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2 A Calculation of Baryon Diffusion Constant in Hot and Dense Hadronic Matter Based
on an Event Generator URASiMA
N. Sasaki, O. Miyamura, S. Muroya and C. Nonaka
Department of Physics, Hiroshima University,
Eigashi-Hiroshima 739-8526, Japan
* Tokuyama Women's College, Tokuyama, 145-8511, Japan
We evaluate thermodynamical quantities and transport coefficients of a dense and hot hadronic
matter based on an event generator URASiMA (Ultra-Relativistic AA collision Simulator based on
Multiple Scattering Algorithm). The statistical ensembles in equilibrium with fixed temperature
and chemical potential are generated by imposing periodic boundary condition to the simulation
of URASiMA, where energy density and baryon number density is conserved. Achievement of the
thermal equilibrium and the chemical equilibrium are confirmed by the common value of slope
parameter in the energy distributions and the saturation of the numbers of contained particles,
respectively. By using the generated ensembles, we investigate the temperature dependence and the
chemical potential dependence of the baryon diffusion constant of a dense and hot hadronic matter.
I. INTRODUCTION
Physics of a high density and high temperature hadronic matter has been highly attracting in the context of
both high energy nuclear collisions and cosmology as well as theoretical interest [1]. In the recent ultra-relativistic
nuclear collisions, though the main purpose should be confirmation of Quark-Gluon Plasma(QGP) state, physics of
hot and/or dense hadronic state dominates the system. Hence, thermodynamical properties and transport coefficients
of a hadronic matter are essentially important for the phenomenological description of the space-time evolution of the
produced exited region. In the cosmology, in addition to the global evolution of the early universe, baryon diffusion
would play an important roll in the nucleosynthesis problem.
Because of the highly non-perturbative property of a hot and dense hadronic state, investigation on the thermodynamical properties and transport coefficients has been hardly investigated. Numerical simulation based on Lattice
gauge theory is a very powerful tool for the analysis of finite temperature QCD. Recently, transport coefficient of hot
gluonic matter has been investigated [2]. But even for the modern high-performance super-computer, lattice QCD
evaluation of the transport coefficients of hadronic matter is very difficult, especially below Tc. Furthermore, at finite
density, present numerical scheme of lattice QCD is almost useless since inclusion of chemical potential makes lattice
action complex although there are several new approaches have been proposed [3] [4]. In this paper, we evaluate
the transport coefficients by using statistical ensembles generated by Ultra-Relativistic A-A collision simulator based
on Multiple Scattering Algorithm (URASiMA). Originally, URASiMA is an event generator for the nuclear collision
experiments based on the Multi-Chain Model(MCM) of the hadrons [5].
Some of us(N. S and O. M) has already discussed thermodynamical properties of a hot-dense hadronic state based
on a molecular dynamical simulations of URASiMA with periodic condition [6]. Recently, some groups have been
performed similar calculation with use of the different type of event-generator UrQMD [7], where Hagedorn-type
temperature saturation is reported. We improve URASiMA to recover detailed balance at temperature below two
hundred MeV. As a result, Hagedorn-type behavior in the temperature disappears [8]. This is the first calculation of
the transport coefficient of a hot and dense hadronic matter based on an event generator.
In section 2, we review URASiMA and explain how to make ensembles with finite density and finite temperature.
Section 3 is devoted to the calculation for nucleon diffusion constant through the first-kind fluctuation dissipation
theorem. Section 4 is concluding remarks.
II. URASIMA FOR STATISTICAL ENSEMBLES

TABLE I. Baryons, mesons and their resonances included in the URASiMA.
nucleon

#938

#1440

#1520

#1535

#1650

#1675

#1680

A

Ai232

Aieoo

Al620

Al700

A1905

A1910

A1950

meson

7T

V

"•800

0770

-

3 -

#1720
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URASiMA is a relativistic event generator based on hadronic multi-chain model,
nB = 0.1563 [frrf ], e = 0.938 [GeV/fm ]
which aims at describing nuclear-nuclear col300
— it
lision by the superposition of hadronic colli• N(940)
sions. Hadronic 2-body interactions are fun• A(1232)
200
^&S#«eaM_-e
damental building blocks of interactions in
Ap(770)
the model, and all parameters are so designed
to reproduce experimental data of hadron^ 100
hadron collisions. Originally, URASiMA contains 2-body process (2 incident particle and
O 200
2 out-going particles), decay process (1 ininS, t3§^59BLR,
n
b£fl&-flna
cident particle and 2 out-going particles),
resonance (2 incident particles and 1 out> 100
going particle) and production process (2 incident particles and n (> 3) out going par200
ticles).
The production process is very imn^"*j*^ga^ffl^g^{^gf^^f^n^
portant for the description of the multiple
production at high energies. On the other
100
100
300
400
200
hand re-absorption processes ( n (> 3) int [fm/c]
cident particles and 2 out-going particles)
thought to be unimportant in the collisions
FIG. 1. The time evolution of the inverse slopes 0 1 of JV938, A1232,
since system quickly expands and they have
P770 and 1 at u s = 0.1563 fm~ 3 and etot = 0.938 GeV/fm 3 . /J" 1 is
not been included in the simulation. On
obtained by the energy distributions, ^ = 4 x ^ d g = Cexp(—/
the other hand, in the generation of statisThe dotted line stands for the / ? - 1 of r .
tical ensembles in equilibrium, detailed balance between processes is essentially important. Lack of re-absorption process leads one-way conversion of
energy into particle production rather than heat-up. As a result, artificial temperature saturation occurs.
3

3

Therefore, role of re-absorption processes
is very important and we should take into acnB = 0.1563 fm" , e = 0.313 GeV/fm
count it. However exact inclusion of multi0.2
particle re-absorption processes is very difficult. In order to treat them effectively,
multi-particle productions and absorptions
are treated as 2-body processes including resonances with succeeding decays and/or preceding formations of the resonances. Here two
100
200
300
400
body decay and formation of resonances are
t [fm/c]
assumed. For example, NN —• NNir is described
as NN -+ NR followed by decay of
nB = 0.1563 fnri , E = 1.25 GeV/frr
R —• Nir, where R denotes resonance. The
reverse process of it is easily taken into account. In this approach, all the known inelastic cross-sections for baryon-baryon interactions up to y/s < 3GeV, are reproduced.
For the higher energy, ^ > 3GeV, in
order to give appropriate total cross sec100
200
300
400
tion, we need to take direct production
t [fm/c]
process into account.
Only this point,
FIG.
2.
The
detailed balance is broken in our simulatime evolution of number densities: (a) etot — 0.313 [GeV/fm3] and
tion, nevertheless, if temperature is much
(b) etot = 1.25 [GeV/fm3].
smaller than 3 GeV, the influence is negligibly small. For example , if the temperature of the system is 100 MeV, occurrence of such process is suppressed by factor of exp(—30)
and thus time scale to detect violation of detailed balance is very much longer than hadronic scale.
3

3

- 4 -
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In order to obtain equilibrium state, we put the
system in a box and impose periodic condition to
URASiMA as the space-like boundary condition.
Initial distributions of particles are given by uniform
random distribution of baryons in a phase space.
Total energy and baryon number in the box are
fixed at initial time and conserved through-out simulation. Though initial particles are only baryons,
many mesons are produced through interactions.
After thermalization time-period about 100 fm/c,
system seems to be stationary. In order to confirm
the achievement of equilibrium, we calculate energy
distributions and particle numbers. Slope parameters of energy distribution of all particles become
the same value in the accuracy of statistics(Fig. 1).
Thus, we may call this value as the temperature of
the system. The fact that numbers of species saturate indicates the achievement of chemical equilibrium(Fig. 2). Running URASiMA many times with
the same total energy and total baryons in the box
and taking the stationary configuration later than
t = 150 fm/c, we obtain statistical ensemble with
fixed temperature and fixed baryon number (chem-

n B = 0.2344 [fnT 3 ]

n n = 0.1563 [fm^l

ee = 0.469 GeV/fm3
• E = 0.625 GeV/fm3
^ e = 0.781 GeV/fm3
A E = 0.937 GeV/fm3
V E = 1.094 GeV/fm3

5

10
t [fm/c]

FIG. 3. Velocity correlation of the baryons as a function of
time. Lines correspond to the fitted results by exponential function. Normalizations of the data are arbitrary.

ical potential).
By using the ensembles obtained through above mentioned manner, we can evaluate thermodynamical quantities
and equation of states [8].
III. DIFFUSION CONSTANT
According to the Kubo's Linear Response Theory, the correlation of the currents stands for admittance of the
system(first fluctuation dissipation theorem) and equivalently, random-force correlation gives impedance (Second
fluctuation dissipation theorem) [9]. As the simplest example, we here focus our discussion to the diffusion constant.
First fluctuation dissipation theorem tells us that diffusion constant D is given by current (velocity) correlation,

=\ f

<v(t)-v(t + t')>dt'.

(1)

•5 Jo

Average < • • • > is given by,
<

•

•

•

>=

number of ensembles

^—•' number of particle *—?
ensemble
particle

(2)

If the correlation decrease exponentially, i.e.,
f
<v(t)-v(t+t')

>ocexp(

),

(3)

with T being relaxation time, diffusion constant can be rewritten in the simple form,

D = - < v(t) • v(t) > r.

(4)

Usually, diffusion equation is given as,
(5)
and diffusion constant D has dimension of [L2/T]. Because of relativistic nature of our system, we should use /3 —
7 = § instead of v in eq.(l) and D is obtained by,

-

5

-
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D=-

(6)
with c being the velocity of light. Figure 3 shows
correlation function of the velocity of baryons. The
figure indicates that exponential damping is very
good approximation. Figure 4 displays the our
« n = 0.1563 fm
n n = 0.2344 fm"
results of baryon diffusion constant in a hot and
A n , = 0.3125 fm"
dense hadronic matter. Our results show clearer
dependence on the baryon number density while
0.5
dependence on energy density is mild. This resuit means importance of baryon-baryon collision
process for the random walk of the baryons and
thus non-linear diffusion process of baryons oc0.4
curs. In this sense, we can state that baryon number density in our system is still high. In the
inhomogeneous big-bang nucleosynthesis scenario,
baryon-diffusion plays an important roll. The lead0.3
120
140
160
180
ing part of the scenario is played by the differT[MeV]
ence between proton diffusion and neutron diffusion [10]. In our simulation, strong interaction
dominates the system and we assume charge inFIG. 4. Diffusion constant of baryons.
dependence in the strong interaction, hence, we
can not discuss difference between proton and neutron, However obtained diffusion constant of baryon in
our simulation can give some kind of restriction to the diffusion constants of both proton and neutron.
From diffusion constant, we can calculate charge
conductivity [11]. Figure 5 shows baryon number
conductivity <7B =
£), where « B is baryon num• n = 0.1563 fm"
ber
density,
T
is
temperature
and &B is Boltzmann
0.9 L Dn = 0.2344 fm"
f
A n = 0.31251m"*
constant(put
as
unity
through
out this paper), ref
spectively.
Therefore, if we want, we can discuss Joule heat
0.7
and entropy production in the Baryonic circuit
based on the above baryon number conductivity.
CD
Because fundamental system in URASiMA is high
H
energy hadronic collisions, we use relativistic nota0.5
tions usually. However, diffusion equation (5) is not
Lorentz covariant and is available only on the special
*
*
*
system i.e. local rest frame of the thermal medium.
0.3
For the full-relativistic description of the space-time
120
140
160
180
200
T[MeV]
evolution of a hot and dense matter, we need to establish relativistic Navier-Stokes equation [12]. Taking correlation of appropriate currents, we can easFIG. 5. Baryon charge conductivity.
ily evaluate viscosities and heat conductivity in the
same manner [13].
B

B

3

3

3

o

3

o

•

B

r **

IV. CONCLUDING REMARKS
Making use of statistical ensembles obtained by an event generator URASiMA, we evaluate diffusion constants of
baryons in the hot and dense hadronic matter. Our results show strong dependence on baryon number density and weak
dependence on temperature. The temperature in our simulation is limited only small range, i.e., from 100 MeV to 200
MeV, and this fact can be one of the reasons why the change of diffusion constant of temperature is not clear. Strong

- 6

-

JAERI-Conf

2000-011

baryon number density dependence indicates that, for the baryon diffusion process, baryon plays more important roll
than light mesons. In this sense our simulation corresponds to high density region and non-linear diffusion process
occurs. Calculation of the diffusion constants is the simplest examples of first fluctuation dissipation theorem. In
principle, taking correlation of appropriate currents, i.e. energy flow, baryon number current, stress-tensor, etc., we
can evaluate any kinds of transport coefficients. However, in relativistic transport theory, there exist several delicate
points, e.g., relativistic property makes difference of mass and energy meaningless and, as a result, meaning of the
"flow" of the fluid and "heat flow" become ambiguous [12] [14]. The choice of the current depends on the macroscopic
phenomenological equations which contain transport coefficients. Once we establish phenomenological equations for
the high temperature and high density hadronic matter, we can evaluate the appropriate transport coefficients in the
same manner. Detailed discussion will be reported in our forthcoming paper [13].
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Cluster formation in low-density condition
mui

K mm

We study cluster formation in low-density condition by using antisymmetrized molecular dynamics (AMD).
We use the frictional cooling method constraining a root-mean-square radius to make low-density situation.
We apply this method to 40Ca, 44Ca and 48Ca. We find that a cluster is the basic unit in any low density
situation for 40Ca which is saturated by spin and isospin, and that the magic number n — 8 plays an
important role in cluster formation in low density situation in common with these three nuclei, and that the
14
C cluster appears in case of 44 Ca and 48Ca due to the neutron-rich property, and so on.

§ 1.

