therefore
asymptotic structure is important to compare the result
with observations.

We consider a steady and axisymmetric MHD out-
going flows that are magnetically driven in the magne-
tosphere around the rotating object. These assumptions
may be appropriate in the case when the central object
rotates quickly and ejects the plasma wind steadily. The
basic MHD equations for this system can be reduced to
the more convenient form, namely, the poloidal wind e-
quation and the Grad-Shafranov (G-S) equation. The
former denotes the development of physical quantities a-
long a stream line while the latter denotes the trans-field
equilibrium to give a structure of field lines. However
these equations are very complicated to solve in general
cases. In this work we analyse only its asymptotic struc-
ture.

2 Basic Equations
From the ordinary general relativistic MHD equations,
we can derive more convenient form of equations in the
approximation of steady and axisymmetric flows, namely
the poloidal wind equation and the Grad-Shafranov (G-
S) equation. The poloidal wind equation (Ref.[10]) is

(1)= - (Jt0Jb3-

where up1 = -U*UA(A = T, 9 ) , M is the Alfvén Mach
number, Jto , ki and Jb4 are given by the metric tensor and
the constants of motion as follows,

to = 9,1 (2)
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(4)

with pw1 = Si*J — 9ti3tt is the invariant cylindrical
radius. And the G-S equation (Ref.[ll]) is

Wl
3rr }

- *•)„

X l - - (Ao-J (S)

where $ is the flux function (the ̂ -component of the elec-
tromagnetic vector potential) to identify field lines, the
prime ' denotes the derivative with respect to * because
E, L, if and OF are functions of $ only (flux constants).
The G-S equation is a highly non-linear partial differen-
tial equation for 9 and is coupled with the poloidal wind
equation. Therefore it is hopeless to solve the equation
in general cases. Now our discussion should be focused
in the asymptotic region (far from the central object) in
which effects of gravity are negligible (metric tensors can
be reduced to the Minkowski metrics) and above basic
equations become more simple form, and we will try to
solve it.

3 Asymptotic Structure
In energetic astrophysical phenomena, the scale of ob-
served structure (jet, radio lobe, nebula etc.) may be
much larger than the scale of the light cylinder. Then
we can focus our discussion in far distant region from the
central object. We call it the asymptotic region. In this
work we take a limit R 3> RL where R is cylindrical ra-
dius from the rotational axis and RL is cylindrical radius
of the light cylinder.

In the asymptotic region, Eq.(5) becomes simple form
with the help of Eq.(1) as follows

- Z)

+ l) (ZR1+ I)1 J

- <V3« [(JIr1V-Ql1)' (c)' (a1)'! ,,.
~ 1 - <»v^ L Hf' rf e ~ a' J <6)

From this equation, we can obtain the particular solution,
Z(fl, *) = /(*)« (7)

where Z is the coordinate along the rotational axis and

/(*)=sinh V< «/(t)
with A is an integral constant independent of *, *„ is a
*-value of the equatorial field line and u/(*) is a termi-
nal velocity of each stream line. Now we have used the
boundary conditions

/(*o) = 0 (9). * *and
/(O) = +00. (10)

This solution is an asymptotically force-free solution in
which the magnetic pinch due to the equatorially accu-
mulated toroidal field is balanced to the electric force
acting on the Goldreich-Julian charge density.

We can show the field line structure in the poloidal
plane on the appropriate model. Now we consider the
wind from the Keplerian disk threaded by the unifor-
m magnetic field. Magnetic field line labeled $ are ex-
pressed as

(11)

where P = 9otlo/(Aug) is a non-dimensional parameter
denoting the property of the object. The results are pic-
turized in Fig.l (ft = 10, thin jet), Fig.2 (/3 = 1, isotrop-
ic wind) and Fig.3 (/? = 0.1, equatorially accumulated
wind).
Z

Figure 1. Magnetic field lines on the poloidal plane in
the case when /3 = 10.

Figure 2. Magnetic field lines on the poloidal plane in
the case when /9 = 1.
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Figure 3. Magnetic field lines on the poloidal plane in
the case when ft = 0.1.

All of these figures contain one hundred of field lines
respectively, and, light and shade denote the real dis-
tribution of field lines (distribution obeys the rule that
if magnetic field is isotropic then field lines distribute
isotropically). We can notice that various type of flows
can be obtained in our solution with a variety of ft (here
^-dependence of / is not so determinative for the struc-
ture compared to /3-value, therefore these results also can
be applied to various object not only for wind from the
Keplerian disk). The parameter ft has a tendency that ft
has large value (Fig.l) with rapid rotation or weak mag-
netic field or not so highly relativistic wind (e.g. radio
loud AGN's), and small value (Fig.3) with relatively s-
IQW rotation or strong magnetic field or highly relativistic
wind (e.g. Crab pulsar). These results can explain the
properties of the observational results for thin jets in AG-
N's and winds in pulsars. In our notation, the toroidal
component BT of magnetic field is given by

and the poloidal component Bp is

Bp = ̂ L.

(12)

(13)

therefore the magnetic structure depends only o
",(*) and A.

4 Discussions
Our solution is asymptotically conical solution. The dis-
tribution of the inclination /(*) of each field line con-
tains possibility to denote the various types of the mag-
netospheric structure, i.e., thin jet (Fig.l), isotropic wind
(Fig.2) or equatorially accumulated wind (Fig.3). One
might think that this asymptotically conical solution is
very peculiar and restricted one on the analogy of the

Newtonian frame work. However our solution is general-
ly realizable in the special relativistic frame work. In the
Newtonian frame work of 1-fluid MHD approximation,
charge density is always zero in all frame, but electromag-
netic field varies as a non-relativistic limit of the Lorentz
transformation. In the special relativistic frame work,
charge density varies as the time component of 4-current
density, therefore the electromagnetic force balance al-
ways can be established. In this meaning, our solution is
proper one of the special relativistic plasma wind.

In our solution, asymptotically conical field lines fill
out the polar region. This result should be unphysical
if we are based on the result of Chiueh et al. (Ref.[9])
because the poloidal carrent density should diverge in
the situation. However in our solution, the poloidal cur-
rent density per unit area is finite in the polar region
(Ref.[12]). This is because the discussion of Chiueh et
al. is focused to the singularity on the poloidal current
density per unit poloidal magnetic flux. However poloidal
current can arise in the poloidally non-magnetized region,
therefore the divergence of the poloidal current density
per «nil poloidal magnetic flux is not unphysical. Actual-
ly the poloidal current density per «nil area at the polar
region is finite in our case as follows,

limj" = 0 (14)

and
lim jz = p- -Jui1 + 1. (15)*-»o vtR' v

Hence we can conclude that 'conical flux surfaces can fill
out the polar region.'
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ABSTRACT

We perform numerical simulations of thermally driven
winds originating in a disk around a compact object. The
disk is assumed to be geometrically thin, self-similar un-
der scaling in radius, and in a dynamical balance. We
also assume a polytropic relation between density and
pressure. Steady state solutions are obtained for appro-
priate boundary conditions. We find that a cone where
the density and the pressure become extremely low is
formed around the rotation axis, if the disk has angular
momentum. While a large portion of the now is outgo-
ing, gas originating in the innei disk falls into the central
gravitating object. In order for the disk winds to blow,
the pressure and density distributions at the disk are re-
stricted in some range.

Keywords: Accretion disks, hydrodynamics, winds.

1. INTRODUCTION

cally thin disk surrounding a central object of mass, M.
The gas flow is assumed to be axisymmetric, inviscid and
polytropic. We use the cylindrical coordinates (r,ip,z)
with the z-axis along the rotation axis of the disk.

2.1 Basic Equations

The equations for an axisymmetric fluid flow are writ-
ten by the following:

mass conservation:

momentum conservation:

Bi
GMr

(1)

(2)

Mass outflow from an accretion disk is important in
relation to astrophyaical jets. These winds are signifi-
cantly different from spherically symmetric ones such as
the solar wind. The nature of the disk winds has not been
known well so far, because the problem is essentially two
dimensional and cannot be further simplified without ex-
tra assumptions on the configuration of streamlines. For
example, Batdeen and Berger(Ref. 1), and Okada and
Takahara(Ref. 2), assuming self-similarity, have investi-
gated winds from disks and have found transonic solu-
tions. However, the assumption of self-similarity is quite
restrictive in the sense that solutions do not exist within
a cone around the symmetry axis. Therefore, applica-
tions of these approaches are limited. From this point of
view, numerical approach is indispensable for the detailed
study of disk winds. Here we present a series of numer-
ical simulations of thermally driven winds originating in
a disk around a compact object.

2. MODELS

We consider winds which are thermally driven from
the surface of a steady, axisymmmctric, and geometri-

Id

(3)

. .
= ____pl (4)f l p n , 1 9 . X 1 *__ + __(pBrBir) + _

energy conservation:

S + i£M.
GM

where R = -̂ 3T?, e = p/(7 - 1) + p(ur + 1£ + i£)/2,
and p, v, and p are the gas density, velocity, pressure,
respectively, and 7 is a parameter which provides a poly-
tropic relation.

In the present analysis, we take, as the units of length,
velocity, and density, the inner radius of the disk rjn,

Tin, and the density at Tin, Pin, respectively.

2.2 Disk Model

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in Toki, Japan,
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Fig. 1. Typical example of the obtained solution. The (r, z)-plane in cylindrical coodinates is shown, with
z = O its midplane and r — O the axis of azimuthal symmetiy. The parameters ate fixed as 7 = 5/3, n = l,
Po = OA, and UD = 0.1; the specific angular momentum is /J = 0.2. a) Logarithmic density contouis with
velocity vectors in a steady state. We find that a cone where the density becomes extremely low is formed
around the rotation axis, b) Specific angular momentum contours with velocity vectors. These contours
are regarded as streamlines, because the specific angular momentum is conserved along each streamline in
this case.

We set a self-similar disk to be on z = O. This means
that the boundary cells just under the r axis are coinci-
dent with the disk. The self-gravity, viscous stress, and
radial flow in the disk are neglected. The disk is fur-
ther assumed to be steady and in a dynamical balance
including the pressure force in the radial direction.

To represent the disk in a way consistent with our
assumption of self-similarity, physical parameters of the
disk, that is, density, pressure, and the velocity, must be
a power law in radius. So they should be represented by

P=T

(6)

where n is an arbitrary parameter, I is the specific angular
momentum, « is the velocity in the z direction, and 'O'
denotes the values at r = 1. Under the assumption of the
dynamical balance in the radial direction of the disk, a
wind is expected to blow perpendicularly from the disk.
The balance is written as

ll = l-(n + l)Po, (7)

and this relation holds everywhere in radius due to the
self-simlarity. Then the Bernoulli equation along the
streamline becomes

'o , 7Po , , «3 , . ^
"5" H ;— 1 + "5" = fa (constant). (g)

Though each streamline has the different Bernoulli con-
stant, the equation (8) also holds for every streamline in
radius as well as equation (7).

After modeling as above, the parameters describing
the structure of the disk in the present model are 7, n,
ito, and PO.

Fig. 2. Typical example where the flow has
no angular momentum. The parameters are
fixed as 7 = 5/3, n — 1, p0 = 0.5, and «0 =
0.1. a) Logarithmic density contours with
velocity vectors in a steady state.
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Fig. 3. Typical example where the flow has no perpendicular velocity at the disk. The flow is generated by
the pressure gradient at the disk plane. The parameters are fixed as 7 = 5/3, n = 1, po = 0.4, and «o = O.
a) Logarithmic density contours with velocity vectors in a steady state, b) Specific angular momentum
contours with velocity vectors.

3. NUMERICAL METHOD

We use the second-order flux-splitting scheme which
is a kind of the finite difference method. Tue code is
two-dimensional with polar giids of azimuthal symme-
try. This means that physical quantities are allowed to
vary in r and z, but not in <f. The computational grids
are generated in a spherical region in the (.R, 0)-plane
bounded by 1 < R < 10 and O < 6 < ir/2. The number
of grids in all cases is 30 in the R direction and 30 in the
O direction. In the present calculations, a high spatial
resolution is required near the central object. Therefore,
we use logarithmic grids in the R direction instead of uni-
form grids. Each simulation begins with a set of initial
conditions that have very low density, very low pressure,
and zero velocity, and the basic equations are solved nu-
merically until an initial transient response decays and a
steady state is achieved. In the boundary cells just inside
the spherical surface of the central body and outside the
outer boundary, we fix very low density, very low pres-
sure, and zero velocity. We take a reflectional boundary
at z axis.

4. THE RESULTS

Figures 1-3 show examples of the obtained steady so-
lutions with sets of typical parameters in the (r, z)-plane.
The contours in figure a) and b) show the logarithmic
density and the specific angular momentum respectively.
Ths arrows show the velocity vector and we fix 7 = 5/3
and n = l here.

Figure 1 shows the case that the flow has angular mo-
mentum with PO = 0.4 and «o = 0.1. The specific angular
momentum is coupled with the pressure L j equation (7).

If the pressure is taken to be smaller, the specific angular
momentum becomes larger. We find that a cone where
the density becomes extremely low forms around the ro-
tation axis as shown in figure Ia). Most of the matter
inside the cone comes from a numerical diffusion.

The case where the flow has no angular momentum
is shown in figure 2. We take the pressure po such as
vanishing Jo, Po = 0.5 and UQ = 0.1. In contrast to
figure Ia), figure 2a) shows that the density distribution
is roughly spherical without the cone. Comparing figure
Ia) with 2a), we find that the cone forms due to the
centrifugal barrier.

In general, the specific angular momentum contours
are regarded as streamlines for steady inviscid flow, be-
cause the specific angular momentum is conserved along
each streamline in this case. We find that the streamlines
become flatter because a', he centrifugal force.

Varying no does not lead to a significant change of
results, unless UD is as large as the Kepler velocity. We
understand the reason for the negligible dependence on
ito through equation(B). This result is quite different
from the spherically symmetric wind. In the spherical
case, a transonic wind solution is unique for some initial
velocity. Even for vanishing Uo, a wind solutior. exists as
shown in figure 3 with po = 0.4 and uo — O. In this case,
the flow is accelerated by the pressure gradient between
an infinite rtservor of the disk mass and a far region from
the disk.

The parameter n provides a density distribution of
the disk. In the present case of 7 = 5/3, n could not be
so large o-.ving to the constraint that the Bernoulli constat
Co and the square of the specific angular momentum 1?
must have positive values. So varying n affects little the
streamline of the flow.
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5. CONCLUSIONS

We performed numerical simulations of thermally
driven winds originating in a disk around a compact ob-
ject. In order for the disk wind to blow, the pressure
and the density distributions of a disk are restricted in
some range. This originates from the constraint that the
Bernoulli constat fa and the square of the specific an-
gular momentum ll must have positive values. While
gas originated from the inner disk falls into the central
gravitating object, a large portion of the flow is always
outgoing, if O O and ? > O.

Varying n and VD affect little the streamline of the
flow. In this model, the pressure is coupled with the
specific angular momentum, so we can't clearly separate
the effect of the pressure at the disk for the flow. The
flow pattern is primarily determined by the degree of the
contribution of the pressure at the disk rather than the
density distribution or the perpendicular velocity of the
disk.

Futhermore we find that a cone where the density and
the pressure become extremely low is formed around the
rotation axis, if the disk has angular momentum. This
hollow cone structure may have some relevance to bipolar
flows around protostars. Or this cone has a very similar
structure to a funnel of a geometrically thick disk which
is responsible for the confinement and acceleration of as-
trophysical jets (e.g. Réf. 3). It implies that a thermally
driven wind from a disk may play a role in confining the
jet.
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ABSTRACT

We study cold relativistic ideal magnetohydrodynamical
(MHD) flows in the stationary and axisymmetric mag-
netosphere of a rapidly rotating compact object. To ob-
tain highly accelerated winds, we examine MHD winds
emanating from a geometrically thin disk and passing
through smoothly both the Alfvén and fast magnetosonic
points for specified configuration of streamlines. As re-
sults, we find that for a streamline converge toward the
rotation axis the fast magnetosonic point always exists
at a finite distance, while for a straight configuration of
streamlines the fast magnetosonic point can exist close
to the Alfven point only if energy flux of a wind is suf-
ficiently large. For a convex configuration a super-fast
wind solution is also possible. However, the solution
stops at a finite distance and no solution reaches infinity.
Keywords: Astrophysical jets, Critical points, Disk winds,
Magnetohydrodynamics.

1. INTRODUCTION

Magnetized winds have been observed in various astro-
physical objects as astrophysical jets from active galactic
nuclei (AGNs), stellar winds from rapidly rotating stars,
bipolar flows from star forming regions. The AGN jets
and pulsar winds are highly relativistic: the Lorentz fac-
tor of the AGN jets is in the range from about 2 to 20,
and for Crab pulsar wind the Lorentz factor is in the
range lO'-lO9 (Ref.l).

The energy of a highly accelerated wind or jet is com-
monly believed to be supplied from the rotational en-
ergy of a rapidly rotating object with large-scale mag-
netic fields. The basic mechanism for the acceleration is a
strong relativistic MHD wind that emerges from the mag-
netosphere of the rotating object, carrying both power in
both bulk particle flow and magnetic field. The relativis-
tic MIID wind from a magnetosphere around a central
compact object or a rapidly rotating thin disk has been
investigated by many authors (e.g., Ref.2-8). Most of
their works are assumed spherical symmetry and do not
attempt to solve for self-consistent field in the vicinity of
the ix'iilral object.

Central stars would have dipole and higher multipole
magnetic field, and then the magnetic field lines near
the star tend to close. Only a fraction of the magnetic
flux is opened. If magnetic field lines are wound by the
stellar rotation, then the higher magnetic pressure would

appear near the equatorial plane. Eventually the flow
would be deflected toward the rotational axis. The cen-
trifugal force of an accreting particle and the magnetic
pressure from both the poloidal and toroidal fields which
tend to decollimate the flow must be balanced by the
ever-growing pinching force Jp X B$ in the outflowing
gas. The researches of asymptotic behaviors of the mag-
netosphere (Ref.9, 10), self-consistent numerical models
(Ref.ll, 12) and self-similar models (Ref.13, 14) suggest
that the flow should be collimated along the rotating axis.

In this paper we consider the trans-fast MHD wind, which
is injected from a rotating disk with low-velocity and
passes through the Alfvén point and the fast magne-
tosonic point in order. The energy and angular momen-
tum transport par unit mass is determined by these criti-
cal conditions. Because the MHD flow streams along the
magnetic field line, the shape of magnetic flux tube is es-
sential to discuss how to accelerate MHD winds or jets.
This is analogous to a hydrodynamical flow which passes
through a "Laval nozzle" (For a hydrodynamical flow, a
Laval nozzle with a minimum in its area allows a transi-
tion from subsonic to supersonic). We should note that
for a magnetized wind which streams along a straight
poloidal field geometry, the mangetic field also can act
as a "nuzzle" because of the magnetic pressure. The
super-fast MHD wind can be produced for the straight
streamline, when the wind starts near the Alfvén point
(Ref.15).

Geometry of the open field lines in the meridional plane
governs the positions of the critical points and in turn
the energy and angular momentum loss rate for each
stream line. Moreover, the field geometry has more sig-
nificant influences on how much the flow is accelerated
and on how the flow velocity and density are distributed
in the meridional plane. In our analysis, however, we
do not solve the force-balance of magnetic fields. Hence,
to discuss the effect of the magnetic field geometry, we
will give various specified poloidal field configurations, so
the wind solution would be inconsistent with the force-
balance equation. Our attention is focused on the quali-
tative deference between each specified configurations.

2. TRANS-FAST MHD WINDS

In this section we present the basic equations of a station-
ary, axisymmetric ideal MHD wind for a given magnetic
field and derive the condition for a trans-fast MHD wind.
We ignore the gravitational field produced by the central
object and use the cylindrical coordinate (R,^1 Z).

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in ToM, Japan,
17-20 November 1992 (ESA SP-351, February 1993).

343



330

To determine the magnetosphere's structure, we must
solve the so-called Bernoulli equation along magnetic field
lines (e.g., Ref.4, 7, 15) and the force-balance equation
(e.g., Ref.S) se/f-consistently. These equations are de-
rived from the equation of motion for plasma

= o , (i)

the conservation law of particle number (nu11),,, = O, the
ideal MHD condition U11F111, = O and Maxwell's equa-
tions. Here, p, P and n are the total energy density, the
pressure of the plasma and the proper particle density.
TEM 's tne energy momentum tensor for the electromag-
netic field and u*1 is the four-velocity of the plasma. From
the ideal MHD condition, flows stream along the mag-
netic field lines (* = constant lines, where * = A+(R, Z)
is a magnetic stream function).

An axisymmetric stationary MHD flow along a magnetic
flux tube is specified by four constants of motion (e.g.,
Ref.6): the total energy £(*), total angular momentum
£(*), angular velocity of the field line HF(*) and particle
flux through a flux tube 7)(<f ). These conserved quantities
are written as

E =

FtR

TiUp
71 = "R^flp

Ftz

(2)

(3)

(5)

where Up = ^/(u*)* + (uz)J and Bp = -J(B*)* + (BZY;
Bit and BZ are the components of the magnetic field
seen by a lab-frame observer, which are written by BR =
-R-\d$ldZ) and Bz = /r](3*/a.R), B$ is the toroidal
magnetic field and /i is the specific entalpy.

The poloidal equation can be written as (e.g., Ref.15)

i(l + 4) =

where

'2[(l-*'-2M')/2 + («2-*2)] ,
(S)

J = (7)(1 -or2-M2)'

and a = JlpL/B, x = Rilp/c (the light surface is given
by x = I ) . The Alfvén Mach-number M is defined by

2 4T/mu2 _

The function / in Eq.7 becomes singular at the position
X-XA, defined by

M\=\-x\, (9)

unless we require that also a = x\ . This point is the
Alfvén point, and is where the poloidal velocity is equal
to the Alfvén wave speed (Ref.7). From Eq.9, the Alfvén
point must posit inside the light cylinder (i.e., O < XA <
1).

When an equation of state is given for determining /t,
fromEq.6 and the definition of M1, we obtain the poloidal

velocity as a function of x with constants characterizing
the flows, i.e.,

= Up(z;*,<*,!),E) . (10)

Hereafter, we consider flows in the zero-temperature limit
(/t = mpc

2 for a cold wind, where mp is the mass of a
leptonic particle) and, hence, examine magnetic effects
without thermal pressure. An example of numerical so-
lutions in the cold limit is shown in section 3.

The poloidal differential equation can be written as (Ref.15)

(In up)'= (U)

where a prime denotes the derivative along a stream line
and

JV =

D =

+[(a - x2)M2]2[2 + x (In Bp)']} ,

[sA/6 + 3qM* - 3IqM* +fq

x1 - ax1 - «A/2, C = X3 (I-a)1

a2 - x* , t = 1 - x1, u; :

(12)

(13)

If D becomes zero at a distance x > XA , we also require
N = O at that point. This critical point corresponds to
the fast magnetosonic point (x = XF)- From the condi-
tion D = O and Eq.8, we have the anergy flux expressed
in terms of XF, XA and Bf :

r,E

and the critical energy is

- x1 - M2|

- x3 - M3)3

sM* + c[3A/« - StAf2 + t2

(H)

,(15)

where MF is a solution of N = O. Prom Eq.14, we can
say that the parameter XF, which is the location of the
fast magnetosonic point, gives the total energy flux ';£ of
flows, while parameter XA gives the angular momentum
of flows.

3. EFFECTS OF MAGNETIC FIELD
CONFIGURATION

We consider MHD winds ejected from a geometrically
thin disk which rotates rapidly around a central compact
object. Let us now examine the acceleration of MHD
winds emanating from the disk surface for special config-
uration of the poloidal magnetic field lines. The accelera-
tion of a centrifugally driven wind in the magnetosphere
is determined by the magnetic sling, magnetic pinch, and
magnetic nozzle effects. Here, we are interested in the
magnetic nozzle effects to form a super-fast MHD flow.

We assume that magnetic field lines start from the disk
surface and extend to infinity. If the shape of each field
line is a monotonie function of x, it is convenient to use
the z-coordinate instead of the curvilinear coordinate.
As the configuration of each magnetic field line in the
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= 0.8

Figure 1: Energy flux t)E of a super-fast MHD wind de-
pends on the location of the Alfvén point (XA = 0.8),
the fast magnetosonic point XF and the magnetic field
geometry (ft = 0.5,0.95,1.0,1.05,2.0; D(*) = constant;
C = 0.5; (9C/9*) = 1 ). Solid curves denote constant
angular momentum curves.

meridional plane, we assume the following simple expres-
sion (Ref.16):

z(R) = C(V)Z* + D(V) , U6)

where i = ZSlp/c normalized by the radius of the light
surface. Then, the poloidal magnetic field can be written,

(17)
In the following we will examine three configurations of
the streamlines: straight (/9 = 1), parabola-like (ft > 1)
and convex (ft < 1) configurations of field lines.

From Eq.14 and N = O, we obtain the energy flux ifE
of a super-fast MIID wind as functions of XA, XF, C(*),
D($) and ft. In figure 1, we have plotted JfE against
XF for XA - 0.8 and /9 = 0.5,0.95,1.0,1.05, and2.0. For
ft — 1, when ifE is sufficiently large, a trans-fast MHD
wind can be acheived. Such a flow is ejected from vicinity
of the Alfvén point, and then passes through the Alfvén
point and the fast magnetosonic point, which is near the
Alfvén point, in order (see Fig. 2). To reach infinity,
the trans-fast MHD wind must have a larger energy than
the "Michel's minimum energy so!ution"(Ref.2): the fast
magnetosonic point must locate very close to the Alfvén
point (Rcf.15).

Figure 3 shows a wind solution streaming along parabola-
like configuration of magnetic field lines (ft > 1). Given
£fif and ft > 1, we can find at least one fast magne-
tosonic point XF for every if E. In the case of ft = 1.05
(see Fig. 1), for certain values of the flow parameters
LÎÎF and i/E, two X-type transonic solutions seem to ex-
ist with differential fluxes if and fast-magnetosonic radii.
In the convex configulation (ft < 1), however, MHD wind
solutions break down at far distant region (Fig.4). The
initially convex flow should become to collimate toward
the rotation axis on the way to far distant region (Ref.8).

We now consider the asymptotic behaviors of a super-fast
MIID wind. For ft > 1, Br ~ O(R~*) at R » 1 and we

O.CI 0.2 0.3 1.0 2.0

Figure 2: Super-fast MHD wind solution plotted as
tan~'x vs. tan~'up. (XA = 0.8, XF = 0.8001, /9 = 1)

o.o 0.2

Figure 3: Super-fast MIlD wind solution for the
parabola-like configuration. (XA = 0.8, XF — 0.8001,
/9 = 2)

Figure 4. Wind solutions fur tlie convex cunliguration.
The solutions break down at far distant region. (XA —
0.8, XF = 0.8001, /3 = 0.5)
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have

(-}**W00

(1 + t&
B'ui

(18)

where B = 4ir;«}(aC/a<t)(C2 + I)-"2 for ^ = 1 and
B = 4ir(iTj(aC'/S*)/(C'/?) for /9 > 1. Figure 5 shows rela-
tions between the asymptotic energy E0, and the poloidal
velocity U00 of flows for fixed <TM and /7 = 1 ((TAT is the
Michel's magnetization parameter and OM QC ij~' :see
Ref.15). The broken curve denotes Michel's minimum-
energy flow (i.e., E00 = £mhi)- The bold curve de-
notes the flow limit, an -* O. The region enclosed by
the bold and broken curves in figure 5 (where a flow
has a higher velocity than the Michel's minimum en-
ergy flow) is allowed for super-fast MHD flow with energy
Bo0 = EF > jSmin. The lower side region of the broken
curve gives the asymptotic poloidal velocity of sub-fast
MHD winds. For P > 1, the similar results are obtained.
Thus, for p > 1, the total energy of a super-fast MHD
wind becomes "ympc? at far distance. For a magnetically
dominated magnetosphere (E//t 3> 1), a highly relativis-
tic super-fast MHD wind would be formed.

For convex flow solution with
and we have

< 1, Br ~

(19)

where B = 4jr/j7)(9C/3'J?). This means that no asymp-
totic solution with finite energy exists. Figure 4 shows
this situation.

4. CONCLUDING REMARKS

We have discussed a trans-fast MHD wind for specified
configuration of the poloidal magnetic field lines. The
toroidal magnetic field Bt (B? = -B^B*) is given by

Bi = -4TTI;Ex'1 f . (20)

Then, from Eqs.2,3 we can express the energy «, and the
angular momentum U^ of a plasma is written as

(21)

and
-ItUt = L-JSIf1. (22)

From the behavior of f(x, M2), we obtain the energy and
angular momentum transfer between the electromagnetic
part and the fluid part along a streamline and we find
that a trans-fast MUD solution has a smaller value of
BI and larger values of u, and -Uc than sub-fast MHD
solutions.

Although our study of the trans-fast MHD winds does
not satisfied the force-balance equation, we can under-
stand quantitative deference between the various config-
urations of magnetic fields. The geometrical effects are
essential for the appearance of a fast magetosonic point.
Further, for a streamline converged toward the rotation
axis, two X-type transonic point can appear for certain
values of the flow parameters. A wind passing through
the inner fast point contains much plasma inertia effect,
while a wind passing through the outer fast point is much
electromagnetic.

Figure 5: Asymptotic velocity U00 of a super-fast MHD
wind for given E00 and an- The abscissa is tan"' (E00Iu)
and the ordinale is tan'1 U00. The solid curves denote
the OM = constant lines. The broken curve, which cor-
responds to Michel's minimum-energy solution, gives an
upper limit of U00 for sub-fast MIID winds. The asymp-
totic velocity of a super-fast MHD wind is obtained in
the region between the OM = O curve and the broken
curve.
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ABSTRACT

Jets arc now rccogni/.cd as a common phenomena in
Astrophysics. Supersonic Hows are observed Io emerge
from proto-stars and active nuclei of galaxies. In this
work, HC present fully 3-D simulations of supersonic jets
performed with the Cartesian Smoothed Particle
Hydrodynamics (KcIs. 1, and 2). The structure and
evolution of both radiative cooling and adiabatic cosmic-
jets are compared. The development of nonaxisyinmetric
dynamic instabilities and thermal instabilities is also
examined in detail.

Keywords: Cosmic Jets, hydrodynamics, radiative shocks,
Kclvin-IIelmholt?. instabilities, Herbig-llaro objects.

