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ELECTRIC CURRENTS IN COSMIC PLASMAS

Abstract

Since the beginning of the century physics has been dualistic in the

3ense that some phenomena are described by a field concept, others by a

particle concept. This dualism is essential also in the physics of cosmical

plasmas: some phenomena should be described by a magnetic field formalism,

others by an electric current formalism.

During the first period of evolution of cosmic plasma physics the

magnetic field aspect has dominated, and a fairly exhaustive description has

been given of those phenomena--like the propagation of waves--which can

be described in this way. We have now entered a second period which is

dominated by a systematic exploration of the particle (or current) aspect.

A survey is given of a number of phenomena which can be understood

only from the particle aspect. These include the formation of electric double

layers, the origin of "explosive" events like magnetic substorms and solar

flares, and further, the transfer of energy from one region to another. A

useful method of exploring many of these phenomena is to draw the electric

circuit in which the current flows and study its properties. A number of

simple circuits are analyzed in this way.
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PART I : CURRENTS AND MAGNETIC FIELDS

1. Dualism in physics

Since the beginning of this century physics.has been dualistic in the sense

that some phenomena are described by a field formalism whereas others

are treated in terms of particles. In the cosmical application of physics

we have frequent examples of this dualism: the propagation of waves is

treated by Maxwell's equations, but the charge of a grain in space is

derived by considering the photons and electrons which hit it. There are

also phenomena, like the Doppler effect, which can be treated both from

the wave and the particle aspect.

This is all very well understood but it is not so well recognized how

deeply this dualism penetrates also into the field of cosmic plasmas. From

Maxwell's first equation, which in a plasma can be written

curl B = — i_ (1)

we learn that we can describe electromagnetic phenomena in space either in

terms of a magnetic field B or in teims of electric currents i. As magnetic

fields are easy to measure, and, moreover, the mathematical treatment

becomes simpler if i is eliminated, it seems obvious that we should use

the field description and eliminate i. For example, when we treat waves
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proceeding through a plasma, these arc certainly associated with electric

currents, but we car. regard a current implicitly as a curl of the magnetic

field and forget It explicitly.

However, wh»" "loin:,' so we lose the particle aspect of the current, i. e. ,

we neglect the fact that an electric current in space consists in a motion

of charged particles wiiich have a certain mass, charge, and velocity, and

which are constituents of a gas with a certafn temperature. Some of these

properties can formally be introduced into the field description as bulk

constants like * , n, and r , but this gives a poor and often misleading

representation of the particle phenomena.

In contrast to this approach the study of electric discharges, which

starting a hundred years ago has clarified some essential properties of a

plasma, approaches the phenomena from the particle aspect (motion of

electrons and ions, formation of electrostatic double layers, establishment

of non-Maxwellian velocity distribution, etc. ). It is now obvious that

several of the phenomena related to the particle aspect are of decisive

importance also in cosmical p'asmas, eml that by neglecting the particle

aspect we deprive ourselves of the possibility of understanding some of

the most important phenomena in cosmical plasma physics.

In the following we shall classify the plasma phenomena in magnetic

field-related and particle-related or electric current related phenomena.

The former received early very much attention but the latter have only

recently been brought in':o the focus of interest.
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2. Particle-related phenomena in plasma physic»

From the particle aspect we can derive the equation of motion of

a test particle by calculating the sum of all forces from other particles.

In principle, we need not speak about fields at all. However, it is

convenient to introduce the electric field £' by the equation

F * X( = e E ' iZ)

where _F is the sum of all forces _f acting on a test particle with

charge e (neglecting gravitation).

The motion of a charged particle can be completely described

as caused by the electric field £' . A magnetic field exerts a negligible

force on the particle. However, if we make a relativistic transformation

E = E' - - v x B (3)

from the coordinate system which move B with the particle velocity v

in relation to a coordinate system at rest, we have in this coordinate

system another electric field E. It is convenient to use a coordinate system

at rett and describe the motion of the particle by the velocity v. In

this coordinate system the force acting on the charged particle is

I - e (E + v x B) ( 4 )

and B i s g i v e n by (1) .
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llt.nct' stv n sror.i ; lv o^räinatc svstem of the particle, B is

unimportant, but ;t is convenient to introduce this concept in order to

mak<- the calculation of K in (2- easier.

i. Magnetic fit;l<i iines

A magnet i-_- field !-::P S by definition a line which everywhere is

parallel to the n:a^netic ncki. In case the current system changes, the

shape of the magnetic fit-It: hne changes, but it has no meaning to speak

about a translational movement_ot magnetic field lines.

The concept of "frozen-in magnetic field lines" has played a

certain role in plasma physics. However the application of this concept

requires

E -- 0 (5)

\\

In order to srtisfy this the electric c< nductivity a parallel to the magnetic

field must be infinite. If we use the classical formula

m v (6)

we find that under cosmic conditions a_ is usually so large that we can

regard it as infinite, (e and me are the electronic charge and mast,

a the number density of electrons, A and v the mean free path

JMd the thermal veljcity, and y a constaat of the order units. >

However this in not enough because there arc a number of phenomena

which makes (6) not applicable.. Basically these derive from the particle

aspect o! elerttic currents,
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1. The formula ( c ) is derived under the condition that the mean

free path A of electrons is small compared to the characteristic length of

variation of 12, <-tc. This is often not satisfied in space plasmas.

For example, in the outer magnerosphere and interplanetary space it is not

valid.

2. When the current density becomes large enough, electrons

may lose energy by a coupling between their motion and, for example,

sound waves in the plasma (anomalous resistivity) (Sagdeev, 1975).

3. In case the velocity distribution in a plasma is non-Maxwellian,

a magnetic field gradient may produce an electric field E(l I* 0, and the

field-aligned current Ä»ay be strongly hampered by magnetic mir-

roring of the charge ca r r i e r s (Lennartsson, 1976).

4. An electric current often produces electrostatic double layers

(also called sheaths) associated with a discontinuous jump AV in the voltage.

As the mentioned effects are common in low density cosmic

plasmas (especially in ''colli-jion-Icss plasmas'') the "frosen-in" concept

is very often invalidr-t^r1. "Jspeciaily v/hen combined with the "magnetic

("magnetic merging")
field-line reconnectlon" concept/it has led to a serious misunderstanding

of important phenomena.