9-

tfc, &*£,

it, 4n-«Ei;i3tt4 a 9 7 X ^ -

Ltzo

, t'<Di

(AMD)

§ 2.

(AMD)

t J:

(i)

(2)

—
7T

W

exp

2~«

(3)
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dV_

ih—Zk =
at

dW

fcft$

, 77 tt dW/dt = 0
5 ;v h ~ 7

and ex.

(4)

!9.

H

H(Z,Z*) =

(5)

2M

(l¥L< It Ref. 5) t # l C C : t o ) o Ji
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j ; *)\Z To = 9.0 MeV b Lt

^ NF it" ? =7;
v - o.i6 far2 b u
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C ^)s underbinding^

16

O if overbinding
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Binding energy of 4/x-nuclei
•

400 -

o
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-
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36

Ar

Mg
h, ^ ^ , overbinding
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-310
Binding energy of the 40Ca nucleus
-320

/^

24
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Expanding Nuclear Matter by QMD
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We study the properties of dynamically expanding nuclear matter. For this purpose,
we apply quantum molecular dynamics (QMD) model to homogeneously expanding 3dimensional system with periodic boundary condition. Simulation is performed for given
initial temperatures and expanding velocities. The calculated fragment mass distribution
for slow expansion obeys the power law predicted by Fisher's droplet model, while that for
rapid expansion exhibits the exponential shape.
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5 Nuclear equation of state In heavy-Ion collisions and
application to the neutron stars
P. K. Sahu*and A. Ohnishi
Division of Physics, Graduate School of Science
Hokkaido University, Sapporo 060-0810
JAPAN

Abstract
From the baryon Row for Au + Au systems at SIS to AGS energies and above we find that the
strength of the vector potential has to be reduced moderately at high density or at high relative
momenta to describe the flow data at 1-10 A GeV. We use the same dynamical model to calculate
the nuclear equation of state (EOS) and then employ this to calculate the maximum mass and
radius of the neutron star considering the core to be composed of neutrons with an admixture of
protons, electrons, muons, sigmas and lambdas at zero temperature. We then compare our results
in contrast to the observational values.

1

Introduction

The nuclear equation of state (EOS) at high density is still an unresolved issue though many theoretical
and experimental efforts have been made in the last two decades. Theoretically, in astrophysics, the
density of the core inside the compact objects like neutron star is few times the nuclear matter
density, composed of many non-strange and strange degrees of freedom. One of the most important
characteristic feature of a neutron star is its maximum mass. The determination of maximum mass
and radius of neutron star are prominent factor of the interactions between particles at high density
and its EOS. There are two appraoches available in the literature to deal with maximum masses of
neutron stars. These are non- relativistic [1, 2] and relativistic [3, 4, 5, 6, 7] approaches. In both
conventional approaches in the neutron star matter, the estimated maximum masses of neutron star
are above 2MQ. Recently from several calculations, it has been pointed out [8, 9, 10] that the nuclear
EOS should be soft at high density. This is due to fact that all the measured neutron star masses are
less than 1.5M0 [11]. Various scenarios including the reduced strength of vector field, the presence of
hyperons and possibility of kaon condensation, have been proposed to be soften the EOS.
Regarding the composition of neutron star matter, there are calculations [12], which include kaons
as the strange particles along with neutrons and protons e.g., the possibility of kaon condensation.
Also there are models [5, 6] in the neutron star matter where the composition of particles are sigmas
and lambdas as strange particles besides neutrons, protons and electrons as non- strange particles.
Both these proposed models in the neutron star matter lead to a soft EOS at high density. In this
paper we consider the existence of hyperons in the neutron star matter with the recent compiled
information of nuclear interaction from heavy-ion collisions.
Experimentally, the nuclear EOS is very important to understand the non- equilibrium complicated
heavy- ion collisions data at very high energies. Very recently [13, 14], the heavy- ion collisions data
such as the sideward and elliptic flow have been measured at AGS energies. The sideward flow data are
mainly determined by the nature of the nuclear force in the nuclear EOS. Moreover, the nuclear EOS
can be understood better from the elliptic flow than sideward flow, because the elliptical flow plays less
uncertainties role in the opposing stream of matter moving past each other within the reaction plane
in the heavy- ion collisions. Recent energy dependence flow data [13, 14] indicate that the nuclear
EOS is rather soft at high density because the strength of the repulsive vector potential must be low
to describe these data in the heavy- ion collisions.
In the present discussion, we use an extended version of relativistic mean field model [15] including
the momenta dependent forces, which are taken into account phenomenologically in the relativistic
transport model in heavy- ion collisions. We calculate the nuclear EOS by using the same dynamic
*JSPS fellow .
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momentum dependence constraints in the vector potential and then employ to the neutron star structure calculations. As far as the strange particles are concerned, we take minimum strange particles
(S and A) in the neutron star matter calculation at high densities.
The paper is organized as follows: In section 2 we briefly describe the relativistic nuclear EOS and
its derivation from heavy- ion reactions. In section 3 we employ the same nuclear EOS to the neutron
star structure with the systematic results. The conclusion and summary are presented in section 4.

2 Relativistic nuclear equation of state
The relativistic mean- field theory is very successful model in the relativistic transport model in
heavy- ion collisions as well as in nuclear structure physics. Originally, Walecka [3] had proposed
the relativistic mean- field model and later the modified version of the this has been used widely to
calculate nuclear structure and nuclear matter properties. The extended version of the Walecka model,
so called non- linear relativistic mean- field model [4, 6] has the interaction of Dirac nucleons with
scalar and vector mesons as well as non- linear self- interaction of the scalar field. The extra nonlinear self- interaction scalar field helps to get the empirical values of bulk properties of nuclear matter
at saturation density, e.g., the nuclear incompressibility and the value of effective nucleon mass in
the desirable range. The physics behind this phenomenological successful model is that the nucleonnucleon interaction in the mean- field theory contains strong attractive Lorentz scalar and repulsive
Lorentz vector components, which almost cancel for low momenta, but produce a strong spin- orbit
force consistent with the observed single- particle spectra. In the original Walecka model [3], the vector
potential increases linearly with density, whereas the scalar potential changes non- linearly. This is
because the vector and scalar potentials have linear and non- linear function of density respectively.
However, from the heavy- ion collisions data, we find that the vector potential also should have nonlinear function of baryon density, i.e., the strength of the vector potential should be low at high density
[15] compared to the original model [3]. Recently, this fact has been taken by adding the non- linear
vector meson terms in the original Lagrangian density and applied to the nuclear matter, neutron star
matter [10] and nuclear structure [16] calculations. In our calculation, we take the non- linear effect in
the vector meson with density by employing the phenomenological momentum dependent cut- off to
the vector potential term. We adopt this method keeping in mind to describe the heavy- ion reactions
data at high energies, which generates the nuclear matter (few times the nuclear saturation density)
like situation in the laboratory. We recall that the mean-field energy density for nuclear matter in the
relativistic mean-field model can be written as [4]
e(m*,nb)

= 9vVQnb - \m2vV^ + ^{m
*
*9s

- m*)2 +—^{m - m*f
°9a

T^j,

(i)

where m* = m — g3So is the effective nucleon mass, n;, is the baryon density and the spin and isospin
degeneracy is 7 = 4. So and VQ are the scalar and vector fields with mass ms and mv, which couple to
nucleons with coupling constants gs and gv, respectively. B and C are constant parameters describing
the scalar field self-interactions and p is the nucleon momentum integrated up to the Fermi momentum
kf. In (1), the vector and scalar potentials depend on density, however, the vector potential increases
linearly with density (rijg).
In our present calculation, we have extended (1) to include a non-linear dependence of the vector
potential on the baryon density by implementing the momentum (p) dependent form factor at the
vertices and can be written as [15]

£$

(2)

where the cut- off parameter Aw = 0.9 GeV and Vo is vector potential. The parameters gv, gs, B and
C in (1) are determined by fitting the saturation density, binding energy, effective nucleon mass and
the compression modulus at nuclear matter density (cf. NL3 parameters set from Table I in Ref. [4]).
The EOS versus baryon density are shown in Fig. 1 for extended momentum dependent model (NLE)
as well as the original non- linear model (NL3). NLE has the momentum dependent form factor in
the vector and scalar potentials. The other nuclear EOS has been discussed more details in the Ref.
[6] by varying the nuclear incompressibility from low (soft) 250 MeV to high (stiff) 350 MeV values.
-20-

JAERI-Conf 2000-011

We do not elaborate on that issue here, because we would like to emphasize more on the momentum
dependent force in the nuclear EOS along the line of heavy-ion reaction data. We see in Fig. 1 that
NLE nuclear EOS is softer than NL3 at density > po- The incompressibility is close (~ 340 MeV)
to NL3 value at saturation density. In a different way, the thermodynamic pressure in the extended
model NLE is lower as compared to the NL3 model due to less repulsive force at AGS energy regime.
We thus get reduced repulsive force because of the strong cut-off parameters eq. (2) in the vector
potential. Also this cut-off makes the vector potential non-linear function of baryon density.

CD

-50

Fig.l Energy per nucleon vs baryon density in units of no- The solid lines (NLE) are momentum
dependent potentials and the dashed lines (NL3) are without momentum dependent potentials (see the
text).

3
3.1

Neutron star matter and properties of neutron star
Neutron star matter

The core of the neutron star plays a significant role to determine the gross structural properties like
maximum mass and radius of the neutron star. The density of the core inside the neutron star is
around few times the normal nuclear matter density and hence the nuclear interactions are important
to construct the neutron star matter EOS around that density. Moreover, in such a high density, the
strange particles are expected to be present along with usual neutron matters like neutrons, protons
and electrons. So, in our neutron star matter calculation we assume that the core of the neutron
star matter is composed of neutrons with an admixture of protons, electrons, muons and hyperons
(A and S~) [6]. The concentrations of each particle can be determined by using the condition of
equilibrium under the weak interactions (assuming that neutrinos are not degenerate) and the electric
charge neutrality:
Mp = Mn - Me, MA = Mn,
ME- = Mn + Me, ^

np = ne

= Me!

(3)

In addition, the total baryon density is ns — nn + np + n\ + n s - and the baryon chemical potential
is VB = Mni where nj and m stand for number density and chemical potential for i - t h particle
respectively.
Since the nuclear force is known to favor isospin symmetry and the symmetry energy arising solely
from the Fermi energy is known to be inadequate to account for the empirical value of the symmetry
energy (~ 32 MeV), we include the interaction due to isospin triplet p- meson in the relativistic nonlinear mean field model for the purpose of describing the neutron- rich matter [7]. It is noted that
the p- meson will contribute a term = -^{np — nn)2 to the energy density and pressure. Wefixthe
coupling constant gp by requiring that the symmetric energy coefficient correspond to the empirical
-21 -
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value 32 MeV. Then the neutron star matter EOS is calculated from energy density e and pressure P
are given as follow [6]:

\mlpo2
\™2VV* + i

§S03 + ^ + £

- \mlSl - f S03 - ^S$ + £ PFG + £ PFG

(4)

where po is the third component in isospin space. In the above equations EFG and PFG are the
relativistic non- interacting energy density and pressure of the baryons (i) and leptons (I) respectively.
The three coupling constant parameters of hyperon- meson interaction are not well known. Therefore, we fix the ratio of hyperon-meson and nucleon-meson couplings for cr, OJ and p mesons respectively
(i) by choosing very close to the quark counting rule [6] e.g., the potentials seen by A and S in nuclear
matter are ~ —30 MeV [17] and (ii) assuming the attractive potential seen by A and repulsive potential
seen by S to be ~ -30 MeV [17] and ~ +10 MeV [9, 18, 19] respectively, at nuclear matter density.
The analysis of various experimental data on hypernuclei [17, 18, 19, 20] indicate that the strength of
S potential may be either repulsive or attractive at nuclear matter density. This point will be cleared
further after analysis of more hypernuclei data in near future and the general discussions are given
in recent Ref. [21]. Due to this fact, we consider the two possibility of strength on £~ potential as
discussed above.