I. INTRODUCTION

Hxlensivc observational and theoretical work has been
done over the last decade on aslrophysical jets. In the
theoretical field, a large number of numerical
hydrodynamic simulations has been performed for
adiabalit; light jets with specific application to extra
galactic jets (e.g., Rcf. 3).
In this work, we explore the structure of supersonic jets
which are heavy (i.e., denser than the ambient medium in
which they propagate), and radiative cooling. Such
characteristics arc particularly relevant in jets which
emanate from Young Stellar Objects (YSOs).
These proto-stcllar jets arc observed to have velocities VJK
50 to -KX) km.s, typical Mach numbers Mj- 10 - 40;
projected lengths which range from = 0.01-0.8 pc (where
Ipc = 3.1x10"' m): and expected density ratios relative to
the ambient material T) = UjIn11 = 1 - 10. The emission
along the jet, mainly due to low-excitation lines, is
concentrated in regularly spaced knots. If the line emission
is produced by shock-healed gas within the How, the jet
density is iij = (20-K)O)XKr''' nT3 (e.g.. Réf. 4).
'l'hère is a correlation between these jets and the IIcrhig-
Haro (HII) objects which are shocked line-emission
features with proper motions of 50 to 200 km's. In some
cases (e.g., HIM and III134), the beam points directly on
the I Il I object w hich resembles a bow shock at the jet head.
In other cases (e.g., I Il 17-1 Il 111 ), the III1 objects appear to
he emission knots inside the jet How.
Recently, Raga (Rcf. 5), Tcnorio-Tagle, Canto, and
Ro/yc/ka (RcJ". (>) (Jinv-jreidiiljini) and lilonuin, l:ryxcl),
and Konigl (Réf. 7) (high-resolution), concerned with the
dynamics of YSO jets have performed numerical
simulations of 2D, axisymmctric, supersonic jets
including the effects of radiative cooling. In this work, we
present the first fully 3D simulations of radiative cooling
jets in order Io (see also, RcIs. I, and 2): (i) explore a more
realistic picture of the YSO jets and I Il I objects; (ii) test the
development of nonaxisymmctric instabilities: and (iii)

compare the structure of both adiabatic and radiative
cooling jets.

2. Till 1X)RI il'ICAI . OROl 'NDS

The hydrodynamics conservation equations are solved
numerically using the 3D Cartesian, gridlcss, and
Lagrangian Smoothed Particle Hydrodynamics (SPII)
technique (cf., Rcf. 8). The jet and the ambient gas arc
treated as a single ionized fluid with a ratio of specific
heals y = 5/3. Shock waves which arise in the How are
treated by the Ncwmann-Richlmycr artificial viscosity
technique.
The radiative cooling (due Io collision excitation and
recombination) is implicitly calculated using the cooling
function for a gas of cosmic abundance, cooling from
7=106 K (Réf. 9).
A uniform background gas is represented by a 3 D
rectangular box. A collimatcd, supersonic jet of radius Rj is
continuously injected in the bottom of the box which has
dimensions up to 40Rj in the /.-axis and \2Rj in the
transverse directions x and y. 'flic boundary conditions on
the xy peripheries of the box arc assumed Io be periodic
and on the /. peripheries are eontinuitive (flv=0). We
started Ihe calculations with 67(HK) to 1JMUX) particles.

A supersonic jet propagating inlo a stationary ambient gas
will develop a shock pattern at its head. The impacted
ambient material is acc'eleraled by a forward bow shock and
Ihe jet material is constantly decelerated at a shock wave at
the end of the jet, i.e., the jet shock.
The velocity oi' advance of the bow shock is

'flic cooling length for the gas Io cool Io 7= K)4 K behind
one of Ihe two shocks is il,-aol • Defining the cooling
parameter, qs=itrooilRj, where Kj is the jcl radius, one
finds thai if </.v»l. the shock will be adiabatic, since the
shock-heated gas has time enough to leave the jet head
before it radiates and cools. If, on the olhcr hand, ̂ V<1, the
shock will be radiative and the post shock gas will lose the
hulk of ils internal energy in a relatively short distance. In
this case, the jet will develop a shell of dense gas at the
head, formed by the cooling of the shock-healed gas.
One can evaluate qs numerically for a steady-slate shock

cooling from K)6 to K)4 K. If ihe shock velocity is ;>«)
km/s, one finds lhal (fbi. = /0-^»a- /Ky- /iy*(/ + »|-'^)"'

for the bow shock. And for the jel shock, qjs = <//,.,ijJ (cf.,
Rcf. 7). These relations imply lhal a heavy jel (r]»l) will
exhibit much stronger cooling behind ihe jel shock.

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in Toki. Japan.
17-20 November 1992 (ESA SP-351. February 1993).

347



334

g K

B

Figure 1. Central density contours of a continuous,
iidiabiilicjet wilh rj=/, Vj=250 km/s, and Mj=Ma=20. The
contour lines arc separated by a factor or 1.2 and the
density scale covers the range Irom =<) up to = 302x10"''
m . '!'he /„ and x coordinates are in units ol'/fy.

I igurc 2. Central density contours a continuous, radiative
moling jet wilh the same initial conditions ol" Mg. 1. The
contour lines are separated by a factor of 1.2 and the
density scale covers the range from =0 up to =34(X)xl()"

348



335

3.RIiSULTS

H1': .. and 2. show the central density contours of an
adiabatic ( \ ) and 11 roofing (2) jet, respectively. Both
figures have rç=Hy/n,,= /, ny=20xlOrfl

 m-3, a pressure ratio

k=pjtpa=\. Ky=2xl014 m, vy=250 km/s, Afy=.Wrt=20, and
an initial gas temperature 7=6704 k. The cooling distance
parameters in Hg. 2 are given by (//,.v=</yy=0.63.
The entire evolution in these plots correspond to a jet age
I=IA-JMt=IlIS yrs.
In Hg. 2, a dense shell develops in the cooling jet. It is
formed by the cooling of the shock-heated gas in the
working surface. This gas corresponds to the waste of gas
that in the adiabatic jut (Fig. I) is injected into the cocoon
and the shroud surrounding the beam.
The width and the pressure of the cocoon/shroud of the
cooling jet (Hg. 2) arc smaller than in the adiabatic jet
(Hg. f) due 10 the fact that, in the cooling jet, much of the
internal energy is lost in the radiative shock.
The adiabatic jet (Fig. 1), which has a high pressure
cocoon, becomes Kclvin-llclmholtv. unstable with the
appearance of reflecting pinch (Fig. Id, e) and helical (Hg.
If) modes with wavelength Xs=3/?y, which collimalc the
beam, drive internal shocks, and cause some jet twisting
and flapping. On the other hand, the smaller pressure of the
cocoon on the beam of the cooling jet (Fig. 2), results in
lesser pinch collimation, and the helical effect is not
apparent.
Hg. 2 (b, c, and d) show that the dense shell becomes
dynamically unstable and disrupts into clumps which
eventually spill out to the cocoon forming an elongated
plug. The disruption is caused by the combined effect of
non uniform cooling and the Raylcigh-Taylor instability
(e.g., Refs. !,and 2).

Fig. 3. depicts the evolution of a cooling jet with r|=3.
Hy=GOxK)-6 m'3, Ky=2xl()14 m, iy=-H)() km/s, A/f l=l 1.55.
and Mj=20. '!'he entire evolution corresponds Io an age
t=782 yrs. In this case </y.v= 0.39 and qh.i- l()-5, implying
that a radiative jet (qjs<l) is propagating into an adiabatic
medium (<jfes»l) and the gas that accumulates in the dense
shell consists essentially of shocked jet material.
The evolution is similar to that of Hg. 2. The head also
becomes unstable and separates into clumps (Figs. 3b-d).
The little cooling of the ambient gas, results a high
pressure shroud (formed by shock-heated ambient material)
which helps to confine the beam and the cocoon.
As the dense shell of Fig. 3 disrupts, its density undergoes
time oscillations with a period = twice the cooling time
behind the jet shock. The oscillations arc due to the
development of global oscillatory thermal instabilities
which are expected Io occur when the shock velocity >140
km/s(cf.. Réf. 2).
Both, the formation of clumps and the density oscillations
on the shell arc consistent with the knotty and variable
emission pattern observed in some IHl objects. They
suggest that the observed structures arc a fruit of thermal
and dynamic instabilities in the dense shells at the heads of
the associated jets.

Finally, some jets have been observed to have a multiple
bow shock structure. Assuming that such structures could
be due to non continuous but periodic injections of the jet
material into the ambient, we performed the simulation
shown in the Fig. 4.
In Hg. 4, the beam is periodically turned on and turned off.
The turning-on period is = HX) yrs and the turning-off

Figure 3. Central density contours of a continuous cooling
jet with t]=3, \-j=400 km/s, and Mj=2(). The contour lines
are separated by a factor of 1.3 and the density scales from
-0.05 up to 1400/H0.

period is twice this amount. The initial conditions are the
same of Fig. 3.
In F'ig. 4a, there is a first bow shock at the edge of the jut
and a second one is being formed at the edge of the
emerging beam. In Hg. 4b, after =350 yrs, the second bow
shock has already reached the first one, forming with it a
very large and knotty bow shock in agreement with the
observations. A third bow shock is emerging with the new
beam. The tail which appears behind the leading how
shock (Hg. 4b) is also seen on the observed maps (Réf. 1).

4. CONCI .USIONS

The 3D SPII simulations of radiative cooling jets
qualitatively agree with the 213 simulations (Réf. 7), hut
the removal of the axisymmelry has resulted in structural
differences and a more realistic picture of the developing
features.
Our simulations (sec also Réf. 7) show the presence of a
dense cold shell formed by Ihe cooling of the shock-heated
gas when <7.v=<
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The shell is, in general, dynamically unstable and
fragments into clumps.
Density oscillations may occur and suggest that the
clumpy shell is also subject to global thermal
instabilities.
The clumpy shell and its variable density resemble the
knotty and variable emission pattern of objects like U I I I
and 111 12.
Adiabatic jets arc more susceptible to the development of
Kclvin-llclmholtz instabilities than cooling jets.
The radiative cooling reduces the thermal pressure which is
deposited in the cocoon shroud resulting in fewer internal
shocks in cooling jets. This is consistent with the absence
of emission from the entire length of some observed stellar
jets. Very heavy jets (T)=IO), on the other hand, may
develop internal radiative shocks with periodic spacing
(see Réf. 2).
Jets with multiple bow shocks could be explained by mm
continuous but periodic jet injections (probably associated
with eruptions in the driving source).

4. Mundt, R., Hrugel, H.W., and Buhrke, T. 1987,
Astrophysical Journal., 319, 275.
5. Raga'A. 1988, Astrophysical Journal. 335, 820-828.
6. Tcnorio-Tagle Ci., Canto J., and Ro/yc/ka M. 1988,
Aaronomv and Astrophysics, 202, 256-266.
7. Hlond'in J.M., Pryxell B.A., & Konigl A. 1990,
Astrophysical Journal., 3M), 370-386.
8. Ben/, \V. 1990, in Numerical Mudellling of Stellar
Pulsations: Problems and Prospects, J. Buchlcr (Hd.),
IXmlrechttKluwer, p. 269..
9. KaI/., J. 1989, Princeton PhIi Thesis.

Figure 4. Central Density contours of a recurrent jet with
turning-on and lurning-off periods =100 and 200 yrs,
respectively. The initial conditions are the same of Ug. 3.
Kg. 4a: (=411 JTS and Hg. 4h: /=7f>2 yrs.
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HELICAL KINK INSTABILITY OF JETS FROM YOUNG STELLAR OBJECTS

Yasushi Todo

National Institute for Fusion Science, Chikusa-ku, Nagoya 464-01, Japan

ABSTRACT

We describe the results of 3-D magnetohydrody-

namic numerical simulations, as applied to the be-

havior of the jets from young stellar objects (YSO

jets) under circumstances in which the ambient large-

scale interstellar magnetic field is twisted helically

by the rotation of the protostar and the protostellar

disk through which this field threads. The calcula-

tions are continued until the bow shock propagates a

distance 60 times as far as the initial jet radius. The
specific case we examine involves a jet with density

10OmH cm~3 and velocity 100 km s"1; we then show

that an azimuthal field B$ of strength 70/iG drives a

helical kink instability. The growth rate of this insta-

bility is large enough that significant morphological

effects are expected to be visible during the typical

lifetime of a HH object; for example, the observed
"wiggled" appearance of some HH objects rnay be

due to this helical kink instability.

1. Introduction

Herbig-Haro objects (abbreviated "HH objects" in

the following) are commonly found in the vicinity of

young stellar objects, and are characterized by their

hydrogen Balmer-Iine emission and other emission

lines, suggestive of shock heating. HH objects are

also commonly observed to be in rapid motion, as

seen in their large proper motions away from the

protostar, and in the high Doppler shifts seen in

the above-mentioned lines. These motion indicators

both suggest velocities in the range of 100 — 300 km

s"1, although the exact values derived from these

indicators for anyone object differ from one another.

Recently, high velocity (100 — 400 km s"1) jets,

called YSO jets or optical jets, were discovered yet

closer to the forming stars, using CCD observations

of star-forming regions. Although there is no ap-

parent connection seen in general between YSO jets

and HH objects, there are some observational clues

suggesting a physical connection between YSO jets

and HH objects. For example, HH12 and HH46/47

show a filamentary structure connecting the source

star and the bright HH object. This type of structure

may imply an intrinsic relation between HH objects

and YSO jets, even though in more general cases

such structures are not visible.

We begin by describing the physical picture of

the star-forming region we have in mind. We sup-

pose that we have a situation in which a protostel-

lar disk has formed perpendicularly to the original

large-scale magnetic field which initially pervaded

the star-forming region. This kind of disk orien-

tation may be the result of an initial rapid loss of

the angular momentum components perpendicular

to the field (viz., through the generation of Alfvén

mode disturbances by the collapsing cloud). It has

been further argued that the parallel component of

angular momentum is lost towards the final phase

through magnetic braking. Uchida & Shibata (Réf.

1) have noted that this process necessarily creates

an azimuthal component of the magnetic field in the

differentially-rotating disk, and that as a result, non-

linear torsional Alfvén waves propagate out along

the large-scale magnetic field. The azimuthal mag-

netic field associated with these nonlinear torsional

Alfvén waves can pinch the poloidal magnetic field,

as well as the ambient medium in which it is embed-

ded, and as a result, both the poloidal and toroidal

components of the large-scale magnetic field can be-

come much stronger than the magnetic field in the

undisturbed background interstellar medium. It is in

this context, after the protostar has formed, that we

Proceedings o! the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in Toki, Japan,
17-20 November 1992 (ESA SP-351, February 1993).
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suppose a YSO jet is ejected from the central star.

We thus consider the possibility that a YSO jet may

be "guided" by this pre-existing large-scale magnetic

field, so that the direction of the jet is parallel to the

axis of the large-scale helical field.

In the present paper (for more detailed results; see

Réf. 2), we analyze the behavior of these YSO jets,

focusing on the suggestion (Refs. 3,4) that these

jets may be subject to an MHD helical kink instabil-

ity, and thereby attain a helical form. Our analysis

makes use of fully 3-D MHD simulations in order

to explore jet dynamics which can lead to such ge-

ometric distortions. Thus, we note that although

a number of other (hydrodynamical and MHD) jet

simulations in a similar physical context have been

performed (cf. Refs. 5-7), these have been limited

to the 2-D situation, and further have all assumed

that no large-scale ambient poloidal magnetic field

is present. We shall relax both assumptions, and fo-

cus on the behavior of non-axisymmetric modes in

our full 3-D simulations.

2. Numerical Method

The numerical scheme used to advance the set of

time-dependent, 3-D MHD equations was developed

from a TVD scheme proposed by Roe (Réf. 8), and

applied to MHD by Brio & Wu (Réf. 9). Roe's

scheme is an upwind scheme applied to hyperbolic

problems. In each computational cell, the problem

is linearized around some average state, so that the

flux difference is preserved in each cell. This linear

system is decomposed into a set of uncoupled scalar

linear equations. We have improved this scheme so

that it is now of second-order accuracy in space and

time by adopting the MUSCL method (Réf. 10) and

by introducing two-step time integration.

3. Initial Condition

number means that B0 (magnetic field strength on

the z-axis) and the maximum B$ are set to be 182^G

and 70/iG, respectively. Since this calculation fo-

cusses on the dynamics of the problem, we will not in-

troduce the energy loss term in the energy equation;

furthermore, since the dominât.! internal energetics

is most likely cooling by radiation, we will assume

that y = 1.2 .At the initial stage, a sheet-like clump

with higher-than-ambient density is placed ahead of

the jet, and pamUmt and pdump are set to be PJ and

Wpj, respectively.

We now apply a non-axisymmetric perturbation to

the initial magnetic field alone (i.e., no perturbations

are applied to any of the other physical quantities).

Its strength is, in the region where it is the strongest,

at most 1 % of that of the initial magnetic field.
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We shall now investigate a specific case, with

M = 6 and MA — 2.5 (hydrodynamic and Alfvén

Mach numbers of the jet, respectively). The maxi-

mum value of B1J, is ~ Q.15^/]^pJVj. For a jet with

Pi = 10OmH and Vj = 100km s"1, this Alfvén Mach

Figure 1. (a) Contours of logp; (b) contours of

logp; (c) poloidal velocity vector vp = (Vr1V1), at

t - 12SR/Vj on a r - z plane (c/> = O, TT). Heli-

cal kink instability takes place, and forms a helical

structure.
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Figure 2. Magnetic field lines whose footpoints are

on the z—axis and at 0.2.R from the z—axis at (a)

t = O and (b) t = 120B/V} in O < z < QQR. Lines are

integrated along the magnetic field both from the top

and the bottom in (b). All lines are projected from a

viewpoint located at r = 34R, ^ = O 1 Z = Q4R onto a

plane which is normal to the line which connects the

origin to the viewpoint and has the origin on it. The

Figure is compressed 0.4 times in the z—direction. A

large-scale helix is formed at i = l2QR/Vj. Note that

in the helically deformed region, the internal twist

relaxes. This internal untwisting is a characteristic

of the helical kink instability.

4. Results and Discussion

The helical kink instability takes place and forms

the helical structure (Figure 1). We have confirmed

that this instability is driven by the current which

is intensified by the shock compression. We fur-

ther show the magnetic field lines at t — O and

t = llOR/Vj in Figure 2. The internal twist of the

magnetic field relaxes in the region where the in-

stability has taken place, and a large-scale twist is

formed. This internal untwisting of the field is a

characteristic feature of the helical kink instability ,

and provides yet further support for our interpreta-

tion of the dynamics, and for our model. Further-

more, the large-scale twist is a right-hand helix; that

is, the large-scale twist has a positive helicity. Be-

cause the total magnetic helicity is conserved, this

large-scale helicity must be simply the result of the

up-conversion of small-scale "internal" helicity lo-

cated initially within the jet, which unwinds itself in

the process of the helical kink instability. This char-

acteristic implies that astrophysical jets which are

bent due to the helical kink instability would tend to

have magnetic fields parallel to the wiggled structure

(this tendency would not be conspicuous in objects

at an unsaturated stage of the instability).

Our final argument identifying the instability ob-

served in our results with the MHD kink mode com-

pares our simulation results with the expected be-

havior of the m — 1 mode, and in particular with

the temporal growth of the m = 1 mode, as well as

its dependence on wavelength. Thus, consider in Fig-

ure 3 the Fourier coefficient of the magnetic energy

spectrum, which is defined as follows:

total

where

R y2:r /-2ft g2

dz I d<jj I el(*~
Jo Jo 2^o

/•60/Z /-2!T ,.2H g2

floio/ = / d* / rf^ /
JO JO JO ^A4O

(2)

(3)

and R is the jet radius. The maximum growth

rate is ~ 0.061^-/^ ('ne minimum e-folding time is

~ ITRlVj) at a wavelength of ~ ISR, as seen in

Figure 3.

Next we compare this result with that of the well-

known sheath current approximation model (Refs.

11,12). The sheath current approximation treats a

plasma column of infinite length, which is confined

by an external magnetic field in vacuum; and we fur-

ther assume that the pressure, density and B. are

uniform, and that the value of B2 is Bt2 in a static
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plasma. The external magnetic field has a constant
z-component B2 = Bez, and B$. (The latter's source
is the sheath current in the z— direction on the sur-
face of the plasma column.) The critical wavelength
and the growth rate in the Bez ^> B$ limit are given
as follows:

KS =

+ **)2-jBj, (5)

where k = 2!r/A, w is the frequency in the linear
analysis, and Im w is the growth rate. In order to
compare the results of the sheath current approxima-
tif n model with those of our simulation, we estimate
the growth rate from equation (5) for the values of
B1, BQ, and p taken equal to the maximum values of
these in our results. From the data at t — 10R/Vj,

Biz ~ Ba ~ Bo, B^ ~ Bo , and p ~ 4pj, so that
we have Im U^=ISH ~ Q.13Vj/R. This growth rate
coincides with the rate deduced from the results of
our simulation mentioned above within a factor of
2.2 .
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FRAGMENTATION OF MAGNETIZED FILERMENTARY
INTERSTELLARCLOUDS

Tomoyuki Hanawa1, Fumitaka Nakamura1, and Takenori Nakano2
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ABSTRACT

Fragmentation of filamentary molecular clouds are followed
by ID and 2D numerical simulations. It is shown by the 2D
simulation that the high density clumps produced by frag-
mentation have different shapes depending on the magnetic
field strength. When the magnetic field is weak, the high
density clump is spherically symmetric. When the the mag-
netic field is strong, a geometrically thin disk perpendicular
to the axis is formed. A geometrically thin disk is unstable
against further fragmentation, while a spherical cloud is not
likely to fragment. Thus, we expect hierarchical fragmenta-
tion in the case of strong magnetic fields. The ID simula-
tion showed that fragmentation propagates in a filamentary
cloud. High density clumps are produced successively from
one side to the other.

Keywords: gravitational instability, magnetohydrodynam-
ics, molecular clouds, sequential star formation.

1. INTRODUCTION

Interstellar molecular clouds often have filamentary features
as seen in the CO maps of star forming regions. A filamen-
tary molecular cloud has some denser parts called clumps
and cores in which protostars are formed. To simulate the
formation of clumps and cores we investigated fragmenta-
tion of a filamentary cloud with ID and 2D numerical sim-
ulations.
The 2D simulation took account of the self-gravity of the
gas, gas pressure, and magnetic fields and computed forma-
tion of a single dump by assuming axial symmetry and a
periodic boundary condition. It is shown that the resultant
high density clump has a different shape depending on the
magnetic field strength. The details of the 2D simulation are
shown in §2.
The ID simulation followed the fragmentation of a long (but
îœite) iuament by neglecting the radial structure for simplic-
ity. It is shown that the first high density clump is produced
!.ear one edge of the filamentary cloud and other clumps
are produced successively with regular intervals hi time and
space. The details of the ID simulation are shown in §3.
Comparisons with observations are given in §4.

2. 2D SIMULATION :

2.1, Assumptions and method - - -, -

We computed the fragmentation of a self-gravitating mag-
netized filamentary cloud by the ideal MHD equations and
Poisson equations. WE solved the differential equations in
the cylindrical coordinates, ( r, tp, z). The numerical scheme
is the modified Lax-Wendroff scheme and the grid size is
(Ar, Az) = (0.05JÏ, 0.05 H).
We assumed axial symmetry (d/dtp = O) and a periodic
boundary condition in the z-direction [p ( r, z + \) = p(r, z)].
The fixed boundary condition is set at r = 10 H. At the ini-
tial stage of the computation, the fastest growing cigcmnode
of max SpJp = 0.05 is added to ai. equilibrium state. The
density and magnetic field distribution in the equilibrium
are expressed as

P0 = Pc ( /SH2)-

and
B = [O, O, B1 = Bc (I + r

(1)

(2)

The gas is assumed to be isothermal. The units of length
and time are taken to be H = 1 and 1/ v/2?rGpc = 1, where
G is the gravitational constant. The unit time scale is the
so called free-fall time scale. See the subsequent papers in
this proceedings for the linear stability of this equilibrium
model.

2.2. Non-magnetized filamentary cloud
First we show the model without magnetic fields. The sound
speed is C3 = \/2 in this model. Figure 1 shows the middle
(upper panel t = 5.0) and final (lower panel t = 7.0) of the
evolution. The density distribution is expressed by the grey
scale. The velocity vectors are denoted by arrows in the left
halves of the panels. The high density part is prolate in an
early stage while it is spherically symmetric in a late stage
of the evolution. A similar result is obtained by Inutsuka
and Miyama (Réf. 1) with their numerical simulation using
the smoothed particle method. The spherical high density
core will approach Shu's (Réf. 2) solution of the collapse of
an isothermal gas sphere. It is not likely to fragment into
pieces.

I
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0.0 20.0

0.0 20.0

Figure 1. The fragmentation of
a non-magnetized momentary
molecular cloud. The density dis-
tribution is expressed by the grey
scale and the velocity vectors are
denoted by arrows in the left
halves of the panels. The upper
and lower panels show the mid-
dle (t = 5.0) and final (t = 7.0)
stages of the evolution.

2.3. Magnetized filamentary cloud

Next we show the model where the magnetic pressure is as
strong as the gas pressure at the initial stage. The sound
speed is C1 = 1.0 in this model. Figure 2 is the same as
figure 1 but for the model with magnetic fields. The up-
per and lower panels show the middle (t = 4.0) amd final
(t = 5.2), respectively. At an early stage, the models with

Figure 2. The same as figure 1 but for a mag-
netized filamentary cloud. The magnetic pres-
sure is as large as the gas pressure at the initial
stage. The upper and lower panels show the mid-
dle (t = 4.0) and final (t - 5.2) stages of the
evolution.

and without magnetic fields are not so different. At a later
stage, however, the density distribution is qualitatively dif-
ferent. A geometrically thin disk perpendicular to the axis
(see lower panel of figure 2) is formed in the model with
magnetic fields. The diameter and scale height of the thin
disk are d ~ 1.3 H and h =; 0.26 H, respectively. The sur-
face density on the axis is S = 27 pcH at r = O. At the
final stage of the numerical computation, the pressure gra-
dient is almost balanced by gravity in the 0-direction. The
pressure gradient is inversely proportional to the disk thick-
ness while the gravity in the z-direction is proportional to
the surface density and independent of the thickness. Then,
the gas disk will approach to a quasi-static equilibrium af-
ter bounce with a propagating shock wave. In the present
simulation, we could not follow the shock wave propagation
mainly because of low spatial resolution.
If a quasi-static gas disk is formed, it will be unstable against
secondary fragmentation since it is geometrically thin and
self-gravitating [see, e.g., Nakano (Réf. 3)]. In the final
stage, the time scale for the radial contraction is by a fac-
tor of 10 longer than the time scale of the secondary frag-
mentation. A perturbation will grow to a large amplitude
before the whole disk collapses in the r-direction. Thus, we
expect that a hierarchical structure is formed by fragmenta-
tion when the filamentary cloud is permeated with magnetic
fields.

3. IDSIMULATION

3.1. Assumptions and Model

As shown in the previous section, the gas flow is mainly
along the axis during fragmentation when the filamentary
cloud is permeated by magnetic fields. Then we simulate the
fragmentation of a long filamentary molecular cloud under
the ID approximation. Equation of motion and equation of
continuity are approximated to be

dv
«Tat

dv
"a"Qz

IdP
" fl~p Qz ~adz
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and

respectively, where v, P, and ip denote the z-component of
the velocity, pressure, and gravitational potential, respec-
tively. By taking account of the filamentary feature of the
cloud, the Poisson equation is approximated to be

S-Ir-*. «
where R is a size parameter proportional to the radius of the
filamentary cloud. After some manipulation we find that the
size parameter, R, is nearly equal to H of the 2D model. The
gas is assumed to be isothermal, P = e^p. In the following
we take the units of the length, density and time as R, pc,
and l/v^irGpc, respectively.
The initial density distribution is taken to be

p = Q.I pc

= 1.0 pc

(-50 < z < O)

(O < z < 50) .
(6)

Reflective boundary conditions are set at z = —50 and 50.
The result is not sensitive to the boundary conditions since
the change is very small near the boundary.

3.3. Results
Figure 3 shows a typical example of the simulation, where
the sound speed is taken to be c, = 1.0. The density evo-
lution is denoted by the degree of darkness. The abscissa
and ordinale are the z-coordinate and time, respectively. In
an early stage of t c* 2, the gas near the left edge of the
cloud is attracted by the cloud gravity and flows to right.
A high density clump is produced near z ~ 4 at t ~ 4.
As the clump grows in mass, it attracts gas also from its
left side. The first clump becomes isolated from the main
cloud at t ~ 10 and the cloud has a new edge. The second
clump is produced in a similar way at t ~ 12. Clumps are
produced sequentially with a tune interval of At ^ 8 and
spatial interval of Az =; 10. The spatial interval is equal

to the wavelength of the fastest growing mode in this model
equation within error. The propagation speed of fragmen-
tation, Vfrag = Az/At Ci 1.2, is a little faster than the
sound speed. This propagation speed is consistent with the
estimate (Réf. 4) based on a linear stability analysis.
Figure 4 is the same as figure 3 but for the model of ca =
1.2. This model is almost similar to that shown in figure
1. The main difference is that the spatial interval between
clumps is longer for larger c,. This is because the Jeans
length (i.e., typical length scale for fragmentation by self-
gravity) is inversely proportional to the sound speed'. In all
the models computed clumps are produced sequentially with
regular time and space intervals. The propagation speed is
a little faster than the assumed sound speed.

4. COMPARISONS WITH OBSERVATIONS
As discussed in §1, filamentary clouds have hierarchical in-
ternal structures. They have some clumps spaced more or

less regularly (Refs. 5, 6). Even higher condensations called
cores are also distributed in the clumps. Many newly born
stars are associated with the cores. This hierarchical struc-
ture is likely to be the product of hierarchical fragmentation.
As discussed in §2, magnetic fields may play an important
role in the formation of hierarchical structure. It is an in-
teresting future problem whether the high density gas disks
produced from a filamentary cloud fragment again into even
smaller bodies. A large numerical simulation with high res-
olution is required to solve this problem.
There is an evidence for sequential fragmentation in a fil-
amentary molecular cloud, the Taurus molecular cloud 1
(TMC-I). TMC-I contains five cores in its filamentary shape.
The cores in TMC-I have different ages which are estimated
from the interstellar chemical evolution (Réf. 7). The north-
west core is older by a million year than the southeast core.
TMC-I is 0.6 pc long and the typical velocity dispersion in
TMC-I is 0.5 km s"1. These values are consistent with our
model shown in §3. The ratio of the spatial distance to the

Figure 3. Fragmentation of a long filamentary
cloud of c, = 1.0. The darkness denotes the
density. The abscissa and ordinale are the z-
coordinate and time, respectively.

O1

-10 O 10 20 30 40 50
z

Figure 4. The same as figure 4 but for c, = 1.2.
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age difference is rougWy equal to the velocity dispersion. It
is very likely that these cores are produced sequentially by
some mechanism. Our model is a probable candidate for the
mechanism.
We thank Dr. S. Yamamoto for stimulating discussion in
particular on TMC-I and Dr. L. T. Gardiner for reading
the manuscript.
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GRAVITATIONAL INSTABILITY OF MAGNETIZED FILAMENTARY
CLOUDS. I. HELICAL MAGNETIC FIELDS
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ABSTRACT
The magnetohydrodynamical instability of self-gravitating
magnetized filamentary clouds is investigated by means of a
normal mode analysis. The density distribution in equilib-
rium is assumed to be a function of the radial distance from
the axis, po(r) = pc(l + r^/SH2)'2, and the magnetic field
is assumed to have both longitudinal and azimuthal compo-
nents with strength B^ + Bz

2 oc pa(r). Dispersion rela-
tions are obtained numerically as a function of the strength
and configuration of the magnetic field. Magnetized fila-
mentary clouds are unstable against both axisymmetric and
non-axisymmetric perturbations. The most unstable pertur-
bation is axisymmetric and its wavelength is shorter when
the magnetic field is stronger. This means that a filamentary
cloud fragments into pieces with an apparently smaller sep-
aration between them when the magnetic field is stronger.
We discuss the application of the theory to observations.

Keywords: Fragmentation, Magnetic Field, Star Formation.