In order to demonstrate how unnecessary and misleading these

concepts aie wo shall treat the simple case of the plasma flow in the
(Alfve'n, 1976)

magnetosphero assuming a stationary state/ We shall also use this

example as an illustration of the relations between a magnetic field

description and a. por t ;•".)<:; description.
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4- Model of the stationary magnetosphere

The stationary conditions of the magnetosphere are usually

depicted by drawing the magnetic field lines (Fig. 1). By the help of (1)

>ve translate this into a current and particle picture. We place a current

carrying coii in the Earth's interior which, if suitably designed, gives

the Earth's magnetic field. In case we are satisfied with the axisymmetric

d i pole component the coil may consist of a very small circular loop at the

center of the Earth.

Similarly we let the interplanetary magnetic field be produced by

a current in a very large coil. In the simplified case of a south-directed

interplanetary field the coil may be a Helmholtz coil with its axis coinciding

with the earth's axis.

To these we muit further add a number of coils representing

thf secondary magnetic fields. In a simplified model (Alfvrn 1075) these

consist of a double coil producing the magnctopause current system, a

double coil producing the tail current svstem, and a system of coils producing

the ionosphere-magnetosphere current system (Fig.1:2 By making the

coils of very thin electrically insulated metal wires w«: can obtain a good

approximation to the current system which in reality consists of distributed

currents.'

Similarly we produce the electrostatic field by a number of electro-

static charges placed in suitable fixed positions. For example, in the

simple caae v = const, B -- const, the interplanetary electric field which

seen from an earth-centered system is E = - — v x B
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can be produced by two condenser plates separated by a large distance d and

charged to a potential V - d • E. Electric fields caused by space charge

should be represented by a number of other electric charges.

In the stationary state we consider, both the electric and the

magnetic fields are static. We can depict the magnetic field by drawing

the magnetic field lines (Fig. 1:1), but it should be observed that a magnetic

field line has the Maxwellian meaning. It is a line which everywhere has

the direction of the magnetic field. To ask whether a field line "moves" or

not has no sense. In our static vacuum model it is natural to depict them

as immovable in relation to the coils which produce them, which means in

relation to the earth.
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5. Particle motion in the magnetosphere

So far our model contains no movable charged particles (outside

the wires). In this vacuum model we inject one charged test particle,

either in interplanetary space or from the ionosphere. Its motion i s com-

pletely determined by the electric and magnetic f ie lds. As the magnetic

field is s tat ic , the energy W of the particle i s given by

W = WQ+ e J E * <*s (7)

energy,
where W is the initial / ds the line element and E the (static) electrico

field from the fix charges, and e the charge of the particle.

Next we inject a large number of solar wind particles(and particles

from the ionosphere) ,but still only a negligible fraction* of what corresponds

to the real case. Assuming that the mutual collisions (as well as the

collisions with the model structure) are negligible, they will behave as

a number of test particles. In case our model is designed correct'y

they will increase the space charge given by the fixed charges of the model by the

fraction « ,and their flow close to the coil wires will increase the magnetic

field by the same fraction. If we reduce all coil currents and all fix

charges by the fraction < , we will return to the same electric and magnetic

field as before the injection.
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We now slowly increase c to unity. At the same tine we reduce the

coll current*» end the fixed charges so that eventually they become zero. It

la easily seen that this can be done in such a way that during the whole pro-

cess, the electric and magnetic fields remain constant. We can now remove the

model structure, and s t i l l every particle will move and change i ts energy as

if i t were a single test particle in the vacuum model. Our model now depicts

how the plasma in our surroundings flows and changes i ts energy.

6. Conclusions about the stationary model

Our Gedanken experiment shows that neither the injection of one

test particle, or a small number of test particles, nor the full amount

of solar wind particles calls for a change in the Maxwellian concept of

magnetic field lines. There is no need for "frozen-in" field lines moving

or "magnetic merging" .
with the plasma, still less for "field-line re connection" / The magnetic

field the whole time remains static, and not a single field line is "disconnected"

or "reconnected". The energy of a charged particle is given by (7).

There is no "field-line »connection" that can transfer ea#rgy to the particles,

nor releases energy In any other way.

In case the magnetic field varies with time, the geometry near

may be considered to
neutral points may change in such a way that field-lines/ disconnect and

reconnect. It may be argued that in this case the usual field-line re-

connection formalism should be applicable. As will be shown in 10

this is not correct. The field-line reconnection theories are erroneous

also in this case.
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7. Field aspect ~ind current aspect of m -gnetized cosmic plasmas

The theoretical study of cosmic plasmas has so far largely been

based on a field description. This has been very successful in accounting

for those phenomena which are accessible by this approach. Especial-

ly the study of waves in plasmas has given results of permanent value.

However as we have stated in 1 there are a number of

important phenomena which are not accessible by this approach. In fact

by eliminating the electric current as is done in the magnetic field approach,

we also eliminate the possibility of understanding a number of

phenomena which are produced by electric currents. Examples of such

phenomena are:

1. Formation of electrostatic double layers and anomalous

resistance effects.

2. The release of energy in c ouble layers, e.g., in auroral

double layers and in other parts of the magnetosphere.

3. The transfer of energy from the solar wind to the magnetosphere.

4. "Explosive" events like magnetic substorms and solar flares.

It is just as impossible to understand these phenomena by a magnetic

field formalism as it is to understand the photoelectric effect from

Maxwell's equations alone.

Hence it is necessary to revise cosmic plasma physics

in order to see it also from the particle or current aspect. Such an

10
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analysis must be based on what we know about the ionosphere, magnetosphere,

and interplanetary space, because these are the only regions which are

accessible to in situ measurements, which means that we can confront

theories with detailed observational facts. Astrophysics today runs the

risk of being much too speculative. The only remedy of this is to base our

investigations on the space research results from our close neighborhood

and treat phenomena in more distant regions as extrapolations of those

results

11
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8. Electric double layers

In this and the following parag -aphs we shall treat a number of

particle-related phenomena which are of importance in cosmical plasma

physics. They canrot be understood in terms of a formalism in which the

electric current has been eliminated.