73

0.1

as
X~

O.O1

0

1

4
nB/n o

Fig.2 The concentration of each particle (xi = UXJUB) VS baryon density in units of no. The momentum
dependent potentials have been incorporated in NLE1 (solid line) and NLE2 (dashed line). The dasheddot lines (NL3) are without momentum dependent potentials. The potential are seen by A and S are
same in NLE1, NL3 (dashed-dot line) and are different in NLE2 (see text).
Taking all these parameters into the equations (3), we show the concentration of particles (xi =
ni/ns, i=p, S and A) versus baryon density for NLE1, NLE2 and NL3 models in Fig. 2. We display
p, S and A particles in this figure due to practical importance in neutron stars, for example, p fraction
plays role for cooling process of neutron stars and the order of appearance of strange particles with
density may influence the EOS of the neutron star matter. In NLE1 and NL3 models, the potentials
for A and E are taken to be equal to ~ -30 MeV, where the potentials for A and I! are chosen to
be ~ -30 MeV and ~ +10 MeV respectively in NLE2 model. However, the momentum dependent
cut-off to the vector potential are incorporated in NLE1 and NLE2 models. We notice in Fig. 2 that
the concentration of particles like S~ and A start appearing after 2 times nuclear matter density for
all models. In NLE1 and NL3 models, the order of appearance of strange particles (first E and then
A) are same due to equal strength of potential felt by strange particles. Where the situation is quite
different in case of NLE2 model, here A appears first around > 2.4 time nuclear matter density and
E~ starts coming much later [9] around 3.5 times nuclear matter density. This is due to fact that
S sees extra strength +40 MeV potential than A potential, which is repulsive. In both NLE1 and
NLE2 models, the strange particles start coming slightly later than NL3, due to reduction of vector
potential by momentum dependent cut-off as given in equation (2). However, the change of proton
concentration is not very significant with density for all models, except the slight decreasing tendency
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at high density was shown by NLE2. At around 1.5 times nuclear matter density, the value of protons
concentration crosses the threshold value 0.11 (horizontal line in Fig. 2), which shows that the direct
URCA process is possible to lead for cooling of the neutron stars in all models [22].
3.2

Maximum mass and radius of neutron star

The gross structure of the neutron stars such as mass and radius are calculated from the equations that
describe the hydrostatic equilibrium of degenerate stars without rotation in general relativity is called
Tolman-Oppenheimer- Volkoff (TOV) equations [7]. Prom the dynamics and transport properties of
pulsars, the additional structure parameters of neutron stars like the moment of inertia / and the
surface red shift z are important and are given more elaborately in Ref. [7].
We solve the TOV equations by constructing the EOS for the entire density region starting from
the higher density at the center to the surface density. The composite EOS for the entire neutron star
density span was constructed by joining the NLE and NL3 neutron star matter EOS to that EOS of
the density range (i) 1014 to 5 x 1010 g cm~3 [23], (ii) 5 x 1010 g cm,-3 to 103 g cm~3 [24] and (iii) less
than 103 g cm 3 [25]. The composite neutron star matter EOS are plotted in Fig. 3 for NLElj NLE2
and NL3 models, which are used to calculate the neutron star structures as discussed above. From
this figre wefindthat the pressure is low at high density for NLE1, NLE2 EOS and hence the soft EOS
compare to NL3 EOS. If we look at the Fig. 2, the order of appearance of A particles with density
reflect in the same order of the nature of EOS. That is, NL3 is stiffer than NLE1 and NLE2 EOS,
because the momentum dependent form factor has reduced the vector potential at high density. So,
NLE2 is similar to NLE1 EOS, except a slight stiffer than NLE1 due to the strong repulsive potential
present on £ particles as can be seen in Fig. 3. We also notice in Fig.3 that the NLE2 EOS does not
change significantly on the choice of repulsive £ potential in contrast to NLE1 EOS.
The predicted maximum neutron star masses are very close to the observational values for NLE1
and NLE2 EOS. The results for the neutron star structure parameters such as the central density vs
mass are plotted in Fig 4. From Fig. 4, we observe that the maximum masses of the stable neutron
stars are 2.18M0, 1.75M0 and 1.76M0 and corresponding radii are 11.9&m, 9.8km and 10.1km for
NL3, NLE1 and NLE2 EOS respectively. The corresponding central densities are 2.0 x 1015 g cm~3,
3.0 x 1015 g cm~3 and 2.5 x 1015 g cm"3 for NL3, NLE1 and NLE2 respectively at the maximum
neutron star masses. These maximum masses calculate in our models are in the range of recent
observations [26, 27, 28, 29], where the observational consequence are discussed below. Very recently,
it has been observed that the best determined neutron star masses [11] are found in binary pulsars and
are all lie in the range 1.35±O.O4M0 except for the non-relativistic pulsars PSR J1012+5307 of mass
M = (2.1 ± O.8)M0 [26]. There are several X-ray binary masses have been measured, the heaviest
among them are Vela X-l with M = (1.9 ± O.2)M0 [27] and Cygnus X-2 with M = (1.8 ± O.4)M0
[28]. From recent discovery of high-frequency brightness oscillations in low-mass X- ray binaries, the
large masses of the neutron star in QPO4C/1820 - 30(M = 2.3)M0 [29] is confirmed and this provides
a new method to determine the masses and radii of the neutron stars.

20
£(10
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3

gcm" )

Fig.3 The neutron star matter pressure vs the energy density. The models are same as Fig. 2.
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4

Summary

We have described the nuclear EOS in the frame work of relativistic mean field theory using a relativistic transport model in the heavy-ion collisions. Prom the heavy-ion collisions data, more specifically,
the baryon flow for Au + Au systems at SIS to AGS energies and above we noticed that the strength
of the vector potential has to be reduced substantially at high density and high relative momenta to
describe the experimentally observed flow data at 1-10 A GeV. In a different way, the vector potential
should be non- linear function of the baryon density. We took this effect by introducing the momentum dependent cut-off into the vector potential in contrast to the heavy-ion collision data. We use
the same dynamic treatment in our relativistic mean field model to calculate the nuclear EOS. It is
found that the derived nuclear EOS is moderately soft at density > po than the original considered
nuclear EOS without momentum dependent potentials. This due to the reduction of repulsive nuclear
interaction in the nuclear EOS at high density. We then employ the same nuclear EOS to the neutron
star structure calculation.

(1014gcm-3)

1OO

Fig.4 The neutron star mass vs radius. The models are same as Fig. 2.
In the neutron star matter, the core of the neutron stars are considered to be composed of neutrons
along with an admixture of protons, electrons, muons and hyperons at zero temperature. The resulting
maximum mass of stable neutron stars are 2.I8M0, 1.75M0 and 1.76M© for the NL3, NLE1 and NLE2
models, respectively. We observed that the maximum mass of the neutron star for NLE1 and NLE2
are lower than that for NL3 due to a reduction of the vector field at higher densities. Also, we
noticed that the potential felt by E~ particles is not so relevant to neutron star structure calculation.
The corresponding neutron star radii are 11.9 km, 9.8km and 10.1km for NL3, NLE1 and NLE2,
respectively, whereas the corresponding central densities are 2.0 x 1015 g cm~3, 3.0 x 1015 g cm~3
and 2.5 x 1015 g cm~3 respectively for NL3, NLE1 and NLE2 at the maximum neutron star mass.
We found that the maximum mass for NLE1 and NLE2 are in the observable region [26, 27, 28, 29],
IAMQ < Mma.x < 2.2MQ and the corresponding radius is in between 8-12 km.
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i.
Abstract
We construct phenomenologically a relativistic particle-particle channel interaction
which suits the gap equation for nuclear matter. This is done by introducing a densityindependent momentum-cutoff parameter to the relativistic mean field model so as to
reproduce the pairing properties obtained by the Bonn-B potential and not to change
the saturation property.
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Abstract
Properties of dense hadronic matter including strange particles are studied within the
relativistic mean-field theory (RMFT). The possibility of kaon condensation is reexamined,
and a simple condition is found for the parameters included in RMFT.
In relativistic heavy-ion collisions, it is expected that the hot and dense zone includes many
species of hadrons, where a lot of strange particles should be produced. Recent studies have
shown that kaon dispersion relation would be much changed in nuclear medium, which gives
rise to kaon condensation in neutron star matter [1] on one hand and modification of kaon
production in heavy-ion collisions [2], change of the dilepton production rate from RBUU [3]
or the fire ball [4] on the other hand. For the former subject, the hyperon degrees of freedom
has been extensively studied by way of the relativistic mean-field theory (RMFT) [5, 6]. In
this paper we consider strange hadronic matter by extending RMFT to incorporate nucleon, A
hyperon and K meson, which are essential degrees of freedom in strange hadronic matter. First
preliminary report on this subject was given in Ref.[7]. Here we examine the relevance of the
parameters included in RMFT in more detail and present a relation between them to give a
condition for kaon condensation in high-density matter.
Some years ago a possibility of strange hadronic matter produced in relativistic heavy-ion
collisions was indicated in RMFT, where abundance of lambda or other hyperons overwhelms
that of nucleons [8]. They, however, considered only baryons. On the other hand kaons, the
lightest strange mesons, may also carry strangeness and they are much modified in the medium.
So it needs to take kaons into account properly as well as hyperons to explore strange hadronic
matter.
Nelson and Kaplan [9] have suggested K+K~ (K° KQ)-^ix

condensation in relativistic heavy-

ion collisions As increasing density the lowest energy of K+(K°)

is reduced by the KN s-

wave interaction (mainly by the KN-sigma term £^;v ), and eventually becomes equal to the
strangeness chemical potential fis(= fJ-x), where the one for K~(K°)

reaches —fiR- simultane-

+

ously and K K~ (K°A'°)-pair condensation occurs with totally zero energy. Their idea is very
intersting, but they considered only nucleon matter and did not take into account any hyperon
degrees of freedom. Moreover, their result seems unlikely in light of the subsequent studies about
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kaon in medium; the ii' + excitation energy receives a repulsive effect instead of an attractive one
In relativistic heavy-ion collisions hyperons and kaons are produced in pairs; this possibility
is more favorable than that of the kaon-antikaon pair production due to the different threshold
energy. In previous papers [10, 11], furthermore, it has been shown that the relativistic effects
moderate kaon condensation by the self-suppression

mechanism in neutron-star matter. This

self-suppression effects should also appear in symmetric nuclear matter; the effect caused by the
KJV-sigma term Y*KN is weakened by the small nucleon effective mass.
Here we study strange hadronic matter at high-density but rather low temperature (T < mT)
by dealing hyperon and kaon equally within RMFT. In particular we pay attention to the
abundance of K+(K°)

which is measured by the strangeness chemical potential /J,S (=^A')i
+

discuss the possibility of K (K°)

an

^

condensation. We, hereafter, restrict ourselves to hadron

matter in thermal equilibrium , and treat it at zero temperature for simplicity because the
nuclear properties such as the nucleon and meson effective masses are not largely changed below
T ~ niir [12], and thermal-pion effects hardly modify our conclusion with the present hadronic
model. We shall give some comments on this matter at the end of this paper, where we also
briefly discuss the observability of kaon condensation in the realistic situation of heavy-ion
collisions.
First we briefly explain our basic formulation. The lagrangian density with nucleon, lambda
and kaon is given as follows:

+ ZZJLfafaKiK,

(1)

where ip^, ipA and K are the nucleon, lambda and kaon fields, respectively, and U[cr] is the
self-energy potential of the scalar mean-field, whose expression is given in Ref. [11, 13]. In the
above interaction the isospin-dependent terms are omitted because only the isospin saturation
system is treated here. Furthermore we also omit the interaction between kaon and A because
we intend to discuss the phase transition and treat only the strangeness-poor system.
In the above expression the interaction between nucleon and kaon is given by the KN sigma
term SA'TV and the Tomozawa-Weinberg (TW) type vector interaction. The latter interaction
is introduced by the "minimal" coupling as in the usual chiral perturbation theory. It gives the
different density-dependence from the standard one for the single-particle energy of kaons in
matter (see arguments below Eq.(7)). Since we are mainly interested in effects of the baryonic
mean-fields, however, this choice should not modify our conclusion at least qualitatively.
From the Euler-Lagrange equations the nucleon, lambda and kaon effective masses are given
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as

M*N =

MN-US(N),

Ml

=

MA-US(A),

m

= \Jrn2K-^jf-Ps(N),

K

(2)

with the scalar potentials:
US(N) = </<» +
US(A) = <75A(<7>-

(3)

The kaon scalar density p s (/i) is equal to the kaon number density pa at zero temperature, and
other scalar densities ps(a) (a — N,A) are defined by
•, . , ,

M*

with the spin-isospin degeneracy factor, 7 = 4 for nucleon and 7 = 2 for lambda, and the Fermi
momentum-distribution fa(p)- The scalar mean-field (a) is given by
"

-

•

-

(5)

Then the baryon single-particle energy is written as ea(p) = \fp2 + M*2 + Uo(a), where time
components of the vector potentials UQ are given as
Uo(N)

_

^
A2

A
9w"w

.

I

Jill

= —TPN+—2PA.„

//?N
(6)

with the nucleon density pjv and the lambda density p&. Finally, the excitation energy of kaons
(K+,K°) WK{P) can be written as

- \]p2 + m*2 + U0(K)

(7)

with the TW vector potential, U0{K) = 3p;v/8/ 2
If the nucleon Fermi energy ep(N) becomes larger than M^ + Uo(A) + m*K + Uo(K), the A
and kaon appear in matter, namely K+(K°) condensation occurs. Since the situation strongly
depends on the values of the A coupling constants g% and g£, we first need to examine it in
detail.
Naive SU(3) symmetry relation suggests that the values of A coupling constants are twothird of nucleon ones: #A = 2ga/3 and g£ = 2pw/3. However, the coupling constants in RMFT
should be different from the bare ones because they represent the effective strength of the meanfields including many-body effects and higher-order correlations. The a and u fields are brought
- 3 2 -
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about by not only the Hartree contribution but also Fock and higher-order contributions. For
the short-range interaction such as nuclear force the non-locality of the Fock part is very small,
and the Hartree and Fock contributions cannot be distinguished in the spin-isospin saturated
system at the low-energy limit. Furthermore we have not had enough information about the
interaction between nucleon and lambda. At present, then, we cannot determine the effective
coupling constant g£ and g£ sufficiently.
Studies of hypernuclei have indicated that depth of the A potential is about 28 — 30 MeV, and
that its Z/5-splitting is very small. Boguta and Bohrmann [14] have given g£/ga = g^/gw = 0.33
by fitting the A single-particle level under the restriction, g^/ga = g^/gw- Rufa et al. [8],
however, have shown that the parameters allow more ambiguities for the case without the
restriction. These results imply that the Lambda fields are weaker than those in the 5*7(3)
relation 1.
Here we would like to suggest one more important hint for the A mean-field from the optical
potential analysis in proton-nucleus elastic scatterings [16, 17]. In order to reproduce the protonnucleus optical potential observed experimentally, the strength of the vector mean-field must be
inversely proportional to the incident energy [16, 17] around 1 GeV of proton incident energy.
In general only the Hartree (local) parts contribute to the nucleon field at the high-energy limit
because the Pauli blocking does not influence nucleon with momentum far from Fermi sea. From
the optical potential analysis, thus, we have noticed that the Hartree contribution to the vector
mean-field is very small [16]. Since lambda is not affected by the Pauli effects, we can suppose
that the mean-field for A does not receive so strong many-body effects, and consequently the
Hartree contribution should be dominant. Hence the A potential Uo(A) is estimated to be very
small.
According to the above considerations we prepare two sets of parameters for the coupling
of A to the nucleon mean-fields. One set (LI) is that g£ = 2ga/3,g£ = 2gw/3 with the 5*7(3)
symmetry relation, and the other set (L2) is that g£ = 0.17gw (which is the minimum value
given by Ref. [8]) and g£ obtained by the following condition,
US(A) - U0(A) = |(J78(JV) - U0(N)).