1. INTRODUCTION

Optical and radio observations show that many interstellar
molecular clouds have filamentary shapes. The filamentary
clouds are not straight and often contain sub-condensations
more or less regularly spaced along the a,Js. The sub-
structures are likely to be produced from the parent fil-
amentary cloud by fragmentation and condensation. The
self-gravity of the gas makes the filamentary cloud unstable
against fragmentation. The gas motion during the fragmen-
tation can be influenced by the magnetic fields since the
magnetic field associated with the interstellar clouds often
have energy comparable to the gravitational energy. Thus,
we investigated the gravitational instability of filamentary
gas clouds with magnetic fields.
In interstellar space, the equation of state is well approx-
imated by that of an isothermal gas. The magnetic field
strength is correlated with the density and the correlation is
approximately B oc p°-3-°-5 (Refs. 1-5). Thus we can ap-
proximate a filamentary cloud by an isothermal cloud where
the magnetic field is stronger in the region of higher density.
Our model filamentary cloud also has both longitudinal and
helical magnetic fields.
The equilibrium model is described in section 2. We obtain
the dispersion relation for axisymmetric and kink modes in

section 3. The dependences of the dispersion relation on the
magnetic field strength and configuration are also shown. On
the basis of our stability analysis we discuss the application
of the theory to observations in section 4.

2. MODEL OF FILAMENTARY CLOUDS

Our model of a magnetized filamentary gas cloud has the
following distribution of the density and magnetic fields.

(1)

(2)

(3)

Pa =

B0 = (O,

-3/2

SB». (*)

where

47rGpc#
2 = c.2 + . + cos2 B ) . (5)

All the symbols with subscript c denote the values at r = O.
Our model has four free parameters, pc, cs, Bc, and 6. The
parameters c, and 9 denote the sound speed and the ratio
of f - and z-components of magnetic fields, respectively. In
this equilibrium model, the ratio of the magnetic pressure to
the gas pressure, a, is spatially constant,

+ B0,
2

= const. (6)

In the following we take H as the unit of the length and
(2TrGp0)"

1/2 as the unit of time. Then the model can be
specified with the two non-dimensional parameters, a and
6. On the above equilibrium state is superimposed a linear
perturbation with the form

Pi(T, (p, z, t) = pi(r)eyf(-iut + imip + ifc^z). (7)

The perturbation equations are solved numerically by the
method essentially the same as that of Nakamura, Hanawa,
and Nakano (Réf. 6).
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3. RESULTS

3.1. Axisymmetric perturbations (m = O)
First we investigate the stability of a filamentary gas cloud
with longitudinal magnetic fields (9 = 0°) against axisym-
metric perturbations. Tn the presence of the magnetic field,
there are some unstable axisymmetric modes. In this paper
we discuss only the most unstable mode. See Nakamura,
Hanawa, and Nakano (Réf. 7) for further details. Figure 1
shows the dependence of the dispersion relation on a. The
most unstable axisymmetric mode is excited mainly by the
self-gravity of the gas, since it is unstable even in the ab-
sence of magnetic fields. The longitudinal magnetic field has
a destabilizing effect on the filamentary cloud against the ax-
isymmctric perturbation. The growth rate of this unstable
mode is reproduced by the approximate dispersion relation,

0.00

,
" = -

0.89 + 1.4a kzH
(8)

This expression gives the critical wavenumber with an error
of 4% for O < a < 10. The maximum growth rate and its
wavenumber derived from equation (8) fit the numerically
computed values with errors of 8 and 4%, respectively. The
wavenumber of the fastest growing perturbation is approxi-
mated by

^ 0.72[(1 + a)1/3 - 0.6], (9)

with an error of 1.7% for O < a < 10.
Next we investigate the dependence of the dispersion relation
on the direction of the magnetic field (O). Figure 2 shows
the case of a = 1. The filamentary gas cloud with helical
magnetic fields is less unstable than that with longitudinal
magnetic fields. This is because the azimuthal magnetic field
hinders the gas motion Ui the z-direction (see figure 3).
Figure 3 shows the cross section in the T-Z plane of the fila-
mentary cloud perturbed by the axisymmetric eigenmode.
The fastest growing perturbation is superimposed on the
equilibrium model of a = 1 and 8 = 0°. The gas mainly
moves in the z-direction and the condensations are formed
on the filament axis. The gas motion in the z-direction dom-
inates over that in the r-direction when the magnetic field is
strong. This is because longitudinal magnetic fields hinder
the motion in the r-direction but not in the z-direction. We

0.0

-0.3

0.5 1.0 1.5
Hkz

Fig. 1. The dependence of the dispersion relation of the
axisymmetric mode on a for 9 = 0°. The ordinale is
the square of the non-dimensional eigenfrequency, uP/ZnGpc
and the abscissa is the nondimensional wavenumber, kzH.

Q.
CD

-0.25

-0.50
0.0 0.5

Hkz
1.0

Fig. 2. The dependence of the dispersion relation on 9 for
a = l. The ordinate and the abscissa are the same as those
of figure 1.

expect that the magnetic field also influence the late stages of
fragmentation (see also Hanawa et al. in this proceedings).

3.2. Kink mode (m = 1)

The magnetized filamentary gas cloud is unstable not only
against axisymmetric modes but also against non-axisymm-
etric modes. In this subsection we investigate the stability
of a filamentary cloud against the kink .node, whose growth
rate is larger than that of all the other non-axisymmetric
modes.
First we investigate the case of a filamentary gas cloud with
longitudinal magnetic fields (8 = 0°). Figure 4 shows the
dependence of the dispersion relation on a. The growth rate
of the kink mode is enhanced by the magnetic fields. The
growth rate of the kink mode is always smaller than that of
the axisymmetric mode. It asymptotically approaches that
of axisymmetric modes as a increases. When the magnetic
field is longitudinal and uniform, the filamentary cloud is sta-
ble against all the non-axisymmetric perturbations as long
as the outer boundary is set at r = oo (Réf. 8). This kink

5.0 10.0 15.0 20.0 25.0

z / H

Fig. 3. The cross section of the filamentary cloud perturbed
by the fastest growing axisymmetric mode. The model pa-
rameters are a = 1 and 0 = 0°. The abscissa is the z-
axis and the ordinale is the radial direction. The density is
shown with grayness, whose scale is shown in the right of the
panel. The thick curves denote the magnetic field lines. The
arrows denote the velocity field. The growth rate and the
wavenumber of this perturbation are -iu = 0.662
and kz = 0.483/JT, respectively.
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0.0

ex
O

I "

-0.2
0.0 0.4 0.8

Hkz
Fig. 4. The dependence of the dispersion relation of the
kink mode on a for S = 0°. The ordinate and the abscissa
are the same as those of figure 1. The growth rate is sym-
metric with respect to fc2, i.e., ui(kz) = ui(—k2).

0.00

-0.06

-0.12
8=31.7°

-1.0 -0.5 0.0
Hkz

0.5 1.0

Fig. 5. The growth rate of the kink (m = 1) mode for
a model with a helical magnetic field (0 = 31.7°, a =
1). The growth rate of the kink made is denoted by the
hf'id cum. The dashed curve denotes that for a model with
longitudinal magnetic fields (9 = 0°, a = 1).

mode is unstable only when the magnetic fields are concen-
trated near the filament axis and the cloud is supported in
part by the magnetic fields.
Next we investigate the effect of the helical magnetic field.
Figure 5 shows the dispersion relation of a filamentary gas
cloud for a = 1 and 0 = 31.7°. For comparison the dashed
curve denotes the growth rate for 0 = 0°. The growth
rate for the helical magnetic field is asymmetric with respect
to kz. The growth rate is close to zero for the mode with
kzH - -0.130. The wavevector, k = (O, m/r, A1), of this
mode is almost perpendicular to the unperturbed magnetic
field, k-B0 =: O at r = Z\/ZH where the gravity is greater.
Figure 6 shows a cross section in the T-Z plane of the fila-
mentary cloud perturbed by the kink mode. The most un-
stable kink mode is superimposed on the equilibrium model
of Q = 1 and0 = 0° The gas flows mainly in the z-direction.
This unstable Mnk mode is completely different from the
kink instability appearing in a fusion plasma (Réf. 9) in the
following respects: (i) The former t?fes place even in the
absence of the aaimuthal magnetic field, while it is necessary
for the excitation if the latter; (ii) The former instability is
neutrally stable against the perturbation with k • B = O,
while the latter has a large growth rate for the perturbation
with k • B = O.

10.0

r/HO.O

-5.0

-to.o

0.0 5.0 10.0 15.0 20.0 25.0

Z /H

Fig. 6. The same as figure 2 but for the filamentary cloud
perturbed by the most unstable kink mode. The growth
rate and the wavcnumber of this perturbation are —iu =
0.308 ̂ 2nGpc and fcr = 0.438/ff, respectively.

4. DISCUSSION

Jf.1. Distances between clumps in a filamentary cloud
AB shown in the previous section, a magnetized filamentary
gas cloud is unstable against various types of perturbations.
The fastest growing mode is axisymmetric. The wavelength
of the fastest growing perturbation defends on the magnetic
field strength. Then, the distance interval between the frag-
ments produced by the instability depends on the magnetic
field strength of the parent cloud. Thus, we expect that the
magnetic field strength ran be estimated from the observed
interval of the clumps. The Orion A giant molecular cloud
is a good example of the application of our theoretical re-
sults. The L1641 region of this cloud is a typical filamentary
cloud. Radio observations of this region show that some
clumps are more or less regularly distributed along the fila-
ment axis (Refs. 10-12). The magnetic field in this region
has been measured extensively using optical polarization of
stars (Ref.13) and Zeemann splitting (Réf. 4). Based on
these observations Bally (Réf. 14) suggested that this cloud
is penetrated by a helical magnetic field which is skewed by
about 20° from the filament axis. The position velocity di-
agrams of the 13CO emission line suggest that this cloud
spins around the axis and the centrifugal force supports the
cloud at least partly against gravity (Refs. 12,15). Recently,
Hanawa et al. (Réf. 16) have compared the observation of
this cloud with our results and the results including mag-
netic fields and rotation (see also Matsumoto et al. in those
proceedings). According to them, the observed ratio of the
clump separation to the filament diameter, A/d Ci 2.0, is
much smaller than that expected for a non-rotating non-
magnetized filamentary cloud, A/d = 3.9. They defined the
diameter of the filament to be d = 5H for comparison with
observations. They claimed that this close spatial distribu-
tion cannot be explained by the inclination of the filament
and must be at least partly due to the magnetic field and ro-
tation of the parent cloud. It is an interesting future problem
to apply our-theoretical results to other filamentary clouds.
See Hanawa et al. (Réf. 16) for further details.
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4.2. Large scale winding of a filament
The magnetized filamentary cloud is unstable not only
against the axisyimnetric mode but also against non-
arisymmetric modes. In our model, the kink mode is the
most unstable among non-axisyminetric perturbations al-
though its growth rate is smaller than that of the axisym-
metric one. The kink mode twists the filamentary cloud.
The observed filaments are often twisted on a large scale.
Such winding might results from the kink mode.
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JRAVITATIONAL INSTABILITY OF MAGNETIZED FILAMENTARY
CLOUDS. II. ROTATION
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ABSTRACT

Stability of filamentary molecular clouds against fragmenta-
tion was studied by means of a normal mode analysis. The
model cloud is infinitely long along the axis and has a equi-
librium density distribution of p = pc(l + r2/8H2)~2. It
rotates around the axis and is permeated with helical mag-
netic field strength. The dispersion relation was obtained as
a function of rotation and magnetic fields. The self-gravity of
the gas excites a sausage mode whose wavelength is longer
than a critical value, i.e., the Jeans length. Rotation and
magnetic fields have similar effects on the stability of fila-
mentary clouds. When the cloud rotates faster (or the mag-
netic field is stronger), the maximum growth rate is larger
and the wavelength of the fastest growing mode is shorter.

Keywords: gravitational instability, magnetohydrodynam-
ics, rotation, molecular clouds.

1. INTRODUCTION

Interstellar molecular clouds observed with radio emission
and optical absorption often have filamentary features. Most
of the filamentary molecular clouds have sub-condensations
called clumps, which are more or less regularly spaced. The
clumps are likely to be produced from the parent cloud by
fragmentation. The self-gravity of the gas makes the fil-
amentary molecular clouds unstable against fragmentation.
The dynamics of the fragmentation is influenced by the mag-
netic field and rotation of filamentary molecular clouds. The
effects of magnetic fields are discussed by Nagasawa1 and
Nakamura, Hanawa, & Nakano2. In the present paper we
study the effects of rotation by means of a normal mode
analysis.
Our model filamentary cloud is infinitely long and axisym-
metric around the axis in equilibrium. It is supported against
gravity by gas pressure, rotation, and magnetic force when
in hydrodynamical equilibrium. The details of the model
are described in §2. We discuss the model with longitudinal
magnetic fields in §3 and that with helical magnetic fields in
§4. A summary is given in §5. See, e.g., Uchida et al.3-4 and
Tatematsu et al.5 for observations of rotating filamentary
clouds.

2. ASSUMPTIONSANDMODEL

We constructed the following model for rotating magnetized
filamentary molecular clouds: The density (p), velocity [v =
(vr, vv, V1)], and magnetic field [B = (B1., Bv, Bs)] distri-
butions are expressed as

Po(r) = Pc l +
-2

(D

V0(T-) = (vr, vv, vz) = [o, ncr (l + ̂ ) , OJ ,

B0(r) = (Br, Bv, B1) = (O, Bv, B1), (3)

„ . „ r / . r2 N-3/z

(2)
(3)

(4)

in the cylindrical coordinates, (r, ip, z). The subscript O de-
notes the values in equilibrium. The gas is assumed to be
isothermal and the isothermal sound speed is denoted by C3.
Our model is specified with six model parameters, pc (the
central density), H (typical scale length), Bc (the magnetic
field density at the center), S (the pitch angle of the magnetic
field at r = oo), H0 (the angular velocity at r = O), and c,
(the sound speed). An interstellar filamentary cloud is mim-
icked by adjusting these model parameters. The condition
for hydrodynamical equilibrium,

2(2irG/jc -Sl2) H2 =
B2

(l+coB29), (6)

reduces the number of the indenpendent model parameters
to five. In the following, we take the units of mass, length,
and time as pcH

3 = 1, H = 1, and l/^/2vGpc = 1, respec-
tively. Then the independent model parameters are reduced
to

(8)

and 6.
On the above equilibrium we imposed an axisymmetric per-
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turbatioii with the form

Pi = (9)

where k, and u> are the wave number and the eigenfrequency,
respectively. We study the dependences of u = w(fc,)onthe
non-dimensional parameters, a, /3, and 8.

2. CASE OF LOGITUDINAL MAGNETIC FIELDS

First we study the case of 6 = O, i.e., when the magnetic field
is logitudinal. For a given set of model parameters several
modes are unstable (uj > O). Figure 1 shows the dispersion
relation of the most unstable mode for f3 = 0.0, 1.0, and
2.0 while a and B are fixed to be a = 1.0 and 6 — 0°.
The abscissa and ordinale are the wave number and the
square of eigenfrequency, respectively. When /3 is larger, the
maximum growth rate, Wivmal, and the wave number of the
fastest growing perturbation are larger. Rotation makes a fil-
amentary cloud more unstable to fragmentation into smaller
clumps.

Magnetic fields also have similar effects on the fragmenta-
tion of a filamentary cloud (see, e.g., the proceeding article3).
Figure 2 compares the effects of rotation and magnetic fields
for 0 = 0°. The abscissa and ordinale are the same as those
of figure 1. The sum of a and /3 is fixed to be a + 0 = 1. The
dotted, dashed and bold curves are for (a, /3) = (0.0, 1.0),
(0.5, 0.5) and (0.0, 1.0), respectively. The curves are very
similar. This is because this instability is mainly due to the
self-gravity of the gas (Jeans instability). The wavelength
of the fastest growing mode, kmax, and the critical wave-
length [w(fccr) — O] are characterized by the Jeans length
(= e,/VwGp)- The sound speed, c,, is constant when Q + /3
is fixed (see eq. 6). Then £„,„1 depends mainly on a + ft.
The growth rate is a little larger when Q > /S than when
a < /?. This is because magnetic fields also induce the
Parker instability (undular mode).
Figure 3 shows how the fastest growing eigenmode perturbs
the equilibrium model of (Q, /J, 8) = (1.0, 1.0, 0.0). The
density distribution is shown by the darkness in the cen-
tral panel. The curves and arrows denote the magnetic field

Figure 1. The dependence of the growth rate on
rotation. The abscissa and ordinale are the wave
number and the square of the eigenfrequency.
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0.0 0.2 0.4 0.6 0.8 1.0 1.2
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z

Figure 2. The same as figure 1 but for compari-
son of the effects of rotation and magnetic fields.
The model parameters, a + /3 and B are fixed to
be a + /3 = 1.0 and 0 = 0°.

0.0 10.0 15.0 20.0

0=1.0 P=I. O 0= 0°
Kz=O 6081

20.02.0 1.0 0.0 1.0 2.0
V»

-10.0

Figure 3. The model filamentary cloud per-
turbed by the most unstable mode. The
model parameters are taken to be ( a, /3, 9)
= (*•"> 1-0' "")• The central panel shows
the density distribution (darkness), mag-
netic field Unes (curves) and velocity vec-
tors (arrows). The grey scale is shown in
the left of the panel. The left panel shows
the azimuthal component of the velocity in
the perturbed (bold curve) and equilibrium
(dashed curve) states. The upper panel
shows the ^-dependence of Bv (bold curve)
and Vp (dashed curve).
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lines and velocity vectors. The right panel shows the vv dis-
tribution by the dashed curve (hi equilibrium) and the bold
curve (perturbed). The upper panel shows the «-dependence
of vv (the dashed curve) and Bv (the bold curve). The
dotted curve denotes the zero point (equilibrium). In the
fastest growing perturbation, the motion is mainly in the in-
direction. The changes in vr and vv are much smaller than
those in vf and p (i.e., \vf/c,\, \pi/pa\ » \vr/c,\, \vav/c,\).

4. CASE OF HELICAL MAGNETIC FIELDS

When the magnetic field is helical (B / 0°), the eigenfre-
quency, w = wr + IUi is complex (wr / O). The dispersion
relations are shown hi figures 4 and 5 for 6 = 30" and 60°,
respectively while a = 1.0 and ft = 1.0 are fixed. The bold
curves denote the real and imaginary parts (growth rate and
frequencty) and the dotted curves denote the growth rate for
9 = 0° for comparison. When 9/0° , the density pertur-
bation grows in time and moves at the phase speed given
by U1-Ik1. The growth rate is smaller for larger 6 (see also
Nakamura. Hanawa, and Nakano in this conference proceed-
ings).
Figure 6 is the same &s figure figure 3 but for (a, /3, S) =
(1.0,1.0, 60°). In figure 7 there is a phase shift hi the z-
direction between the perturbations in p and B^. The appar-
ent propagation of the perturbation comes from this phase
difference.

5. SUMMARY

The stability of rotating magnetized filamentary molecular
clouds is summarized as follows.
1) When the filamentary cloud rotates faster, the maximum
growth rate and the wave number of the fastest growing
perturbation become larger.
2) Rotation and magnetic fields have similar effects on the
fragmentation of the filamentary clouds.
3) The dispersion relation depends mainly on Q + 0, i.e.,
the ratio of the sum of the magnetic and centrifugal forces
to the thermal pressure.
4) When the magnetic field is helical (6 ̂  0°), the growth
rate is lower.

0.0 5.0 10.0 15.0 20.0

0.5 1.0
Hk1

Figure 4. The dispersion relation for the model of
( a, p, B) = ( 1.0, 1.0, 30°). The eigenfrequency
is complex and the bold curves denote the real
and imaginary parts. The dotted curve denotes
the growth rate for the model of ( a, p, 8) =
( 1.0, 1.0, 0°) for comparison.

Figure 5. The same as figure 4 but for ( a, /?, B)
= (1.0, 1.0,60°).

0=1.0 p=1.0 0=60°
kz=0.5390

Figure 6. The same as figure 3 but for
(a, /3, 6) = (1.0, 1.0,60°).
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5) The perturbation grows in time and propagates along the
axis in a rotating filamentary cloud permeated with helical
magnetic fields.

We thank Professor Takencri Nakano for helpful discussion
and Dr. Lance T. Gardiner for reading the manuscript.
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ABSTRACT
Time variations of X-rays from a black hole candidate

GS1124-683 are described and compared with other black
hole candidates: Cyg X-I, GX339-4, GS2023+338 and a Z
source of low mass binaries: GX5-1. In GS1124-683, four
slates, i.e. a high flare state, a high quiet state, a high-to-
la w transition state and a low state were recognized.
Canonical time variations of X-rays were observed not
only in the low state but also in the high flare state. In the
high (flare and quiet) state, the X-rays consist of two
components: a soft disk black body component and a
power law component. These two components have
different power spectrum density (PSD) functions: a flat top
noise and a power law noise, Tn the low state, the X-rays
consist of a power law component. This component has a
harder energy spectrum and shows different and larger time
variations than those of the power law component in the
high state. GS2023+338 in its flare state had a different
normalized PSD and harder energy spectra than GSl 124-
683 in its high flare stale, though in the low state
GS2023+338 had the same X-ray energy spectrum and the
same normalized PSD to the other black hole candidates.

Key words: X-ray star, black hole candidate. Nova Muscae
1991, tune variation.

1. Introduction.
Mainly due to observations of Cyg X-I, it had been

believed that black hole candidates had two slates; a high
state and a low state, and in the low state they had a hard
power law energy spectrum and showed rapid time
variations (for the reviews, see for instance, Odp, 1977,
Liang and Nolan, 1984, and Tanaka, 1989). Very recently,
it was found that in the low state, the energy spectra and
time variations of X-rays from the black hole candidates,
Cyg X-I, GX339-4, GS2023+338, were the same
(Canonical time variation; Miyamoto et al. 1992). It was
also found that in the high stale of GS339-4, there were
two sub-states; a high flare stale and a high quiet state. In
the high flare state. X-rays show rapid time variations
including QPO and X-rays have two components; a power
law component and a disk black body component
(Miyamoto et al., 1991). In the high quiet state of GX339-
4, X-rays have a soft energy spectrum, and their time
variations are very small.

.•,n X-ray nova: Nova Muscae or GS1124-68 showed
long term varia';ons similar to a black hole candidate
A0620-00 (Kitamoto et al.,1992) and optical observations
showed that this source had a mass larger than about 3.8
Mo (Remillard et al.,1992) or 8 Mo (Cheng et al. 1992).
These strongly suggest that GSl 124-68 is a black hole.
Anothei X-ray nova: GS2023+338 showed rapid time
variations and had a hard energy spectrum even in its flare
state (Kitamoto et al. 1989; Tanaka 1989). Recently the

mass of the compact star in this source was estimated to be
8-1S.5 Mo, and shown 10 be a black hole candidate
(Casares, Charles, and Naylor, 1992). However, the hard
energy spectrum of this source in its flare stale is quite
different from those of GX339-4 mentioned above, though
in the low state the normalized power spectrum density
functions (normalized PSDs; Miyamoto et al. 1991), phase
lags and X-ray energy spectrum of GS2023-f338 in the low
intensity state are the same to other black hole candidates:
Cyg X-I and GX339-4 (Miyamoto et al. 1997V

Thus it is of interest to investigate whether there are Ihc
same lime variations in GSl 124-683 in the high and the
low stales as those of oihcr black hole candidates. Time
variations of GS2023+338 in its very high flare stale arc
also interesting.

2. Energy spectra, long term variations and four stales.
After the discovery of ihe Nova Muscae: GSl 124-68

with the ASM (Makino and the Ginga leam,1991), this
source was observed with the large area counter (LAC) on
board Ginga (Turner et al., 1989) in ihe energy range of
1.2-36.8 kcV from 1991 January 11 Io Sepiember 24-25
when this source became undetc^lablc wilh the LAC. The
observed X-ray energy spectra were fitted with a two
component model: a soft disk black body component and a
hard power law component. The soft disk black body
component is X-rays emitted from an accretion disk
(Mitsuda et al. 1984). In addilion lo these two
components, iron line components and absorption by
interstellar gas and ionized iron atoms wilh spread excited
energy levels (a smeared edge model) (Ebisawa, 1989) were
taken into account. Evolution of these are shown in Fig.l.
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Fig.l. Evolution of X-ray fluxes of Ihe soft disk black

body component and ihe power law component of
GSl 124-683.
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From Fig.l, one can discriminate four states in
GS1124-68: a high Hare state (about the 8-67th day) a
high quiet state (about the 69-109th day), a high-to-low
transition state (about the 109-164th days) and a low state
(after about the 164th day). In the high flare state, X-rays
had the two components mentioned above and showed
rapid time variations including QPO, which were similar to
those of GX339-4. In the high quiet state, the main X-ray
component was the soft disk black body component and
time variations were small. In the high state, the photon
number index of the power law component was about -(2.2-
3.). In the low state, the main component was a hard power

law component and its photon number index was about
-1.6. Thus the photon number index in the low state is
clearly different from those in the high state.

In long terms, the fluxes of the soft disk black body
component and the hard power law component changed
incoherently, but as if they were systematized together as
shown in Fig.l. Thus independent production processes of
these two components following some systematized way
should be searched for, such as a jet model proposed by
Miyamoto and Kitamoto (1991) to explain the time
variation of X-rays from GX339-4 in the high flare state
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Fig.5. The normalized power spectrum density function of
GS1124- 68 in the low state. The values are compared with
those of Cyg X-I.
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power law component to that of the total X-rays, (a) The
normalized PSD, (b) the ratios of PLN and FTN to the total
noise and (c) PLN normalized to the disk black body
component, FTN normalized to the power law component
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Fig.6 The normalized power spectrum density function of
the GS2023+338 in its flare state. The values are compared
with those of Cyg X-I in the low state.

370



356

3. Short term variations of X-rays from GS1124-68.
To investigate short term variations of X-rays, we

calculated the normalized PSD and the phase lag (van der
KHs et al. 1987; Miyamoto et al. 1988), and got following
results.

1) In the high flare stale, the normalized PSDs change
with time. For instance, on January 11 when a ratio of the
power law component to the total X-ray counts (a power
law component ratio; PLR) was about 80%, the normalized
PSD had a flat lop shape (flat top noise; FTN), which was
similar to that on January 22 shown in Fig.2(a). However
on January 17, when the power law component showed ihe
local minimum and the PLR was about 15%, the normalized
PSD changed to a power law shape (power law noise; PLN)
as shown in Fig.2(a). On January 18-22, when Ihe PLRs
were about 30-40%, it became FTN again. In the high quiet
state when the PLR was less than 3%, the normalized PSD
were PLN as shown in Fig.2(a). Thus it is clear that the
shape of the normalized PSD depends on PLR.

2) The phase lags also changed with time in the high
flare state. On January 11-12, time variations of 4.6-9.2
keV X-rays were the most advanced. However, from January
16 to January 22, time variations of 2.3-4.6 keV X-rays
were the most advanced. From January 16 to 22, the phase
lags showed a peak around 0.3 sec, though ihe peaks before
January 22 were rather small. On January 22, the phase
lags of X-rays from GS1124-683 had a clear peak around
0.3 sec (Fig.3(a)), and the normalized PSD had a knee
around 2-10 Hz (Fig.2(a)), which was similar to ihe C+D
sub-slate of the high flare stale in GX339-4 observed by
Miyamoto el al. (1991) (see Fig.2(b) and Fig.3(b)). Thus
we could find another possible canonical time variations of
X-rays in the high flare stale. These phase lags and ihe
energy spectrum were explained by Miyamoto and
Kitamoto (1991) wilh a jet model that the inverse
Compton scatlcrings in large hot electron clouds were ihe
production process of the power law component.

3) In Ihe high quiel slate, Ihe normalized PSD had ihe
lowesl values. The normalized PSD in this stale is similar
to those of low energy X-rays from a low mass X-ray
binary source: GX5-1 in ihe normal branch as shown in
Fig.2 (for ihe normal branch, see Lewin el al. 1988). BoIh
in GS1124-683 and GX5-1, ihe normalized PSDs of higher
energy X-rays are larger than ihose of lower energy X-rays,
though the normalized PSDs of high energy X-rays of
GSl 124-683 are much larger lhan Ihose of GX5-1.

The normalized PSD of GX5-1 in the horizontal branch
is similar to thai of ihe GSl 124-683 on 1991 January 22
and GX339-4 in the C+D sub-state (in the very high flare
stale) as shown in Fig.2. However ihe phase lags of lime
varialions between different energy X-rays of the black
hole candidates, GSl 124-683, GX339-4, are different from
those of a low mass X-ray binary: GX5-1. This does not
show such a large peculiar hard lag observed in C-S1124-
683 and GX339-4 (see for insiance van der Klis et al.
1987). These suggest that initial X-rays of hard
components in these sources are produced by the same
process. This is ihe reason why the similar normalized PSD
is observed in the black hole candidates and the low mass
binary of the neutron star. However, in GSl 124-683 and
GX339-4, these X-rays have been transferred to higher
energy X-rays by the inverse Compton scatterings and are

observed as the power law componenl, which show Ihc
large peculiar phase lags. In GX5-1, this component has
nol processed and its phase lag does nol show ihe hard lag
similar Io lhal of GS1124-683.

4) In the low state, except for frequencies below about
0.2 Hz, the normalized PSDs became similar to ihose
observed in Cyg X-I, GX339-4 and GS2023+338. They are
Ihc same nol only on differenl occasions bul also in
different energy ranges. Thus canonical lime varialions in
Ihe low state discovered by Miyamoto et al.(1992) was
confirmed also in GSl 124-683. In this slate the PSDs have
a power law shape wilh the index of about -1 at the
frequencies bclween 0.1-1.0 Hz.

5) The results described in 1) suggest that there are two
type noises in PSDs corresponding to Ihc Iwo energy
spectrum components. To confirm ihis, we plotted the
inlegral values of ihe normalized PSD from 0.1 Hz Io 1.0
Hz against the PLR, and the results are shown in Fig.4(a).
The intcgraled values increase with PLR which shows lhal
the normalized PSD of the power law component is much
larger lhan lhal of the soft disk black body component. We
also recognize lhal values of the normalized PSDs are
different whether GS1124-68 is in Ihe high slate or in the
high-to-low transition stale or in the low state.

We filled the power spectrum density functions (PSDs)
with a two component noise model; one was a power law
noise (PLN) and the other was a flat top noise (FTN). In the
high state, we found lhat PLN had the power law index of
-0.7 and was due to the soft disk black body component and
FTN had a Lorcnzian shape of the zero central frequency and
the 8 Hz width and was due to the power law componcnl and
ihese parameters were constant throughout the high slate.
To represent Ihese noise values, we integrated PLN and FTN
from 0.1 Hz to 1.0 Hz, and the ratios of these integrated
values to the sum of the integrated PLN and FTN values
were shown againsl Ihe PLR in Fig.4(b). The ralio of ihe
Iwo lype noises changes rapidly around PLR = 0.25. When
PLR is larger lhan about 0.4, FTN is the main noise, and
when PLR is smaller than about 0.2, PLN is the main
noise.