In the laboratory there are several mechanism which may produce

electric double layers. For example, they are often produced when there is a

density or temperature gradient in the plasma. An interesting type of

double layer occurs when the electric current density exceeds a certain

value which is given by the temperature, density, and degree of ionization

of the plasma. Theoretically we expect a layer of this type to form when

the electron drift velocity exceeds the thermal velocity, which means that

the usual electric current in the plasma changes over to a beam, This

gives rise to an instability related to the two-stream instability.

There is extensive literature 'n this field. We shall concentrate

our attention on some recent investigations which have been done especially

in ord^r to clarify the cosmical ."applications. A recent review is given by

Block (1975) who also develops a theory of double layer produced by

Birkeland currents in the ionosphere-magnetosphere.

Fig. 1:4 shows the experiments of Torve'n and Babic (1974,1975,

1976) and Fig.;. 1:5 (a) ar.l ('.->) show some of their results. The electron

velocity distribution on both sides of a double layer has been measured

12
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by Anderson, Babic, Sandahl and Toveu. Fig. 1:6 shows how on the

cathode side of the double layer the Maxwellian distribution peaks at

2 eV, but at the anode aide this maximum is displaced to It eV because

the particles have been accelerated on the double layer. At the same

time a new peak at 3 eV is produced, which at large distances from

the peak becomes the dominant feature.

The experiments demonstrate that the formation of double

layers in the laboratory is a pure electrostatic phenomenon and not

primarily produced by a magnetic field. We cannot possibly describe

it by a magnetic field related for.nalism. It can be observed at currents

which are so low that the magnetic field they produce is negligible (the

Larmour radius even of the electrons is large).

During the last five years there have been a number of magneto-

spheric observations which demonstrate the existence of pa ra l l e l e l ec t r i c

f ields in the auroral zone (Block 1972, 1975). For example, observations

show that the auroral zone ia often bombarded by almost monochromatic

electrons of, for example, 3 keV energy. There are good reasons to

believe that these particles have obtained their energy simply by passing an

electrostatic double layer with the voltage AV (o\ a series of double

layers with the same total voltage drop). Such layers have recently been

observed with barium cloud experiments at altitudes of about one Earth-

radius (Haerendel, et al. 1976, Wescott, et al. 1976).

12'a)
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The current causing the double layer in the magnetosphere is of

the Birkeland (field aligned) type. The role of the magnetic field is

then primarily to confine the current l a t era l l y , but the inhomo-

geneity of the geomagnetic f i e ld may well f a c i l i t a t e the formation

of the layer (Lennartsson, 1977).

Block (1972, 1975) has discussed the lateral limitation of a double

layer (or a distributed change in voltage) and found that the shape of the

equipotential surfaces should be as depicted in Fig. I: 7. If the current-

carrying field tube has the same voltage as the environment below the

double layer there must be a lateral voltage gradient above the layer.

This produces a rotational motion of the plasma (but no motion of magnetic

field lines!) around the current carrying flux tube. In this way the filamentary

current i£ electrically insulated from the surroundings similar to a current

in an electric cable. This motivates us to draw electric circuit diagrams

for electromagnetic phenomena in space and discuss them with the help

of electrotechnical terminology.

13
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9. Energy release in double layers

If a double layer with a voltage difference AV has been formed

by a current I, a power

P = IAV (8)

is released in the double layer. This energy is used for accelerating

charged particles. It should be stressed that there is no possibility ot

accounting for the energy of the particles as a result of "magnetic field-

line reconnection" or any other mechanism which implies changing

magnetic fields in the region of acceleration. In the region of the double

layer the magnetic field is almost constant and cannot supply the required

energy.

14



10. Properties of the local plasma and of the circuit

It ie important to note that the properties of

a double layer does not only depend on the properties of the local plasma

(in or near the double layer) but on the whole electric circuit in which the

plasma current flows.(Babic and Torve'n, 1974).

As we have learned from plasma experiments, a double layer

may either be essentially static (although usually associated with noise) or

explosive. Suppose the circuit of such an experiment contains an inductance

L, a resistance R, an electromotive force V , and the plasma (Fig. It8). We

can represent the plasma by two circuit elements, X referring to the

properties of the double layer and Y representing the plasma outside

the layer (including the cathode and anode falls). For the sake of

simplicity we assume that Y consists essentially of a constant voltage

drop V'.

The circuit obeys the equation

v - v = i- R + x(i) +

X is a complicated function of I and it also depends on the temperature,

density, etc. of the plasma. In general, when I changes by Al

X varies by AX = PI where P - ——-—



Th-> dynamical resistance R, of the circuit is

R, = R + P (10)
d

If R , < 0 thy current is unstable, and the double layer will either
d

produce oscillations or explode, depending on the higher order terms

in X and the value of L. In the latter case the current may be disrupted

and the magnetic energy

W - - LI2 (ID
m 2

of the circuit delivered to the double layer and the plasma around it.

This shjws thrt the properties cf the double layer, including its ability

to explode, does not depend only on the properties of the plasma in its

close surro^ndi i:;s. We can stabilise the plasma by increasing R and

influence it» dynamic evojution by changing u. Hence in order

to understand thn r>,r->perlies of a. current-carrying plasma we mutt take

account of the p .••o'.ierties of t ho whole; circuit in which the current flows.

As this is not done in the magnetic merging theories, we

conclude that they ;*ive a basically erroneous description of the

phenomena even if a change in the current really produces a field-line

reconnection.

16
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Exploding douole sheaths

As we have seen, the plasma phenomena

depend in a decisive way also on the properties of the whole electric

circuit. It is well-known that all electric circuits containing an inductance

L are intrinsically explosive in the sense that if the circuit is disrupted

anywhere, the magnetic energy

w L - I l.

is released at the point of disruption. Further it is well-known from decades

in the laboratory
of plasma investigation that/certain types of electric double layers

may become unstable in the sense that the current is suddenly disrupted.

The result is that the energy W may be released in the double sheath,

where it causes an explosion.