(8)

In addition we use two kinds of parameter-sets for nucleon, PM1 (K = 200MeV, M^/Mjq — 0.7
at p = p0) and PM4 (A' = 200MeV, Mfr/MN = 0.55 at p = p0), and T,KN = 300 MeV for
kaons. The depth of the A potential given by Eq. (8) is a little larger than the experimental
value 30 MeV. However we have not known the value in the infinite-matter limit without the
surface contribution, and the small difference does not affect a rather qualitative study in this
paper.
Now we calculate the density-dependence of
= eF(N) -M*A-

J70(A) - m*K - U0{K)

'For other discussions about hypernuclei and RMFT, see Ref. [15] and references cited therein.
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in the no-strangeness system: p\ = PK = 0. At the critical density where A/J, = 0, a pair of
A and K+(K°)

appears in the ground state, namely ii' + (A'°)-condensation occurs. Above the

critical density chemical equilibrium among nucleon, lambda and kaon ever holds,

eF(N) = eF(A)

(10)

with the nucleon and lambda Fermi energies, Ep(a), a = N, A, and the kaon chemical potential
^K — m | c + UQ(K), which is identical to the strangeness chemical potential /i s .
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-1000
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Fig.l: Density-dependence of A/j,. The dotted, solid, chain-dotted, dashed and thick dotted
lines indicate the results in PM1-L1, PM1-L2, PM4-L1, PM4-L2 and PM4-L2b respectively.
Fig. 1 shows the results with PM1-L1, PM1-L2, PM4-L1 and PM4-L2. We add that of free
kaon with PM4-L2 (PM4-L2b) for comparison. In all cases kaon condensation occurs, while
the critical density is different. In the parameter-sets with LI the critical density is very high:
pc = 16po for PM1-L1 and pc = 7.6po for PM4-L1. The former critical density is too high to be
attained in relativistic heavy-ion collisions. It should be noted that these densities may lie far
beyond the applicability of our model, especially for the one in PM1-L1. In the parameter-sets
with L2, however, the critical density is not very high: pc = 6.2po for PM1-L2 and p c = 3.9/>o for
PM4-L2. We should furthermore note the difference between results of PM4-L2 and PM4-L2b;
the critical density in PM4-L2 is a little larger than that in PM4-L2b. The effct of the TW term
is slightly stronger than that of the KN-sigma term at p ~ 4/>o- In higher density region the
TW term must become more dominant because the KN-sigma term cannot much contribute to
the final results due to the self-suppression

mechanism [10, 11].
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In Fig. 2 we show EOS of the nor-

EQUATION OF STATE

mal phase and kaon condensed phase (a),
the effective masses of nucleon and kaon
as the ratio to their bare masses (b), and
the A fraction (PA/PB,PB

= PN + PA),

(c) for PM1-L2 and PM4-L2. We can see
that kaon condensation reduces the total
energy per nucleon above the critical den- •
sity. The effective mass decreases for nucleon, while increases for kaon; the latter feature stems from the reduction of
the nucleon fraction.

Although the re-

duction of EOS and the change of the
effective masses are not so large, the A
density increases rapidly, particularly for
PM4-L2. Since our model does not involve any field which works between hyperons and the kaon-Lambda interaction,
properties of the system above the threshold are not quantitatively realistic except
near the critical density. So we should not
Fig. 2: Density-dependence of the total energy per
nucleon (a), the ratio of the effective masses to the
bare masses for nucleon and kaon (b), and the A
(kaon) fraction (c). The solid and dashed lines indicate the results for PM1-L2 and PM4-L2, respectively. In the second column (b) the upper two lines
show the effective mass of kaon and the lower ones
show that of nucleon. The thick and thin lines in
(a) denote EOS under kaon condensation and normal phases, respectively.

take these results so seriously above the
critical density.
Since the scalar density ps approaches
to a finite value at the infinite density
limit in RMFT, the vector mean-field dominantly affects the nuclear EOS in highdensity regime. Hence the difference between the results of PM1 and PM4 comes
from the different strength of the vector

mean-fields. Namely kaon condensation is brought about by the balance among the different vector mean-fields of nucleon, lambda and kaon. Therefore the condition for /i' + (/i' 0 )-condensation
is given as

§-9j^-w-°IIC.,

III/..

(11)

U I

As for the lambda potential the present parameterizations LI and L2 should be the extreme
ones; the realistic value must be laid between two cases. In order to clarify the ambiguity coming
from the parameterization, in Fig. 3, we plot the relation between the critical density pc and
the ratio xw = g^/gw under the condition (8). The critical density dose not strongly depends on
- 3 5 -
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the coupling g£ as far as g^ < 0 . 5 ^ , while it steeply increases as xw approaches to 1. In our
view the value of g£ must be much smaller than LI because of the small LS-splitting in lambda
hypernuclei and very small Hartree contribution to the nucleon vector mean-field. Hence the
realistic critical density should not be so far from that in L2.

0.0

0.5

1.0

Fig.3: Parameter-dependence of the critical density. The z-axis corresponds to the ratio
x
w = 9u/9u- The solid and dashed lines indicate the results for PM1 and PM4, respectively.
In summary we have discussed the possibility of ii' + (A'°)-condensation in high-density baryon
matter and suggested that kaon condensation is caused by the difference of the vector meanfields for nucleon, lambda and kaon; this difference becomes linearly larger with density. Thus
the possibility of this condensation depends on the strength of their vector mean-fields. We have
found a simple criterion for kaon condensation within RMFT (Eq.(ll)). If parameters satisfy
this condition, we can expect kaon condensation at some density. The value of the critical density
depends on the value of the nucleon effective mass M ^ at the saturation density. We have found
4 — 6/9o for the critical density for the parameter sets, PM1- and PM4-L2, whereas 8 — 16/>o
for the parameter sets PM1- and PM4-L1 which may be off the reliability of our model. The
typical value of effective mass is empirically known as M^/M^

= 0.55 — 0.7 [8, 14, 17, 21, 22],

and our parameter-sets are consistent with them. Furthermore, it is to be noted that the small
LS-splitting of lambda hypernuclei and the very tiny Hartree contribution to the nucleon vector
mean-field suggests the small vector mean-field for lambda such as L2.
In this paper we have taken into account only the essential degrees of freedom for kaon
condensation in symmetric nuclear matter. They would be sufficient to discuss the onset of the
condensation, while we must consider other strange particles besides A and kaon and interaction
between strange particles to get a realistic description of the condensed phase.
Finally we discuss on the possibility of K+(K0)-condensation

in high-energy heavy-ion col-

lisions. There is controversy at present about how a system reaches thermal equilibrium and to
what extent density and/or temperature are raised. Recent numerical simulations have shown
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that baryon density p/po = 7—10 can be achieved by the high-energy heavy-ion collisions with
several tens GeV/u like in the AGS energy region [19, 20]. In this case the system is expected
to be quasi-equilibrilium for the duration of 4 — 8 fm/c with the temperature T w 120MeV
[19], which is still below the pion mass. Hence /i + (A"°)-condensation is very plausible to be
generated in the high-density regime. In the heavy-ion collisions around hundreds GeV/u like in
the SPS energy region it depends on the model whether the system is stopped and equilibrium
is realized[23]; e.g., temperature becomes T ss 140MeV in the RQMD simulation [24] which may
be a marginal temperature for our discussion to be applied. A' + (/i'°)-condensation, once occurs
in course of relativistic heavy-ion collisions around the AGS energy region or a little higher,
would give rise to a new phenomenon for dilepton production [7].
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< collective flow

A full (3+l)dimensional calculation using Lagrangian hydrodynamics is proposed for
relativistic nuclear collisions. Initial conditions for hot fluid is given with the aid of
suitable event generator instead of using Ansatz. The calculation enables us to evaluate
anisotropic flow of hot and dense matter resulting from non-central and/or asymmetrical
relativistic nuclear collisions. Using this model we discuss effect of phase transition to
collective flow in AGS energy region.

QGP
collective flow iA&Vf <E>tlZ>o collective flow
AGS [2, 3]

•

, SPS [4, 5, 6] fcfc W&?£Sei
flow
^;fciie^o^TtiS#>LSnT*?3 [7],
RQMD t«kS»|ff [8] fefffcnTViS. correctiveflow©

corrective flow C
reference

coments

[9]

without symmetrical condition

[10]

Bjorken's scaling soluion

[11]
[12]

Bjorken's scaling solution
without symmetrical condition
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Hydrodynamic Description of Non-Central Collisions at SPS energy

Tetsufumi Hirano
Department of Physics, Waseda University, Tokyo 169-8555, Japan
Abstract
We study the non-central heavy-ion collisions at a SPS energy within a relativistic hydrodynamic model. We analyze the second Fourier coefficient vi of the pion azimuthal distribution
and show the effects of the resonance decays on the azimuthal anisotropy. We also discuss the
possibility of creating the unusual distribution of hot and dense nuclear matter at the SPS
energy.
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Abstract
We study mass and angular distribution of Intermediate Mass Fragment(IMF) produced from p(12 GeV)+197Au reaction by using JAM cascade model combined with percolation model. Although the mass distribution of IMF is well reproduced, the experimentally observed sideward peak of IMF angular distribution is not explained within present
JAM+percolation model.
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11 Parton Cascade Description of Nuclear Collisions at RHIC
Yasushi Nara
RIKEN BNL Research Center, Brookhaven National Laboratory, Upton, New York, 11973, USA
The baryon distribution is studied by using a parton cascade model which is based on pQCD
incorporating hard partonic scattering and dynamical hadronization scheme. In order to study
baryon distribution, baryonic cluster formation is newly implemented as well as hadronic higher
resonance states from parton/beam cluster decay. The net baryon number and charged hadron
distributions are calculated with different /^-factors in which parameters are fixed by elementary pp
data at Ec.m. = 200 GeV. It is found that baryon stopping behavior at SPS and RHIC energies are
not consequence of hard parton scattering but soft processes.
24.85.+p,25.75.-q,13.85,12.38M

I. INTRODUCTION
Heavy ion experiments at BNL-AGS and CERN-SPS have been performed motivating by the possible creation
of QCD phase transition and vast body of systematic data such as proton, pion strangeness particles distributions,
HBT correlation, flow, dileptons and J/ip distributions have been accumulated including mass dependence and their
excitation functions [1-3]. Data from forthcoming experiment at BNL-RHIC will be available soon.
Strong stopping of nuclei has been reported both at AGS and at SPS energies [4,5]. It is reported that baryon
stopping power can be understood within a hadronic models if we consider multiple scattering of nucleon using
reasonable pp energy loss [6]. For example, within string based models [7-11], baryon stopping behavior at SPS
energies is well explained by introducing diquark breaking mechanism in which diquark sitting at the end of the string
breaks. Diquark breaking leads to large rapidity shifts of the baryon. Constituent quark scattering within a formation
time [8,12] has to be considered in order to generate Glauber type multiple collision at initial stage of nuclear collisions
in microscopic transport models which describe full space-time evolution of particles.
Event generators based on perturbative QCD (pQCD) are proposed such as HIJING (Heavy Ion Jet Interaction
Generator) [13,14], VNI (Vincent Le Cucurullo Con Giginello) [IS], in order to describe ultra-relativistic heavy ion
collisions emphasizing the importance of mini-jet productions. VNI can follow the space-time history of partons and
hadrons. The parton cascade model of VNI has been applied to study several aspects of heavy-ion collisions even
at SPS energies [17]. However, original version of VNI implicitly assumed the baryon free region at mid-rapidity
during the formation of hadrons, because only two parton cluster (mesonic cluster) formations are included in the
Monte-Carlo event generator VNI [15].
In this work, The baryon distribution at SPS and RHIC energy are discussed using modified version of parton cascade
simulation code VNI [16]. The main features of the parton cascade model to be used here are that implementation
of baryonic cluster formation and during the parton/beam cluster decay higher hadronic resonance states are allowed
to produce in order to be able to calculate baryon distribution in heavy ion collisions.
II. PARTON CASCADE MODEL
First of all, the main features of the parton cascade model of VNI as well as the main points of the modification
will be presented. Relativistic transport equations for partons based on QCD [18] are basic equations which are
solved on the computer in parton cascade model. The hadronization mechanism is described in terms of dynamical
parton-hadron conversion model of Ellis and Geiger [19-21]. The main features in the Monte Carlo procedure are
summarized as follows.
1) The initial longitudinal momenta of the partons are sampled according to the measured nucleon structure function
f(x, QQ) with initial resolution scale Qo- We take GRV94LO (Lowest order fit) [22] for the nucleon structure function.
The primordial transverse momenta of partons are generated according to the Gaussian distribution with mean value
of p± — 0.44GeV. The individual nucleons are assigned positions according to a Fermi distribution for nuclei and the
positions of partons are distributed around the centers of their mother nucleons with an exponential distribution with
a mean square radius of 0.81fm.
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2) With the above construction of the initial state, the parton cascading development proceeds. Parton scattering
are simulated using closest distance approach method in which parton-parton two-body collision will take place if their
impact parameter becomes less than y/a/n, where a represents the parton-parton scattering cross section calculated
by pQCD within a Born approximation. Both spacelike and timelike radiation corrections are included within the
leading logarithmic approximation. Elementary 2 -¥ 2 scatterings, 1 —> 2 emissions and 2 -» 1 fusions are included in
the parton cascading.
3) Parton clusters are formed from secondary partons that have been produced by the hard interaction and parton
branching. The probability of the parton coalescence to form color-neutral cluster II is defined as [20]