We inlegraled PLN and FTN from 0.1 Hz Io 1.0 Hz, and
normalized lhem Io ihe squared inlensily of Ihe disk black
body componcnl and ihe power law componcnls,
respectively, and ihese were shown in Fig.4(c). The values
on January 11 are exceplionally high, which shows thai at
the initial part of ihe flare, ihe normalized FTN is much
larger lhan lhal in other parts and the value is aboul
l.SxlO'2 al 0.1-1.0 Hz. If Ihe separation of the noise to
the Iwo PLN and FTN is not correct, the normalized PLN
and FTN obtained above will approach to Ihe olher.
Considering ihis, we eslimatcd that the mean integrated
value of PLN normalized to ihe sofl disk black body
component was about 2x10"^, and that of FTN normalized
to ihe power law componcnl was aboul 8x10"^ al 0.1-1.0
Hz.

In ihe high Io low transition state, the noise could nol
be filled wilh ihe Iwo componenl noise model of ihe same
parameters mentioned above: the shape was differenl from
ihose in Ihe high slate. The values are also much larger
lhan those in the high stale as shown in Fig.4(a).
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6) X-rays from GS2023+338 in ihc flare state had a hard
energy spectrum, which was different from those of
GX339-4 and GS U 24-683 (Kitamotc et al. 1989; Tanaka
1989).The normalized PSD of GS2023+338 in the Hare
stale is also different from those of GSl 124-68 in the very
high flare state, and is rather similar to that in the low state
as shown in Fig.5. Thus the X-rays from GS2023+338 in
the flare state is not the same in its energy spectrum and
time variations to those of GSl 124-683 and GX339-4,
though in the low state the energy spectrum and the
normalized PSD and the phase lags is similar to those of
Cyg X-I, GX339-4. Thus the nova of the GS2023+338
should be initiated by a different process from that in other
sources.

4. Conclusions.
In the low state, time variations of GSl 124-68 arc

similar to other black hole candidate: Cyg X-I, GX339-4,
GS2023+338, and in the high flare state the time
variations of GS1124-68 arc also similar to those of
GX339-4. These results strongly suggest that the
canonical X-ray production process are going on in these
black hole candidates, though the nova of GS2023+338 in
its flare stale is an exception.

In the high state, the PSD consists from a PLN (power
law noise) which is due to the soft disk black body
component and a PTN (flat top noise) which is due to the
power low component. The FTN is much larger than the
PLN in the high state. In the low state, X-rays have a power
law energy spectrum and the PSD in the low state has a
power low shape. Thus the production processes of the
power law energy spectrum components in the high state
and in the low state should be different.

The normalized PSD in the horizontal branch of GX5-1
is similar to those of the black hole candidates GS1124-68
and GX339-4 in their very high flare state. However the
phase lags of time variations between different energy X-
rays of GX5-1 are different from those of GS1124-683
,GX339-4. These suggest the fallowings. Initial X-ray of
the hard component in GS1124-683, GX339-4 and GX5-1
are produced by the same process. However, in the black
hole candidates, these X-rays have been transferred to
higher energy X-rays by the inverse Compton scatterings
and are observed as the power law component. In GX5-1,
this component has not processed and its phase lag does
not show the peculiar large hard lag.

The nova of the GS2023+338 should be initiated by a
different process from that in other black hole candidates.

Wc would like to thank all the members of the Ginga
team, who support this work through observations and data
analysis.
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ABSTRACT

A detailed analysis of the observations of the Galactic Center
region, in the gamma-ray energy range, have shown that some
sources exhibit an annihilation line sometimes associated with
backscattered photons. This features have also been detected
inNovaMuscae.
We are considering in this paper accretion disks surrounding a
compact object, which are able to produce a pair plasma. We
evaluate the cooling down of positrons and their annihilation
sites, in the light of the line observations (width, shift,
variability, etc...); Our model consists in a black hole system,
with an important accretion rate, fuelled by a companion star.
This accretion rate has two different ranges: one
corresponding to an accretion luminosity < the Eddington
luminosity (LHJD) for T=IO8 K (pair subcrilical disk), and a
high accretion rate ( pair supercritical disk) for T>10" K
where the pair production exceeds the pair annihilation and an
outflow of plasma is produced (Réf. 1). We show that
backscattered features could provide a new set of signatures
for black hole candidates.

KEYWORDS: Pair plasmas, compact objects, accretion disks.

1. INTRODUCTION

During a série of balloon flights conducted from
Australia in Spring 1989, the Galactic Center region (GC)
was monitored several times. It is fairly well established that
the 511 keV annihilation line, frequently observed in the
direction of the Galactic Center has two origins (Réf. 2) : the
interstellar medium where positrons annihilate to form the
511 keV diffuse component, and a variable point source (Réf.
3, assumed to be coming from positrons emitted by
1E1740.7-2942 (IE hereinafter) and annihilating in a nearby
cold molecular cloud (Réf. 4 & S). We question here the
validity of these assumptions: in the spectrum of the GC
observed by HEXAGONE (Réf. 6), in addition to an
annihilation line, a bump around 170 keV is clearly detected
(Fig 1); This bump, interpreted as backscattered SIl keV
photons (Réf. 7) first suggested by Bildstein & Zurek (Réf. g)
We then considered Compton scattering as well as
backscattering of the annihilation line and high energy
radiation as an explanation of the time variation behaviour in
the excess continuum below me annihilation energy in the GC

spectrum (Réf. 9). An other observation (Réf. 10) of the same
region; few days before, with an instrument less accurate in
terms of spectroscopy, but with a quite good imaging
capabilities (EXITE), detected a bump around the energy of
the double backscattered SIl keV line. We are suggesting
here that the 170 keV (detected with HEXAGUNE) could
have the same origin than the 102 keV observed with EXTTE.
We want to investigate the possibility that the backscattered
features in EXS sourcecan bring us new enterions to
characterize a pair plasma emission by a black hole candidate.
Moreover, we compare uv.se observations with the one
performed on Nova Muscae (Réf. 11) because of the
similarities in EXS and Nova Muscae spectra.

PWcm2 s '«V
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1fl 100 1000 BBGHEV

Figure 1: GC region spectrum, HEXAGONE May 221989

Nova Mucae has been monitored by the GRANAT
observatory in the 3-1300 keV band and during the January

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in Toki, Japan,
17-20 November 7992 (ESA SP-351. February 1993).
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20/21 observation, features around 102,170 and a line around
480 keV have also been observed and their successive
appearances have been reported by Goldwurm et al. (Ref 12).
This seance of observation has been separated into three sub-
seances of about the same duration (7h, see Fig 2). In the first
subseance a prominent 102 keV bump is observed, and an
upper limit of the 480 keV line flux (2 x 10'3 photons.cm'2.s"
1 at one sigma) is derived. During the subseance n°2, a broad
170 keV line emerged and a strong 480 keV is then visible -
F=(7.4±2.1) x 10"3 photons.cnr2.s~1 - and the third subseance
shows a possible narrowing of the feature around 170 keV and
a decrease of the 480 keV line. We have here the
simultaneous presence of both features: a possible redshifted
annihilation line and the 170 keV bump. Unfortunately the
next seance took place one week later on February 1 st and
neither feature nor annihilation line is seen. Moreover the
typical time scale of the rising time of the annihilation line is
clearly established to be of the order of a few hours (Ref 13 &
14) reducing the probability to observe this kind of
annihilation outburst.
It must also be pointed out that the 102 keV feature appears
before the 170 keV bump in Nova Muscae and also if we
compare EXTTE and HEXAGONE GC observations.

2. DISCUSSION

If the annihilation of positrons, which produces
backscailtered lines, happens in the vicinity of a compact
source, a redshift of both the annihilation and backscattered
lines is expected. Features around 170 keV in the direction of
the GC have already been reported (Réf. IS & 16 for "
review).

More recently GRIS experiment, with both a high energy
resolution and a good sensitivity, has not detected any feature
in the GC spectrum during its two flights (Réf. 17).
HEXAGONE in May 1989 observed a broad feature around
170 keV. Up to now only two observations show a prominent
feature at 170 keV in the GC region with enough accuracy:
Bell/Sandia 1977, (Réf. 18) and HEXAGONE May 1989.
(Réf. 19. Lingenfeltcr and Hua have calculated a redshift of Z
= 0.04 for backseallered line observed during the flight of
Bell/Sandia 1977. Their simulation expects a sharp cut off
below 170.3 keV if the annihilation line is narrow. They
deduce a location of the annihilation region at around 12
Schwarzschild radii from the center of the compact object.
Only the backscattered feature is seen and no corresponding
redshifted line (centroid around 470 keV) is observed during
this observation which is not very surprising if a single 511
keV burst produce the phenomena. Moreover, the narrow and
unshifted annihilation line cannot be coming from the same
region. The redshift of HEXAGONE backscattered feature is
centered at (163.7±3.4) keV with (24.4±9.2) keV FWHM
width (gaussian fit calculation. Réf. 20). This gives a redshift
of Z in the range 0.14-0.22 or an annihilation region at less
than 5 Schwarzschild radii of the central object. The
corresponding annihilation line (around 470 keV) is again not
present.

Such a redshift implies a location of the emitting
region very close to the compact object but the contribution of
this zone to the luminosity can be very important (21% of the
total luminosity of the disk is emitted between 1 radius and
2.25 radius and 48% between 2.25 and 10 radii, see Figure 7
in Shakura and Sunyaev 1973 Réf. 21).

Nevertheless doppler broadening due to high large
scale velocities combined with thermal broadening of the line

11'

Ii

18- 18-

Figure 2 : Nova Muscae spectra measured at different times
(Goldwurm etal. 1992-Ref. 12)

could partially explain the width of the line and a decrease of
the real value of Z is expected. The energy bands chooser! by
EXTTE in their data processing (8 ranges to cover the full
spectrum) does not allow computation of a detail redshift of
the 102 keV but it roughly agrees with the HEXAGONE
value. The theory of accretion disks with relativistic thermal
plasma has received increasing interest in recent years. The
luminosities from blackbody-like spectra with pair process
equilibria are far too important and only optically thin (for
photon absorbtion) plasma are studied (Réf. 22). A detailed
Monte-Carlo simulation of such a plasma with Thomson
thickness smaller than 10 and a large range of temperatures is
not able to reproduce any annihilation feature in the emergent
spectra: The annihilation feature is completely smeared over
by Compton scattering or forms a very broad feature not
distinguishable from the continuum.

A Wien hump resulting from the so called state
"saturated Comptonization" could appear for sufficient
Thomson scattering (Réf. 23 & 24) but is not necessarily
related to a pair creation and annihilation process. As no
important emission of 511 keV photons seems possible
directly from a hot plasma, the creation and subsequent
escaping of electron-positron pairs is an important physical
process to explain the annihilation features. In the case of
Nova Muscae a narrow possibly redshifted annihilation line
(centroid at 471±30 keV, line width of 30 ± 30 keV, during
the last sub-session) is observed and requires a cold region (T
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< 108 K) lo produce the annihilation of the positions. Such a
region must be separated from the hot pair plasma region
which produces the pairs. These results also emphasize the
separation between the positron creation and annihilation
regions.

The escape of positrons from the hot plasma has not
yet been accurately studied for steady thermal plasma.
Lightman (Réf. 22) has first investigated the confining of
positrons within the creation region by various mechanisms
like magnetic or collective plasma trappings and emphasized
the importance of possible escape of neutral pair clouds. The
radiation pressure could help such escape (Réf. 25). Another
possibility is investigated without direct escape of positrons
from the hot plasma by Dermer & Liang (Réf. 26) with f-y

and Y-X photon collisions creating pairs directly outside the
hot pair plasma "atmosphere", Both phenomena can
contribute to the total emission.

These pairs could then escape and annihilate
subsequently in colder regions. The time variability o? the
annihilation features like in Nova Mus;ae (practically absent
in the first part of the observation and tien clearly seen during
the last 13 hours of observations) gives new important
constraints. Ramaty et al. (Réf. 27) ?oir.;=d cut &=
importance of impulses of positrons to explain both the large
annihilation bump from 1E1740.7-2942 and the narrow
annihilation line observed in the direction of the GC. No
thermal model reproduces the fast injection of positrons
needed to explain few hours to days variability of the
annihilation line. Lightman has proposed a non steady
mechanism when the entire plasma (leptons and protons)
becomes relativistic allowing a massive escape of pairs. Other
non thermal models could produce the same phenomena (Réf.
28 & 29) The annihilation of the positrons emitted from the
hot plasma requires a dense medium. Two possibilities then
exist: (1) the annihilation in flight of positrons with free
elections in a hot (T>10'' K), very dense (n>108 cm'^)
medium, in the vicinity of the hot plasma, producing a large
width blueshifted line (Réf. 30) on a typical observed
timescale of a day (Réf. 31), (2) the annihilation of the
positrons, far away from the source, in a cold (T<10* K),
dense (n around 10̂  cm"^) molecular cloud to reproduce a
narrow annihilation line with a typical timescale of a year.

The 170 keV backscattered line-like feature is
observed in various configurations for both accretion disk and
cloud geometries. Moreover in a spherical cloud the double
backscattered line at 102 keV is found to be surprisingly very
prominent and the triple backseattered line can also appear.
The cloud geometry allows the observation of the 170 keV
line only when a pan of it lies directly behind the annihilation
region . It is then possible to successively observe the 170
keV line and then uie 102 keV line by varying the observing
angle.

Moreover, Shakura & Sunyaev (Réf. 21), have
investigated the evolution of an accretion disk around a black
hole related to a variation of the accretion rate of matter.
During supercritical inflows of matter, a strong anisotropic
mass outflow, in a small cone near the axis of disk rotation
due to radiation pressure over gravitational attraction, can be
observed. The matter flows out in a spiral with a speed
decreasing when matter moves away from the compact source
(see Figure 9 in Shakura & Sunyaev Réf. 21). They expect the
matter to flow away from a region close to 7 Schwarzschild
radii from the central source.

We thus thus propose that Nova Muscae and the 1989
observations can be tentatively explained in a roughly similar
framework (the important timescale difference between Nova
Muscae - 3 seances of roughly 7h - and EXS - typically two
weeks between EXITE and HEXAGONE observations- let
here the possibility of more than one SIl keV burst in the
former source): a high activity state in the inner part of the
accretion disk (following a variation in the accretion rate)
creates the conditions for a hot plasma CIMO' K) and the
subsequent emission of pairs.

This stream of electron-positron panicles will create a
hot spot in the outflowing matter when it penetrates this
region. If the geometry allows the matter to lie between the
hot spot and the observer, the annihilation line is obscured
and the double backscattered line prominent This scenario
could explain the different redshift values observed with
various instruments in term of the collision of the position
stream at different altitudes from the compact object.
The radio observation performed by Mirabel et al. (Réf. 6) on
1E1740.7-2942 showed a double radio jet emanating from this
source and pointed out the strong anisotropy of the electron-
positron emission. A possible extended corona, which could
have the good location to produce the backscattered features
does not seem present in Nova Muscae because of the small
value of the low frequency absorption (Réf. 32). Under these
conditions a narrow extended region of matter produced
during the 0"!Ho1V can explain tho lack of strong absorption.

3. CONCLUSION

The purpose of this paper is '.a emphasize that a search of
features, mainly at SIl keV buckscanered energies, as well as
Cieir relative intensities and timing evolution might be a
powerful tool in black hole searches. Moreover, as mention by
Grebenev et al. (Réf. 33), a high temperature in the accretion
disk, necessary to produce pairs, is lowered in the case of a
neutron star by the copious low energy photons emitted from
its surface. CYG X-I also seems to present such transient 511
keV lines (Réf. 34), nevertheless backscattered features from
the annihilation photonss require a sufficient amount of matter
from the accretion. This fact could explain the difference
between binary fed accretion like Nova Muscae and the lower
accretion rate found in molecular cloud fed black holes like
IEl740.7-2942. So multiple positron point sources might be
present in the GC, even if only two have been detected, so far,
via their different spectral signatures; GRS 17S8 is also a
possible variable positron source since an associated jet
produced by synchrotron effect has recently discovered (Réf.
35)
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ABSTRACT
Non-stationary and non-axisymmetric perturbations of mag-
netohydrodynamic (MHD) accretion onto a Kerr black hole
aie studied. We regard a small-amplitude fluctuation of
the electromagnetic field as a source of perturbations in
a magnetosphere and examine how the plasma accretion
will be affected by it along a flow line especially at the fast-
magnetosonic point in the short wave length limit. Assum-
ing that the magnetic field dominates the plasma accretion,
we find that the meridional current becomes large near the
fast-magnetosonic point located close to the horizon. As
a consequence, the fluid suffers large radial acceleration
resulting from the Lorentz force and becomes highly vari-
able compared with the electromagnetic field there. Fur-
thermore, the variation time scale is found to be much
longer than the dynamical one for slowly rotating holes or
for an axisymmetric perturbation. This variable nature of
the plasma accretion may be responsible for the variabil-
ity of the higher energy X-rays observed bom a galactic
black hole candidate (GBHC) or an active galactic nucleus
(AGN).
Key words: accretion, black hole physics, active galaxies

1. INTRODUCTION
The study of plasma accretion onto a black hole is astro-
physically interesting in the context of GBHCs and AGNs.
Their output power is ultimately gravitational in origin:
the energy of their emission is believed to be supplied by ac-
creting gas liberating its gravitational binding energy (e.g.
Réf. 1). In particular, X-ray emission from GBHCs in the
high-intensity state generally comprises two components:
soft component represented by a disk blackbody spectrum
(Réf. 2) and a hard component approximated by a power-
law. The power law component is observed from AGNs as
well as GBHCs. The spectral energy-indices (0.5-1.0) and
the energy range (optical to a few hundred keV) of this
component from GBHCs (for energy-indices, e.g., Réf. 3;
for energy range, e.g., Réf. 4) are reported to be in good
agreement with that from AGNs (for energy-indices, e.g.
Réf. 5; for energy range, e.g., Réf. 6, Réf. 7). The ex-
tension of the spectrum up to a few hundred keV implies
that hard X-rays are produced within some optically thin
Comptonization region of hot electrons around the central
black hole (Réf. 8).
The above similarities between the hard, X-ray emission
from GBHCs and that of AGNs imply that it is likely to
come from a region inside the innermost Keplerian circu-
lar orbit (Réf. 9). Since centrifugal force cannot prevent
matter from free-fall any longer in this region, we must con-
sider some other force to convert the gravitational energy
of accreting gas into radiation. Furthermore, hard X-ray
component from GBHCs is highly variable and its varia-
tion time scale is much longer than the dynamical one. We
must therefore explain the mechanism which makes such
long time scales. Motivated to solve these problems, we
study a time-dependent accretion in a black hole magne-
tosphere where the electromagnetic field may exert signif-
icant influence on plasma accretion.

In section 2, we first describe a stationary black hole mag-
netosphere, in which the MHD interaction is so effective
that typically 10% of the fluid's rest-mass energy will be
transported to the magnetic field (Réf. 10). We turn in sec-
tion 3 to the investigation of nonstationary and nonaxisym-
metric perturbation superposed on the stationary and ax-
isymmetric black hole magnetosphere. Adopting the mag-
netically dominated limit that the energy density of the
magnetic field dominates the rest-mass energy density of
plasma particles, we describe the electromagnetic pertur-
bations in section 4. Using this result, we show in section
5 that the fluid energy, angular momentum and poloidal
velocity become highly variable near the fast-magnetosonic
point in the magnetically dominated limit. This is because
the radial variation of the meridional current becomes sig-
nificant and causes large Lorentz force on the fluid. This
result may be responsible for the observed short-term vari-
ations of X-ray emission from GBHCs and/or AGNs; this
will be discussed in the final section.

2. STATIONARYACCRETION
Since the self-gravity of electromagnetic field and plasma
around the black hole is very weak, Ll\e background geom-
etry of the magnetosphere is described by the Kerr metric

, j
da* = a 4Marsin2fl

d? + - - - dtd<j>

(1)

where A = r2 - 2Mr + a2, E = r2 + a2 cos2 B, A= (r~ +
a2)2 — Aa2 sin2 S and a = J/M; M is the mass of a hole.
Throughout this paper we use geometrized units such that
C = G = I.
Under ideal MHD conditions the electric field vanishes in
the fluid rest frame, thus we have F1111U

1* = O, where F1U,
is the electromagnetic field tensor satisfying the Maxwell
equations F^UI/>] = O and If is the fluid four velocity. The
motion of the fluid in the cold limit is governed by the
equations of motion

+ j-(F^Ff
v + V1F^F"') I = O,

4T 4 ].„
(2)

where the semicolon denotes a covariant derivative and M
the rest-mass of a proton. The proper number density
TI obeys the continuity equation (riV).* = O. We will
adopt these basic equations for the description of station-
ary and axisymmetric black hole magnetosphere in this
section, and for the analysis of perturbed state afterwards.
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From the study of stationary and axisymmetric ideal MHD
equations, it is known that there exist four integration con-
stants conserved along each flow line (e.g. Réf. Il; Réf. 12,
13). These conserved quantities are the angular velocity of
a magnetic field line (IV), particle flux per magnetic flux
tube (T;), total energy (E) and total angular momentum
(L). They are defined as follows:

FtT

where the toroidal magnetic field B^ is defined by

F,,.

(3)

(4)

(5)

(6)

(7)

A poloidal flow line is identical with the poloidal magnetic
field line given by 9(r, S) = constant, where * is the <t>-
component of the unperturbed electromagnetic vector po-
tential. The conserved quantities are functions of * only;
the discussion in this paper is valid for arbitrary <&.
We next describe a stationary plasma accretion in a black
hole magnetosphere. In a black hole magnetosphere, there
are two light surfaces. One is called the outer fight surface
formed by centrifugal force in the same manner as in pulsar
models. The other is called the inner light surface formed
by the gravity of the hole. In a region between the horizon
and the inner light surface plasma must stream inwards,
while in a region beyond the outer light surface it must
stream outwards. The plasma source where both flows
start with low poloidal velocity will be located between
these two light surfaces (Réf. 14); the injection region (r =
TI) of the accretion may be a pair creation zone above the
disk, or the disk surface. Along magnetic field lines plasma
inflows pass through the Alfyen point, the light surface,
and the fast magnetosonic point (r = Tp) successively, and
at last reach the event horizon (r = Tg) (Réf. 15; e.g. Réf.
16). Such situation is illustrated in figure 1. From now
on, we will use the subscript I and H to indicate that
the quantities are to be evaluated at T = TI and T = TJJ,
respectively.

3. PERTURBIiD MAGNETOSPHERES

We next consider a small-amplitude non-axisymmetric per-
turbation superposed on the unperturbed state discussed
in the last section. We will adopt the short wave length
limit hi which the characteristic scale of radial and merid-
ional variations are taken to be much shorter than any
characteristic radial and meridional scale in the unper-
turbed state, respectively. In the frame of this approx-
imation, neither the acceleration due to gravity nor the
curvature of the unperturbed magnetic field will be taken
into account, because all covariant derivatives can be re-
placed by normal derivatives and all the derivatives of un-
perturbed magnetic field will not contribute. In this limit,
every perturbed quantity is proportional ' 1 1

+ kaS)\.

Disk

E q u a t o r i a l p l ane
Fig. 1. Schematic figure of a stationary and axisymmetric
black hole magnetosphere. The accretion starts from the
disk surface or the pair creation zone above it. I, A, and F
correspond to the injection, Alfvén, and fast-magnetosonic
points, respectively. Some portion of the fluid's kinetic
energy may be converted into X-ray emissions.

We will write unperturbed qualities by capital letters; Uf,
£**, and B? denote the /i component of the unperturbed
fluid velocity, electric, and magnetic field, respectively. Fur-
thermore, let «M, e**, and b* be the /i component of the per-
turbed fluid velocity, electric, and magnetic field, respec-
tively. Then, for example, the actual /i component of the
fluid velocity field as a result of the disturbance becomes
(V + u')g? +(Vs + u9)9$ + (U* + u*)g$ + (U' + u')gf. In
addition, we introduce the wave numbers projected along
and perpendicular to the unperturbed flow fine; the are
defined as

(9)

where the poloidal velocity Up is defined as f/p
2 = -gr,(U' )2

-3«9(«
9)2.

Solving the perturbation equations, we obtain the disper-
sion relation and relations between the perturbed quanti-
ties. From the former, we obtain 2 modes of MHD wave:
the Alfvén and the fast-magnetosonic modes. Since we
wish to examine MHD accretion near the fast-magnetosonk
point located close the the horizon in the magnetically
dominated limit, we shall henceforth focus our attention
on the fait-magnetosonic mode in this paper. The disper-
sion relation for the fast-raagnetosonic mode is given by

(10)

which is identical with that obtained by Lichnerowicz (Réf.
17). He derived it by studying the Cauchy problem for
the relativistic MHD of which main system is defined by
the Einstein equations. His covariant formalism is refined
to determine the characteristics of relativistic MHD; how-
ever, it is not convenient to determine relative amplitude
between perturbed quantities. We consider relative ampli-
tude of perturbed quantities afterwards.
Analyzing relations between perturbed quantities, we can
conclude that all components of the electromagnetic and
fluid field are perturbed comparably (i) in the sub-fast-
magnetosonic region and (U) at the fast-magnetosonic point
and in the snper-fast-magnetosonic region except very close
to the horizon provided that the magnetically dominated
limit breaks down ([TF - TJJ] /T
Problems arise then, t what will the relations between per-
turbed quantities will become near the horizon; • in partic-
ular, what will they become at T = TF in the magnetically
dominated limit which gives (TF - TH)/TH <g 1. To study
these problems, in the next section, we first consider the
perturbations of electromagnetic field near the horizon in
the magnetically dominated limit. Accordingly, in section
5, we show that the fluid quantities (u', ut and u+) are
perturbed significantly in amplitude compared with the
electromagnetic field near the fast-magnetosonic point.
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4. ELECTROMAGNETIC FIELD NExVR THE HORIZON

Next analyze (10) in the somewhat extended region near
the fast-magnetosonic point (A ta Ap). In this region,
(lfkp)2 becomes comparable with UpH3I? ^IM and as a
consequence, the ingoing wave propagates in the different
manner as the outgoing one does. This can be clearly seen
if we expand these two terms in A and Ap. The result is

. -A 1

(ingoing wave)

(outgoing wave),

where UH = a/(2Mrn) is the angular frequency of the
hole's rotation, and fc,. = [A/(r2 + a2)]tr is the radial
wave number in the tortoise coordinate. In this coordinate,
we can easily express that the characteristic scale of radial
variations are much shorter than that of the gravitational
field (I MAr,. |» 1), because the interval (TU, oo) in the T-
coordinate is stretched to (—00, oo) in r.. At very close to
the horizon (A < Aj?), we can see from (11) that both the
two waves propagate in the same way asw—mwH+A:,. = O.

At the fast-magitetosonic point (A = Ap ), the ingoing
wave propagates in the same way as it does at the hori-
zon. The outgoing wave, on the other hand, stagnates
there. That is, between the fast-magnetosonic point and
the horizon, the propagation changes little for the ingoing
wave, while it changes abruptly for the outgoing one. We
can also see from (11) that the outgoing wave propagates
outwards (or inwards) in the comoving frame in the snb-
(or super-) fast-magnetosonic region.

Setting Ap = O, which leads to a force-free magnetosphere,
we have w — TTIWH ~ Ar,. for the outgoing wave. Thus the
dispersion relation very close to the horizon (A —» O) for
the outgoing wave is different between the finite Ap(<g
M2) case and the exact zero Ap one. That is, the wave
propagation near the horizon in the magnetically domi-
nated limit is qualitatively different from that in the force-
free limit. The inertia of diluted fluid becomes essential
near the horizon.
Let us now consider the boundary condition imposed on
the electromagnetic field at the horizon. We must use ir

and er as perturbed electromagnetic field, because the for-
mers do not contain any divergent factors due to geometri-
cal effects. Substituting (u - man + *,.)/Arj. = OlA/M2)
in the relations between electromagnetic field and taking
the limit A —» O, we obtain (Réf. 18)

eg = F1* = br = », = O, (12)

in order that the electromagnetic field may be regular at
the horizon. Here, the caret (") ensures that the quantities
have their physical dimensions. At the horizon, the elec-
tric field fluctuate radially, while the magnetic field does
meridionally.

Before we leave the discussion over the boundary condition
at the horizon, we wish to mention the case when the mag-
netically dominated limit breaks down. Even if this limit
breaks down, dispersion relation for both the Alfven and
the fast-magnetosonic modes leads to u — mua + Ar,, = O
at T = TH, Thus we obtain the same boundary condition
as (12): it is the boundary condition which is valid for both
the Auvén and the fast-magnetosonic modes irrespectively
whether the magnetically dominated limit holds or not.

Let as next study electromagnetic perturbations in the
somewhat extended region near the fast-magnetosonic point
(1 11/ E |« (T - TH)I(TF - TH) and (T - TB)/TH <\
In this region, the dispersion relation derived from (11) is
qualitatively different from that at the horizon and that in
the snb-fast-magnetosonic region.

Substituting the dispersion relation derived from (11) in
this region, we obtain (Réf. 18)

IM>KI, l&9~|,K-Uir|>l^l (13)

at r = TP in order of magnitude whether Tn = O or not.

(Though we have u = Q for m = O at r = Tp from
11], the inequality in [13] holds.) That is, the toroidal

magnetic field i>^ dominates or becomes comparable with
other components of the electromagnetic field in the some-
what extended region near r = rp for the outgoing fast-
magnetosonic wave. This is the most important result of
the analysis of the electromagnetic perturbations. We will
use this result to the discussion on the fluid quantities in
the next section.

5. HIGHLY VARIABLE ACCRETION

Let us study how the variations of fluid's poloidal veloc-
ity (itr,u9), energy (ut) and angular momentum (—u^) are
related to the perturbations of electromagnetic field de-
scribed in the last section for the fast-magnetosonic mode.
In the vicinity of the horizon including the fast-magneto-
sonic point, we have from the equation of motion (Réf. 18)

ur (2MrH)2 sin2 8(UH - flp)
U'~~ (l-aSlF sir.2 0,2 W2 A

(u - mug + Ar,.) ,

where the nondimensional factor W is of order of unity
and W = 1 for radial field lines. Note that Ur, u', B*
and 6^ are well-behaved and finite at the horizon. In
the somewhat extended region near T = Tp, we find that
the ratio (u — mug + Ar,»)/Ar,. is of order of unity and
does not become small for the outgoing wave. As a con-
sequence, the radial velocity has much larger amplitude
compared with the electromagnetic field by the factor of
(A/M2)-1 » (Ap/M2)"1 »| Elii I, because it is shown
in (13) that b$ belongs to the group of the most vari-
able components among the electromagnetic field. (The
boundary condition b* = O holds only just at the hori-
zon.) The reason is that the Lorentz force exerts large
radial acceleration on the fluid. The perturbed meridional
current (1/4U-)J4^d)Ar,, contains the term — (l/4x)k,bj =
-(l/47r)[(r2 + a2)/A]A:,.6^, where the subscript (1) indi-
cates perturbed quantities; the amplitude of the perturbed
meridional current (Jf) becomes large compared with those
of electromagnetic field owing to the A""1 factor. Thus the
jf x Bf force causes large radial acceleration.

Fluid's energy (a«) and angular momentum (—u+) has the
same amplitude in order of magnitude as u' does. Taking
the limit r —> TU, we have

.-fipv

1
2Mi — Jî («T)H, (16)

respectively. Thus the fluid's energy and angular momen-
tum are also highly variable compared with the electromag-
netic field in the somewhat extended region near r = rp
for the outgoing fast-magnetosonic wave.