There arc \\cor\ reasons to suppose that many of the explosive events

(Cr.rj.jvist, 19^9, 1972, 1973; Boström, 1974).
observed in cosmical -physics are produced by this mechanism/ Examples

are magnetic substorms, solar flares, and similar phenomena in "flare
Ip and 1976)

stars". Most recently it has been suggested by Artendis (1975,/that similar

phenomena also take place in the tails of comets, leading to the "folding

umbrella1' phenomna

17
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12. General properties of the electric circuits

In the simplest case our circuits contain four circuit elements: an e. m. f

VQ , and inductance L, a resistor R, and an electrostatic <2nuble

layer D. In case the double layer explodes and disrupts the current

when it has reached the value I the circuit has the properties illustrated

by Fig. 1:10 . When switched on the current increases at the rate

dl Vo
After an infinite time it would reach the value I_ = V /R in

case I >

If

< I = V /R, (12)
e K o

explosions occur at regular intervals T which, if I « I , are
e K

given by

T = LIe/Vo (13)

Repetitive events arc often observed (magnetic substorms, solar

flashes, sometimes solar flares). In all of these cases the repetitive

properties may be due to the properties of this simple circuit. The

energy which is dissipated at the explosions derive from the kinetic

energy of the plasma motions.

18



r
There is also another important way in which the energy ~LI

of the circuit can be dissipated. If an electric current flows in a

circuit it exerts an electrodynamic pressure so that the circuit loop

has a tendency to expand. In cosmical plasmas this pressue is usually

balanced by other forces ( e. g. , other electromagnetic effects, gravi-

t at ion, gas pressure). If the current increases above a certain value

its electromagnetic pressure may be so large that the balancing

effects do not suffice and the current loop may explode. An example

of this is the rising prominences. In this case part of the circuit

energy is converted into kinetic energy.

19



PART II: THE ELECTRIC CIRCUITS

« 1. Survey of the models

In this part we shall apply the general principles we have discussed

in Part I by constructing a number of simplified models of

electric circuit. We will find that these are essentially of four different

types. One model of each of the four types can be based on our knowledge

of regions which are reasonably well studied by in situ measurements.

The best explored circuit is the auroral circuit of which we make a

simplified model called the Auroral Circuit I (ACI). This does not give

the best possible picture of the currents in the auroral zone as we know

them, but because of its simplicity it is useful. The real current system

can be regarded as a superposition of two ACI's and another circuit called

ACII.

The ACI is applied to the model of solar flares, and to the

cosmogonic problem of angular momentum transfer.

The third model is called the Heliospheric Circuit (HC) and

describes the currents in interplanetary space which are also reasonably

well-known (in certain regiops).

This model is tentatively applied to the Jovian magneto-

sphere and it is shown that the Jovian current system may be of a similar

character. Because there are not yet any plasma measurements in the

Jovian surroundings, this conclusion is uncertain. Moreover, like in

the Earth's magnetosphere, the complete current system is certainly

too complicated to be represented by one simple model.

20
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The fourth model, called th<. Tail Circuit (TC) is

based on the investigations of the Earth's magnetotail. When a substorm

occurs, the tail current system gets connected with the auroral zone, and

the TC should be substituted by the more complicated Boström model

for substorms. (Boström 1974). This can be depicted as a combination

of the T C and ACII.

The TC is applied to the magnetopause.

Further, the TC is applied to cometary tails. Unfortunately

we have no în situ measurements of comets, but as Ip and Mendis (1976)

have shown there is such a striking similarity between the current

system in cometary tails and the Earth's magnetotail that we may

consider the cometary phenomena as the magnetotail phenomena viewed

from a distance.

Z\
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II. 2. The Auroral Circuit I (ACI)

The circuit consists of the following elements (Fig. 11:1):

A. Atmospheric region

The currents flowing in the ionosphere form in reality a

complicated system. What is of interest for the ACI model is essentially

that, due to the rotation of the Earth, an e. m. f.

a
V = f y_x B -_ds 11(1)

a l

is produced.

B. Birkeland region

This is characterized by Birkeland currents along the field lines.

There is no e .m. f. but one or more electrostatic double layers, D n each
by the current,

with voltage drops AVn, may be produced/ The total voltage drop in them

is V_ = TäkVn . The region conrists of two parts B. and B_

carrying currents in opposite directions, and there may be double layers

in both.

Instead of double layers, there may be distributed regions with

E * 0.

C. Cloud region

In this region a plasma cloud moving with velocity v produces

m>
on e.m. f.

V
c

c - - - 11(2)

22
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In the circuit we are considering there flows a current which

is given by

V + V - ZV = P.I + L ^7
A C n dt

H(3)

where R = R + R_ + R is the ohmic resistanctance of

the circuit.

The inductance L is given by

11(4)

where B is the magnetic field produced by I in the volume element d r .

in the region
The total magnetic field/is produced by the currents I_ in the

interior of the Earth and the current I. In case Ig flows in a circular

loop in the center of the Earth, it produces a magnetic dipole field.

Fig.II. 1 shows a linear current in a meridional plane, but the

current may also form a sheath, extending over a certain range of longi-
i

tudes, which may be as large as 2 it. This circuit! had originally a

speculative character but space measurements, especially by Zmuda and

Armstrong (1974), have confirmed that it really constitutes a first

approximation to the current system in the auroral zone (Boström 1974,

1975). See Fig. 11:2, 3.

The AC1 is also applicable to field aligned currents in the Jovian

magnetosphere, produced by the motion of its satellites (Kivelson and Winge

1975).
23
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II. 2.1 Invisible transfer of energy

It is important to note that the auroral circuit transfers energy

from the moving plasma cloud C to the region of release D through

electric currents in B, and B_ and an electric voltage difference

between B, and B2. Both the current and the voltage difference are

difficult to detect even by in situ measurements. From a distance

it is almost impossible to observe them. What we may observe

from a distance is that energy disappears in a region C (e. g., that

the velocity of the cloud is retarded) and that energy is released in

another region D (e. g. , by the emission of radiation from this region).

Hence we have a mechanism of "invisible" transfer of energy over a

large distance. As we shall see in 11:9 this may give us the key to

energy release in double radio stars.