{
1 - exp(^°~^g), Lo < Ly < L ,

(1)

e
where Lc = 0.8fm is the value for the confinement length scale and LQ — 0.6fm
is introduced to account for finite
transition region. Ly is defined by the distance between parton i and its nearest neighbor j :

Lij = min(Aji, • • •, Ay, • • •, A i n ),
where Ay = y/rfrj^
cence

(2)

is the Lorenz-invariant distance between partons. So far, only the following two-parton coalesg + g->d

+ C 2 , g + g^C

+ g,g + g -+C + g + g,

(3)
(4)
(5)

have been considered in the VNI model. In this work, if diquarks are formed with the above formation probability,
baryonic cluster formation is included as
qq + q -»• C,

(6)

qq + q^C,

(7)

?i?2 + (ft -> 9193 + 92,
9i92 + g -> 919293 + 93-

(8)
(9)

Note that by introducing those cluster formation processes, we do not introduce any new parameters into the model.
4) Beam clusters are formed from primary partons (remnant partons) which do not interact during the evolution
even though they travel in the overlapping region of nuclei. They may be considered as the coherent relics of the
original hadron wavefunctions, and should have had soft interactions. Those underlying soft interactions are simulated
by the beam cluster decay into hadrons in VNI because additional possibility that several parton pairs undergo soft
interactions. This may give a non-negligible contribution to the 'underlying event structure' even at the collider
energies. The primary partons are grouped together to form a massive beam cluster with its four-momentum given
by the sum of the parton momenta and its position given by the 3-vector mean of the partons' positions.
5) The decay probability density of each parton cluster into final state hadrons including hadronic resonances is
chosen to be a Hagedorn density state. The appropriate spin, flavor, and phase-space factors are also taken into
account. In the decay of parton/beam cluster, higher hadronic resonance states up to mass of 2GeV can be produced
in our model.
To summarize, the main different points from original version are 1) baryonic cluster formation. 2) inclusion of
higher hadronic resonance up to mass of 2GeV. 3) exact conservation of flavor, i.e. (baryon number, charge,etc).
4) reasonable total momentum conservation: total momentum is conserved within 10% at RHIC energy for central
Au+Au collision.

III. RESULTS
A. Elementary collisions
Since our version of parton cascade code differs from original version of VNI, we have to check the model parameters.
First, particle spectra from pp collisions at y/s = 200GeV calculated by the modified version of VNI are studied to
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see the model parameter dependence. Here we see the if-factor dependence as mentioned in Ref. [23]. In Fig. 1,
experimental data on pseudorapidity distributions (left panel) and the invariant cross sections (right panel) are
compared to the calculation of the parton cascade model with different parameters on the treatment of so-called
if-factor. The calculations (upper three figures) are done by adding the constant factor to the leading-order pQCD
cross sections:
*PQCD(Q2)=KxaLO(Q2)
with values K = 1,2,2.5. While bottom figure corresponds to the calculation changing the Q2 scale in the running
coupling constant as as
<TPQCD(Q2) =

ffiO(a,(ijQ2))

with the value r\ = 0.075. We also plot the contribution from parton cluster decay in the left panel with dotted
lines. The contribution of parton cluster decay which comes from interacted parton coalescence changes according to
the choice of the correction scheme. We can fit the pp data of pseudorapidity distributions with different correction
schemes as seen in Fig. 1 by changing the parameter (in actual code, parv(91)) which controls the multiplicity from
beam cluster. We have to check the model with various elementary data including incident energy dependence in
order to fix model parameters. Next we will present some results on nuclear collisions with those parameters.
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FIG. 1. Data on charged particle ((h +h+)/2) pseudorapidity (left) [24] and the invariant cross sections Ed3a/d3p (right) [25]
from pp collision at ^/s = 200GeV compared to parton cascade model calculations with various parameters. The contributions
from parton cluster decay are also plotted by dotted lines in the left panel.
B. Comparison with SPS data
The baryon stopping problem is one of the important element in nucleus-nucleus collisions. Original version of
VNI implicitly assumed baryon free region at midrapidity, because baryonic parton cluster formation is not included.
Baryons only come from beam cluster, not parton cluster formation in the original version of VNI. We can now discuss
the baryon stopping problem with our modified version of VNI.
We have calculated the net proton distribution at SPS energy to show the reliability of the modeling of beam cluster
formation in the parton cascade model. Fig. 2 compares the parton cascade calculation for Pb+Pb collision at the
laboratory energy of Eiat, = 158 AGeV with the if-factor 1.0 (original version uses 77 = 0.035) of net protons with the
data [5]. It is seen that contribution from parton cluster is negligibly small, thus baryon stopping behavior is fully
explained by soft physics (in this case, beam cluster decay) when we chose the if-factor 1.0 at SPS energies. It should
be noted that there is no microscopic dynamics in the modeling of the beam cluster formation in the parton cascade
model, but it is a simple fit to the data of pp collisions.
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FIG. 2. Parton cascade model calculations of the rapidity distributions of net protons for Pb + Pb collision at SPS energy
(Eiab = 158 AGeV). K = 1.0 (solid and dotted lines) and K = 2.0 (dashed and dash-dotted lines) are used in this calculation.
Dotted and dash-dotted lines corresponds to the contribution from parton cluster decay respectively.
C. Predictions for RHIC
The K-factor dependence of both net proton and charged particle rapidity distribution are studied in Fig. 3 In
terms of net proton distribution, there is no strong /^-factor dependence. We can see that parton cluster formation
and its decay predict almost baryon free at mid-rapidity region regardless of the choice of if-factor, though there are
lots of protons and antiprotons at mid-rapidity. We conclude that hard parton scattering plays no rule for the baryon
stopping within a parton cascade model. However, note that string based model like HIJING/B [9,10] predicts proton
rapidity density of 10 and UrQMD predicts [26] 12.5 at mid-rapidity. However, as pointed out in Ref. [23], charged
hadron multiplicity is strongly depend on how to chose the leading order correction scheme.
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FIG. 3. Parton cascade model calculations of the rapidity distributions of net protons, protons, and anti-protons (upper)
and charged particles (lower) for Au + Au collision at Ec.m. = 200 AGeV for head on collisions.

Fig. 4 displays the net baryon number distributions as a function of rapidity obtained by parton distribution from
parton cascade before hadronization with the if-factor of 1 (left) and 2.5 (right). Net baryon number of time-like
partons are distributed around mid rapidity region but its contribution are small as consistent with the net proton
distribution in Fig. 3.
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FIG. 4. Rapidity distributions of net baxyon number (g — q) obtained from parton cascade model before hadronization with
K = 1 (left) and K = 2.5 (right) for Au + Au collision at Ec.m. = 200 AGeV for head on collisions.
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FIG. 5. Rapidity distributions of net proton (left) and charged particles (right) from parton cascade model with .fif = 1 and
JAM for Au + Au collision at Ec.m. = 200 AGeV for head on collisions.
Finally, In Fig. 5, parton cascade model results are compared with that of JAM [27] to see the influence of baryon
stopping on soft physics. JAM is a hadronic transport model based on hadrons and strings. The main features
included in JAM are as follows. (1) At low energy, inelastic hadron-hadron (hh) collisions are modeled by the
resonance productions based on the idea from RQMD [8] and [12]UrQMD. (2) Above resonance region, soft string
excitation is implemented along the lines of the HIJING model [14]. (3) Multiple minijet production is also included
in the same way as the HIJING model in which jet cross section and the number of jet is calculated using an eikonal
formalism for perturbative QCD (pQCD) and hard parton-parton scatterings with initial and final state radiation are
simulated using PYTHIA [28] program. One can see from Fig. 5 that soft processes based on string picture largely
make protons shift toward to mid-rapdity. Note that string based models predict no baryon free region at RHIC.
IV. SUMMARY
In summary, first, we have checked that different treatments for the inclusion of higher-order pQCD corrections
in parton cascade model can fit the elementary pp collisions. We have to check other elementary processes to fix
the model parameters. We show the net proton rapidity distribution at SPS energies to demonstrate that the beam
cluster treats underlying soft physics in the parton cascade model reasonably well for nucleus nucleus collisions. Then,
we have calculated the net proton rapidity distribution at RHIC energy as well as charged particle distributions using
modified version of parton cascade code VNI in which we newly introduced baryonic parton cluster formation and
higher hadronic resonance states from decay of parton and beam cluster. Within a framework of perturbative parton
cascading and dynamical hadronization scheme, we predict almost baryon free plasma at RHIC energy. The charged
particle rapidity distributions are also studied with the parameter set which are fitted by pp collisions. Strong if-factor
dependence on the hadron multiplicity is seen as previously being found by Ref. [23]. We can not fix the -ftf-factor
from only rapidity and transverse momentum distributions for pp collisions.
In this work, we consider only two or three parton coalescence, but in dense parton matter produced in heavy ion
collisions, this assumption might be broken down. Inverse processes like hadron conversion to parton such as C -t qq
are also ignored which might become important at higher colliding energies.
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Abstract
Properties of the Sn(1535) resonance in nuclear medium were investigated
through the A(7,77) reaction for photon energies between 0.68 and 1.0 GeV. A
broad resonance due to the the Sn excitation in the C, Al and Cu nuclei was
clearly observed for the first time. The data were compared with calculations of
the quantum molecular dynamics, and the observed shape being different from
the elementary one is essentially explained by the medium effects such as the
Fermi motion, the Pauli blocking and effects of N-77 and N-N* collisions.
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Ferromagnetism in quark matter and magnetars

Toshitaka Tatsumi
* Department of Physics, Kyoto University, Kyoto 606-8502
Abstract
Spontaneous magnetization of quark liquid is examined on the analogy
with that in electron gas. It is pointed out that quark liquid has potential to
be ferromagnetic at rather low densities, around nuclear saturation density.
Some comments are given as for implications on magnetars.
I. INTRODUCTION
Recently a new type of neutron stars with extraordinary magnetic field, usually called
magnetars, has attracted much attention in connection with pulsars associated with softgamma-ray repeaters (SGR) and anomalous X-ray pulsars (AXP). There have been known
several magnetar candidates such as SGR 1806-20 and SGR 1900+14 [1]. Various analysis
including the P — P curve have indicated an intense magnetic field of (9(1014~15) G, while
ordinary radio pulsars have a magnetic field of O(1012~13)G.
The origin of the strong magnetic field in compact stars, especially neutron stars, has been
an open problem. Recent discovery of magnetars seems to renew this problem. Conservation
of the magnetic flux during the collapse of a main sequence star has been a naive idea
to understand the magnetic field in neutron stars [2]. Then the strength B should be
proportional to R~2, where R is a radius of a star; for example, the sun, a typical main
sequence star, has a magnetic field of O(103)G with the radius R ~ 10 10 ~ n cm. By decreasing
the radius to 106cm for neutron stars B — (9(1012)G, which is consistent with observations
for radio pulsars. However, if this argument is extrapolated to explain the magnetic field
for magnetars, we are lead to a contradiction: their radius should be O(104)cm to get an
increase in B by a factor of ~ 1012, which is much less than the Schwartzschild radius of
neutron stars with the canonical mass M — 1.4M0, Rsck — 2GM/c2 = 4 x 105cm.
Compare the energy scales for systems such as electron system (e~), nucleon system
(p) and quark system (<?), then we get a hint about the origin of the magnetic field. The
magnetic interaction energy of electrons amounts to 0(several MeV) for the strength of
B = O(1015)G, while it is only O(several KeV) for nucleons. For quarks, it depends on
the quark mass, but should be less than O(MeV). Considering the typical energy scales
for EM and strong interactions together, we may see that the strength of O(1015)G is
very large for electron system, while is not large for nucleon and quark systems. Hence it
may be conceivable that strong interaction should easily produce the magnetic field of the
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above magnitude. Since there is a bulk hadronic matter beyond nuclear saturation density
(n0 ~ 0.16fm~3) inside neutron stars, it should be interesting to consider the hadronic origin
of the magnetic field; ferromagnetism or spin-polarization of hadronic matter may give such
magnetic field.
We consider here the possibility of ferromagnetism of quark liquid interacting with the
one-gluon-exchange (OGE) interaction [3]. One believes that there are deconfinement transition and chiral symmetry restoration at finite baryon density, while their critical densities
have not been fixed yet. One interesting suggestion is that three-flavor symmetric quark
matter (strange matter) may be the true ground state of QCD at finite baryon density [4].
If this is the case, quark stars (strange quark stars), can exist in a different branch from the
neutron-star branch in the mass-radius plane [4]. Usually one implicitly assumes that the
ground state of quark matter is unpolarized. We examine here the possibility of polarization
of quark matter.
II. SPONTANEOUS MAGNETIZATION OF QUARK LIQUID
Quark liquid should be totally color singlet (neutral), which means that only the exchange
interaction between quarks is relevant there. This may remind us of electron system in
a neutralizing positive charge background. In 1929 Bloch first suggested a possibility of
ferromagnetism of electron system [5]. He has shown that there is a trade off between the
kinetic and the exchange energies as a function of a polarization parameter, the latter of
which favors the spin alignment due to the Pauli exclusion principle. When the energy gain
due to the spin alignment dominate over the increase in the kinetic energy at some density,
the unpolarized electron gas suddenly turns into the completely polarized state.
In the following we discuss the possibility of ferromagnetism of quark liquid on the
analogy with electron gas. It is to be noted that there is one big difference between them;
quarks should be treated in a relativistic way. The concept of the spin orientation is not well
defined in relativistic theories, while each quark has two polarization degrees of freedom.
Here we define the spin-up and -down states in the rest frame of each quark. Then the
projector onto states of definite polarization is given by P(a) = (1 + 7s^)/2 with the 4pseudovector a,

*.

a = C -\

*

k(C-k)
T~^

oC - k

r 5 o, =

mq(Ek + mqy

2.1
v

mq

'

for a quark moving with the momentum k = (Ek,k).
The exchange interaction between two quarks with momenta k and q is written as

^ - 5 ^ - ^ - * • « - " ! " • "(t^-

(2 2)

'

where the 4-pseudovector b is given by the same form as in Eq. (2.1) for the momentum q.
The exchange energy is then given by the integration of the interaction (2.2) over the two
Fermi seas for the spin-up and -down states; eventually, it consists of two contributions [3],
tex

_
non-flip , flip
fc
—
e;r
~r t e x •

icy o\
\^-°)

The first one arises from the interaction between quarks with the same polarization, while
the second one with the opposite polarization. The non-flip contribution is the similar one
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as in electron gas, while the flip contribution is a genuine relativistic effect and absent in
electron gas.
III.