In contrast to UT , fluid's meridional velocity v? is not very
variable. This could be clearly seen if we write down the
relation between u' and vf obtained from the trans-field
equation. The result is
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(2mrH)3 aina

Therefore, we have | u* | ~ | M/E I * I «' I owing to the
A » AF a I IiI E \ factor in the numerator. That is, the
poloidal velocity is perturbed only in the radial direction in
the somewhat extended region near r = TF for the outgoing
fast-magnetosonic wave.
At the close vicinity of the horizon (r - TH) j '(TF - Tg) <
j n I E I, on the other hand, the radial Lorentz force (1/4T)
F"Frf(\)k^ becomes negligible, because we have

(u> - rnu.» + M

(18)

and w — muH + k,m a (A/M2)fc,« in order of magnitude.
Since 4^ = O holds there, we obtain F"F^(i)AM = O and
heace u* = O from the equation of motion, or equivalently
from (14). The same conclusion (ur = O) is derived for the
ingoing fast-magnetosonic wave and the Alfven wave, be-
cause they propagate in the same way as u - muy + k,t w
(A/M2)^. and because we have (12) for these waves.
Therefore, ur = O must be held just at the horizon for
both the fast-magnetosonic and the Alfvén modes.
In summary, the inertia of fluid becomes very important
near the horizon, because the dispersion relation for finite
It/E is different from that for exact zero /J/E which corre-
sponds to the force-free limit. We can determine the rela-
tive amplitude of perturbed quantities by the dispersion re-
lation and found that the perturbed meridional current (if)
becomes large compared with vary small-amplitude pertur-
bations in the magnetic field near the fast-magnetosonic
point in the magnetically dominated limit. As a conse-
quence, jt x B$ force exerts large radial acceleration on
the fluid and makes it become highly variable there, even
if the fluctuations in the magnetic field is very small. That
is, a lot of perturbation energy is supplied from the mag-
netic field to the plasma accretion. However, the fluid is
not perturbed at all at the horizon because of the regular-
ity condition there.

6. Discussion
Let us first consider the variation time scale. The outgoing
fast-magnetosonic wave stagnates at the fast-magnetosonic
point and its frequency there becomes comparable with
that of the hole's rotation, because (11) gives w a mua-
In particular for the axisymmetric (m = O) mode, we have
u fs O, that is, the variation occurs very slowly with the
time scale much longer than the dynamical one in the mag-
netically dominated limit (| IJL JE |<C 1). If some part of the
kinetic energy of the infalluig plasma is changed into radi-
ation by some mechanisms, which will be discussed later in
this section, then the X-ray emission from this region will
be also expected to vary with the time scale 1/w. Thus
the time variability of X-ray luminosity may show a char-
acteristic time scale much longer than the dynanr-al one.
This may be a reason why we observe such varî -.̂ j of
X-ray luminosity from GBHCs and/or AGNs.
In addition to the desired long time scale of 1/w, there is
another merit to consider the m — 0 mode; there exists no
cancellation effect which causes the variation to be difficult
to observe. As a consequence, we may expect that the time
variation with low frequency (u us O) is so strong compared
with other (m > 1) modes as to be observed.
The results in this paper are applicable for the Schwarz-
schild case (a = O). However, we must require Uj? / O
in this case, unless we have E = O (Réf. 19; Réf. 15)
which violates the assumption | E/p. |> 1. For very slowly

rotating holes, we have u fs O for arbitrary m, we can
therefore expect highly variable plasma accretion with very
long time scale around a Schwarzschild hole.
Finally, let us discuss briefly the possibility of emission
around the hole. Since we did not take the effect of any
dissipative processes into account, the results derived in
this paper are not directly applicable for the interpreta-
tion of X-ray emmision observed from AGNs or GBHCs.
To connect the results with observation, we must further
consider the mechanisms which convert fluid's kenetic en-
ergy into radiation. Synchrotron emission is estimated to
be very small. In the region where the fluid is fully time-
dependent, its thermal energy may become comparable to
the kinetic one; radiation due to free-free emission is ex-
pected (e.g., Réf. 20 and references therein). It is therefore
important to consider whether dissipative processes work
effectively or not.
It is shown in this paper that a large meridional current
is produced near the fast-magnetosonic point. We assume
that the MHD flow to be ideal so that no Joule dissipa-
tion is expected in the frame of this paper. Nevertheless,
conductivity <r must take a finite value in a realistic mag-
netosphere and the Joule dissipation is likely to be consid-
erable. As a consequence, the plasma may be heated up
and produce hard X-rays. To calculate X-ray emission, we
must evaluate the temperature of the plasma. For this pur-
pose, we must solve fully time-dependent MHD accretion
with finite a. It needs future consideration.
The authors would like to thank Dr. Hanawa for help-
ful suggestions. This work is partially supported by the
Grant-in-Aid for Scientific Research from the Ministry of
Education, Science and Culture (04640268).
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ACCRETION OF A HOT PLASMA ONTO
THE CENTRAL BLACK HOLE:

FOKKER-PLANCK FORMULATION
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ABSTRACT

We report on a preliminary study the accretion pro-
cess of a hot plasma onto a central black hole. We
consider the steady-state distribution and consump-
tion rate of pat -'es orbiting a Schwarzschild hole
assuming the sph, û symmetry. We take account
of only ion-ion Coulomb scattering and neglect ef-
fects of electrons except that they assure the charge
neutrality. We assume that diffusion approximation
can be adopted. Under these assumptions, we formu-
late relativistic Fokker-Planck equation in a general
form F.nd derive the Fokker-Planck coefficients which
are related to the velocity diffusion coefficients mea-
sured by observer in local Lorentz frame.

Keywords: black hole, relativistic kinetic equation,
accretion, hot plasma

1 INTRODUCTION

Accretion onto a central hole is believed to be a
reasonable model of active galactic nuclei and black
hole candidates to explain the powerful radiative flux
emerging from a very small volume. If a particle falls
into the hole from the innermost stable circular or-
bit, the released energy is estimated as 0.0572 and
0.4235mc2 for Schwarzschild and extreme Kerr black
hole, respectively (mrrest mass of a particle, c:light
velocity)(Ref.l). This estimation is appropriate only
for a cold disk. However, it is quite probable that
the accreting matter becomes hot and that, the par-
ticle orbit is non-circular in the vicinity of the central
hole. The particles interact, each other, change their
momentum and energy by binary Coulomb scatter-
ing and their orbits are also changed. Such processes
may play an important role in the formation of jets or
extraction of rotation energy of the black hole. The
distribution function of infalling particles into the
hole and the released energy are an open problem at
present. In this paper, for the first step, we formu-

late Fokker-Planck equation which treat accretion of
a hot plasma onto the central hole taking account
for interaction between particles. One of the ob-
jectives is to determine the steady-state distribution
and consumption rate of particles orbiting a hole.
We adopt the relativistic kinetic theory derived by
Kandrup(Refs.2-4). Section 2 presents basic assump-
tions and focuses upon the derivation of relativistic
Fokker-Planck equations appropriate for weak and
short range interaction between particles. Section 3
discusses the direction of future research. In this pa-
per we employ geometrized units(G = c = 1) and
M = I (M: mass of a black hole).

2 MODEL

2.1 Assumptions

We make the following assumptions for accreting
particles to which we apply the kinetic theory. The
assumptions are as follows:

(1) The distribution of particles is spherically sym-
metric.

(2) The background geometry is described by the
Schwarzschild metric, and selfgravitation is ne-
glected.

(3) The interaction between particles is described
by ion-ion binary Coulomb scattering and ef-
fects of electrons are neglected except that they
assure the charge neutrality of plasma.

(4) Diffusion approximation can be adopted.

Under these assumptions, we derive a relativistic
Fokker-Planck equation for accreting particles.

2.2 Relativistic Fokkcr-Plauck equation for
accreting particles

When we ignore the effects of electrons on interac-
tions between particles, the evolution of the system

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in ToM. Japan,
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368

is described by a kinetic equation for ions. Many
authors have extensively studied about relativistic
kinetic theory (Rcfs.2-7). Here, we adopt the for-
malism of general relativistic kinetic theory derived
by Kandrup(Refs.2-4). Kandrup formulated a rel-
ativistic Fofcfcer-Planck equation in a general form,
which is appropriate for a collection of N identical
particles, evolving in some fixed background space-
time. The most important assumption in his formal-
ism is that. the. system is evolved via experiencing
elastic binary collisions and these collisions may be
modeled as instantaneous pointlike events, charac-
terized by a transition probability. In other words,
he supposed that these interactions are sufficiently
short range, or very weak. In this case, we may use
analysis of a one-particle distribution function as a
reasonable first approximation to the exact solution,
which is frequently adopted for an analysis of colli-
sionless systems.

Following Kandrup, we define a distribution func-
tion as a number density in the phase space, charac-
terized by the cotangent bundle over the spacetime
manifold. The eight-dimensional phase space volume
element takes the form

= cFVdr. (1)

Here d"V stands for «-dimensional volume element.
pa,dffa,- and ?TJ denote a four-momentum, an ele-
ment of spacelike hypersurface. the proper time and
the particle's mass. Because of the mass shell con-
straint in2 = -pnp", only three of the four momen-
tum components are independent and dui is a three-
dimensional momentum space element, on the mass
shell.

The distribution function f(xa,pa) is defined as

DN(x",pa)

= f(xa,pa)d~V
= f(xa,pa)6[m - T/-pa (2)

Here DN(x".pa) denotes the number of particles
with mass TTI passing through the element dera with
momentum p" in the element, da at proper time T.
Under the mass shell constraint. / is rewritten by
/, a function of seven independent variables. In-
troducing the transition probability, the relativistic
Chapman- Kolmogorov equation is given by

DA'(j.-° -f p"Ar/ni. p,, + /V11Ar)

= J (-U

where Kn = ^- F^pJ- Here, <5pu stands for the ran-
dom increment, in pa induced by the inter particle
forces and \ is the probability that a particle located
at. the phase space point (a;",/),,) experiences a ran-
dom increment Spn in the time interval Ar. VVe ex-
pand the left, hand side of Eq.(3) about DN(r",p,,)
to first order in Ar and the right hand side, to second
order in 6p,,. Using the normalization of probability
\

(4)

we derive the relativistic Fokker-Planck equation
which takes the form

Df (if',Pa)
dT

(5)

where

Ar

On the analogy of stellar dynamics (Ref.8), we regard
that / is a function of two isolated integrals E and L,
here E and L are energy and angular momentum per
unit, mass, respectively. Following Kandrup (Rcf.9),
we take orbital averages of Eq.(5),

l*L°L
J ur dr

(3)

where

(f>PE) =

Here, fy, K and 6rL are defined as the changes of
K and L during one orbital period. The quantities
(1>K)T and (f>L)T represent the mean value of t>K and
/>/- per unit time. (6pE) and (f>,, L) stand for the
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mean values of S1, E and 6PL averaged over many or-
bits, with a similar definition for ((6fE)-), ((6PL)-)
and (SpESpL).

We rewrite these Fokker-Planck coefficients in
terms of quantities measured by an observer in the
local Lorentz frame.

E and L are rewritten as

(7)

(8)

9» J «'

££>Y/2^
ffti/ «'

flu

Here iif'J are the components of the three-velocity
measured in the local Lorentz frame. Using Eqs.(7)
and (8), the Fokker-Planck coefficients are described

(6E)T = V=^

((6Ef )T = -

(9)

(10)

E(S LN)

(12)

where

(15)

Here (Av^), ((A«||)3) and ((A«x)2) are the velocity
diffusion coefficients. The symbols || and J. stand
for the directions parallel and perpendicular to ii, re-
spectively. VVe assume that related velocity diffusion
coefficients are given by the Newtonian value. The
velocity diffusion coefficients are calculated by giv-
ing the distribution of field particles and the Fokker-
Planck coefficients are then determined (Ref.8). To
be self-consistent, the distribution of field particles
should be also described by f ( E , L). We solve Eq. (6)
for the steady-state distribution function f(E, L)
(•§£ = O) by the following procedure. We give a
certain initial distribution function of field particles,
from which we compute the velocity diffusion coeffi-
cients and the Fokker-Planck coefficients. For these
coefficients, we solve f ( E , L ) which is then used as
a new field-particle distribution to compute a new
Fokker-Planck coefficients. This procedure is iter-
ated until a converging solution is obtained. The
numerical code is now being developed.

2.3 Boundary Conditions

As mentioned in section 1, the objective of our work
is to investigate the steady state distribution of a
hot plasma, around a hole. To solve the Fokker-
Planck equation derived in subsection 2.2, we set four
boundary conditions in E-L-space as shown in Fig.l.
Though each particle travels in various orbits deter-
mined by E and L, we pay attention to particles
in bound orbits arounc a hole. For Schwarzschild
geometry, bound parti M- 5 have energy in the re-
gion, ^8/9 < E < i and angular momentum,
Jmin(E) < L< Jmax(E) for each E. Jmir,(E) corre-
sponds to a particle which travels in the marginally
impinging orbit and particles with L < JrnJn(E) fall
into the hole. Jmaj-(E) corresponds to a particle
which has Keplerian circular orbit and no particles
with L > Jmaj:(E) exist. Jmin(E) and Jmax(E) are
given as follows, respectively.

(16)

(6LN) = (A1,,,) + ( (14)
Under the abo • constraint, hound particle is subject
to the following boundary conditions:

(1

In
si
ti
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(1) The distribution function /(E, L) = O at L =

(2) The distribution function f(E, L) = O at E= I .

(3) Flux of particles in the direction perpendicular
to Jmtti(E) equal to zero, that is, U-Vf(E, L) =
O. Here n is normal vector to Jmax(E).

In addition to the above boundary conditions, we
should give an appropriate condition on incident par-
ticles at L = Lmai • - - '. _______ _ _. .. _ '

E
me2

1

Mm

Fig.l The boundary conditions in E-L-space

hole. It is one of interesting problems how rotation
of a hole affects on a surrounding hot plasma.
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3 CONCLUDING REMARKS

In this paper, we have formulated the Pokfcer-PIanck
equation for a hot plasma around a massive black
hole with the boundary conditions to solve it numer-
ically. We formulated the Fokker-Planck coefficients
for the particles under assumption of spherical sym-
metry. Numerical calculations is now under way. In
future, we will study more realistic problems. For
example, in order to treat an accretion disk, it is
necessary to improve these coefficients for the case of
axisymmetric systems. Although we ignored effect of
electrons on interaction between particles, this must
be taken into account to know behavior of a plasma
in realistic situations. When a hole rapidly rotates,
particle orbits can be located still more close to a
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ABSTRACT

The evolution of the interstellar superbubbles aiising from
sequential supernova explosions or winds from OB associa-
tions in the galactic disk is studied numericaily, using a two-
dimensional magnetohydrodynamics (MHD) code. We find
that in the presence of horizontal magnetic fields of strength
comparable to that in the galactic disk, 5 ~ 5 /iG, the
vertical expansion of the superbubbles (the contact surface)
can, under some conditions, be significantly inhibited by the
effect of a decelerating J x B force. At the same time,
the outermost effect of the disturbance actually propagates
somewhat faster than in non-magnetic cases, as an MHD fast
shock or nonlinear wave. The implications of our results for
the galactic fountain are briefly discussed.

Keywords: interstellar matter, magnetic fields, magnetohy-
drodynamics, galactic fountain

1. Introduction

It is now believed that some of the observed large-scale ex-
panding superstructures of interstellar matter, called super-
bubbles, are formed by multiple supernovae and winds from
OB associations (see Réf. 1 for a review). Superbubbles are
filled with hot (~ 2 x 1O6K) coronal plasmas emitting soft X-
rays, and surrounded by dense cold shells, called supershells,
emitting the H I 21 cm line (Réf. 2). Their sizes range from
300 pc to 1 kpc, and the total energies required to explain
them are estimated to range from 5 xlû51 to 1054 erg (Réf.
1). As such, they are too energetic to be explained by one
single supernova explosion (E ~ 1051 erg).

Superbubbles are thought to play a rôle in supplying hot
plasma (including both mass and energy) to the galactic
halo when they blow oui of the disk into the halo. Although
there have been several studies of the dynamical evolution
of superbubbles (Refs. 3-5), the effect of magnetic fields
is not fully understood yet. Recent observations, however,
suggest the presence of large scale (mainly horizontal) mag-
netic fields with average field strength B ~ 3 — 8 /jG in the
disks of many spiral galaxies (see e.g., Réf. 6). On aver-
age, therefore, the magnetic pressure is comparable to the
thermal gas pressure in the interstellar medium and may
even dominate in some regions (Réf. 7). The evolution of
superbubbles may therefore be influenced by the magnetic
field (Refs. 8-10). We examine in this paper the effects of

such horizontal magnetic fields on the evolution of superbub-
bles, using two-dimensional magnetohydrodynamic (MHD)
numerical simulations.

Ï. PHYSICAL ASSUMPTIONS

Our calculations are limited to two-dimensional (2D). As
such, in order to describe an explosion in the galactic disk,
with horizontal magnetic field along the local azimuthal (O)
direction in galactocentric (r, 8 , z ) cylindrical coordinates,
we adopted Cartesian (x, y, s) coordinates where î = ff and
y = — r for some fixed value of 8. In that case, B = BOX is
locally tangential in the disk geometry.

We make the following assumptions in this paper: (1) the
medium is an ideal gas with ratio of specific heat 7 = 5/3,
(2) the magnetic field is frozen into the gas, (3) the gravita-
tional acceleration is either constant or proportional to z >
O, (4) we ignore galactic differential rotation, (5) only two-
dimensional motions are allowed, and (6) we ignore radiative
cooling and thermal conduction.

We consider a gas layer which is initially uniform in the a:
direction. For the initial vertical density and temperature
distributions, we first prescribe the temperature distribu-
tion, in which the temperature smoothly changes from the
disk Tdisk = 104 K, to the halo T1nJ0 = 106 K. The density
profile is then obtained by the magneto-hydrostatic balance
equation, and so within the disk, the density has an exponen-
tial profile with the scale height HQ = 100 pc, and abruptly
decreases by a factor ~ 100 beyond the disk-halo interface.
We assume constant plasma Ji — Pgas/Pmag-

We assume successive mass and energy injection by sequen-
tial supernova explosions. The mass and energy input per
explosion are AfeXp = 10 Af© and Eexf = 1C51 erS> and the
time interval between injection is iexp = 3.0 x 105 yr. This
yields a mechanical luminosity Lexp — 1038 erg s"1.

Basic MHD equations are solved numerically by using a mod-
ified Lax-Wendroff scheme. The total number of mesh points
is (JV,; x JVZ) = (241 x 361). The total area is (Xn^x X Zmax)
= (600 pc x 900 pc). We assume symmetry with respect to
reflection about z = O and 2 = 0, and free boundaries for
x = Xmax and z = Zmsx. For details, see Réf. 11.

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in JoM, Japan,
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rem. However, it is known that antidynamo theorems forbid
the generation of axisymmetric fields by axisymmetric flows
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Fig. lab: Evolution of superbubbles in the non-magnetized medium (Fig. la; upper) and in the
magnetized médius with / J = I (Fig. Ib; lower). Contours of density are indicated in the left panels
by thick lines with logarithmic spacing of 0.5 dex from p = 10~58 — 10~24 g cm~3. Grey zones in the
left panels indicate the positions of the forward shock front (outer ring) and the contact discontinuity
(inner rings). The velocity vectors are illustrated in the right panels by arrows with the norm vector
(corresponding to the velocity of 120 km s"1) in the corner. The magnetic field lines are also displaypd
in Fig. Ib by solid lines in the right panel. Elapsed times are 4.8 (Myr: 1 Myr = 10d yr) for both
figures.
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3. EVOLUTION C)F MAGNETIC SUPERBUBBLES

Results for the density contours, the magnetic field lines,
and th? velocity vectors are displayed in Fig. Ia (upper)
and Ib (lower), for the nonmagnetized model (HO; 1//3 =
O), and for the magnetized model (Hl; P = 1), respectively.
The fact of constant ft means that both, the sound speed and
the Alfvén speed are high in the hot halo. As a result, the
shock weakens upon entering the halo to become a nonlinear
magnetoacoustic wave. Magnetic field lines are displayed in
the right panel for model Hl. To have the same scale-height,
the strength of gravity is taken twice as much as that in the
nonmagnetic case.

We note here two main differences from the non-magnetized
model: acceleration of the wave (or shock) front and broad-
ening and deceleration of the contact surface. In Figure 2
we plot the positions of the wave front (WF) and of the con-
tact discontinuités (CD) for models HO, Hl, and H2 (where
i3 = 0.5 everywhere initially). According to Fig. 2, even
though the magnetic field causes the disturbance to prop-
agate faster in the : direction than without the field, the
contact discontinuity, which bounds most of the mass and
thermal energy from the SN shock-heating of disk gas, is
significantly decelerated in the magnetized case.

The acceleration of the shock can be explained as follows.
Let the density jump be D = pz/pi, the (gas) pressure jump
be P = P2/P1, let /3j be the preshock value of /3, and let M^1

be the isothermal Macii number of the shock relative to the
preshock isothermal sound speed [i.e. Mp1 = uj/(pi/pi)]. A
comparison of the pressure profiles suggests that the quan-

I j- ' ' '...-I ' ' ' ' I
..-" WFW-1.0)

Fig. 2: Evolution law for the heights of the wave fronts
(solid lines) and the contact discontinuities (dashed lines).

tity which remains roughly the same for the two superbub-
ble simulations, with and without a magnetic field, is not
P(Pl + B%/8Tr)/pi = P + (D2IPi). Suppose now that the
same total explosion energy in the magnetized and nonmag-
netized superbubbles at some epoch is shared amongst the
kinetic, thermal, and magnetic energies within the same vol-
ume enclosed by the forward shocks in each case. If so, then
the reduced postshock velocity mentioned above implies that
Ptot,2/Pl must actually be a little higher for the magnetized
case. Since ACj1 j increases with increasing pi0t,2/Pi i 'his ex-
plains the numerical result that the forward shock travels
upward faster when
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Fig. 3ab: Mass and energy upflow [through the (x,y) plane] as functions of z for models HO (Fig.
3a; left) and Hl (Fig. 3b; right), respectively. The upper panel of each figure displays M, the middle
panel represents E, and the lower panel depicts the fraction of thermal energy (E1^), kinetic energy
(Ekin)> and magnetic energy (.Enmg). Elapsed times are 2.1, 3.0, 3.9, and 4.8 Myr for both cases.
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where A = n'r0/2, fi' is the radial derivative of the rotation
frequency fi, and r0 is the corotation radius with r =

Y/n 1.6
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The broadening and the deceleration of the contact disconti-
nuity observed in our numerical results is explained in terms
of the magnetic pressure, or J x B force. As the shock
wave propagates, the magnetic field is also swept up by the
expanding plasma following the shock front, thus forming a
"void" of very weak magnetic fields (a diamagnetic bubble)
in the center, and a region of higher magnetic Held strength
in the contact surface, where the strong magnetic pressure
and tension tend to pull ejected mass back (Réf. 9). We find
Pgas ~ Praag in the cold dense shell.

We note that, according to Fig. 2, the shock front is accel-
erating in the z-direction for both the nonmagnetized and
magnetized cases throughout the simulations. This means
that the pressure of the gas outside the shock is negligible,
relative to the postshock pressure even after the shock trav-
els several hundred parsee, so we expect the shocks blow-out
in both cases. Howevor, the blow-out of thermal energy and
mass contact discontinuities are significantly inhibited by the
magnetic field.

To see how mass and energy are carried upward, we illustrate
mass flow rates, energy flow rates, and the energy fraction as
functions of z in Fig. 3a and 3b, respectively. We note that
upward flow of mass and energy is significantly suppressed
in magnetized model (see Fig. 3b), but still not a negligible
fraction of mass and energy leaks from the magnetized hot
bubble and goes upward. Moreover, the bottom panels in-
dicate that the presence of magnetic fields causes significant
reduction in kinetic energy, and the remaining fraction of
input energy is converted and stored in the magnetic fields
without going out of galactic disk-halo region.

We finally note that in the absence of a magnetic field, the
gas in the dense shell would cool radiatively in a time short
compared to the overall flow time, leading to a further in-
crease of the density in the shell. In the case with a mag-
netic field, however, this radiative cooling cannot result in
such isobaric compression of the gas in the shell, since the
magnetic field strength in the shell is already large enough
to make magnetic pressure dominate over gas pressure there.

4. APPLICATIONS TO GALACTIC FOUNTAINS

In the galactic fountain model (Réf. 12), gas in the galac-
tic disk which is heated by successive supernova remnant
shocks escapes as hot gas into the halo where it cools radia-
tively, until cooler, denser clouds form by thermal instability.
These clouds eventually lose buoyancy and fall ballistically
back toward the galactic plane, possibly explaining the high
velocity clouds seen in 21 cm emission.

Of particular interest to us here is the effect of a localized
sequence of supernova explosions. In addition to the pos-
sibility that such "clustered" supernovae might explain the
observations of supershells and superbubbles, they are also a
potential source of the supernova-remnant-shock heated gas
which escapes into the halo in the galactic fountain model if
the overlapping explosions "blow out" of the disk. The MHD

simulations we have presented here suggest that such over-
lapping explosions which are able to "blow out" of the disk
in the absence of a magnetic field can be significantly inhib-
ited by the presence of a horizontal magnetic field in the disk
and halo of strength comparable to or greater than the av-
erage field strength observed in the galactic disk (B £SftG).
Moreover, although the outer disturbance caused by the se-
quential supernovae actually propagates into the halo as an
MHD shock or nonlinear wave faster in the magnetized case,
the halo gas thus heated by this disturbance is generally
heated only weakly (i.e. to less than 105 K).

In short, such a magnetized superbubble may be better as
an explanation of superbubbles and supershells than as a
"vent" or "chimney" as in the galactic fountain model. This
suggests that, if the galactic fountain model is correct in
assuming that supernova-heated gas in the disk escapes into
the halo, then either: (1) the disk magnetic field has a scale
height which is smaller than that of the gas pressure, (2)
Superbubbles which blow out into the halo do so in regions of
below average field strength or of vertical field line geometry,
(3) Some superbubbles occur which are well in excess of the
condition for marginal blow out viiihoui a magnetic field, or
(4) The shock heating and upward flow of gas in the halo
implied by the galactic fountain model depends upon the
occurrence of supernovae significantly above or below the
galactic plane.

Numerical computations were performed by the Cray Y-MP
at the University of Texas System Center for High Perfor-
mance Computing. This work was supported in part by the
Robert A. Welch Foundation grant F-1115, and US Depart-
ment of Energy DE-FG05-80 ET 53088.
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GENERATION AND MAINTENANCE OF BISYMMETRIC SPIRAL MAGNETIC
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ABSTRACT

A galactic dynamo is introduced into a rotating gaseous disk
of thin but finite thickness, resembling a galactic disk in dif-
ferential rotation. We apply the "tightly-twisted" approxi-
mation for the field lines and reproduce the globally bisym-
metric spiral (BSS) magnetic fields which propagate over
the disk as a wave without being twisted more tightly. A
poloidal field configuration is also theoretically predicted in
the halo around the disk, and is observed in the edge-on
galaxy NGC4631 (Réf. 1). Mathematical methods for the
galactic dynamo, applied by Sawa and Fujimoto (Réf. 2) and
by Baryshnikova et al. (Réf. 3), are shown to be equivalent,
although the latter is more convenient for giving the different
growth rates between the BSS and the axisymmetric spiral
(ASS) magnetic fields in the disk. Magnetohydrodynami-
cal excitation is briefly discussed between the BSS magnetic
fields and the two-armed spiral (BSS) density waves.

Keywords: magnetic field, spiral galaxy, dynamo theory

the field lines are distributed in a BSS manner, the passive
magnetic lines offeree frozen into the galactic disk must be,
for example, wound up more than hundred times in 1010 yr
between 2 and 10 kpc distance from the center of the Galaxy.
The field lines must be observed to change their direction ev-
ery 10 pc along the radius of the Galaxy. This is the same
dilemma as that of the spiral arms which tantalized us some
three decades ago, and from which difficulty, however, the
successful density wave theory originated.

The present paper introduces into a thin but finite disk
of gas the turbulent diffusion and dynamo action of mag-
netic fields, and reproduces the global BSS magnetic fields
which propagate over the large area of the disk without be-
ing twisted tightly. The results will be displayed so that
they are compared directly with the observed distribution of
magnetic lines of force in the disk and halo of spiral galax-
ies. Mathematical treatment for the dynamo action is also
briefly touched upon in relation to that applied later by other
investigators.

1. INTRODUCTION

A series of observations and analyses have been made of the
Faraday rotation of linearly polarized radio emission from
more than a dozen of spiral galaxies. Some of them revealed
large-scale double spiral or bisymmetrical spiral (BSS) mag-
netic fields, and others showed large-scale axisymmetric spi-
ral (ASS) and ring-like fields. The spiral galaxy M51 was one
of the first galaxies for which the overall distribution of the
planes of linear polarization has been obtained at A=6 cm
and 21 cm (Réf. 4) and whose global magnetic field structure

has been found to consist of a bisymmetric spiral pattern
(Réf. 5). It was strongly suggested that magnetic lines of
force are parallel to the local spiral arms and reverse their
direction in the neighboring arms, resembling topologically a
uniform magnetic field twisted by differential rotation. Sim-
ilar results have been obtained in other spiral galaxies, and
suggested for the Galaxy, too. See review articles by Sofue,
Fujimoto and Wielebinski (Ret 6), Beck (Réf. 7) and papers
presented at the IAU Symposium No. 140 (Réf. 8).

Since the ASS and BSS configurations are rather common
phenomena of the magnetic fields of spiral galaxies, a ques-
tion arises as to why such magnetic field lines can remain
open in a disk in differential rotation. In particular, when

2 NONAXISYMMETRIC DYNAMO EQUATIONS

2.1 Linear Kinematic Dynamo Equations

The mean magnetic field B is governed in a rotating gaseous
disk of finite thickness in local cyclonic turbulence by,

-
at

and
V-B = O,

(D

(2)

where V denotes the velocity of galactic rotation, 77 the tur-
bulent diffusion coefficient for the mean field B. The mag-
nitude of V is ~ 200 km s~l and the root-mean-square of
random velocity of the cyclonic turbulence is ~ 10 km s~l

which is superimposed on the rotation V. Then T) is esti-
mated as ~ 0.3 km s"1 kpc"1. The last term on the right-
hand side of equation (1) indicates the mean magnetic field
generated per unit time by the local cyclonic turbulence or
by the local interaction between turbulence and galactic ro-
tation (Réf. 9, 10), in which a is a dynamo strength. It is
to be noted that a > O or < O in the upper half-space of the

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in Tokl, Japan,
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disk, ihen a < O or > O in the lower half-space, though \a\
is the same in both spaces. More details will be given later
about a.