An "invisible transfer" is a characteristic of many electric

circuits. For example, when observing the Earth from a satellite or

an airplane, we easily observe street lights dissipating electric energy

and we may also see hydroelectric power stations generating it, but it

is almost impossible to observe how the energy is transmitted. In

1:8, 9, 10 we learned that in important respects the transfer of energy in

cosmical physics is similar to the electrotechnical transfer.
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II. 3. Auroral Circuit II (ACII)

Electric currents along the field lines may also form a somewhat

different circuit, which we shall call Auroral Circuit II (ACII) (see Fig. 11:4). The

inward and outward currents intersect the ionosphere at points at the same

latitude, but at different longitudes. The e.m. f. may be produced in the

ionosphere by north-south directed winds or in the equatorial plane

by radial plasma flow. In two important cases (magnetic substorms and

the folding umbrella phenomena in comets) the e. m. f. in the equatorial

plane is produced bstween c . and C2 by disruption of a current in another

circuit.

The total current system in the auroral zone seems normally to

be due to a superposition of two ACI--one in the evening and one in the

morning side of the £arth--and one ACII system, joining these two

systems on the night side (Boström, 1974).

Ultimately these circuits get thei~ energy from the solar wind,

and the transfer to the magnetosphere takes place over the tail and

magnetopause systems (see Boström, 1974, 1975). Hence the complete

solar-wind-magnetoephere-ionosphere must be a rather complicated

combination of these circuits.
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II. 4 . Application to angular momentum transfer in the cosraogonic

problem

The ACI gives a transfer of angular momentum between the

central body and a plasma cloud in its surroundings of the type which

is needed in order to understand how planets and satellites were put

into orbit when the solar system originated. The application of the ACI

leads to the theory of the free-wheeling plasma ("partial corotation")

(Alfvtfn and Arrhenius, 1976, Chapter 16,17; Alfvén, 1976b). See Fig. 11:5. The

detailed structure of the Saturnian rings and the asteroidal main belt

can be explained by this theory. Hence the ACI seems to have been of

fundamental importance for the transfer of angular momentum

at cosmogonic times.

It is important to note that 1 > I which means that the free-

wheeling plasma is partially supported by the magnetic field. A free-

wheeling plasma can never "inflate" a magnetic dipole field.
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II. 5. Solar prominences

With a slight modification the ACI model can be applied to

solar prominences. We substitute a suns pot for the central body A,

cancel the region Bj, and let C represent the solar surface. A

solar flare occurs when the double layer D explodes (Carlqvist, 1969,

1972, and 1973).

II. 6. Solar activity

Generalizing the model still more we may ask whether all the

phenomena referred to as solar activity are not best clarified by a

current model. In fact, due to the presence of magnetic fields and

motions in the solar photosphere, we have a fluctuating voltage over .he

whole aolar surface. If a magnetic field line runs between two points

a and c of voltages differing by AV, a current along a magnetic field-

line a be may be produced which closes through a diffuse current c da

at the surface or below (Fig. 11:6).

All filamentary phenomena in the solar atmosphere are

probably produced by currents in this way. Small scale circuits produce

spicules in the chromosphere, large circuits prominences, coronal

streamers, and polar plumes.

27



r
II. 7 . The Heliospheric Circuit (HC)

In its simplest possible vr.rsion this model consists of a

central body magneti -ed by a current I (like in ACI), a radial current

Ioflowing in the equatorial plane and extended uniformly over 2r in

longitude, further two axial currents, each — Io, flowing in opposite

directions. The current I closes at infinity. The e. m. f. is due to

the rotation of the central body (unipolar induction).

In a cylindric coordinate system (r, <)>, z ) the magnetic field from

Iois

B0> = — t o r z > 0

o
B , = _ — for 7. < 0

This extreme simplification makes the model unrealistic, and we

shall approach reality by a somewhat more realistic model, called the

Heliospheric Circuit (1IC) (see Fig. 1.1:7), by adding a system of circular currents

1,+, in the quatorial plane so that the magnetic field lines close to the

equatorial plane get the spiral shape which is given by the solar wind.

If the solar wine1 flows radially with the constant velocity v

and the magnetic field points in (he direction of the solar wind seen from

a coordinate system which rotates with the angular velocity %l of the

Sun wr have vf», - r il and for the magnetic field R, and the
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surface current density i

B v / v - B r IT

(U:6)
I r

o o . i
2 IT r r o

o

where rQ = v /R i s the solar distance where the field spiral makes

a 45 angle with the vector radius, B o the radial magnetic field and

i o = I o / 2 " rQ the radial current density at this distance.

Further, we have 1 = 2 " r i = H r and with B = Z • 10 gauss ,

r = 1.5 • 1 0 1 3 c m we find 1 = 3 ' 10 8 e s u = 3 • 1 0 9 A = 3 GA.
o o
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An essential difference between ACI and HC is due to the

solar wind, which produces the tangential current system (equivalent

to a stretching out of the magnetic field lines of the original dipole field.

Further in the ACI the main e. m. f. is due to the tangential component of the

magnetospheric convection whereas the electromotive force due to the

Earth's rotation is of minor importance. In the solar surrounding

the plasma motion is radial, so that v y B in (U:2) has no radial

component. Hence the main e. m. f. is due to the sun acting as a unipolar

inductor.

In the ACI the current is not large enough to cause

more than a small perturbation of the magnetic field. At large currents

a circuit has a tendency to expand. If the auroral circuits of both hemi-

spheres expand they will jointly form a current system like HC. The current

layer should have an inner limit, which we denote by Ro. Inside Ro

we let the current I continue along magnetic field lines to the central

body, similar to the HC.
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Regions A and B are the same as in ACI. Region B is

moved towards the axis and may be depicted either as a current with

infinite density flov.ing exactly on the axis or, more realistically, as

a current flowing in a certain region near the axis.

Because of i<j> the region C consists now of two regions. In

the inner one (C.) the magnetic field is predominently radial

(B > Bx ) and the current predominently tangential (i $ > i ) , whereas

in the outer one (C_) the reverse is true. The limit between C. and

C- goes at r where the field lines and the current lines both make

a 4 5 s angle with the vector radius.

The total magnetic field decreases as r" in Bj, as r"^ in Cj and

as r in O^

The radial current in the equatorial plane and the two axial

currents may go to infinity, becoming increasinly diffuse, or they may

connect through currente in the region B3 which either may be filamentary

or forming a sheath.