EXAMPLES

We show some results about the total energy of quark liquid, etot = e^n + (-ex, by adding
the kinetic term t^n. Since gluons have not the flavor quantum numbers, we can consider
one flavor quark matter without loss of generality. Then quark number density directly
corresponds to baryon number density, if we assume the three flavor symmetric quark matter
as already mentioned.
There are two QCD parameters in our theory: the quark mass mq and the quark-gluon
coupling constant ac. These values are not well determined so far. In particular, the concept
of quark mass involves subtle issues; it depends on the current or constituent quark picture
and may be also related to the existence of chiral phase transition. Here we allow some
range for these parameters and take, for example, a set, mq = 300MeV for strange quark
and ac = 2.2, given by the MIT bag model. In Fig. 1 two results are presented as functions
of the polarization parameter p defined by the difference of the number of the spin-up and
-down quarks, n+ — n~ = pnq. The results clearly show the first order phase transition,
while it is of second order in the usual Heisenberg model. The critical density is around
rig ~ 0.16fm~3 in this case, which corresponds to n 0 for flavor symmetric quark matter. Note
that there is a metastable ferromagnetic state (the local minimum) even above the critical
density.

mq=300 MeV, <xc=2.2
242
240
238
CD
IT

to"

-'

nq=0.2 (fm-3)

236

-

234
232
230

nq=0.1 (fm-3)

228
50 100 150 200 250 300 350 400 450 500

mq (MeV)
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P

FIG. 1. Total energy of quark liquid as
a function of the polarization parameter for
densities nq = 0.1,0.2fm~3.

FIG. 2. Phase diagram in the mass (mq)the coupling constant (ac) plane. 6e in
the nonrelativistic calculation is depicted for
comparison (the dotted line) .

Magnetic properties of quark liquid are characterized by three quantities, 8e, x a n d V>
6e = etot(p = 1) — e<oi(p = 0), which is a measure for ferromagnetism to appear in the ground
state. For small p <C 1,
etot

= 0) =

-81 -

O(p4).

(3.1)
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X is proportional to the magnetic susceptibility. In our case it is less relevant since the phase
transition is of first order. Finally, rj = detot/dp | p = i , which is a measure for metastability
to to exist.
In Fig. 2 we present a phase diagram in the mq — ac plane for nq = 0.3fm~3. The region
above the solid line shows the ferromagnetic phase and that bounded by the dashed and
dash-dotted lines indicates the existence of the matastable state. For heavy quarks, the
ferromagnetic state is favored for small coupling constant due to the same mechanism as
in electron gas. The ferromagnetic state is favored again for light quarks, while the nonrelativistic calculation never show such tendency. Hence this is due to a genuine relativistic
effect, where the spin-flip interaction plays an essential role.
IV. STRANGE QUARK STAR AS MAGNETAR
We have seen that quark matter has a potential to be ferromagnetic at rather low densities. Here we consider some implications on astrophysics. Since the idea that nucleons
are made of quarks has been confirmed, one has expected the existence of quark stars as
a third branch of compact stars next to the neutron-star branch. This naive expectation,
however, has been shown to be wrong; if the deconfinement transition occurs and quarks
are liberated beyond the maximum central density of neutron stars, they should behave like
relativistic and almost free particles due to the asymptotic freedom of QCD. The resultant
EOS is almost the same one as for relativistic free gas, and thereby quark stars become
gravitationally unstable. If quark matter exists, it might occupy only the small portion of
the core of neutron stars.
However, there is an alternative idea about quark matter and quark stars that almost
flavor symmetric quark matter (strange matter) is the ground state of QCD at finite density.
Using the idea of strange matter some people suggested that quark stars (strange quark stars)
may be possible [4]. Since the EOS for strange matter shows the saturation property around
n 0 , strange quark stars can have any small radius and mass. Thereby, the quark-star branch
can be clearly distinguished from that of neutron stars.

fq

R

FIG. 3. A model of strange quark star with M ~ 1.4Afg and R ~ lOKm. Almost all the portion
is occupied by strange matter and a small vacuum gap may separate the quark core from the outer
crust, which is composed of usual solid below the neutron-drip density.
If a ferromagnetic quark liquid exists stably or metastably around or above nuclear
saturation density, it has some implications on the properties of strange quark stars and
strange quark nuggets: they should be magnetized in a macroscopic scale. For quark stars
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with the quark core of rq, simply assuming the dipolar magnetic field, we can estimate its
strength at the surface R ~ lOKm,
87r (r \ 3
Bmax = y [jjj liqnq,

(4.1)

with the quark magnetic moment fig. It amounts to order of 0(1O15~17)G for rg ~ 0{R)
and nq = 0(O.l)fm~3 , which should be large enough for magnetars. A sketch of a strange
quark star is presented in Fig 3.
V. SUMMARY AND CONCLUDING REMARKS
We have seen that the ferromagnetic phase is realized at low densities and the metastable
state is possible up to rather high densities for a reasonable range of the QCD parameters.
We have found that ferromagnetic instability is feasible not only in the massive quark
system but also in the light quark system: the spin-nonflip contribution is dominant in the
nonrelativistic case as in electron gas, while a novel mechanism appears as a result of the
large spin-flip contribution in the relativistic case.
If a ferromagnetic quark liquid exists stably or metastably around or above nuclear saturation density, strange stars may have a strong magnetic field, which strength is estimated
to be strong enough for magnetars. Thereby it might be interesting to model SGR or AXP
using our idea.
Our calculation is basically a perturbative one and the Fermi sea remains in a spherical
shape. However, if we want to get more insight about the ferromagnetic phase, we must
solve the Hartree-Fock equation and thereby derive a self-consistent mean-field for quark
liquid. Moreover, we need to examine the long range correlation among quarks by looking
into the ring diagrams, which has been known to be important in the calculation of the
susceptibility of electron gas.
Recently, there have been done many works about the color superconductivity of quark
matter [6]. It may be interesting to explore the phase diagram for ferromagnetic phase and
superconducting phase.
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14
Possible Coexistence of Meson Condensation and Hyperons in Neutron Stars

Takumi Muto
Department of Physics, Chiba Institute of Technology
Kaon dispersion relations in highly dense hyperonic matter, where hyperons S~ and/or A are mixed in addition to the neutrons, protons and
electrons, are considered. It is found that an instability of the hyperonic
matter appears with respect to the K~-\p particle-A hole] or [ £"~ particle-n
hole]-[p particle-A hole] pair creation. This instability may occur at lower
baryon density than that for the s-wave K~ condensation, depending on
the magnitude of the s-wave attractive KN interactions.
I. INTRODUCTION
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Mixed Phase of Kaon Condensation and Neutron Star
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abstract
First order phase transition causes thermodynamically unstable region in the EOS. Kaon condensation
is one of such phase transitions and we apply some prescription: Maxwell construction or Gibbs condition.
We need to apply the Gibbs condition in;3-equilibrated nuclear matter because matter has two chemical
potentials; Gibbs condition leads us to a result that each phase in the mixed phase has nonzero charge
density. We review here some recent works and discuss the properties of charged matter and the mixedphase physics for kaon condensation.
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We propose that spontaneous particle-antiparticle pair creations from the discharged vacuum
caused by the strong interactions in dense matter
are major sources of 7-ray bursts. Two neutron
star collisions or black hole-neutron star mergers
at cosmological distance could produce a compact
object with its density exceeding the critical density for pair creations. The emitted anti-particles
annihilate with corresponding particles at the ambient medium. This releases a large amount of energy. We discuss the spontaneous pp pair creations
within two neutron star collision and estimate the
exploded energy from pp annihilation processes.
The total energy could be around 1051 — 1053 erg
depending on the impact parameter of colliding
neutron stars. This value fits well into the range
of the initial energy of the most energetic 7-ray
bursts.
Gamma-ray bursts (GRBs) were discovered
accidentally in the late 1960s by the Vela satellites.
The discovery was announced in 1973 [1]. Since
then, they have been one of the greatest mysteries
in high-energy astrophysics for almost 30 years.
The situation has improved dramatically in 1997,
when the BeppoSAX satellite discovered X-ray afterglow [2], which enabled accurate position determination and the discovery of optical [3] and radio [4] afterglows and host galaxies. The distance
scale to GRBs was finally unambiguously deter-

mined: their sources are at cosmological distances
[5]. In spite of all these recent progress, we still do
not know what produces GRBs! The nature of the
underlying physical mechanism that powers these
sources remains unclear. The optical identification and measurement of redshifts for GRBs allow
us to determine their distances and the amount of
energy that would be radiated in an isotropic explosion. In recent three observations (GRB971214
[6], 980703 [7] and 990123 [8]), the total isotropic
energy radiated was estimated to be in excess of
1053 erg. For GRB990123, the inferred isotropic
energy release is up to 3.4 x 1054 erg, or 1.9 MQ
(where MQ is the solar mass), which is larger than
the rest mass of most neutron stars. It has been
suggested that the explosion of GRB990123 is not
isotropic, which reduces the energy released in 7rays alone to be 6 x 1052 erg [8] due to finite beaming angle. However, if one adopts the picture of
the fireball internal shock model [9] that random
internal collisions among shells produce the highly
variable 7-ray burst emissions, the required initial
energy will be raised by a factor of about 100 since
it is argued that only 1% of the energy of the initial
explosion can be converted into the observed radiation [10]. Therefore, it appears that the total
exploded energy for the most energetic bursts is
close to or possibly greater than 1054 erg. It seems
to.be difficult to imagine a source that could provide so much energy. The first and foremost open
question concerning GRBs is what are the inner
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engines that power GRBs [9] ?
On the other hand, the GRB spectrum is nonthermal. In most cases there is a strong power law
high-energy tail extending to a few GeV. A particular high-energy tail up to 18 GeV has been reported in GRB940217 [11]. This nonthermal spectrum provides an important clue to the nature of
GRBs.
Various GRB models have been suggested in
the literature, see e.g. Refs. [9,12,15-19]. Among
them, the neutron star merger seems to be the
most promising candidate. Three-dimensional hydrodynamical simulations of the coalescence of
binary neutron stars (NS-NS) [13-15,20], direct
collision of two neutron stars [21-23] as well as
black hole-neutron star (BH-NS) merger [24] have
been performed by some authors. The largest
energy deposition of ~ 1051 erg by vv annihilation was obtained in the black hole-neutron star
merger (for NS-NS collision, the total energy is
around 1050 erg [23]). This may account for certain low-energy GRBs on the one hand, but it
is, on the other hand, still far away from the
energetic ones mentioned above. However, it
should be pointed out that in those macroscopic

FIG. 1. Schematic view of NN pair creation
from the Dirac sea due to strong fields in dense
matter.

simulations (and almost all GRB fireball models)
the effects of strong interactions, e.g., the modification of hadron properties in dense matter, many
body effects, vacuum correlations et al., have been
largely neglected except that a nuclear equation of
state is applied.
In this Letter we propose an alternative scenario for the source of the most energetic 7-ray
bursts. It is well known that the density is fairly
high at the center of neutron stars. The central density can be several times nuclear saturation density [25]. Furthermore, superdense matter
could be formed at NS-NS/BH-NS mergers and direct NS-NS collisions. Three-dimensional hydrodynamical simulations showed that when two neutron stars collide with a free-fall velocity, the maximum density of the compressed core can be 1.4
(off-center collision, the impact parameter b = R,
i.e., one neutron star radius) to 1.9 (head-on collision) times the central density of a single neutron star [23]. At such high density, not only
the properties of baryons will be modified drastically according to the investigation of relativistic
mean-field theory (RMF) and relativistic Hartree
approach (RHA) [26], but also the vacuum, i.e.,
the lower Dirac sea, might be distorted substantially [27] since the meson fields, which describe
the strong interactions between baryons, are very
large. At certain densities, when the threshold
energy of the "negative-energy sea"-nucleons (i.e.,
the nucleons in the Dirac sea) is larger than the
nucleon free mass, the nucleon-anti-nucleon pairs
can be created spontaneously from the vacuum
[28,29]. A schematic picture for this phenomena is depicted in Fig. 1. The situation is quite
similar to the electron-positron pair creations in
QED with strong electromagnetic fields [30]. The
produced anti-nucleons will then annihilate with
the nucleons at the ambient medium through the
NN -*• 77 reaction. This yields a large amount of
energy and photons. This process may happen in
addition to the vv annihilation process. The sequential process, 77 <-> e+e~, inevitably leads to
the creation of a fireball. The dynamical expansion of the fireball will radiate the observed 7-rays
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through the nonthermal processes in shocks [9]. In
the following, we shall estimate whether enough
energy is available within this scenario to satisfy
the requirement of a source of energetic GRBs.
We start from the Lagrangian density for nucleons interacting through the exchange of mesons
C=