We take usual the cylindrical coordinates (T, $, z) whose ori-
gin coincides with the galactic center, and z = O is the galac-
tic plane. We find an asymptotic solution of B(r,4>, z, i),

= 6(r)exp | i j-
^- j | , (3)

where £ is a small constant (~ 0.1), and g(r) is a slowly
increasing function of r. The locus m$ + g(f)/e =const.
denotes the spirals. The radial wave number k and pitch
angle p of the spiral pattern are given by k = (dg(r)/dr)/s
and p -- tan~1(m/fcr), respectively. When m = O, the spi-
rals are distributed in an axisymmetrical way with respect
to the center, and when m = 1 the local maxima in the field
strength |B| are distributed in a double spiral way or in a
bisymmetrical spiral (BSS) way. We consider the case that
the amplitude b = (br, b$) is a slowly varying function of r
and the spiral pattern is tightly winding (m/kr < 1), mim-
icking the approximation applied for the linear density wave
theory about the tightly wound spiral arms (Réf. 11). Under
these conditions we have the following extreme inequalities
for derivatives:

d 1 d O2

dr2

d1

or2
LE-
T OT

(4)

••3- (5)

Under the extreme-inequality conditions (4) and (5), equa-
tions (1) and (2) are written in the following forms,

rç dt ( or2 + Oz2

IUB4, _ (92B4, d2B<, _ VdB<,\
T, dt \ Sr2 Sz2 i/r dci J

J] dz

-(T---)* = (>, (7)\dr T )

IQB1 (S2B1 92JB^ _ V_dBA _ a OB^ =
17 « V dr2 dz2 r,T d<t>) TI dr ' ( '

dBr , _
dz (9)

ion
is

UT T O<p OZ

Here we note that the generation of B$ by the dynamo actioi
is ignored, because the generation of B^ in equation (7) is
considered as due dominantly to the twisting of the poloidal
component by the differential rotation (dV/dr — V/T).

2.2 Solutions of Approximate Dynamo Equations

We have two methods to obtain asymptotic solutions for
equations (6) to (9). The first is to assume a realistic form
for g(r)/e in equation (3) as a logarithmic spiral (In r)/e
and then solve B(T, z} against z, simultaneously determin-
ing the dispersion relation between a and the wave number
n along the z-axis under the boundary conditions at the
galactic plane and the boundary layer of the gaseous disk.
The second is to determine first the local growth rate for
the magnetic field ignoring the r-dependent structure, and

then substitute it into equations (6) - (9) obtaining the func-
tion g(r)/e against the growth rate of magnetic field Im(w)
under the boundary conditions at the galactic center and
the outer edge of the galaxy. The first method has been
applied by Sawa and Fujimoto (Réf. 2) and Fujimoto and

Sawa (Réf. 12), and the second has been applied by Barysh-
nikova et al. (Réf. 3) and Ruzmaikin (Réf. 13). Since these
two methods are mathematically equivalent to each other for
solving the partial differential equations (6) - (9), we proceed
to follow the first method developed by the present authors.
The solutions obtained will b° touched upon in relation to
those derived by the second method.

Substitution of equation (3) in which we assume g(r) = In r
into equations (6), (7) and (9) yields,

<><»
1 fdV V\ , [ , 1 i (mV \] , .

— I -j Hr + ns + -5-5- + - I u 6* = O,
ri \dr T ) [ £2r2 r, \ T y J

(U)
and

n6z + — + ̂ -i = O. (12)
ET r

We note that equations (10) and (11) do not contain blt

and it is calculated by equation (12) in which br and 64 are
determined already by equations (10) and (11). We have a
dispersion relation F(W, n) = O for the wave number n in the
2-direction and the angular frequency u,

giving four j = \ to 4 for w. These quantities
n; and u are in general complex. A general solution of B
is represented as a superposition of the four plane waves
with the wave number n,- with j = 1 to 4. The (relative)
amplitudes and the frequency w are determined primarily by
the boundary condition,

In the present model, we consider that a gaseous disk is
bounded by upper and lower surfaces and that outside of
the disk is a vacuum with o: = O and T] = co. We assume
the usual continuity condition for magnetic fields at these
surfaces, and take a special jump condition for the dynamo
action, that a changes its sign across z = O (Réf. 10). Since
the halos above and below the disk are a vacuum, we consider
that V-B = O, VxB = O and |B| decays exponentially as
|z| tends to infinity.

3. RESULTS AND DISCUSSIONS

3.1 The Global BSS Magnetic Fields

Figures 1 and 2 show the distributions of B for the BSS
mode (m = 1) on the galactic plane (z = O) and its mag-
netic lines of force in the space above and below the disk,
respectively. We find that most of the field lines are di-
rected from the outer region to inner region along a spiral
line ^+(In r)/£=const. and are directed from the inner re-
gion to the outer region along another diametrically-opposite
spiral-line <j> -f (In r)/e = const. + TT, with some field lines
curving and linking to the neighboring spirals. This global
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field configuration reproduces the BSS magnetic filed struc-
ture first obtained (Réf. 5) through analyses of polarized
radio emission from the spiral galaxy M51.

OfF the galactic plane, the poloidal components become dom-
inant and make numerous magnetic loops anchored to the
two neighboring spirals <j>+(\n r)/e = const, and 0+(ln r)/e
= const.+T. This field structure is a direct result of the dy-
namo action working inside the disk of thin but finite thick-
ness. In this respect, the field distribution observed in the
edge-on galaxy NGC4631 (figure 3, Réf. 1) seems to actually
constitute evidence for the dynamo action when compared
with our theoretical model in figure 2.

Since Re(u) ^ O and lm(a) = O in figures 1 and 2, the
BSS configuration in these figures is considered to rotate
rigidly without further twisting of the field lines. The BSS
field observed in spiral galaxies is thus considered to be a
pattern rotating rigidly, like the spiral arms in the density
wave theory.

3.2 Parameters Applied to our Global Solutions

We have a great variety of parameters, a, T; and the thick-
ness of the gaseous disk. They could be slow functions of
r, the distance from the galactic center. We have covered
numerically these parameters in order that the solutions of
equations (6) to (9) reproduce the rigidly rotating field con-
figuration like in figures 1, 2 and 3.

First of all, we have found that a must be negative in z > O
(therefore must be positive in: < O), otherwise the spatially-
periodic pattern cannot rotate rigidly over the large area of
the disk. The negative a in z > O for the present situation
corresponds to the positive dynamo number D which is de-
fined in the region ; > O by D = ah3'(dV/dr-V/r)/if and it
works efficiently to decrease the local field and increase that

Jj^^j^
Fig.l. Distribution of the direction and strength of

the BSS magnetic fields in the galactic plane. The
shaded regions where the ^-component of magnetic
fields is dominant indicate the gaseous arms sug-
gested by Fujimoto and Sawa (Réf. 12).

in the reverse direction. The result is that the spatially-
periodic pattern can propagate with a large velocity relative
to the disk gas in galactic rotation.

When the disk is thick, the magnetic field generated by the
dynamo action is quickly accumulated inside the disk and
the field grows exponentially. Similarly when the disk is
too thin, the magnetic field generated by the dynamo action
decays, since the smaller vertical scale of the disk enhances
the turbulent diffusion of the magnetic field into the halo.

Figure 4 shows typical distributions of a and ft, with which
the BSS field can be maintained in a steady state. They
seem to be realistic enough to represent a magnetically active
gaseous disk. The disk thickness 2h increases as r increases,
and the dynamo strength |a| increases towards the galactic
center. Note that a negative value of a is realized when the
turbulent eddy contracts first in the disk, spins up in an
opposite sense to the background differential rotation, and
then goes up in the z-direction. Parker (Réf. 9) has also
suggested that negative values of a may be realistic.

3. 3 Relation to Other Solutions

inclination: 90° (edge-on)

A A /-

inclination: 80°

inclination: 70°

Fig.2. Distribution of magnetic lines of force in the disk
and halo. The views from three different angles are
shown. The field lines in the halo region are almost
perpendicular to the galactic plane.
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We have obtained a series of asymptotic solutions in the
form (3) for equations (6), (7), and (9) by assuming a log-
arithmic spiral g(r) - (In r)/E. In contrast to our solution,
Baryslmikova et al. (Réf. 3) have derived the ^-distribution
of B as a solution of the local dynamo equations and solved
for the radial distribution. In other words, all terms other
than d~/dz- are expressed algebraically, and therefore these
equations are reduced to a one-dimensional Schro'dinger
equation with respect to r. We can obtain an eigenfunction
and eigenvalue under the boundary conditions at the cen-
ter and the outer edge of galaxy. The former gives us the
field amplitude and the function g(r) in equation (3), and
the latter the frequency u. As in our case, the global spi-
ral configuration that rotates rigidly over a large area of the

Fig.3. Distribution of the magnetic field direction in
the edge-on galaxy NGC4C31 (Réf. 1). The direc-
tion of the magnetic field in the upper and lower
halo regions is nearly perpendicular to the galactic
plane.

disk can be reproduced only when we choose some special
combinations of CI(T) and h(r).

In order to compare our solution to that obtained by Barysh-
nikova et al. (Réf. 3), we substitute the dynamo strength a
and the half thickness of the disk h given in figure 4 into the
Schrodinger equation by Baryshnikova et al., and obtain the
wave function and the eigenvalue. It will be found that the
field distribution, spiral function <f>+g(r)/s =const., and the
eigenvalue or the frequency a are the same as displayed in
figure 2. These two methods seem to go to the same goal.

It is interesting to note that the angular velocity of the rotat-
ing spiral field pattern is roughly equal to that of the spiral
density waves. Both of them are approximately half the an-
gular velocity of matter rotating at the outer fringe of the
disk. As Fujimoto and Sawa (Réf. 12) suggested, the BSS
magnetic field would interact with and contribute to sus-
taining the spiral density waves. See also Chiba and Tosa
(Réf. 14) on the dynamical effect of the density waves on the
BSS fields.

4. CONCLUSION

We have derived the approximate dynamo equation, which
yields asymptotic solutions for the large-scale BSS magnetic
fields rotating (propagating) rigidly over a large area of the
galactic disk. We have also determined the vertical thick-
ness and the dynamo strength of the gaseous disk which are
necessary to generate and sustain the BSS magnetic fields.
It is to be noted that the dynamo condition, n J O in ï JO , is
unavoidable, otherwise we cannot reproduce the global BSS
pattern which rotates without changing its amplitude and
degree of wii'ding. (This condition means that a turbulent
eddy condenses first in the disk, spins up there, and goes up
in the 2-direction to make local magnetic loops.) As shown
in figure 4 in the text, the radial distributions of a and Ii are
realistic enough to guarantee the propagation of the large-
scale BSS magnetic fields.

10

r [kpc]

1.5

1-0 _

0.5

15
0.0

Fig.4. Radial distributions of a and h required to main-
tain the BSS magnetic fields without being twisting
tightly in a wide region of the disk galaxy. These
distributions seem to be realistic for usual spiral
galaxies.
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Abstract

The derivation of the relaxed state in RFP using
the principle of the minimum entropy production is
given. We consider a sum of the entropy produc-
tions due to the electric resistivity and due to the
viscosity of the plasma. As the subsidiary condi-
tions for the variations! calculus, we take the he-
licity K and cross helicity M. The resultant par-
tial differential equations are VxVxw = £B and

VxVxVxB - ^-B = <^Vxt>. They yield a
diff. Eq. of the fifth order for w , and the mag-
netic flux B and velocity v are expressed by a linear
combination of five solutions of a vector equation:
Vx» = aw. The magnetic flux B and velocity
v are uniquely determined by the boundary condi-
tions for the variational calculus on the wall, and
they consist of four solutions of five independent,
and non-trivial solutions of the fifth order differen-
tial equation.

The F-S curves obtained from these magnetic
fields show slower decreasing functions of S, com-
paring with the Bessel function model. The gra-
dient of these curves depend on the boundary val-
ues of velocity. The good coincidence is obtained,
provided we assume a finite tangential relative ve-
locity at the wall. The obtained magnetic field is
expressed by a linear combination of solutions of the
generalized force free equations with complex pro-
portional constants /3, and its line of force B and
current J are not exactly parallel one another.

1. Introduction

The relaxed state, which had been observed on
ZETA, was analyzed theoretically by J.B.Taylor
(Ref.l). He derived the relaxed state as the sta-
tionary state by using variational calculus on the
magnetic energy W with respect to the vector po-
tential A. The subsidiary condition that the global
helicity K must be kept constant is one of the es-
sential point of the problem. The invariance of the
global helicity is assumed at the presence of the re-
sistivity in the conducting plasma while invariance

of the helicity over the volume bounded by field
lines is verified on the perfect conducting plasma.

In previous paper, we proposed that the entropy
production <r should be used in such dissipative sys-
tem instead of the magnetic energy W, and consid-
ered the entropy production due to the electric resis-
tivity(Ref.2). As was suggested by Chandrasekhar
et al(Ref.3), we obtained a new kind of magnetic
configuration that is the generalized force free state.
The F-B curve, resulted from this magnetic field,
showed a slower decrease compare to that of the
Bessel function model.

In this paper, we also introduce the entropy pro-
duction due to the plasma viscosity in addition to
one due to the electric resistivity of the plasma. The
principle of the minimum entropy production of the
irreversible processes is verified to be valid only in
linear systems. Rigorously speaking, therefore, the
application of the principle on the present problem
is an open question although there were many in-
teresting reports regarding to the successful appli-
cation of the principle on nonlinear systems.

If the dissipation processes are nonlinear pro-
cesses, then the entropy production due to the elec-
tric resistivity and due to the viscosity of the plasma
can be treated as mutually independent processes,
since the electric current owe to the electron motion
and the fluid current owe to the ion motion of the
plasma. We try to apply the principle of the min-
imum entropy production on the sum of the both
entropy productions due to two different currents.

2. Fundamental Equations

The conducting plasma is described by the Maxwell
equations, generalized Ohm's law, and the equation
of motion of the viscous and incompressible plasma
fluid

(2.1)

(2.2)

(2.3)

VxB =

V-D = O,
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V-B = O,

E + vxB = i)J,

(2.4)

(2.5)

p [^- + (w-V) w] = JxB -Vp + CV2W, (2.6)

where t) denotes the electric resistivity and C de-
notes the viscosity of the plasma fluid, and the charge
neutrality is assumed. The energy balance of the
electromagnetic system is derived from the Eqs.(2.l)
and (2.2) as follows

Il (H-B) + V- (ExH) = -E. J1 (2.7)

and also that of the hydrodynamic system is derived
from Eq.(2.6) as

— I —pw2 1 = —V- Ipw I —H —w2 j — C(wxVxw)!
°* V2 / I \P 2 / J

-C(Vxw2)+ J-E -tjJ2. (2.8)

The time evolution of the total energy is given by
the Eqs. (2.7)and (2.8)

= -J [(|w2 +p)w- C(wxVxw) + (ExH)] -nds.

(2.9)
The first surface integral term in the right-hand side
is the convection of electromagnetic and hydrody-
namic energy, and the second volume integral term
in the left-hand side denotes the total entropy pro-
duction

= \l 1"

The subsidiary conditions to tâa principle of the
minimum entropy production are the constant he-
licity K and the constant cross helicity AT(Ref.4),
which are defined by the following formulas

(2.11)

(2.12)

K=^lA-BdT,

M = f v-BAr.

3. Solution v andB

We define the functional J for the variational
calculus by using Lagrange's multipliers A and p. as

SJ - 6a - X6K - (3.1)

The resultant differential equations that determine
the magnetic field B and velocity field v are

VxVxw = ~B, (3.2)

VxVxVxB- B = Vxw, (3.3)
»? 1)

with boundary conditions on the surface S

SA = O, Sw = O, 5B- ( Jxn) = 0. (3.4)

We can eliminate B from Eqs.(3.2) and (3.3), and
obtain

VxVxVxVxVxw = ̂ ° VxVxw + ̂ -

(3.5)
The above equation are solved by using the solution
of the force free equation

Vxw = a,-w. (3.6)

The general solution of Eq.(3.5) is expressed by a
linear combination of the solution of the type of
Eq.(3.6) as

w=£ c,w, (3.7)

The proportional constant a< is one of roots of the
algebraic equation which is equivalent to Eq.(3.5)

(3.8)

Clearly a = O is a root of Eq.(3.8) and the corre-
sponding solution w is trivial one. The roots of the
polynomial of the fourth order, derived on dividing
Eq.(3.8) by a, are expressed by

(3.9)

where 20 denotes a constant defined by

641.3

(3.10)
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and a, 4 are coefficients of Eq.(3.5)

ifC
(3.11)

The magnetic field B is expressed by the four solu-
tions V1- with the aid of Eq.(3.2)

B = C-YaOU2Vi . (3.12)
£ _j » » » \ /

Using Eq.(2.2), the current density J is obtained
from B

J = - ̂ c1Oi3Vi , (3.13)

which shows that the current J and magnetic field
J are not parallel one another.

The coefficients c,'s are determined by the bound-
ary condition Eqs.(3.4) and additional condition for
the velocity w,-

nxv = constant, n-v = O. (3.14)

The tangential velocity at the wall is kept finite.

4. Cylindrical Model

It is well known that the analytical solutions of
Eq.(3.7) are given by the Bessel function J,-(O,T).
The example of the Bessel functions with a com-
plex argument is the Kelvin function ter and iei.
Components of the velocity v are given by

V, = ( O , J1(O1T) , J0(O1T) Y (4.1)

In cylindrical coordinates system, the boundary con-
ditions Eq.(3.14) at the wall (r = a) are reduced to

J» =0, J, = O, v, = 0, VB= V0, vt=0, (4.2)

The coefficients c,-'s are determined by the simulta-
neous equations Eq.(4.3).

J0(I)
Ji(3)
J0(S)

\Ji(2)
J0(2) J0(S) J0(4)

«,»/1(2) O3
3Ji(S) O4V1W

o(I) a2
3Jo(2) O3

3J0(S) o4
3J0(4) /

(4.3)

where Jj(i) is abbreviation for Jj(a,-a).
The radial changes of the velocity v, magnetic

flux B and electric current J as the function of
radius r are shown in Fig.l, Fig,2 and Fig.3. The
abscissa r is normalized as r = 1 at the wall.

Fig.l: The curve of the velocity v vs.r.

The tangential velocity v0 is reversed inside of
plasma.

Fig.2:The curve of the magnetic flux B vs.r.

The toroidal field B1 shows a slower decreasing
curve compare to the Bessel function model.

Fig.3:The curve of the electric current J vs.r.
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The behavior of J« deviates from that of BB at
the wall.

5. F-Q Diagram and /u Profile

To compare our results with experimental data,
we should calculate and draw the F-8 diagram. The
definitions of the field reversal ratio F and pinch
parameter 8 are given by

BJ(T = a)

where

< B1 >= -̂  / / B1(T)TdTdS.
"11O-Jo Ja

The F-9 diagram is given in Fig.4.

F

(5.1)

(5.2)

(5.3)

Fig.4:The F-O diagram.

Fig.5:The /t value.

The upper curve with a asterisk shows the result
of Vg = O, and the steepest decreasing curve shows
that of the Bessel function model. The dots show
the experimental results reported by ETA-BETA JL

By choosing the parameters, we can fit our results
with the experimental data.

The definition of the U(T) profile is given by

B2 (5.4)

When B and J are parallel, then ^ = I, and v-
shows the degree of the force free state. It must
be uniform for the Beasel function model. The ob-
served profile of (i(r) falls off near the vail. Our
result is shown in Fig.5.

6. Conclusion

The magnetic field of the present theory is com-
posed of the four terms, corresponding to two real
and two complex a\s, while that of the previous
theory was composed of three terms, one real and
two complex a|. In the limit of vanishing 17 and
C, both magnetic fields approach to Taylor's solu-
tion. In F-B diagram, we can fit the our result to
the experimental data by choosing parameters. In ft
profile, our curve falls off near the wall. In the force
free equilibrium, B and J are parallel even near the
wall. It requires that there must be any surface cur-
rent on the conductor wall. The introductior. of the
fluid velocity of plasma for describing the relaxed
state of RFP seems to improve the coincidence of
the theory and the experiments.

There are some subsidiary conditions for the
variational calculus other than the cross helicity e.g.
the kinetic energy of the plasma fluid.

As the transport phenomena, entropy produc-
tion due to the heat conduction is the next candi-
date. The most of the transport eoeficients depend
on the magnetic field and temperature. The trans-
port equation is a nonlinear equation of tempera-
ture and impossible to use analytical method.

We hope that the information on the tangential
velocity at the wall of RFP plasma will be attained.
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MAGNETIC FIELDS IN SPIRAL GALAXIES

S. Spencer and L. Cram

School of Physics, University of Sydney.

ABSTRACT

Observations of polarized radio emission from spiral galaxies
imply the presence of magnetic fields organized with axisym-
metric or bisymmetric structure on the scale of the whole
galaxy. Such fields have been explained previously either
as a systematic patterning of primordial fields by differen-
tial rotation or as the result of dynamo generation of large-
scale components from non-mirror-symmetric turbulence (a-
effect). We summarize here a new model for the phenomenon
based on magnetic field regeneration by the interaction be-
tween turbulent diffusion and axially and radially sheared
galactic winds.
Keywords: magnetic fields, spiral galaxies, dynamos, galac-
tic winds.

1. INTRODUCTION

The interstellar medium (ISM) in spiral galaxies is threaded
by a magnetic field that is important in accelerating and con-
fining cosmic rays, in controlling the evolution and morphol-
ogy of the different thermal phases found in the ISM, and
in mediating the formation of stars. In some spiral galaxies
the magnetic field is observed to display systematic organi-
zation on the scale of the entire disk. This paper describes
recent investigations that suggest that amplification and re-
generation of large-scale magnetic fields can result from the
combined action of galactic winds and magnetic diffusion.

2. OBSERVATIONS

2.1 Methods
Observations of linear polarization of broad-band optical
starlight reveal organized patterns due to the interaction be-
tween starlight and aspheric dust grains aligned by magnetic
forces in the Galaxy. The observed large-scale patterns in
the polarization represent large-scale alignments in the mag-
netic vector field (Réf. 1).
Measurements of radiofrequency synchrotron emission pro-
vide much data on magnetic fields in our Galaxy and in other
galaxies. The flux density of the radiation gives informa-
tion on the number density of non-thermal electrons and the
strength of the magnetic field, while the polarization gives
information on the direction of the field (Réf. 2).

If Faraday rotation can be measured, it yields an estimate
of the rotation measure (oc fneB\\dl) along the line of sight
to a radio source (Réf. 3). In a few cases the dispersion
measure (ex f n c d l ) may also be measured, allowing an esti-
mate of the mean longitudinal component of the magnetic
field. Polarimetry in the 21 cm hyperfine transition of atomic
hydrogen and of some other microwave lines yields the lon-
gitudinal magnetic field by means of the Zeeman effect. The
available methods for measuring galactic magnetic fields are
all difficult to apply and none is particularly reliable.
2.2 Results
Observations of the magnetic field of the Galaxy (Réf. 4),
reveal that the largest scales are dominated by the azimuthal
component. The ratio of radial to azimuthal component is
consistent with alignment along the spiral arms, and the field
intensity is of order 2-3 /iG. The magnetic energy density
is comparable with the energy density in cosmic rays and
in starlight, but generally less than the internal energy of
the interstellar gas. The axial component of the large scale
field is obscured by irregularities and has not been reliably
determined. The Galactic field is chaotic, and the ordered
component is weaker than the (RMS) disordered component.
The scale length of the disordered component is of the order
50-150 pc.
Several spiral galaxies and the Magellanic Clouds also reveal
evidence of global organization of their magnetic fields (Réf.
5). The large-scale field in spirals is usually dominated by
the azimuthal component, which takes either an axisymmet-
ric or bisymmetric structure. Edge-on galaxies sometimes
reveal significant axial components extending from the plane
of the disk, and it has been proposed that a similar halo ex-
ists above the Galaxy. The strength of the global magnetic
field in galaxies may be estimated by assuming equiparti-
tion, which yields strengths of the large-scale components
ranging over 1-5 fiG. The ratio of the small to large scale
components ranges over 0.5-2.5 (Réf. 4).

3. THEORIES

3.1 Primordial fields
A simple explanation of the appearance of an azimuthally
dominant field in a spiral galaxy can be advanced by sup-
posing that an initial (primordial) rectilinear field is frozen
into the interstellar plasma, and wound up by differential
rotation in the disk. However, because disk galaxies must
have spun many hundreds of times in their lifetime, the rate

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in Toki, Japan,
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of differential rotation predicts a tightly wound spiral with
closely spaced field reversals. This is a variance with the
observations that show open spiral structure with a pitch
angle close to the observed spiral arms. Sawa and Fuijimoto
(Réf. 6) have suggested that diffusion into a galactic halo
might prevent tight winding and so save the primordial field
hypothesis.
3.2 Dynamo theories
There has been much work on models based on dynamo (self-
excitation, regeneration) processes to produce, the field _and
to control its structure. In these theories an azimuthal com-
ponent is produced from a radial component by differential
rotation. The radial component is in turn regenerated from
the azimuthal component by convection that possesses a net
helicity as a result of Coriolis or other forces. The regenera-
tion is frequently modelled by the so-called 'a-effect' (Refs.
4,7).
According to this theory, the large-scale field, B, obeys an
turbulent 'induction' equation

ffS
^- = V x (aB) + V x (v- x B) + 7jrV

2B
at

where B(i,r) is the large-scale field at time < and position
r, v is the large-scale velocity, T]I is the (turbulent) diffusion
coefficient and a is a coefficient that embodies the regenera-
tive effect of helical turbulence. Both TJr and a are supposed
to arise from turbulence in the interstellar plasma, according
to theories that are plausible but as yet not rigorously estab-
lished. The turbulent induction equation has two processes,
differential rotation and the u-effect, that generate field and
one, diffusion, that destroys it.
A linear analysis of the turbulent induction equation in a
thin disk (Réf. S) shows that exponential field growth may
occur when

R0 = N0 > JVg

where
R^, = AÎÎH2//3 and Ra = aH/0.

Here AÎÎ is the differential rotation across the disk, H (the
disk thickness) represents the diffusion scale, NO is the dy-
namo number, and N% (ss 10) is the critical dynamo num-
ber. Concrete values for these numbers suggest that dynamo
action can indeed occur in galaxies. Although the dynamo
theory represents one path to an explanation of galactic mag-
netic fields, Kulsrud and Anderson (Réf. 9) and others have
questioned the validity of the underlying assumptions. Con-
sequently it may be of interest to examine other models of
the phenomenon.

4. WIND-DRIVEN FIELD GENERATION

Spencer (Refs. 9, 10 ) and Spencer and Cram (Refs. 11, 12)
have described a new class of models for the regeneration of
galactic magnetic fields based on sheared flows in a gala -.tic
wind. Although the a-effect is not operative, small-scale tur-
bulence is still exploited to enhance the diffusion of magnetic
flux. Evidence for galactic winds is hard to obtain, although
there are several reasons for believing that such winds exist
in many galaxies.
As illustrated in Figure 1, the new model involves the gen-
eration of axial field components by radial shear of the axial
flow, and the generation of radial field components by axial
shear in the radial flow. Sheared flows intensify the field in
certain zones of convergence, and in some topologies diffu-
sion from these local field concentrations may recreate the

selfsame field components that seeded the original intensifi-
cation. This leads to amplification and regeneration of the
field. In our wind-driven models the azimuthal field is a
bye-product of the crucial interplay between the axial and
radial field components, rather than the central player as it
is in dynamo models. Nevertheless it is possible to have az-
imuthaliy dominated fields even though the azimuthal field
is electrodynamically passive." r ---------- - -
The wind-driven amplification and regeneration processes
have been explored by considering a range of models of in-
creasing complexity. In all cases, the kinematic problem has
been addressed, i.e., the flow has been specified beforehand,
and no account has been taken of the effect of Lorentz force
on the dynamics.
4.1 Scaling laws
Scaling laws have been derived by averaging the magnetic
induction equation over the axial coordinate, under the as-
sumption that the flow is.axisymmetric. The condition for
field growth in a laminar, sheared wind ran be written

where K.f,Kf, respectively measures of the radial shear in
the axial flow and axial shear in the radial flow, and T mea-
sures of the diffusion time scale in the radial and axial di-
rections. as follows:

Physically, this result implies that field regeneration may
occur if the concentration of 'frozen-in' field components by
converging, twisting flow can be strongly countered by dif-
fusion of appropriate field components against these flows.
4.2 Local model
The scaling laws indicate that regeneration can occur in cer-
tain wind-like flows, and hence prompt further detailed stud-
ies. Our next step has been to solve equations describing the
time evolution of the magnetic field components in a local,
one-dimensional (axial) model. These equations are

Q TJ 32 TJ ft Î37Too, a a. o ,„ _ , . ou, „

dt = 1-
S1B, OB. BU.

- -
Here the terms

""-^V
These equations have been solved for a variety of wind mod-
els. It has been confirmed that regeneration occurs in winds
that expand continuously away from a galaxy, and in winds
that stall an return to the galaxy. Plausible wind pararr-
ters and turbulent diffusion coefficients lead to estimates of
the e-folding growth rate of the order of 1 Gyr.
4.3 Three-dimensional model
The local model described above is silent on the azimuthal
structure of the field and hence on the role of Cowling's theo-
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rem. However, it is known that antidynamo theorems forbid
the generation of axisymmetric fields by axisymmetric flows
so that the present wind model cannot be regarded as com-
plete. The model must be elaborated by removing the lo-
cal approximation, and considering global nonaxisymmetric
flows.
A numerical model of such a system has been developed by
Spencer (Réf. 12). The three-dimensional induction equa-
tion has been solved by adopting a harmonic expansion in
azimuth, and solving explicitly in the radial and axial direc-
tions. Great care must be taken to ensure that the difference
scheme represents correctly the divergence-free character of
the magnetic field, since small errors can lead to erroneous
indications of field growth or decay. It has been shown that a
globally axjsymmetric Bow leads to a decaying axisymmetric
magnetic field (in accord with Cowling's theorem), but that
certain non-nxisymmctric flows head to field growth. In the
cases considered to date, these flows have involved strong
axial velocities and the magnetic field is drawn out of the
plane of the disk in a manner reminiscent of observations of
the edge-on galaxies NGC 4631 and NGC 4945.

5. PROSPECTS

There is a pressing need for improved observations of mag-
netic fields in the Galaxy and other galaxies. Particularly
useful would be improved information on the topology of the
field on both large and small scales, for such data could point
towards a clearer picture of the role of turbulence. Observa-
tions of winds and other large-scale flows in galaxies would
be useful for many studies, but are very hard to obtain.
A rewarding area for theoretical study lies at the interface
between mean field ('turbulent') theory of the kind underly-
ing the «-effect dynamos, and the laminar-flow dynamos we
have been considering. Flows on intermediate scales, such as
might be associated with supernovae, stellar wind bubbles,
or starbursts, are not well represented by turbulent theory
but may be crucial in maintaining global magnetic fields in
galaxies.
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Figure 1. Schematic of the interaction processes in the lo-
cal model. The arrows represent the coupling between the
field components (rectangles) by means of the shear, axial
convection and diffusion processes (circles).
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Abstract :

With the recent discovery that Alfven waves can be strongly
unstable in a magnetized accretion disk, we can now expect
to explain the turbulence necessary to drive accretion in
these disks. In this paper we study the instability of non-
axisymmetric (i.e. spiral) Alfven waves, using analytical
derivations and numerical simulations.

Keywords : Accretion disks, MHD instabilities, turbulence

I. INTRODUCTION

Our understanding of accretion disks relies on the
assumption of some kind of turbulence, allowing accretion
through an ''anomalous transport" of angular momentum
in the disk. An obvious source of free energy to feed this
turbulence is the differential rotation in the disk. However,
until recently, only very weak instabilities could be found.
The situation changed drastically with the introduction of
the magnetic field, which should permeate the disk (hereafter
we will only consider situations where the equilibrium
magnetic field is vertical, resulting from the interstellar field
frozen in the accreting matter and compressed during the
formation of the disk). Compressionnal MHD waves, similar
to the self-gravity driven spiral waves of galactic disks, were
first found mildly unstable (Tagger ei al. , 1990). But then
Balbus and Hawley (1991). based on a forgotten result of
Chandrasekhar (1960), showed that the torsionnal waves
were very strongly unstable, with a growth rate of the
order of the rotation frequency. Their result was however
first restricted to axisymmetric waves, with an instability
condition 0 = &-p/B- > 1.