30



r
II. 7.1. The sector structure'and the equatorial current layer

Spacecraft measurements, which so far have been restricted to

the neighborhood of the ecliptic plane, have revealed that the inter-

planetary magnetic field is directed inwards in certain regions, whereas

in other egions it is outwards. The regions are separated by very

sharp boundaries, obviously current layers. It was first thought that

these currents flowed perpendicular to the ecliptic plane and were due

to a "sector structure" of both interplanetary space and the solar

atmosphere. From a current point of view, this interpretation looked

absurd because it implied that, for example, at the earth's distance

the large currents in the boundary layers should be connected along merid-

ional planes to the sun. It seemed more likely that the observed

current layers should be due to the theoretically expected equatorial

current layer of Fig.11:7 and that tue change in field direction should

be due to the poo5tion of the Earth in relation to the current layer.

Rosenberg and Coleman (1969) have given convincing observational
evidence (see also Rosenberg, 1970; Rosenberg and Hedgecock, 1976).

/ for the view that this theoretical picture is correct/ The phenomenon

which still erroneously IB referred to as the "sector structure" of the

solar wind is due to relatively small displacements up and down of the

solar equatorial current layer. It is similar to the wave motion of the

skirt of a spinning ballerina. We shall in the following neglect the

ballerina effect and consider the magnetic conditions near the equatorial

plane to be produced by a plane current layer.
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II. 7. 2 Properties of HC

The model has the following properties, which should

be compared with observed properties of the Sun and the heliosphere.

The central body acts as a unipolar inductor and the e . m. f.

is produced in the region A. The mechanical force on the solar

atmosphere dj[ = 1̂  x B • djs tends to retard the rotation of the

central body. The current transfers

angular momentum from the central body to the surrounding plasma,

and most of it may be received by the innermost part of region Cj .

Hence we have a retarding force applied to the polar region and an ac-

celerating force applied to the highest layers of the solar atmosphere in

the equatorial region. This should produce a non-uniform rotation of

the Sun, of the type which is observed (angular velocity decreasing with

increasing latitude and increasing with height in the atmosphere near

the equator).

In the region Bj the currents are field-aligned, tt seems to

be a general rule in cosmical physics that field-aligned currents manifest

themselves as luminous filaments. If the current in Bj is spread over

an extended region we should expect filaments of the type of the

equatorial streamers in the solar corona.
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Similarly, in the B^ region, the vertical currents near the

solar surface may produce the polar plumes in the corona.

The model predicts that there should be currents near the axis

strong enough to match the current in the equatorial plane. Such

currents should be observed when a spacecraft is sent to the high latitude

regions. It is an open question to what extent they flow very close to

the axis. They may be distributed over a large region, and in part flow

also at medium latitudes.

It should be pointed out that electrostatic double layers may be

formed,perhaps especially by the axial currents. This means that we

may have regions D far away from the Sun, where energy is released

without any observable indication of how it is tranferred. This is

analogous to the release of energy at the electrostatic double layers

in the auroral zones. If a double layer is formed far out from the Sun,

it may emit radio waves or plasma waves which could be detected.
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II. 8 . Application to the Jovian magnetosphere

If we want to construct a model of the Jovian magnetosphere it

is reasonable to start by looking for similarities with the terrestrial or

solar surroundings. It is obvious that the Jovian magnetosphere is

drastically different from the Earth's magnetosphere, but it is less obvious

that the difference with the heliosphere is very large. Hence we shall here

investigate to what extent the HC is applicable to the Jovian magnetosphere.

This means that we try to apply the rather detailed knowledge

we have of the conditions in interplanetary space to the less well-known condi-

tions around Jupiter. We find that the HC model is reconcilable with the

following observational facts:

Jupiter has a non-uniform rotation like the Sun, and this may be

a result of our current system acting in the region A.

The Jovian magnetic field consists of three different regions. Up

to about 10 R. it is given by the internal currents in Jupiter (Smith, Davis,

and Janes, 1976). We identify this region with Bj .

In the region between 10 R. and 50-60 R. the magnetic field is a

"stretched out" dipole field which can be depicted as deriying from circu-

lar currents in the equatorial plane. This is in agreement with the currents

in the Cj region. However the measurements indicate that most of the

tangential current flows between 30 and 60 R-, so perhaps the limit

between A and B should be as far out as 30 R.. The HC model requires

also a radial current in the field, and according to Smith et al. the
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measurements indicate the existence of a radial component.

In some cases the magnetic field lines outside this region are

increasingly pointing westward. This agrees with the C region in

our model but the outer magnetosphere is obviously very perturbed.

The limit between C. and C is far out, and we should possibly

11 -4 8

put rQ?s 80R. = 6 ' 10 cm. As ft = 1.6 • 10 , we find v = 10 cm/sec.

This is of the same order of magnitude, or even larger, than the solar

wind.

If we accept the similarity between the heliosphere and the

Jovian magnetosphere there must be a Jovian wind emitted with properties

similar to the solar wind. This requires a strong heating of the upper-

most layers of the Jovian atmosphere, perhaps by the current system we

consider. The density of the Jovian wind must be very low (see Goertz, 1976).

This picture is an alternative to the model by Hill, Dessler, and

Michel (1974) in which the centrifugal force of a corotating plasma is

supposed to be responsible for the outflow. However, in the absence of

frozen-in field lines, a synchronous corotation is not very likely to be

established. In case of a partial corotation ("free-wheeling plasma")

depicted in Fig. 11:5 the centrifugal force is always smaller than the

gravitation, and could not "inflate" the magnetic field. A decision between

different* mechanisms cannot be made until plasma measurements of the

Jovian magnetosphere are available.
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Even if the analogy between the heliosphere and the Jovian magneto-

sphere can be helpful, the Jovian conditions are obviously too complicated

to be described in detail by aay simple model.
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II. 9. Application LO the double radio sources

A most puzzling phenomena is the double radio sources, usually with
almost

a visual galaxy'exactly halfway between them. Hypotheses concerning their

energy source are essentially of two types: The radio sources may get their

energy from an object in the center of each of the radio emitting region--

but no such object has been found. Or the emitting clouds may be shot

out symmetrically in two directions from the central galaxy—but then their

initial energy must be enormous in order to supply energy to the radio

objects during a long period of time.