^

*» + I 2

-I
1

\

~

/*

where the usual notation is used as given in the
literature [26]. Based on this Lagrangian, we
have developed a relativistic Hartree approach including vacuum contributions which describe the
properties of nucleons and anti-nucleons in nuclear matter and finite nuclei quite successfully
[29]. The parameters of the model are fitted to the
ground state properties of spherical nuclei. The
RHAO set of parameters gives g^(M;v/«v) 2 =
229.67, gl(MN/mw)2 = 146.31, g2(MN/mp)2 =
151.90. It leads to the nuclear matter saturation density p0 = 0.1513 fm~3 (0.1484 - 0.1854
fm~3) with a binding energy -Ef,;nd = —17.39
MeV (—16 ± 1 MeV) and a bulk symmetry energy asym = 40.4 MeV (33.2 MeV). The corresponding empirical values are given in parentheses. The model can be further applied to the
neutron-proton-electron (n-p-e) system under the
beta equilibrium and the charge neutrality conditions which is in particular important for the
neutron star. The positive energy of the nucleons
in the Fermi sea E+ and the negative energy of
the nucleons in the Dirac sea E- can be written

Here a, U>Q and iEo.o are the mean values of the
scalar field, the time-like component of the vector field, and the time-like isospin 3-component
of the vector-isovector field in neutron star matter, respectively. They are obtained by solving the
non-linear equations of the meson fields including vacuum contributions under the constraints of
charge neutrality and general equilibrium. The
energy of anti-nucleons E+ is just the negative of
E-, i.e., E+ = -E- [29]. By setting k = 0 in
Eqs. (2) and (3), one gets the energies of nucleons
and anti-nucleons at zero momentum. The critical
density pc for nucleon-anti-nucleon pair creation
is reached when E- = Myy. The results are given
in Fig. 2 where the single-particle energies of the
positive-energy nucleon and the negative-energy
nucleon are plotted as a function of density. Due
to the effects of the p-meson field, pc = 6.1 po
for pp pair creation and 7.5 po for nn pair creation. At the same time, we have calculated the
equation of state (EOS) of neutron star matter.
The structures and properties of neutron stars
can be obtained by applying the equation of state
to solve the Oppenheimer-Volkoff equation [31].

I

as

E+ =

(MN (2)
1/2

-gu

FIG. 2. The single-particle energies of the positive-energy nucleon and the negative-energy nu(3) cleon in neutron star matter.
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The maximum mass of stars turns out to be production per unit surface area and unit time,
Mmax = 2.44 MQ, and the corresponding radius dNpair/dSdt, has been calculated in Ref. [28] for
R = 12.75 km and the central density pcen = 5.0 compressed matter. In the case of p — 7 po and
po. The pcen is smaller than the critical density tunnel distance d = 1 fm, the rate turns out to
pc- That means that the spontaneous NN pair be 2.68 x 10"2 /m~ 3 . For case B with r = 3 km,
creation does not happen for a single neutron star the time needed to emit the available pp pairs is
within the model employed.
t = 1.9 x 1019 fm = 6.3 x 10"5 s, which is smaller
We consider the following case of neutron star than the typical dynamical scale of NS-NS col3
collision: Two identical neutron stars with pcen = lision r ~ 10~ s. If one assumes that 80% of
4.5 po (with the current EOS, it is related to the produced anti-protons annihilate with protons
M = 2.43 M@ and R = 13.0 km) collide with in the surrounding medium and the released eneach other with a free-fall velocity. The impact ergy is 2 GeV at each event (here we assume that
parameter b stays between 0 and R, which de- the antiparticles (holes) of the spontaneously protermines the factor of density enhancement. We duced pairs are set free, i.e., transported into the
assume that a compact object of average density lower continuum. Otherwise, the energy of these
7.2 po is created in the reaction zone. The radius pairs are close to zero! This is a problem, which
of the compact object is assumed to be r — 1 km should be investigated more closely.), the total ex51
(case A) or r = 3 km (case B) depending on the ploded energy Etot turns out to be 5.5 x 10 erg
53
values of b. Since for a single neutron star with and 1.5 x 10 erg for cases A and B, respectively.
Pcen = 4.5 p0 the density at r = 1 km is 4.46 po As mentioned before, the efficiency to transfer the
and at r = 3 km is 4.18 po, in case A the den- initial energy to the observed radiation is only 1%
sity is enhanced during neutron star collision by a [10]. It seems to be necessary to adopt the picture
factor around 1.6 while in case B around 1.7. In of beaming explosion for the most energetic 7-ray
both cases the pp pair creation will happen while bursts.
the contributions of the nn pair creation is negSome discussion is now appropriate. Neutron
ligible (it contributes at higher density but does star collisions have repeatedly been suggested in
not affect our discussions). We define a momen- the literature as possible sources of 7-ray bursts
tum pmax describing the negative-energy nucleons [32,33], powered either by vv annihilation or by
occupying the eigenstates of the Dirac sea from highly relativistic shocks. In Ref. [23] Ruffert and
the uppermost level (the lowest-energy antiparti- Janka claimed that a 7-ray burst powered by neucle level) to E- = MN (see Fig. 1), which turns trino emission from colliding neutron stars is ruled
out to be
out. Here we propose a new scenario caused by
the strong interactions in dense matter. A large
Pmax =
number of anti-particles may be created from the
vacuum when the density is higher than the critical density for spontaneous particle-anti-particle
pair creation. Such high density can be reached
Based on the semi-classical phase-space assump- during the NS-NS collisions, BH-NS mergers, or
tion we then estimate the number of the pp pairs even NS-NS mergers when the merged binary neuwhose energies are larger than the nucleon free tron stars have large maximum densities. Some of
the produced anti-particles can be ejected from
mass at p = 7.2 po as
the reaction zone due to violent dynamics. They
3
3
54
Npair = ^wr x ^ f = 2.147r x 10 . (5) may be the novel source of low-energy cosmic-ray
anti-particles which is currently an exciting topic
Let us check whether most of the pp pairs can be
in modern astrophysics [34]. Most of them will
created spontaneously. The rates for the NN pair
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annihilate with the corresponding particles at the
ambient medium, and thus release a large amount
of energy. As a first step we have discussed the
pp pair creation in two neutron star collision scenarios because its critical density is lower than
that of other baryons. Our calculations show that
the exploded energy satisfies the requirement for
the initial energy of the energetic GRBs observed
up to now. The variation of the released energies
of different GRBs can be attributed to the different impact parameters of colliding neutron stars.
Those anti-protons, although produced spontaneously, annihilate during the dynamical procedure with random probability in collisions with
protons. Furthermore, the anti-protons annihilating later might be accelerated by the photons produced by the nearby pp pair annihilations taking
place earlier. This leads to the high-energy antiprotons and, consequently, the high-energy photons. Some of them may escape from the fireball before being distorted by the medium. Those
escaping high-energy photons may constitute the
observed high-energy tail of 7-ray bursts. This has
to be pursued further theoretically.
In summary, we have proposed a new scenario of vacuum discharge due to strong interactions in dense matter as a possible source of
7-ray bursts. Based on the meson field theoretical model we have estimated the exploded energy
Etot ~ 1051 — 1053 erg within two neutron star
collisions, which fits well into the range of the
initial energy necessary for most energetic 7-ray
bursts. For a more quantitative study, one needs
to introduce hyperon degrees of freedom [25] and
even quark degree of freedom [35,36] if one assumes that the center of neutron star is in quark
phase. Here we have mainly discussed NS-NS collisions. In fact, the proposed scenario may happen more frequently for BH-NS mergers since the
production rate for BH-NS binaries is ~ 10~4 per
yr per galaxy [37] which is much larger than the
rate of direct NS-NS collisions (for an estimation
of collision rate in dense cluster of neutron stars,
see Ref. [32]). In this case one might obtain a
even higher explosion energy reaching the value of

1054 erg. A relativistic dynamical model like relativistic fluid dynamics incorporating meson fields
is highly desirable to simulate NS-NS collisions,
NS-NS/BH-NS mergers. Works on these aspects
are presently underway.
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Abstract: The magnetization of nuclei in strong
magnetic fields associated with 'magnetars' is considered within the shell model. It is demonstrated
that the magnetic field gives rise to a phase-shift of
the shell-oscillations in nuclear masses shifting significantly the nuclear magic numbers of the iron region
towards smaller mass numbers. Shell-effects are found
to result in anomalies of the nuclear magnetization.
Such anomalies resemble the behavior associated with
a phase transition.
PACS: 26.60,+c, 26.30.+k, 21.10.Dr
Ultramagnetized neutron stars ('magnetars') have
been invoked to interpret several astrophysical phenomena associated with an activity of Soft Gamma
Repeaters (SGR) and Anomalous X-ray Pulsars
(AXP). Recent observations indicate that the strength
of surface dipole fields can extend up to 1015 G, like
in cases of SGR 1806 + 20 [1] and SGR 1900 + 14
[2]. It is worth noticing that star toroidal fields are
expected to be larger than respective dipole components by about two orders of magnitude (cf. e.g. [3]),
similarly to properties of solar magnetism [4]. The
estimates based on an application of the Newtonian
scalar virial theorem (cf. [5] and refs. therein) further
corroborate that interior star fields may range up to
B ~ 1018 G and even larger values [6]. Magnetic energy associated with such a super-strong field is significantly larger than neutron star rotational energy and
plays an important role in the star activity. For instance, driven by the magnetic field crust activities are
thought to originate e.g. neutron star glitches [6] and
SGR bursts [1-3,7]. This gives urgency to carry out
an analysis of the magnetism of neutron star crusts.
The outer crust (at nuclear density n < no/3, with
saturation nuclear density no) is composed of well separated nuclides corresponding to the bottom of fusionfission valleys [6]. At laboratory conditions these nuclei are given by transition metals of iron series due
to the pronounced shell closure [8]. However, one may
expect noticeable modification of shell-oscillations un-

der the influence of the magnetic field [9], similarly to
what is found in atomic clusters and quantum dots
(cf. [10] and refs. therein). Naively, the field B inducing an energy shift of nucleon levels A ~ WL = /JN-B
(with the nuclear magneton fi-^) of order of the spinorbit (s-o) splitting Aso can affect significantly the nuclear structure. The splitting value [8] Aso RJ 5/A1/3
MeV for stable nuclei, and is significantly suppressed
for neutron rich nuclides of inner crusts [11,12]. This
suggests that for average mass numbers A ~ 100 the
field of a strength B ~ 1015 - 1017 G can modify
considerably nuclear magic numbers corresponding to
minima in the shell-correction energy and can, in fact,
influence the composition of neutron star crusts and
nuclear reaction (e.g. s- and r-processes) rates.
In this paper we consider an effect of the magnetic field on nuclear masses and the nuclear magnetization. Within a shell model the properties of
TV = J^ de p(e) nucleons are defined by the filled
up to the Fermi energy CF single-particle (sp) levels e^, which determine the sp level density p(e) —
£ c <5(e - €() = psm + 6p with smooth psm and oscillating Sp components.
The energy of a nucleus is given as E =
/ ^ de ep{e) = Esm + 6En + 6EP, where the ThomasFermi (i.e. semi-classical) component Esm is not affected by the magnetic field due to the Bohr-van
Leeuwen theorem [13]. The shell-correction contributions [14] of neutrons SEn and protons 6EP to the
nuclear mass are related to the oscillating part 6p.
In the present study we neglect the s-o interaction
and employ the sp Hamiltonian for nuclei in a magnetic field B in the form
ma 2 . 2
..
—-w o (r + (r 3 •

x r) 2 )

(1)

-wo(l(f3+l/2)+gas)b,
which includes the spherical Harmonic Oscillator
(HO) with the frequency w0 = 41/A 1 / 3 MeV, an in-
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teraction of the nucleon dipole magnetic moment with
the magnetic field which is represented by the terms
containing the vector b = fi^'B/WQ, the orbital momentum 1 and spin s operators, and the isospin projection operator 7%. For simplicity the sample calculations are shown for symmetric nuclei containing equal
number of protons Z and neutrons N (N = Z — A/2).
The term in Eq. (1) proportional to g-factor ga
gives rise to a relative shift 0"jAa (A a = ga^h/2)
of energy levels with the nucleon magnetic moment
directed along the field (O"J=T = — 1, with /V1' =
(N/2) + M majority-spin neutrons) and in the opposite direction (cri=i = 1, with N^ = (N/2) — M
minority-spin neutrons). Such a shift is related to the
Pauli-type of the magnetic response yielding the magnetization
•M

^
N

~

kf

n

nb

n0

the oscillation period bs — \2/gn\ « 0.5. For nuclei of
average mass numbers the respective magnetic field
Bs ~ WO/A«N ~ 1016 - 1 0 1 7 G induces the relative shift
of neutron majority- and minority-spin energy levels
An which is comparable to the energy difference between the major shells given by the HO frequency w0.

(2)

and modifying the shell-correction energy as
6Ea =

Aa)

(3)

where SE^ is determined by the unshifted sp spectrum, and the density of bound neutrons nnb =
N/Vws is related to the Wigner-Zeits volume VwsFigure 1 represents the magnetic field dependence of
the difference TV between the majority- and minorityspin neutron numbers at various values of the total
neutron number. As is seen this dependence exhibits
a step-like behavior at field strengths corresponding
the majority- and minority-spin level crossing. Such
a behavior resembles properties of a magnetic phase
transition.
The spin-magnetization represents predominant
magnetic field effect in the neutron shell-correction
energy which can be approximately expressed through
the respective k-th. components 5E*0 at zero field as
SEa « Z)i*-E'nocos(7r^5ln6)- We see that the magnetic field leads to a phase-shift of the shell-oscillations
which is clearly displayed in fig. 2. This behavior is
caused by the field dependent interference of contributions coming from the majority- and minority-spin
neutrons to the total energy. Such an interference
gives rise to a cosine factor in the shell-energy with

N
FIG. 1. The quantity A/" versus magnetic field b and
neutron number N.