In a subsequent paper (Tagger, Pellat and Coroniti 1992,
hereafter TPC) we found that non-axisymmetric (i.e.
spiral) waves can be similarly unstable. They differ from
axisymmetric ones in two respects : first, this can only be
a transient instability because, due to differential rotation,
the winding of the waves changes with time, resulting in
more and more tightly wound wavepackets. Amplification
occurs only while the winding angle is in a range tr/ij ~
1. Secondly, a careful analysis of the vertical structure
of the waves shows that in the non-axisymmetric case the
instability appears without threshold in /3 : thouph • '
waves are essentially vortical, differential rotation gives.
a small (~ 0) compressionnal part. This results i
equation for the vertical structure of the waves h. uo

form of a Schroedinger equation, where the vertical density
profile plays the role of a potential well. Classically, bound
solutions, labeled by their number of nodes n through the
profile, can be found. In particular the n = O mode,
involving only a weak bending of field lines, is unstable at
low 0 for non-axisymmetric waves. In the axisymmetric case
this mode is strongly stabilized because flux conservation
constraints force a strong compression of the magnetic field.
On the other hand, axisymmetric and non-axisymmetric
ji ^ O waves have similar behavior and thresholds at high 0.
Balbus and Hawley's work, neglecting the vertical density
profile and using a simple cos(frc;) for the perturbation, can
be viewed as the high-n limit of this problem.

Our work, focused on this important issue of the vertical
structure of the instabilities, used a WKB approximation
for the time evolution of the perturbation. Here we relax
this approximation and present analytical and numerical
results providing a deeper and more exact understanding
of the physics of this instability : first we derive an exact
set of equations for the time evolution of the perturbations,
giving a simple analytical result in the limit of very low 0.
Then, using a WKB approximation, we find the domain of
existence and dominance of the set of modes corresponding
to increasing values of n. Finally we use a 1-D linearized
MHD simulation to confirm these results and describe the
time evolution of an initial perturbation in the disk. For
simplicity, since we work at low /j, we neglect pressure forces
which can however be straightforwardly included. These
forces are anywe.y found negligible, even E'. high /3.

II. Shearing perturbations

Differential rotation makes the analysis of spiral
perturbations uneasy. If one launches a spiral wave with
given wavenumbers k^, kr, the latter changes continuously
with time. Iu order to cope with this problem we work in
the simplified shearing sheet model (Goldreich and Lynden-
BeIl, 1965) where the cylindrical coordinates (T-, i9) are
transformed to cartesian ones (r, i/), and use a description
introduced by Lin and Thurstans (1984), allowing to
describe shearing wave packets as well as eigei; modes when
they exist. Details can be found in TPC. Time evolution is
now described in terms of the radial wavenumber kx, which
evolves as :

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in Toki, Japan,
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fast-mode value (Uchida 198G). Noting the simi-
larit • we ro used that these flows in the case of

The role of the magnetic field is clear in our model
since the disk mass would be sustained in Ke lerian
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where A = fi'r0/2, fi' is the radial derivative of the rotation
frequency ÎÎ, and TO is the corotation radius with r = TO + £•
We consider the evolution of the Lagrangian displacements
C1, Cs, but find it advantageous to work with the linear
combinations :

Y/n 1.6

D =

R = -(Vj. x

where the subscript j_ means the horizontal component of
a vector. In the absence of differential rotation, R and
D would represent the polarizations of respectively the
torsionnal and compressionnal waves. The other advantage
of working with these quantities is that, for the n = O
mode, R and D are found to have very different vertical
structures, a distinction which would be blurred if one
considered C1 and C3. Then assuming for simplicity a
constant vertical equilibrium magnetic field Ba , we find the
evolution equations :

Figure 1 The "instant" growth rate for the first few modes, n
is the number of nodes in the vertical structure. Parameters

are kyh = .2, kxh = .1.

n-i <-""•! \

.('-£)»
2^ (i)

a , a R

where g2 = fcj+fcj, U2J depends on z through the equilibrium
density profile, and C(Jj1) = 4SlA + 8A2fe|/g2. At low 0 the
Alfven time through the disk thickness ft is much shorter
than the sound time, which (because of vertical pressure
equilibrium) is comparable with the rotation time. This
allows us to solve these equations iteratively for the vertical
structure of the mode. This vras shown in TPC, using foi
the time dependence a WKB approximation, to give a set
of solutions labeled by their number n of nodes through the
profile. It was also shown that, for the n = O mode, D
extends to z ~ 1/g for long wavelength modes (qh < 1),
while R varies only over the disk scale height. We confirm
this result numerically by solving equs. (1-2) for the first
few modes in the WKB approximation, resulting in vertical
profiles and an "instant" growth rate. The growth rates are
shown in figure 1. They confirm that the n = O mode has
no threshold in /3, while n ̂  O modes appear at 0 > 1. Noa-
axisymmetric modes are found marginally more unstable
than the axisymmetric one.

We can go further in the analysis by noting that, if the
density goes to zero at large z, equs. (1-2) give D = O,
dR/dz — O at infinity. R becomes constant but not
necessarily zero, corresponding to an Alfven wave of infinite
wavelength (because VA is infinite) propagating to infinity.
If one took into account a small but finite density at infinity,
corresponding to the magnetosphere or corona of the disk,
this Alfven wave might deposit its energy and angular
momentum at large z, apeearing as a promising way of
powering jets or outflows directly from the accretion process.
Then equs. (1-2) can be divided by tij and integrated over
z, giving evolution equation for quantities averaged over the
disk height :

(3)

(4)

where the bar indicates averaged quantities, and

Note that a factor g2 in equ.(l) has become q/h in equ.(3),
as explained in TCP, because D extends over a distance g"1

while D/v*A extends only over ft. Equ.(4) can be integrated
once giving :

+ 804

(5)

AC

where A is an integration constant. The meaning of this
constant becomes clear when one notices that equ.(5),
written in terms of the Eulerian velocity i? = dÇ/dt,
can be identified with the linearized form of the vorticity
conservation equation :

V x i f
= Constant

whereas with A = O equ.(6) (written for A = D/q) is
identical to the equation found by Tagger et al. (1990) for
the magnetic potential $M of a compressionnal perturbation
(density wave) in the disk. In that case the integration
constant A (the wave specific vorticity) was set to zero.
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Thus the system (1-2) has four basic solutions : one is
trivial (.R(z, <) = Constant, D = O), two correspond to
density waves propagating inward and outward in the disk
(with À = O), and the last one with A 5* O is the vortical
disturbance we study here. Note however that from equ.(6)
we see that as it propagates this vortical perturbation acts
as a source of density waves emitted in the disk.

At low /3 equ.(3) shows that D ~ /3R. Then D can be
neglected in equ.(5) which can be easily integrated. Noting
that C1 = (It1D + Jt9B)/?2 we find : ------ , . ~

(7)

Figure (2) shows the result of the integration of equs.(S-
6) for typical parameters. The quantity plotted is R/q2,
which at large kxh behaves as C1It confirms the result of
equ.(7) at low ft. As /3 increases, one sees that the final
amplitude of R/q2 decreases. At the same time D increases
with an oscillatory behavior. As is classical in the case
of spiral waves, one can show that these oscillations in kz

space correspond to density waves emitted in the disk and
travelling away from corotation, while the non-oscillating
behaviour of R/q2 corresponds to a disturbance localized
around corotation. _The growth of this disturbance is limited
by the emission of the density waves.

III. NUMERICAL SIMULATION

From these calculations we can now understand the physical
process at the basis of this instability : it simply consists,
starting from a tightly wound leading spiral vorticity
disturbance (at kxh —* —oo), in a redistribution of the
perturbation ending as a tightly wound (kth —» +00) trailing
perturbation, giving in the process a finite and possibly
large radial displacement of the field lines, i.e. it appears
as an interchange of flux tubes. It seems puzzling that
these vortical disturbances, though they were mentionned by
Lin and Thurstans, were never studied in detail in the case
of self-gravitating disks. The reason lies in an important
difference between MHD disks and ordinary ones : equs. (1-
2) contain the possibility of Alfvea waves propagating along
the field lines, and carrying vorticity away from the disk
(this is in fact the best way to force the matter in the disk
magnetosphere to corotate with the disk). Thus, if one starts
from a small perturbation in the disk, its short vertical
wavelength part will excite such Alfven waves, carrying
away from the disk (on the Alfven time scale, i.e. very
fast) a finite quantity of vorticity. The vorticity "deficit"
remaining in the disk (where it cap he trapped because
of the coupling to «impressionnai p.- -: -.«ruations) can then
act as an initial seed for the inst^ijiiilv we discussed here,
which evolves on a slower time scale (the rotation time).
In an unmagnetized disk, since Alfven waves do not exist
and vertically propagating sound waves would not carry
vorticity, such initial conditions would be much more difficult
to generate.

To confirm this behavior we wrote a linearized, 1-D
MHD simulation solving equations (1-2) with arbitrary
initial conditions. The main difficulty lies in fact in the
boundary condition at large z where we leave a small
density (typically 10"3 the density at midplane), and we
want to allow fast and slow Alfven waves to propagate
to infinity, i.e. apply a radiation condition. Figure (3)

1V
K 1000

P=-002_p=.02

k h

Figure 2 Time evolution of R/q2 (behaving at large fc± as
£x for various values of /3, and kyh = .02. The growth
decreases when ft increases, as wave energy is transferred
to compressionnal waves travelling in the disk.

Figure 3 Time evolution of R/q2 from a 1-D, linearized
MHD simulation, starting with arbitrary initial conditions.
Parameters are kyh .= .1, 0 = .01. We get initially small
oscillations corresponding to short-wavelength waves which
finally leave the disk, carrying away some vorticity. The
remaining vorticity "deficit" acts as a seed for the growth of
the n = O mode when Jt1 ~ fc

shows a typical result of these simulations, which entirely
confirm the present analysis. After a few Alfven transit
times where small oscillations can be seen, corresponding
to the short wavelength waves that finally leave the disk,
the perturbation grows according to the previous analytical
and numerical estimates. Furthermore, we checked that a
simulation removing the effect of differential rotation does
not lead to a similar growth of the radial displacement.

404



390

REFEBENCES

Balbus, S. A., and Hawley, J. F., 1991 Ap.J. 376, 214 Tagger, M., Henriksen, R. N., Pellat, R., and Sygnet, J. F.,
Chandrasekhar, S., 1960 PTOC. Nat. Acad. Sd. 46, 253 1990 Ap.J.353, 654
Goldrekh, P., and Lynden-Bell,D. 1965 M.N.R.A.S. 130, Tagger, Peliat, R., and Coroniti, F.C., 1992 Ap.J.393, 708
125
Lin, C. C., and Thurstans, R. P., 1984 in PTOC. of a
COUTSK on Plasma Astmphysics, Varenna, Italy, ESA S.P.
207 (Noordwijk, Holland), p. 121

405



391

SHOCK FORMATION IN MAGNETOHYDRODYNAMICAL ACCRETION

ONTO A BLACK HOLE

M. YOKOSAWA

Department of Physics. Ibaraki University, Mito 310

ABSTRACT

Magnetohydrodynamical(MHD) accretion onta a black hole is studied.
A perturbation in the MHD flow nonlinearly grows at a critical Alfvénic
Mach number MAC- The radially symmetric accretion produces the dis-
tribution of the Mach number that the upper stream is super-Alfvênic
and the down stream is sub-Alfvénic. The sub-Alfvenic How is unsta-
ble. A perturbation at the Alfvén point nonlinearly grows and evolves
to a shock wave. The asymmetry of the flow increases the critical Mach
number; MAC > *• The MHD accretion with an initially uniform mag-
netic field produces the peaks of the magnetic stress near the event hori-
zon. The perturbations at the peaks nonlinearly grow at MAC = 30.
Even the week magnetic field whose energy density is one-thousandth of
the gas energy density perturbs the MHD flow and generates the sfiodc
waves. The temperature behind the shock front reaches the virial tem-
perature. The shock waves generated near the horizon may produce the
large amount of X-ray emission. The emission mechanism of the X-ray
radiation from the black hole chandidates is discussed with the MHD
accretion model.

Keywords: black hole, magnetohydrodynamical accretion, X-ray emis-
sion.

I. INTRODUCTION

The study of magnetohydrodynamical accretion onto a black hole is as-
trophysically interesting in the context of active galaxies and quasars.
The polarization of optical emission from BL Lac Objects and Optically
Violent Variables indicates the evidence of strong magnetic field around
a central engine. The X-ray spectra of a substantial of Seyferts are re-
markably uniform, being well described by a simple power-law model.
Their X-ray intensities are very variable. The magnetic field might play
a important role in the active galactic nuclei (AGN). The standard ac-
cretion disk model cannot account for the X-ray sources in AGN since
the disk temperature near the event horizon of the massive black hole
cannot reach the high temperature. Thus, in this paper we study the
magnetic effects on the accretion onto a black hole and discuss the emis-
sion mechanism of the X-ray near the black hole.
The rotation of space-time splits the energy level of a particle into a two
level according to the direction of angular momentum of the particle.
The energy level of particle with the same direction as the hole's spin is
positive. Its level of the particle with the counter direction will be nega-
tive. This rotational effect of space-time produces the energy extraction
from a rotating black hole by Fenrose process. We consider the interac-
tion of fluid with magnetic field in accretion Sow into a rotating black
hole. In order to make clear the rotational effect of space-time we select
the initial condition such that gas and magnetic field are homogenius
and gas is static with no angular momentum. When the magnetohy-
drodynamical accretion starts, the rotating space-time produces twisted
magnetic field. The magnetohydrodynamical interaction generates the
angular momentum of fluid. The sign of the intinsic angular momentum
for the fluid becomes oppisite to the sign for the magnetic field. The
rotation of space-time enhances the total energy of the fluid and reduces

the total energy of the magnetic field. In the case of Penrose process
the energy exchange between two particles occurs at a point, while the
fluid and the magnetic field continuously exchange their energies in ac-
creting process. The rotational energy of a black hole is extracted by
the magnetic field in the MHD accretion (Réf. 1).
It is expected that the infalling matter will be suppressed by the mag-
netic stress because the magnetic stress grows with higher rate than the
inertia! force acting on the infalling matter (Réf. 2). The strength of
magnetic field with initially uniform distribution increases with the rate,
B oc t4/3 , where t is the proper time of the matter falling into a hole,
while the density of the fluid increases with the rate, p K f2 . The
suppressed flow will expand and thus will form the shock front. The
spherical accretion shock around a black hole was proposed to account
for the X-ray radiation from quasars and AGNs (Réf. 3). Classical stud-
ies of spherical accretion in adiabatic limit do not admit shock solutions
; however, preheating of the infalling gas by radiation from below can
allow for shock solutions. The stress of magnetic field frozing-in falling
fluid can also allow for shock formation around a hole. We study the
dynamical evolution of MHD accretion.
MHD flow in Kerr geometry has been studied analytically by simplyfied
models (Ref 4). The global structure of magnetized plasma around a
black hole and the extraction process of rotational energy from a hole
have been developed. We study the MHD accretion flow by numeri-
cal simulation. The pioneer work on the MHD simulation in a curved
space has done by Wilson (Réf. 5). Sloan and Smarr(Ref. 6) proposed
the MHD simulation expressed by the 3+1 formalism. The 3+1 formal-
ism simplifies the Maxwell's equations, but complicates the momentum
equations. We propose a new simulation method in which the Maxwell's
equations are solved with the 3+1 formalism and the momentum equa-
tions are solved with the four-dimensional form. Using the method of
the transformation law, the 3+1 components of the electro-magnetic field
are transformed to the four dimentional components. Our algorithm of
the simulation is very simple.

2. NUMERICAL CALCULATION METHODS
OF GENERAL RELATIVISTIC MHD

The magnctohydrodynamic calculations are performed in a fixed gravi-
tational field; for accretion problems this field is represented by the Kerr
metric in the coordinates of Boyer and Lindquist. The line clement is:

(1)

We use geometric units in which G = C = J!/ = 1(M=: black hole mass).
The motion of the fluid is governed by the equation of motion

3IS = O, (2)

where Tai>ls the total energy-momentum tensor for the fluid and elec-
tromagnetic field. The magnetic field according to a comoving observer
is defined as

(3)

Proceedings of the Fourth International Conference on Plasma Physics and Controlled Nuclear Fusion, held in ToM, Japan,
17-20 November 1992 (ESA SP-3S1. February 1993).
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Figure 1. Time evolution of MHD accretion onto Kerr black hole with
a = 0.999A/.

Figure 2. The densities of energy-at-infinity C00 with the angular momen-
tum per unit mass of the black hole, (a) a = O.OOUI and (b) a = 0.999A/.

where U^ is a four-velocity of fluid and fQ0-,s is the Levi-Civita antisym-
metric tensor. The corresponding electric field, Ea = Fagu^ , vanishes
in the highly conducting fluid. The energy-momentum tensor for the
electomagnetic field can be written as

- -
OTT

(4)

When one is not interested in the dissipative effects in the plasma, it is
appropriate to regard it as a perfect fluid. Then one can write the total
energy-momentum tensor as

(5)

where p, e and P are the baryon rest mass density, the specific internal
energy density and the pressure of the fluid.
To express the time variation of the magnetic field we use the 3+1 for-
malism. The 3+1 decomposition of the line element is

' + p'dt)(dx> + l3'dt). (6)

in terms of the lapse function a , shift vector ft1 and spatial three-metric
7,-j. Latin letters i,j,fc,... represent indices in absolute space and greek
letters a, /3,7,... represent indices in spacetime. The physical quantities,
electromagnetic field £',B' and fluid velocity vl , are measured by the
observers in the locally non-rotating frames(LNRF) whose world lines
are orthogonal to the hypersurfaces of contant t . The four-velocities of
the observers are

Faraday's law becomes

(8)

where L z is the Lie derivative along /?. The flux-freezing condition gives

EI = —€-ijj£vJBk. Then the general Telativistic magnetic induction equa-
tion has the form

- jS')B*. (9)

The four-vector of the magnetic field B" is derived from the electromag-
netic field £',BJ measured in LNRF by using the standard transforma-
tion law between the LNKF and the Boyer- Lindnvjst coordinate frame.
We introduce the set of LNRF basis vectors, e°. The electro-magnetic
tensor Fa^ consisting of E' and B1 is transformed into the coordinate
tensor F0g as

F00 = e°e<JF-0. (10)

Thus the magnetic four-vector Ba is given by the relation (3).
The above equations, (2) and (9), determine the evolutions of fluid and
magnetic field. Sloan and Smarr(Ref. 6) proposed the formalism of MHD
processes described in a frame, i.e. "3+1 formalism". In this formalism
the expression of the Lorentz force J^Fjd is extremely complex since the

electric field £° does not vanish in the 3+1 space-time. On the other
hand the physics of electrodynamics is not simple in the Boyer-Lindquist
coordinate frames because (i) the dragging of inertia! frames becomes so
severe that the t coordinate basis vector (O/dt) goes space-like at the
static limit, and (ii) the metric is nondiagonal, so raising and lowering
tensor indices typically introduces algebraic complexity. Our formalism,
the time variation of t'i magnetic field described in LNRF, and the
fluid motion described ..• • ime of the Boyer-Lindquist coordinate,
is remarkably simple in . .
We use the numerical technique of the flux-corrected transport for evolv-
ing the fluid equations, which is developed from the numerical code for
the special relativistic hydrodynamics (Réf. 7). The magnetic induction
is solved with the technique of the constrained transport.

3. ENERGY AND ANGULAR MOMENTUM TRANSPORTS

It is of considerable computational and astrophysical interest to obtain
the dynamical evolution of MHD accretion and to evaluate the extrac-
tion rates of the angular momentum and rotation energy from a rotating
black hole. We performed calculations of accretion of gas initially at
rest. The initial distributions of gas and magnetic field are set to be ho-
mogenious, in which the directions of the magnetic field lines are aligned
to the rotation axis of the black hole. We adopted the homogeneous
solution as the initial distribution of the magnetic field, which becomes
asymptotically uniform far from the event horizon.
The dynamical evolution of MHD accretion is shown in figure 1. The
initial conditions are such as the gas density an d temperature are /IQ = !
and To = 10~9, and the strength of the magnetic field is B0 = 10~5. The
black hole rapidly rotates with a = 0.999Af. The initially homogeous
magnetic field forms a paraboloidal configuration with a growing scale
(figure Ib). The rotation of the space-time twists the magnetic field (fig-
ure Ic). The specific angular momentum, uf , of the fluid increases with
growing magnetic torque (figure Id). The maximum of angular momen-
tum locates at 9 a TI/4. The outer contour of the fluid density is radially
symmetric buta peak of the density appears at the equatorial plane near
the horizon. This peak is caused on the geodesical motion of the fluid
in Kerr space-time. The radial velocity of the particle moving along the
equatorial plane is higher than the velocity along the rotation axis. The
toroidal component of the magnetic field B* and the toroidal velocity
»* are roughly proportional to the shift vector 3* in the outer region,
B*,ti* oc 0f x r~3. The effect of the lapse function o is remarkable
inside a few rimes of the radius TI,.
The densi*3 2...-1 the flux of z-component of angular momentum for mag-
netic fielc C^1 and S^', are expressed by locally measured elcctricto-
magnetv- field E, B

t{. = ^-(£ X BV (11)

Sp1 =-^-(E1Ef+ B1Bf). (12)
47T

The fluxes of the angular momentum, S{., point in the radially outward
direction. The magnetic field transfers the angular momentum from the
vicinity of the horizon to the far outer region.

the magnetic effect, a systematic elongated filamen-
tary structure will not come into existence.
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Figure 3a. The time evolution of the magnetic pressure is shown for the
times ( = 25.8Jl/, 33.5Af.

Figure 3b. The time evolution of the fluid velocity is shown for the times
t = 25.8M,33.5M.

The direction of the angular momentum of the magnetic field is a counter
rotation against a hole's spin, f {. < O, while the fluid rotates in the same
direction with a hole, tf. > O . The MHD interaction in the rotating
space-time produces the angular momenta with the opposite direction.
The "conserved energy" in the hole's gravitational field is the amount
of locally measured energy that a matter would have if it were moved,
.inder its power and with perfect efficiency, from its actual location to
a point far from the hole (radial infinity). The density of the corrected
energy, called "energy-at-inifinity" E00, is expressed with the densities
of the energy, f, and the angular momentum, CL-, measured by a local
observer

E00 = QE-I-UIeJ,., (13)

where ui is the angular velocity of the space-time. The rotation of space-
time rises the the energy for the fluid and falls down the energy for the
magnetic field. The contours of the density of the energy-at-infinity for
magnetic field, çf^. are shown in figure 2a and 2b, where the locally
measured energy density for the magnetic field c! is given as

(14)

The slowly rotating black hole produces the positive peak of the energy
density near the rotation axis (see figure 2a). The rapidly rotating black
hole produces the negative peak of the energy in the vicinity of the
horizon (see figure 2b). The work by the rotating black hole u£{3(< O)
generates the negative region of the energy for the magnetic field. This
rotational effect of the black hole is common to a particle motion in
rotating space-time. The encrgy-at-infinity for an uncharged particle
£»is

(15)

from the vicinity of the horizon to the outer region. The net flux SjJ0 s(r)
turns to be negative at a distant radius. We define the turning radius
r+_ at which the energy flux ££,,5 exchanges the sign. The turning
radius r^ depends on the rotating speed of the black hole

r+_ - o, x a" (19)

The angular momentum is transfered to the outer region by the mag-
netic field and also transfered in the inward direction by the fluid. For
the inertia_dominant case, pu2 > B1, the total flux of the angular mo-
mentum, S1, = Sf, + Sf

L, directs in the inward direction. The surface
flux is

aSY- • dÂ.Si,,s(r) (20)

Both distributions, |Spz s(r)| and |S{, s(r)|, are very similar. The den-
sity and flux of angular momentum, EI-, S/,- , obey a local conservation
law

^E15+ V-(OS-,...) = O. (21)

In the stationary and radially symmetric case, radial fluxes, Sgy and
S{j , distribute as follows :

(22)

The both gradients for |S{ s| and |S£i s| would be surely similar. The
both magnitudes of flux increases according to infalling to a black hole,
but the total flux of angular momentum may be conserved in a stationary
stage ;

is the particle's locally measured energy, B = mfl-S2)-1/5 and a((p + P^V/ - •i-(E''Ef + E^B^wr1 = ML. =
'^-component of angular momentum Lx = TTIID(I- v2)-1/2!;^. In

where E is

the case of Penrose process for the particle motion, the energy exchange
between two particles occurs at a point, while the fluid and the magnetic
field continuously exchange their energies in the accreting process.
The flux of energy-at-infinicy for electro-magnetic field, Si is

constant. (23)

where S* is the locally measured energy flux,

4ir

(16)

(17)

In the case of the rapidly rotating black hole with a = 0.999Af, the
radial Sowings of the energy are notable, while the meridian Sowings are
remarkable for the slowly rotating black hole with a = 0.001M. The net
flux through a surface A(T) with a constant radius r.

--1JA
,•dA, (18)

is positive near the horizon in the rapidly rotating case, where the pos-
itive flux means that the electro-magnetic field carries away the energy

In the inertia dominant case the net flux of angular momentum results
in a negative value JVft= < O .
The rotational effects of the hole on field and fluid are intensified either
by the angular velocity of space-time or by the strength of magnetic
field. In the quasi- stationary case w? investigate the dependences of
toroidal components of magnetic field and matter velocity, B* and ur

, and the dependences of surface fluxes of energy and angular momen-
tum, s£,,s, S{r s and SJ^1S , on the rotation parameter c of the black
hole (see figure Oa) and on the strength of magnetic field at the outer
boundary B0 (see figure Cb). All the simulation done for figure 6 have
been calculated on the same grid as the simulation pictured in figure 3.
Only one of the initial parameters is varied for the purpose of making
clear the dependency of a parameter. There are maximums in the radial
distributions of these physical values (see figure S). We display these
maximum values for each parameter, a or J3g. The toroidal components
and fluxes B*, uv, S{. s, Sf,,5 and S1^3 are proportional to a,

•B*.'V,sL,s.'Su,s.4>,s *<> /<"• «<M. (24)

The non-linear enhancements are remarkable up to the extreme Kerr
hole, a —* JIf. ,
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Figure 4. Evolutions of perturbations near the rotation axis of the hole.
The profiles of the magnetic field, B', B9, B*, the fluid velocity, v f , Ve, v*

along the constant meridian angle c = 0.05 radian, are shown lor the
times (a) t = 1OM1 (b) t = 2OM, (c) t = 25M. The initial parameters
are same as in figure 3.

4. SHOCK FORMATION TRIGGERED BY MAGNETIC STRESS

The magnetic field grows with gas falling onto a black.hole. In the case
of initially homogenious distributions of gas and magnetic field, the gas
density also increases according to accretion. Their time dependences at
a position (r, 8), r » rj, are approximately expressed such as(Rcf. 2)

, 3t^/2M.
2-^/2-). (25)

with an initial number density of na. In the vicinity of the horizon,
r —* Th , their proportionalities to the proper time, T , of falling particle
are

B'~ cxr1/3, B" oc r1/3, B*

P OCT,

(26)

(27)

Therefore the kinetic-energy density of the accreting gas is puTvT oc T « t
and the energy density of the magnetic field rises as B2/8?r oc T8/3 oc
(8/3 . The MHD accretion with an initial condition of inertia domi-
nant will approach to an equilibrium balance between inertial force and
magnetic stress. In other ward, since pu ru r oc r~5/2and B2/8îr oc r~4

, a super- Alfvënic flow at large radii will approach to trans-Alfvenic
flow. WiUiams(Ref. 8) showed by perturbation method that if the flow
is super- Alfvénic at infinity but sub-Alfvénic further in, a smooth tran-
sition at the Alfvén surface would be unstable. The outward- moving
disturbances take an infinite time to reach the Alfvén surface. The piling-
up instability will occur at the Alfvén surface. The non- linear effects
would hasten the instability process.
We calculate the dynamical evolution of MHD accretion with bound-
ary conditions of free fall. The smoothly accreting flow is perturbed in
the first place at the rotating axis near the horizon(see figure 4). The
Alfvénic perturvation grows at the critical Mach-number MA < MAC =
30 . The azimuthal components of the perturvation, u* and B° , initially
grow. The radial motion is remarkably perturbed when the growing
density of the energy of the perturbed field reaches the critical density,
e4 > 10~2e!J. After the slowdown of the radial motion the tangential
components of the field, B9 and B* , rapidly increases at the shockly
front and thus the violent expansion starts to the azimuthal direction.
The dynamical evolution of the expansion depends on the gas pressure
P3 . If the gas is so cool that P3 « PB = B1/Sw , the dynamics of the
expansion is determined mainly by magnetic stress. In the case of warm
gas, P9 s: Pg , the expansion becomes moderate. The expanding front
reflects at the equatrial plane. The reflected front expands but the gas
behind the front falls down. In the hot case, P9 > PB , the perturbed
front gradually expands. The gas behind the front falls in the black hole.
The front does not expand after a long dynamical time. The hot MHD
accretion forms the quasi-standing shock wave around the event horizon.
The critical Mach number MAC is constant, MAC K 30 for various
strength of gas pressure P9Or angular momentum of a black hole a . The
hot gas accretion is also perturved at the Mach number MA < 30 . The
gas pressure in radial accretion flow canot suppress the gas falling into a
hole but only the magnetic stress alters the radial accretion. The linear

theory of perturbation (Réf. 8) showed that the flow instability occurs
at MA = 1 • The non-linearity of MHD flow hastens the instability.

5. CONCLUSION

In this paper the general relativistic MHD accretion was calculated by
the numerical method. By using of the new method of the calculation we
have studied the angular momentum of the fluid generated by the black
hole which is placed in the static medium with the uniform density and
the uniform magnetic field. The interaction between the magnetic field
and the fluid matter in the rotating space-time enhances the energy for
the fluid and reduces the energy for the magnetic field. The rapidly ro-
tating black hole produces the negative energy region in the distribution
of the energy density for the magnetic field. The magnetic field trans-
ports the energy and the angular momentum from the streched horizon
to the outer atmosphere. Their fluxes, Si and S{., are proportional to
the strength of the magnetic field B and the rotational parameter of the
hole a, Sf0 oc S{z oc aB2. The magnetic torque increases the angular
momentum of fluid according to the proportionarity, U9 oc aB2p~'. The
nonlinear growths in the fluxes 54, fi{-, and the angular momentum uf

are remarkable for the increase of the angular momentum of the black
hole in the extreme limit a —* M.
The radially symmetric MHD accretion onto a black hole is unstable
at MA < 1. The quasi-radial MHD accretion with initially uniform
magnetic field is unstable at MA < 30. The unstable waves evolve to
expandind shock waves. The highly dynamical and turbulent motion
occupies the atmosphere of the black hole.
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ABSTRACT
We study here the effects of magnetic reconnection
as a mechanism of excitation of filaments with opti-
cal emission lines observed in cooling flows in clusters
of galaxies. We use hydrodynamical time-dependent
calculations to follow the evolution of cooling conden-
sations until the phase of optical line emission. Our
results clearly indicate that a much better agreement
with observational results of emission line intensities
and line ratios is attained when an active participation
of the magnetic field through reconnection is included.