As soon as we describe cosmical phenomena by current models,

we get another mechanism for energy transfer over large distances.

As we have seen from the ACI kinetic energy is transferred from C

and released in a doufcle layer D. The transfer occurs by means of electric

currents and an electrostatic potential difference: and neither of them is very

easy to detect, not even by in_ situ measurements. What most easily

might be observed from a large distance is essentially that kinetic

energy disappears from a certain region C, and that there is a production

of accelerated particles or oscillations in one ;or more regions D, which

may be very far away from the energy source.

As the visual galaxy half way between the two radio stars probably

is magnetized it may act as a unipolar inductor, and the HC model may

be applicable. This means that we should expect currents to flow in
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opposite directions along the rotational axis of the galaxy. Double layers

may be formed in two or several symmetrically located regions, and

the energy of the rotation of the galaxy may be transferred by the

electric circuit to these regions. Because of the currents, there must

be strong magnetic fields in these regions so that electrons acclerated

in the double sheaths may produce the synchrotron radiation, which the

radio stars emit.
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11.10 Tail Circuit (TC)

The circuit of the current wh.ch magnetizes the magnetotail

is in principle very simple (Fig. II: 7 ). It consists of a sheath in which

a current flows from a to c in a plasma which, in relation to the

Earth, is at rest or moves slowly. The circuit is closed by currents

c b1 a and c b" a flov/ing in the solar wind, which has the velocity v

perprendicular to the plane of the figure and a magnetic field B.

The e. m. f. is

• /
V = I v x B - d s

c b' a ~ ~

and when B has a southward component close to the

magnetotail it produces a current system as shown in the figure.

11.10:1. Magnetic substorms

In the sheath an electric double layer may be formed and it

frequently explodes. Due to the inductance of the circuit a large

voltage difference is produced between e. and e , and the current

is "reconnected" over the auroral zone through a ACII. The total

circuit according to Boström is shown in Fig. II: 8 .
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II. 11 . Application to the magnetopause

The same circuit is also applicable to the magnetopause. The

main difference is that in the tail the current flows in the equatorial

plane but in the ma^netopause in a plane perpendicular to the equatorial

plane (in reality one more complicated curved surface). For some

reason the magnetopause current system seems never to be disrupted.

The currents in the solar w nd flow not only to the north and to

the south of the magnetopause, but also sunwards. In fact what is

usually referred to as "bow shock" is a current sheath (as seen

from the difference in B on both sides of it). It seems likely that this

current connects to the magnetopause current.

II.II. 1 Energy transfer to the magnetosphere

The tail and rnagnetopause current systems transfer energy from

7 8
the solar wind to the magnetosphere. This energy is sufficient (10 - 10

(Alfv€n and Fälthammar, 1971).
watts) to account for all the dissipation in the nnagnetosphere / An energy

transfer through viscous effects or through "magnetic merging" or

some other mechanism is unnecessary and counterindicated.

39



r
11:12. Application to comets

In a recent paper Ip and Me'.dis (1976) have demonstrated

that the cornetary tails are similar to the magnetotail in important

respects (Fig. 11:10). The "folding umbrella" phenomena in comets

is likely to be caused by a current disruption of the same type as is

causing magnetic substorms.
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generatf.r a series of pu]st?s (curve 2).

n':ns:'L> ( ) ann voltage ( ) at I and 1.05 I
A. double 1 ye.: is v*r«i"C-d which gives a discontin
in i^th '.'i. i1-.!-ty :~:.d volt.?go.

Pi.'.tograph oi dorbL" l.v/ar in a discharge • ube.

Electron er>' r^y tittrJ.buuion In a laboratory discharge
fÅn<lcra:m c t a ] , lOt J) . Th big peak ground about 12eV
in the i'eco".-1 lo->>\a'c rutve it. produced by the layer,
Live further do 'A the riibf. (+ I cm and + 6 cm) this peak
gradually disp-»re•id and the bevara part icles are thermal-
ized.

Left: EI'-CL ro3f.,.\J.c \ot uitJ;\i distribution according
LO B]ork(1975). I>c i,.,'.-natic field is vertical. The
curreit-carrying i lux tube is "insulated" from the sur-
rounding nla3ma by .i :. hiri cyiyndrical shell of rotating
plasma, which produces a voltage drop which equals the
electrosta t ic drop in the layer. Right: Observed
"Inverted V" nventr. confirm the theory.



r
Figure 1:8

Figure I;9

Figure 1:10

If a current flows in a plasma the plasma phenomena
depends partially on the outer circuit. If the resis-
tance R is smaller than, the negative resistance of the
double layer X the current becomes unstable.

Conclusions about magnetic merging theories.

The circuit of Fig 1:8 gives repetitive explosions with a
time, constant T - LLQ/VQ. For every disruption the energy
I is dissipated at X.
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Figure 11:1 Auroral Circuit I. Currents along the magnetic field

lines B^ and B^ cl se through the upper atmosphere
at A and through the magnetospheric plasma at C.
The e.m. f. is produced by motion at A and C. The
current may produce one or more electrostatic double
layer3 D.

Figure 11:2 Vertical currents in the auroral zone observed by
Zmuda and Armstrong (1974). On the evening side the
downward currents flow at a lower latitude than the
upward currents; on the morning side the directions are
reversed.

Figure 11:3 Three-dimentional picture of the currents of Fig. 11:2
(Boström). This current system consists of one ACI
in the evening and one--with reverse direction--in the
morning.

Figure Ifc-4 Because of the occurrence of double layers D in ACI
a rotating cMitrii body can never bring a surrounding
plasma cloud into complete corotation. The cloud
instead reaches a "free-wheeling" state, which is
determined by the equilibrium between the centrifugal
force tc, the pravltacion £n and the electromagnetic
force fb . Under free-wheeling conditions f is
always srnfJirr than fg and the plasma can never
"inflate" the maguetic field.

Figure 11:5 Auroral Circuit II. Similar to ACI but the current-
carrying field ll.ru;E B; and B£
latitude but. differsr.'; longHudee.
a circle in the equatorial plane,
auroral rone.

ire at the same
cy is part of

i2 part of the

Figure 11:6 Circuit of general r;olar activity. Random motions v
in the photoeuhcro produces an c m . f. V = / . v x B ' ds

, " i adc ~ ~ —
between ••.he t'Ao irtersoctions a and c of a
magnetic field line with the photosphere. V drives
current aJonr» the field line a be. Mostly only the parts of the
current filament near a. and c is observed. This is
likely to bo ';he basic phenomenon 'or prominences and
apicules.
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Figure II:7(a)

Figure II:7(b)

Heliospheric Circuit. The Sun acts as a unipolar
inductor (A) producing a current which goes outwards
along the axis (B?) a n ^ inwards in the equatorial plane
C2, Cj and along the magnetic field lines Bj. The
current closes at large distance (B-j) .

Magnetic field lines somewhat above the equatorial plane
and current lines in the equatorial plane. Close below
the equatorial plane the field lines have the same geometry
but opposite direction.

Figure II:7(c) Current sheath in the equatorial plane derived from space
measurements (E. Smith, 1976). When the current sheath
waves up and down like the skirt of a ballerina the inter-
planetary magnetic field changes sign.

Figure 11:8 Tail Circuit. The line elements ab'c and a b" c are
located in the solar wind and aDc in the magnetotail
The polarization of the solar wind produces an e. m. f.
/ a j J i c v x H d s which gives a current in the neutral

sheet in the tail. This current system determines the
magnetic field in the tail. An electric double layer may
be formed at D, which if exploding produces a magnetic
substorm. which may be repetitive according to Fig. 1:10.

Figure 11:9 The explosion of D in Fig. 11:6 causes a current in
ACI1 (Fig. 11:2). The p-operties of the total circuit are
represented by this diagram (Boström 1974).

Figure 11:10 Similarity between the magnetosphere and a comet
(Ip and Mendis, I976), Current disruption which causes
repetitive substonns in fhe magnetosphere (compare
Fig. 1:10) also cause:; the "folding umbrella" phenomenon
in comets, and simultaneous brightening of the coma.
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Simplified modci of »olar wind anJ magncioiphrre [iihcr HVrf/. I97S|.

FIGURE 1:1 (a)
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SOLAR WINO

EARTH T A I L

CURRENT SYSTEM

MA6NETOPAUSE
CURRENT SYSTEM

MafnclotptKric current lyittm \Alftfn, 1975).

FIGURE 1:2
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STATIONARY MAGNETOSPHERE

MAGNETIC FIELD IS STATIC.

ELECTRIC FIELD IS STATIC.

ELECTRIC CURRENTS ARE CONSTANT.

PLASMA FLOW IS STATIONARY.

PARTICLE ENERGY W = WQ • e J E • ds

NO MAGNETIC FIELD LINES MERGE.

HENCE MAGNETIC MERGING THEORIES

ARE NOT APPLICABLE.

(But they may be applicable to non-stationary cases. )

FIGURE 1:3
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FIGURE 1:4
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FIGURE I:5(a)
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FIGURE 1:6
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IF ELECTRIC CURRENT FLOWS IN A PLASMA

THE PLASMA PROPERTIES DEPEND

NOT ONLY ON THE LOCAL PARAMETERS

BUT ALSO ON THE WHOLE CIRCUIT.

HENCE EVEN UNDER NON-STATIONARY CONDITIONS

MAGNETIC MERGING THEORIES ARE ERRONEOUS.

FIGURE 1:9
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© Downward current
© Upward current

Average large-scale Eirkeland current pattern as
observed by Zmuda and Armstrong (197U)

FIGURE 11:2
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Large-scale Birkeland current sheets shown schemati-

cally for a dipolar field geometry with alternative

closure paths for the lower latitude sheet currents

FIGURE 11:3
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FIGURE 11:4

V-Magnetic Dipole
\ Field Line

J *- xCentral
Body

EQUATORIAL PLANE

Because of the occurrence of double layers D in ACI
a rotating central body can never bring a surrounding
plasma cloud into complete corotation. The cloud
instead reaches a "free-wheeling" state, which is
determined by the equilibrium between the centrifugal
force f,., the gravitation fo and the electromagnetic

i sforce fD . Under free-wheeling conditions fc
always smaller than fR and the plasma can never
1'inflate" the magnetic field.
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FIGURE H:5
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Surface

General Solar Activity Circuit

FIGURE 11:6
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FIGURE U:7(a)

MAONETIC FIELO LINES

CURRENT LINES
ORTHOOONAL 10
MAONETIC

FIGURE II:7'(b)
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FIGURE II: 8
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MAGNETOTAIL COMET

Neutral sheet current

Electrojet

Birkeland
currents

Field aligned
current,

Ionospheric
Current

Similarity between
the magnetospher*

comet (Ip and
Mendls. 1976).
Current dieruption
which cauaea repetl.
tive lubitormi In
the tnagnetotphere
(compare Fig. 1:10)
also cauaes the
"folding umbrelU"
phenomenon in
comets, and timol»
taneoua brightening
of the coma.

Neutral sheet current

Comet

Cometary
ionosohere

FIGURE U:10
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ELECTRIC CURRENTS IN COSMIC PLASMAS

H. Alfvén

May 19/7, 75 p. incl . ill., in English

Since the beginning of the century physics has been dualistic
in the sense that some phenomena are described by a field con-
cept, others by a particle concept. This dualism is essential
also in the physics of cosmical plasmas: some phenomena should
be described by a magnetic field formalism, others by an electric
current formalism.

During the first period of evolution of cosmic plasma physics the
magnetic field aspect has dominated, and a fairly exhaustive de-
scription has been given of those phenomena - like the propaga-
tion of waves - which can be described in this way. We have now
entered a second period which is dominated by a systematic ex-
ploration of the particle (or current) aspect.

A survey is given of a number of phenomena which can be under-
stood only from the particle aspect. These include the formation
of electric double layers, the origin of "explosive" events like
magnetic substorms and sola, flares, and further, the transfer
of energy from one region to another. A useful method of explo-
ring many of these phenomena is to draw the electric circuit in
which the current flows and study its propertie.'3. A number of
simple circuits arc analyzed in this way.

Key words; Cosmic plasma physics, Electric currents in plasmas,
Magnetic merging, Magnetosphoric physics, Interplanetary
currents, Double radio galaxies