Keywords: magnetic reconnection, cooling flows, emis-
sion nebulae, clusters of galaxies.

1 INTRODUCTION

In some cluster cooling flows optical filaments are ob-
served around the central dominant galaxy associated
with these flows. Such filaments are expected to be a
phase of the evolution of thermal instabilities taking
place within the cooling flow.

The present work belongs to a series where time de-
pendent models are developed for these optical fila-
ments. In previous works of the series the effects of
shock as well as those of photoionization (by soft X-
rays produced within the cooling flow or by an OB
stellar population formed within the filaments) have
been included (Réf. 1).

In the present work we consider the process of mag-
netic reconnection as a source of ionization and excita-
tion of the gas of the filament.

The magnetic • econnection (MR) is a well known
process of conversion of magnetic energy into other
forms of energy. What characterizes the process of
MR is the topological change it causes in the magnetic
field. This aspect is very important in the treatment
of transport processes in magnetized plasmas, particu-
larly for collisionless plasmas as those observed in the
intracluster medium of galaxies.

The possibility of MR as a source of excitation for
such filaments was genetically suggested by Soker and
Sarazin 1990 (Réf. 6). There have been some observa-
tions (Refs. 4, 5) which seem to support that sugges-
tion.

Here we treat the process of MR in those filaments
in greater detail through a quantitative approach and
the results are compared with observational ones.

2 EVOLUTIVE MODELS

The evolution of the density perturbations which will
give rise to the optical filaments is obtained by the
resolution of the hydrodynamic equations of mass, mo-
mentum and energy conservation.

We assume here that: a) The perturbations are self-
gravitating; b) The thermal conductivity is reduced
by a factor of 10~4 in comparison with the classical
(Spitzer) value, in order not to inhibit the growth of
the thermal instabilities; c) The cooling function used
is a non-equilibrium isochoric one, in order to take into
account the fact that the recombination time of im-
portant ions is longer than the cooling time for tem-
peratures below 10s K; d) The initial density (p) per-
turbations are of the form Sp/p = A smx/x, where
x = Zvr/L, with A standing for E. characteristic am-
plitude and L a. typical dimension (see below); e) The
geometry is plane-parallel; and f) The perturbations
are isobaric and non-linear (A= I ) .

2.1 Cooling Flow Regimes
We analyse two regimes for the cooling flow, namely:
1: for the outer regions: r ~ 20 kpc; pQ = 5 x 10~26

g cm~3; and T0 = 2.5 x 107 K; and 2: for the inner
regions: r ~ 3 kpc; po = 5 x 10~2S g cm"3; and TO =
1O7K.

These values were obtained from a time dependent
modeling applied to the cooling flows of the clusters
A496 and A1795 (Réf. 2).

2.2 Models
We study six models, namely: A: for extended fila-
ments far from the centre of the cooling flow: L = 10
kpc and regime 1; B: for inner filaments: L = 1.5 kpc
and regime 2; C: model B including magnetic pressure
(i.e., including a passive participation of the magnetic
field), where the initial value adopted for ftf\ is 100, as
suggested by radio and X-ray observations of the cen-
tral regions in cooling flows (Réf. 3); D: model C with
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the parameter A = IMR/IB = 1- The parameters
and /B stand, respectively, for the length scale of the re-
gion where the MR takes place (which is the scale over
which the magnetic field changes its direction) and the
length scale of the region where the magnetic pressure
becomes important (i.e., /)fi < I); both length scales
are usually « L\ E: model D with A = 0.5; and F:
model D with A = 0.2.

3 DISCUSSION AND RESULTS

The properties of our models are presented in Table
1: teal >s the time for the collapse, i.e., the time in-
terval between the beginning of the collapse until the
moment in which the temperature reaches 105 K; tof is
the duration of the phase of emission of optical lines;
and LHa,max is the maximum luminosity in Ha. We
consider top as the time interval between the instant
in which T is less than 10s K and that in which Lu0

is reduced to £wQ,max/3. The luminosities have been
normalized to M = 100 MQ yr"1, where the rate of
mass deposition through cooling, M1 is estimated from
the ratio between the filament mass and its time of
collapse.

For model A, as soon as the temperature decreases
below 3 x 104 K a shock is created. For t — W4 years
the shock velocity is 122 km s"1, and it is dissipated in
/ = 9 x 104 years. A similar scenario takes place with
model B, with the only difference that in this case the
time scales involved are about 2.5 times longer than
those in model A. This fact added to that the time for
collapse in model B is much shorter than that of model
A implies that model B spends a much greater fraction
of its life in the phase of optical emission than model
A.

As there is no ionization equilibrium for T < 106 K,
the state of ionization of the gas is obtained by solving
the ionization equations during each temporal step by
using the program SUMA (see Réf. 7). In model A the
line of [OI], and possibly of [SII] are more intense than
those observed, and LHa is too faint (Table 2). On the
other hand, model B presents values of La0 which are
adequate for Class I filaments. The line ratios, how-
ever, are still in disagreement with observations (Fig-
ure 1). Therefore, aparently the models including only
shock are not consistent with observations.

It remains to be investigated if magnetic fields can of-
fer a solution for such difficulties. We will restrict this
investigation only to models from regime 2, because
they are those presenting a higher optical luminosity.
We consider then model C. As one can see from Table
1 and from Figure 1 the effect of the magnetic pres-
sure is nearly negligible. The term including such an
additional pressure just contributes to slow down the
collapse and to reduce the intensity of the emission, al-
though always by very small amounts. The line ratios

also remain practically unchanged.
On the other hand, while the kinetic energy of the

gas is lost through radiative cooling, which occurs al-
most completely out of the optical range, the magnetic
field represents an energy reservoir which remains avail-
able for processing the optical emission. This can occur
thanks to the MR.

In fact, as the gas compression evolves the magnetic
energy density increases proportionally to />2, while the
gas is cooling radiatively. As a consequence, soon /)pi
will become « 1. In this regime there are a series
of mechanisms of fast reconnection which proceed at a
rate ts 0.1 VA/IMR (e.g., Réf. 6; where t/x is the Alfvén
velocity in the considered region). Here we consider
that the MR takes place only in the region where /3pi <
1; such a region has its half-thickness given by Ig (~
IMR « L).

From models D to F we have an increasingly greater
efficiency of the process of MR. Although these models
are not much different from model B in what concerns
the HQ luminosity and the time for collapse, the line
ratios in these models become much nearer to observed
ones. What happens is that in the case of models D,
E and F the ratios [OI]/Ha and [NII]/Ha increase, in
comparison with the model including only shock. This
occurs because the Ha line is produced by recombi-
nation but the forbidden lines are produced by colli-
sional excitation. When one has a heating source, it
contributes more effectively to the rate of collisional
excitation rather than to the ionization rate.

One of the main conclusions from this work, there-
fore, is that the MR can be an important mechanism
of heating and ionization of optical filaments in cooling
flows (see Figure 1).
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Table 1: Properties of the models.

Model tc0| top LH

(10« years) (10* years) (10"crg/s)

A
B
C
D
E
F

144.5
1.608
1.007
2.609
1.609
1,611

2.00
4.04
4.04
4.03
4.03
4.03

5.4
16.7
15.3
15.6
15.9
16.9

Table 2: Model A: Line ratios in relation to HQ.

t
(10* years)

0.4
1.5
3
7
21

LH«
(10»erg/«)

0.43
1.44
4.13
3.10
1.73

H0

0.373
0.356
0.351
0.352
0.347

[Nil]
6583

5.43
3.20
2.23
2.61
1.71

[01]
6300

<0.01
0.22
1.31
2.57
0.82

[SIl]
0716

2.86
2.22
2.75
2.56
1.10
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0.5

-0.7
-1.1 -0.9

log(63ÔO/6563)5 -0.3

Figure 1: Evolution of [NIIJ/Ha versus jOI]/Ha for the models with L =
1.5 kpc. The daggers upon the curves indicate (beginning from the upper extreme)
the instants of time t = 2.5,7.5,10,25 and 40 x 104 years, respectively. The dashed
curve refers to the model without magnetic pressure and the solid curves to the mod-
els with initial value of flpi = 100..Models with magnetic rcconncction arc marked
with the value of A below, in the right extreme of the curve. Observational points
(Hcckman et al. 1989) of several filaments in cooling flows arc represented as follows:
A262, diamonds; Perseus, squares; PKS0745-191, plus signs; 3C218, plus signs sur-
rounded by circles; Virgo, asterisks; A1795, triangles; A2052, crosses; A2597, circles.
Notice the dear separation between Class I filaments (higher values of |NII]/Ha)
and those of Class II.
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MAGNETOHYDRODYNAMIC PHENOMENA IN STAR-FORMING PROCESSES
AND THEIR ENVIRONMENT

Yutaka UCHIDA

Department of Astronomy, University of Tokyo, Bunkyo-ku, Tokyo 113

Abstract

The importance of the magnetic field in the star-
formation processes had not been noted clearly un-
til the middle of 1980's when we started our mag-
netohydrodynamic (MHD) treatments of the bipolar
flows associated with the star formation, but it is now
widely recognized that the magnetic field is playing
essential roles in the processes related to the star for-
mation. Here, the relevance of the magnetic field in
the entire process of the star formation, ranging from
the initial contraction from the so-called giant molec-
ular cloud in the galaxy to the creation of high speed
"optical jets" in the final stage of star formation in
and before the T Tauri stage of the new-born stars,
is reviewed by following some of our treatments with
some observational evidence for these.

1. INTRODUCTION

Dynamical phenomena in the process of star for-
mation became observationally tractable due to the
progress of millimetric-wave radio astronomy in the
1980's. Interesting new facts, eg., the presence of
characteristic phenomena like bipolar flows from the
forming stars, were revealed (Snell et al.1980) be-
cause the spatially resolved Doppler velocity mea-
surement became obtainable by the use of high res-
olution radio telescopes in the millimetric lines of
interstellar molecules.

Some of the characteristics of the phenomena in
them did show some of the magnetohydrodynamical
(MiIU) characteristics which were familiar in the so-
lar atmospheric MiID problems. The sun had been
the only astrophysical object for more than twenty
years in which the magnetohydrodynamical phenom-
ena were observed and were given plausible interpre-
tation, because on the sun the velocity and magnetic
fields were measurable in spatially resolved form due
to the proximity of the sun. Now, a new field of
application of astronomical magnetohydrodyamical
research opened up in front of us due to the advance
in the velocity measurement in the millimetric wave
lines, combined with the information about the mag-
netic field from the polarization of the background
star-light, or from the newly developing Zeeman ef-
fect measurement of the interstellar molecular lines.

We have dealt with the magnetohydrodynamical
problems of the star-forming regions from the ear-
liest phase of this field by using numerical simula-
tion techique (Uchida and Shibata 1985, Shibata and

Uchida 1986 etc.). The problems are highly non-
linear, and numerical simulation technique turned
out to be a unique technique capable of handling
these non-linear dynamical problems. Mathematical
methods developed that-far based mainly on the lin-
ear analysis failed to apply to these, since the back-
ground reference situations which are assumed to be
in equilibrium in the linear treatments are simply
non-existent in these problems, or the deformation
from the base state continuously grows into non-
linear amplitude. In contrast, numerical simulations
directly solve the basic equations without assuming
any quasi- equilibrium character (or without assum-
ing linearity of the changes), and are valid even for
such non-linear problems. T~.K rapid development of
computer technology and software for advanced nu-
mericaJ simulation analysis have made the 2D and
3D computer simulations possible in the last decade,
and this helped our attack on this new field.

In the following, we describe the results of our
MHD simulations made by using the modified Lax-
Wendroff 2.5D (arisymmetric, but allows vector com-
ponents in the azimuthal direction) MHD code devel-
oped by Shibata and Uchida for axisymmetric prob-
lems, and by using a 4th-order-accuracy code devel-
oped by Horiuchi and Sato and modified for the up-
wind TVD code by Todo and Uchida for the 3D as-
trophysical MHD situations.

2. MAGNETOHYDRODYNAMICS OF THE
STAR FORMATION PROCESSES

The typical one of these we first noted was the hy-
personic jet formation which is usually referred to as
bipolar flows from the newly forming stars. It was
not known why these hypersonic flows are ejected in
special bipolar directions when a star, a spherically
symmetric object, is formed, and why these hyper-
sonic jets do not have strong shocks at their fronts.
Such models, in which the funnels, which are sup-
posed to have opened up along the axis of the accre-
tion disk, collimate the otherwise spherically sym-
metric stellar wind into directed hypersonic bipo-
lar flows (Blandford and Rees 1974 and its deriva-
tives) were proposed and discussed, but these models
can not give plausible explanations for some of these
characteristic observational features.

We noted that such hypersonic jets without fea-
tures of strong shocks were known in the solar at-
mosphere to be due to magnetic effects in raising
the propagation velocity of disturbances to the MiIU
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fast-mode value (Uchida 1980). Noting the simi-
larity, we proposed that these flows in the case of
star formation could also be due to magnetohydro-
dynamical process related to a large scale interstel-
lar magnetic field which would exert appreciable ef-
fect when bunched together with the contracting gas
in the process of the formation of the "core" in the
star-formation regions, from which the centra] star
and the accretion disk surrounding it is created ulti-
mately (Uchida and Shibata 1985).

2.1. Production of Bipolar Flows

We proposed a magnetohydrodynamic model (Uchida
and Shibata 1985, 1986, Shibata and Uchida 1986)
by introducing the effect of the large scale interstel-
lar magnetic field into the picture of star formation
which is due basically to the gravitational contrac-
tion. The dynamical effect of the magnetic field had
not been taken into account in this way in connec-
tion to the problem of the bipolar flows before that
(magnetic field was considered as a tool to help ex-
ert a centrifugal effect accelerating the existing wind,
eg., Pudritz and Norman 1983).

The mechanism we proposed (Uchida and Shi-
bata 1985) is summarized as follows: The contraction
of mass from magnetized gas also squeezes its large
scale magnetic field to an appreciable value, and the
differentially rotating condensation of gas interacts
with this bunched magnetic field, and will continu-
ously produce magnetic twists. The production of
magnetic twists exerts magnetic brakig to the disk
gas, enhancing the accretion by transporting the an-
gular momentum away from the disk gas. On the
other hand, as the twists begin to relax along the
bunched poloidal magnetic field into the bipolar di-
rections as non-linear torsional Alfven waves, the at-
mospheric part of the disk is swirled up in the form of
a helical flow, and the mass leaves the system since
the velocity of the relaxing twist with (non-linear)
Alfven velocity gets larger than the free-fall velocity
with which the gas can slide down along the field
lines. The unwinding twists, therefore, carry the gas
with them in a (non-linear) Alfven velocity which is
hypersonic in the region, and produce hypersonic he-
lical flows in the bipolar directions as our non-linear
numerical simulation clearly showed.

2.2. Reaction of the Bipolar Flow Production to the
Accretion Disk

The reaction of the production of helical flows, taking
away angular momentum from the disk, allows the
mass of the disk to fall (drift) towards the central
body. Primarily the kinetic energy of rotation is fed
to the spinning jet, and when the disk falls inwards,
half of the gravitational potential energy difference
at the two orbits is converted to the kinetic energy
of the spun up rotation. The other half of the gravi-
tational energy is converted into heat and radiation.
This liberation of gravitational energy explains the
energy euiitted from the vicinity of the central ob-
ject and the energy supplied to the hypersonic flows.

The role of the magnetic field is clear in our model
since the disk mass would be sustained in Keplerian
rotation if its angular momentum is not taken away
through the interaction with the magnetic field. It
was made clear that the production of the bipolar
flows has an important role in the star forming pro-
cess in our picture.

This mechanism thus produces a spinning bipolar
flows in contrast to other previously proposed disk-
funnel models in which the stellar wind flow from
the central star will not show any appreciable spin-
ning because of the small angular momentum of its
source, the central star, and due to the angular ve-
locity decrease with radius in a free motion in which
angular momentum is conserved. The magnetic field
plays an important role in transporting angular mo-
mentum along it to a large distance. It should be
noted here that the interstellar medium of pretty low
temperature (1Q-100K) can be regarded as a frozen-
in medium in the sense of magnetohydrodynamics,
because of its large scales involved. It was shown
by Langer (1978) that this holds for the ionization
degree as low -as 10~7, and such an ionization de-
gree is considered to be maintained in the interstel-
lar medium due to the excitation by the existing flux
of sub-cosmic ray particles, unless the density in the
disk is as high as 1012cm"3 (Nakano 1979). This
occurs only in the core part of the disk in the later
phase of evolution, and the effect discussed above is
effective as long as considerable mass of the disk near
the surface is frozen-in to the magnetic field.

2,3. Observational Evidence for the Applicability of
MHD

In order to examine whether the above is actually the
case, we have tried to detect a spinning velocity in
the bipolar flows by observing a typical one, L1551.

To our greatest pleasure, we could find (Uchida et
a!.1987a, b) very clear evidence for spinning as well
as another one of the characteristics of our model,
the hollow cylindrical structure of the bipolar flows
(Uchida and Shibata 1985). Namely, the detailed ve-
locity field in the bipolar flow L1551 did have a skew
velocity structure in the iso-velocity map (distribu-
tion of the blueshifted component extends from the
south western lobe to the eastern side of the north
eastern redshifted lobe, and the redshifted compo-
nent to the western side of the south western blueshifted
lobe, both in the region relatively close from the cen-
tral body), which is consistent with a situation of the
ejection of the gas into bipolar directions plus a spin-
ning of the flows in the same rotational direction as
that of the disk-like structure (Kaifu et al. 1984)
around the central infrared star, IRS-5. We there-
fore believe that our magnetic mechanism got obser-
vational support from angular momentum argument
because no other previous models without magnetic
field can explain sucli a systematic spinning.

The success of our magnetohydrodynarnic model
suggested several directions of research: (i) If the
star formation bipolar flows are spinning, and act
as angular momentum drain from the inner part of
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the disk, they play a role in allowing the disk ma-
terial to fall with an enhanced rate, and explain the
enhanced liberation of energy at the new-bom star.
Also, it is likely that the action of the spinning flows
might be found to influence the surroundings as to
be discussed in section 3. (ii) If the magnetic field is
playing important roles in the star formation, there
is a possibility that the magnetic field is important
also in other phenomena around the forming stars
(Uchida 1989a), and that is worth checking. The fol-
lowing works about the optical jets to be described
in section 4, and the larger scale streamers extending
out from the massive clouds showing active star for-
mation, described in section 5, have been done along
this line (Uchida 1989a). (Hi) Turning to the jet phe-
nomena of galactic regime, the same mechanism may
also be in operation at a "forming blackhole" at the
center of AGNs (including quasars) as a physical ana-
logue of the "forming stars" in our case. Correspond-
ingly, the production of jets with enhanced liberation
of energy at the center of them, may also be due
to the mechanism proposed by Uchida and Shibata
(1985), though the process there will be far more en-
ergetic (Uchida et al. 1991). Our treatments of AGN
jets, however, will not be described here, because the
topic allocated to my talk is on the magnetohydro-
dynamic phenomena in the star forming regions.

3. INTERACTION OF THE EXTENSION OF
THE BIPOLAR FLOWS WITH INTER-

STELLAR GAS CLUMPS AND THE
TRIGGERED STAR FORMATION

The interstellar magnetic field, hunched in the con-
traction of the gas into the central star and accretion
disk around it, plays important roles in producing
spinning bipolar flows (= mass-carrying non-linear
Alfven torsional wave packets)(section 2.1.) through
the continuous twisting up of the bunched field by
the rotating disk. The disk acts as a fly-wheel type
energy storer whose rotational kinetic energy can
be supplied in a natural and self-consistent fashion
through the conversion of the gravitational energy
into the energy of the spun-up rotation, as the disk
contracts when angular momentum is extracted away
from the disk along the field lines (magnetic brak-
ing)-

In the mean time, the emitted non-linear Âlfven
torsional wave-train propagating along the large scale
field may encounter a denser interstellar gas clump.
Such an interaction of the extension of Alfven tor-
sional wave with interstellar clumps of mass are dealt
with (Shibata and Uchida 1990. cf, notion has been
proposed by Mouschovias and Morton 1974) ?dth
fully non-linear numerical simulation with an expec-
tation of finding an interesting phenomenon: A trig-
gered star formation might occur under suitable con-
dition due to magnetic pinching effect by the accu-
mulated twist. This effect was demonstrated to play
a role in triggering the collapse of self-gravitating
cloud under suitable condition (Habe et al.1991) and
this may explain the existence of "string of stars"
seen in the streamer structure as in L1641 in Orion
(Fukui et al. 1991) and others (section 6).

4. MAGNETIC EFFECTS IN THE VICINITY OF
THE CENTRAL STAR, AND THE PRODUC-
TION OF HIGH VELOCITY OPTICAL JETS

Distinctly different type jets, called "optical jets"
since they were found in optical wavelength range
(Mundt et al. 1983), have been found in the close
vicinity of the forming stars. We also dealt with this,
and have attributed this to a process which is also
magnetic in character, but different in mechanism.
Since the optical jets have sizes very much smaller (~
0.02pc) compared with the molecular bipolar flows
(~ Ipc), and come out right from the central form-
ing star, we think that it is a circumstellar (namely,
closer to the star) phenomenon. We therefore con-
sidered the interaction of the stellar magnetosphere
and the innermost edge of the compact disk which
may be the innermost part of the larger scale disk we
dealt with for the molecular bipolar flows in section
2.1.. We considered that there is such a small disk
even around the visible T Tau stars (Uchida and Shi-
bata 1984), and this was observationally evideaced
later by a number of authors.

In our presently assumed situation, the direction
of the magnetic moment of the star and the large
scale magnetic field brought into the disk are parallel
due to their common origin (in the early phase before
the dynamo process sets in in the star), and as the
result, a magnetically neutral ring may be formed
in the equatorial plane in idealized case. The disk
material presses upon the stellar dipolar magneto-
spheric field when the disk mass loses its centrifugal
effect due to the loss of angular momentum by the
above-mentioned mechanism (section 2.2.), and the
magnetic neutral ring region is squeezed and forms
an energized magnetic neutral ring. Magnetic recon-
nection in such an energized magnetic neutral region
is known to act as an efficient mechanism releasing
stored magnetic (Uchida 1986) energy. The recon-
nected field is ejected out together with the loaded
mass in Alfven velocity as a sling-shot. Hirose et
al.(1993) dealt with this process in 2.5D MHD sim-
ulations, and showed that this can produce again a
hollow cylindrical jet, very much smaller in scale (10-
100 times of the stellar radius) and higher in velocity
(a few hundred km/s). The magnetic reconnection
process releasing the energy stored in the form of the
magnetic energy is important, not only in relation
to the bulk dynamical acceleration of plasma, but
also to the problem of acceleration of non-thermal
high energy particles (Uchida 1986). This is relevant
because, recently, non-thermal radio emission was
found to associate with the feature in the star forma-
tion region like Herbig Haro objects (Yusef-Zahdeh
1990).

On the other hand, there occurs a transfer of the
disk material to the magnetosphere of the cenral star
through magnetic reconnection. If reconnections of
the field lines take place at the squeezed magnetic
neutral ring, the mass of the disk will be transferred
to the stellar magnetosphere through reconnection,
and the mass, losing the magnetic support, is allowed
to execute a final free-fall towards the stellar polar-
crown region along the dipolar stellar field, by giving
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Fig. 1. One dimensional behavior of the MHD shocks when a hypersonic jet is injected into a medium
having a helical magnetic field (Uchida et al. 1992). Upper-left; density, Upper-right; longitudinal velocity,
Lowe-left; azimuthal velocity, and Lower-right; azimuthal magnetic field, all these quantities in the 2-axis in
the respective figures, on the s-t plane, where t is time, and s is the distance along the jet axis which is the
axis of the helical field.
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LOG. DEMS ITY MAX= D. 9 4 S 7 M I N = -0. 1 6 8 4

LOG. PRESSURE M A X = -Q. 8645 M I N = - 2 . 8 3 5 5

F O L O I D A L V E L O C I T Y FIELD i. OGOE-I-OO

TOROIDAL VELOCITY FIELD MAX= 0.2934 M I N = -0. 2885

TOROIDAL MAGNETIC FIELD MAX= 0.4871 M1N=-0. 4'79

Fig. 2. 3D version of the injected jet - the system of produced four MHD shocks (Todo et al. 1993). The
bow-shock (MHD fast), high density blob (mass carried between the two MHD slow shocks), and the helical
stem (helical insta caused in the region between the second slow and fast shocks, where the azimuthal field
is enhanced.
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up angular monmtum to the stellar magnetic field.
A stand-off shock of considerable strength may be
formed near the stellar surface when the freely in-
falling mass is stopped, and the X-ray activity of such
new born stars may be given explanation (Uchida
1983). As the density of the Mailing mass flow de-
creases with time, the stand-off shock starts to move
backing up, and as it propagates into a less dense
tail region, it becomes a strong recoiled shock, driv-
ing the mass in the tail part of the infalling material
outward. Since by that time, the initially critial field
line (closed magnetospheric field passing the neutral
ring) has opened up due to reconnection, and has
become a part of the open stellar polar field and
guides the material polewards (Uchida and Shibata
1984). The ejected gas in the present mechanism is
heated from the beginning due to resisive «connec-
tion process and/or shock compression in contrast
to the molecular gas swirled out from the disk in the
mechanism of bipolar flows described in section 2.

6. HERBIG-HARO OBJECTS IN RELATION
WITH TEE OPTICAL JETS

Herbig-Haro objects have been unexplained objects
near the new-born stars, emitting Ha and some pro-
hibited lines of O and N, although they do not have
enough mass for the internal nuclear burning for en-
ergy generation. They show high (100-400 km/s)
velocities away from the forming stars as derived
from the measurements of proper motions as well as
Doppler motions, generally different from each other.
They have been thus-far given explanations either as
a blob of gas ejected from the star formation pro-
cess, or the interstellar gas blobs hit and agitated by
the shock due to the assumed stellar wind form the
forming star.

As the detailed observations by using CCD's gave
us improved information about the star-forming re-
gions, like the presence of optical jets from the form-
ing stars, some clues to the process occurring there
have become available. Momentum density of the
stellar wind is by far insufficient, and it is not very
natural to think of a mass ejection in the form of a
blobs with substantial mass, not dispersing apprecia-
bly after ejection.

We conceived a different type new model by tak-
ing the magnetic field into consideration: Namely,
HH objects in our view were the swept up masses by
the shocks associated with the extension of the opti-
cal jets "guided" along the magnetic field (TJchida
et al. 1992). In the environment of the forming
star with twisted magnetic field, the injected jet ac-
companies four MHD shocks, two going forward, and
other two propagating backwards into the jet (Fig.l).
It was shown that this system of shocks explains the
observed HH objects nicely. Todo et al.(1992,1993)
made a 2.5D and 3D MHD simulations of the behav-
ior of such magnetically guided jets, and showed that
the "jet and crescent" type HH objects are very well
explained by this model. The Kelvin-Helmholz in-
stability which endangered the continued existence
of the jet was nicely stabilized by the introduction

of the large stale magnetic field. Instead, in the
3D calculations, the wiggled filamentary structure
and the distribution of the velocity in the object like
HH46/47 (Meaburn and Dyson 1987) was explained
(Fig.2) as due to helical instability in the twisted field
provided in the process of star formation as described
in section 2.

7. STREAMERS EXTENDING OUT FROM
MASSIVE CLOUDS OF STAR FORMATION

Turning to a larger scale phenomenon in the region
surrounding the star formation, we noted that mas-
sive clouds in which stars are formed very actively
quite often have elongated structure extending out
from them, called "streamer" as pOph streamsr, or
L1641 streamer in Orion. We noted that the sys-
tem has some physical similarity with the "forming
star - bipolar flow" system, and considered that the
contraction of the massive cloud might have been
helped by the loss of angular momentum via large
scale magnetic field in the background interstellar
medium, and conversely, the mass frozen to the large
scale magnetic field is squeezed to form an elongated
dense structure due to wrapping up effect (week ver-
sion of pinching) by the large amplitude torsional
Alfven waves produced by the rotation of the mas-
sive cloud.

We again tried to check by CO using observations
whether this picture is applicable or not. This time,
a lower resolution observation is preferable due to the
large angular extension of the strcture, and the ob-
servation was proposed to the Nagoya 4m telescope.
The observational results of the first object, pOph
streamer, fortunately indicated a clear separation of
the blue- and redshifted regions in the streamer on
both side of its curved axis, indicating a spinning of
the streamer around the axis in the same sense as
the rotation of the massive cloud at its end (Uchida
et al. 1990). This indicate clearly the long-ranged
influence of the rotation of the massive cloud, and
the only candidate capable of guiding such trans-
fer of angular momentum is magnetic field (Uchida
1989a). Further confirmation was made about the
Orion streamer, L1641, and even clearer evidence of
a spinning of the wiggled dense filamentary core of
the streamer was found (Uchida et al. 1991). The
twisted magnetic field may sometimes form a double
helix (helical filameut. having an internal helical mag-
netic field) by helical instability (Uchida et al. 1991,
just as seen in HH46/47, Todo et al. 1993).

We also found a very impressive structure which
we call a "fishtail-like structure" at the ead of the
wiggled filament in L1641 in Orion in conformity
with our picture, strongly suggesting how the giant
molecular cloud (which turned out to be not of a
"roundish" cloud shape as usually imagined by the
name "cloud", but to be highly filamentary in its
shape) is formed, threaded with magnetic field. Mag-
netic tension is essential even in the present case of
self-gravitating massive streamers in which the angu-
lar momentum of the magnetically wrapped up mass
contributes to the spinning considerably. Without



the magnetic effect, a systematic elongated filamen-
tary structure will not come into existence.

8. DISCUSSION

We summarized our magnetohydrodynamic picture
for the star formation processes, ranging from the
behavior of the giant molecular clouds having large
scale magnetic field to the final stage of the star for-
mation producing small high velocity jets, based on
the contributions from the works of our group. It
seems that at least a fairly plausible consistent large-
picture could be provided by the introduction of the
role of the magnetic field.

Lastly, a remark will be added about the behav-
ior of the disk with large scale magnetic field: It is
noted that the problem of the behavior of the disk
with large scale magnetic field corresponds to the
general dynamo problem. Thus-far, treatments of
astrophysical dynamo have been fairly restricted in
the form of kinematic dynamo in which the veloc-
ity field is given inside a star. It did not take into
account of the magnetic back reaction on the flow.

Our calculation, in contrast, corresponds to a
full/ dynamic dynamo, with open boundary, through
which the saass, angular momentum, and toroidal
magnetic field can escape (Matsumoto et al. 1993).
Ours do not have the feedback term from the toroidal
to poloidal magnetic field which was added in an ad-
hoc manner in the previous solar or stellar dynamo
models, but that is not essential in our situation of
an accretion disk with much shorter life than a main-
sequence stars. Ours includes the back-reaction from
magnetic to gas-dynamic effects, and the rotation
is affected due to the magnetic braking effect corre-
sponding to the loss of angular momentum by emit-
ting non-linear torsioi-.al Alfven waves and by driving
out a spinnicg jets. Various dynamical interplays of
rotation and magnetic actions are seen, and this vari-
ation of dynamic dynamo will serve not only to the
understanding of the jetting phenomena, but also to
the more general notion of dynamic dynamos of disks
in astrophysical problems like the magnetic activities
in the AGN core..
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