FIG. 2. The spherical HO model prediction of the neutron shell-correction energy versus the neutron number
and the parameter b. The smaller energies are indicated
by white regions, while the dark regions denote the larger
energies. The contours are plotted with the step 1 starting
from -3 in the units A1'3 MeV.

The proton magnetic response is given as a combination of the discussed above Pauli-magnetism Eqs.
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(2) and (3) and the Landau-type of orbital magnetism
related to proton ballistic dynamics (cf. Eq. (1))

Mp = [gpZ + £ f3]/WVws « gib ^

1015G, (4)

where Z = (Z^ — Z^)/2 measures the difference between majority-spin (Z T ) and minority-spin (Z^) proton numbers, P3 denotes the projection of angular
momentum on the field axis, and the proton density

(i.e. b < 1, which are considered here), they do not
contribute to the outer crust magnetism. The orbital
magnetism in such a case is mainly given by an interaction of the magnetic field with the magnetic dipole
arising from the quantum orbital motion of protons
inside the nucleus. The orbital magnetic response of
such an inhomogeneous system is considerably amplified as compared to the magnetism of a homogeneous
liquid.

«pb = Z/VwS •
100
80

FIG. 4. The spherical HO model prediction of the proton shell-correction energy versus the proton number and
the parameter b. The white regions display to the energy
minima (i.e. the wells), while the dark regions indicate the
maxima (i.e. the hills) in the shell-correction energy landscape. The contours are plotted with the step 0.5 starting
from -1.25 in the units A1/3 MeV.
FIG. 3. Proton magnetization (gib) versus magnetic
field 6 and proton number Z. Insert shows the results
of the 6-dependence for Z = 40 magic nucleus.
Figure 3 shows the quantity gib as a function of
the magnetic field at different values of the proton
number. The step-like behavior of nuclear magnetization is displayed for protons as well. The associated
field change is significantly smaller as compared to
the neutron magnetic response. It should be noticed
an important difference between the proton orbital
magnetism considered here and the Landau diamagnetism of a homogeneous liquid. The latter is originating from the quantization of the Landau levels.
Since the radius of the Landau levels is larger than
the nuclear radius at relatively small field strengths

The Pauli- and the Landau-type of orbital magnetism determine the magnetic field dependence of
the proton shell-correction energy. As is seen in fig. 4
for zero s-o coupling the shell-effect is gradually suppressed with increasing magnetic field strength. Such
a weakening is due to the reduction of the symmetry
that is induced by the proton orbital magnetism. The
influence of the magnetic field on the orbital motion
leads to the separation of degenerated proton energy
levels. Such a decrease in the degree of the degeneracy results in the smaller proton shell-correction energy, similar to the well known effect of s-o coupling
(cf. e.g. [8]). We note, that the presence of s-o interaction leads to an anomalous field dependence of the
proton shell-correction energy [9] displaying a rather
pronounced enhancement of the shell energy when the
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effects of the field and s-o interactions are comparable.
In summary, we have discussed for the first time the
shell effect in the magnetization of nuclides relevant
for neutron star crusts. The shell-model based analysis indicates that the shell-structure gives rise to discontinuities in nuclear magnetization, a behavior similar to magnetic phase transitions. We recall, however,
a general problem for identifications of phase transitions in finite systems [15]. The neutron magnetic
response is represented by the Pauli-paramagnetism
displaying a step-wise change of the magnetization at
a field strength corresponding to the majority- and
minority-spin level crossing. The proton orbital magnetism gives additional contribution to the proton
magnetic response yielding more frequent magnetization jumps.
We have found that the nuclear masses are affected
by the magnetic field. The field dependent shift of a
phase in the shell-oscillations represents perhaps the
most interesting and important feature which gives
rise to a change of nuclear magic numbers. For neutrons such an effect is entirely originating from the
Pauli-type paramagnetic response. As a consequence,
the neutron shell-correction energy displays almost
periodic behavior as a function of the magnetic field
strength. The proton magnetic response is determined by the relationship between spin- and orbitalmagnetism.
As we have seen nuclear magic numbers depend on
the magnetic field and are changed considerably at the
strength scale B ~ 1016 - 1017 G. At such a field the
nuclear magics of the iron region are shifted towards
smaller mass numbers.
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Phase Transition of Color-Superconducting Quark Matter
M.Iwasaki, S.Ishikawa and T.Tanaka
Department of Physics, Kochi University, Kochi 780-8520, Japan

Thermodynamic properties of quark matter are investigated by using a mean field
(BCS) method. Superconducting phase is realized under the critical temperature. The
specific heat is discontinuous across the temperature and it is shown that the phase transition is second-order.
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Abstract
We study hadron properties near the deconfining transition in the finite temperature lattice QCD. Especially Charmonium physics is interesting for signals of Quark-gluon plasma
formation. We discuss cc bound state and mass at above or below Tc.
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Hadron Spectral Functions in Lattice QCD*

Masayuki Asakawa
Department of Physics, Nagoya University, Nagoya 464-8602, Japan
QCD spectral functions of hadrons in the pseudo-scalar and vector channels are extracted from lattice Monte Carlo data of the imaginary time Green's functions. The
maximum entropy method works well for this purpose, and the resonance and continuum
structures in the spectra are obtained in addition to the ground state peaks.
Among various dynamical quantities in quantum chromodynamics (QCD), the spectral
functions (SPFs) of hadrons play a special role in physical observables (See e.g. [1]). A
well-known example is the cross section of the e+e~ annihilation into hadrons, which can
be expressed by SPF in the vector channel. SPF at finite temperature (T) and/or baryon
density is also a key concept to understand the medium modification of hadrons [2]. The
enhancement in low-mass dileptons observed in relativistic heavy ion collisions at CERN
SPS [3] is a typical example which may indicate a spectral shift in the medium [4].
However, the Monte Carlo simulations of QCD on the lattice, which have been successful in measuring static observables [5], have difficulties in accessing the dynamical
quantities in the Minkowski space such as SPFs and the real time correlation functions.
This is because measurements on the lattice can only be carried out for discrete points in
imaginary time. The analytic continuation from the imaginary time to the real time using
the finite number of lattice data with noise is highly non-trivial and is even classified as
an ill-posed problem.
In this paper, we make an attempt to extract SPFs of hadrons from lattice QCD data
without making a priori assumptions on the spectral shape. For this purpose, we use
the maximum entropy method (MEM), which has been successfully applied for similar
problems in quantum Monte Carlo simulations in condensed matter physics, image reconstruction in crystallography and astrophysics, and so forth [6,7]. Due to the limitation of
space, we present only the results for the pseudo-scalar (PS) and vector (V) channels at
T = 0 [8].
The Euclidean correlation function D(r) and its spectral decomposition at zero threemomentum read
D(r)=

f°°K(T,uj)A(u)du,

(1)

J0

where r > 0, u> is a real frequency, and A(ui) is SPF (or sometimes called the image in this
paper), which is positive semi-definite by definition. The kernel K(T,UI) is proportional
*The author was partly supported by Grant-in-Aid for Scientific Research No.
11640271 of the Japanese Ministry of Education, Science, and Culture.
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to the Fourier transform of a free boson propagator with mass LU: At T = 0, K(T, U>) =
exp(—TO>).

Monte Carlo simulation provides £>(TJ) for the discrete set of points 0 < Til a < NT,
where iVT is the temporal lattice size and a is the lattice spacing. In the actual analysis, we
use data points for r m j n < Tj < rmax. From this data set with noise, we need to reconstruct
the continuous function A(u) on the RHS of (1). This is a typical ill-posed problem,
where the number of data is much smaller than the number of degrees of freedom to be
reconstructed. This makes the standard likelihood analysis and its variants inapplicable
[9] unless strong assumptions on the spectral shape are made. MEM is a method to
circumvent this difficulty by making a statistical inference of the most probable image as
well as its reliability [6].
The theoretical basis of MEM is the Bayes' theorem in probability theory: P[X|F] =
P[Y\X]P[X]/P[Yl
where P[X\Y] is the conditional probability of X given Y. Let D
stand for Monte Carlo data with errors for a specific channel on the lattice and H summarize all the definitions and prior knowledge such as A(u) > 0. The most probable
image A(to) for given lattice data is obtained by maximizing the conditional probability
P[A\DH], which, by the Bayes' theorem, is rewritten as
P[A\DH] ex P[D\AH]P[A\H],
where P[D|Aiir] (P[^4|iy]) is called the likelihood function (the prior probability).
For the likelihood function, the central limiting theorem leads to P[D\AH] = Zj} exp(—L)
with
- DA(ri))C-j1(D(rj)

2

-

where % and j run from Tmin/a through rmax/a. ZL is a normalization factor given by
ZL = (2ir)N/2y/detC with N = Tmax/'a—rminl'a+1. D{ji) is the lattice data averaged over
gauge configurations and DA{Ti) is the correlation function defined by the RHS of (1).
C is an Nx N covariance matrix defined by Cy = [iV«m/(.iV«m/ - I)]" 1 T,m=if(Dm(n) D(Ti))(Dm(Tj) — D(TJ)): Here iVcon/ is the total number of gauge configurations and
Dm(ri) is the data for the m-th configuration. The lattice data have generally strong
correlations among different r's, and it is essential to take account of the off-diagonal
components of C.
It can be generally shown on an axiomatic basis [10] that, for positive distributions such
as SPF, the prior probability can be written with parameters a and m as P[A\Ham] =
Zg1 exp(aS). Here S is the Shannon-Jaynes entropy,

"Jf

A(u) — m(u) — A(u) log

dui.

Zs is a normalization factor: Zs = J eaSVA. a is a real and positive parameter and m(uj)
is a real function called the default model.
In this paper, we adopt a state-of-art MEM [6], where the output image A^t is given
by a weighted average over A and a:
Aout(uj) = I

A{u)P[A\DHam]P{a\DHm]VAda.
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a dictates the relative weight of the entropy S (which tends to fit A to the default model
m) and the likelihood function L (which tends to fit A to the lattice data). Note, however,
that a appears only in the intermediate step and is integrated out in the final result.
0.15

^3 0.05
s

m [GeV]

Figure 1. The solid line is Pin{u). The dashed line and dash-dotted line are
obtained with parameter set (I) a = 0.0847 fm, 1 < r/a < 12, b = 0.001 and set (II)
a = 0.0847 fm, 1 < r/a < 36, b = 0.0001, respectively.
To check the feasibility of the MEM procedure and to see the dependence of the MEM
image on the quality of the data, we made the following test using mock data, (i) We
start with an input image Ain(u) = to2pin(ui) in the p-meson channel which simulates the
experimental e+e~ cross section. Then we calculate Din(r) from Ain(ui) using eq.(l). (ii)
By taking Din(Ti) at N discrete points and adding a Gaussian noise, we create a mock
data Dmock{Ti). The variance of the noise CT(TJ) is given by a(Ti) = b x Din(Ti) x Ti/a with
a parameter 6, which controls the noise level [11]. (iii) We construct the output image
Aoutiuj) = Lo2pout(uj) using MEM with Dmock(Tmin < n < Tmax) and compare the result
with Ain(u). In this test, we have assumed that C is diagonal for simplicity.
In Fig.l, we show pin(uj), and Pout(w) for two sets of parameters, (I) and (II). As for m,
we choose a form m{u) = mow2 with mo = 0.027, which is motivated by the asymptotic
behavior of A in perturbative QCD, A{u^> lGeV) = (l/47r 2 )(l+a: s /7r)u; 2 . The final result
is, however, insensitive to the variation of mo even by factor 5 or 1/5. The calculation of
Aout(u) has been done by discretizing the o>-space with an equal separation of 10 MeV
between adjacent points. This number is chosen for the reason we shall discuss below.
The comparison of the dashed line (set (I)) and the dash-dotted line (set (II)) shows that
increasing rmax and reducing the noise level b lead to better SPFs closer to the input SPF.
We have then applied MEM to actual lattice data. For this purpose, quenched lattice
QCD simulations have been done with the plaquette gluon action and the Wilson quark
action by the open MILC code with minor modifications [12]. The lattice size is 203 x 24
with (3 = 6.0, which corresponds to a = 0.0847 fm (a" 1 = 2.33 GeV), KC = 0.1571 [13],
and the spatial size of the lattice Lsa = 1.69 fm. Gauge configurations are generated
by the heat-bath and over-relaxation algorithms with a ratio 1 : 4 . Each configuration
is separated by 1000 sweeps. Hopping parameters are chosen to be K = 0.153, 0.1545,
and 0.1557 with Nconf = 161 for each K. For the quark propagator, the Dirichlet (periodic) boundary condition is employed for the temporal (spatial) direction. To calculate
the two-point correlation functions, we adopt a point-source at x = 0 and a point-sink
averaged over the spatial lattice-points to extract physical states with vanishing threemomentum. For the PS and V channels, the operators J75U and d-y^u (// = 1,2,3) are
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chosen, respectively. We use data at 1 < Tj/a < 12 to remove the noise at the Dirichlet
boundary.
We define SPFs for the PS and V channels as

so that pPS v (u> —> large) approaches a finite constant as predicted by perturbative QCD.
For the MEM analysis, we need to discretize the u-integration in (1). Since Ao> (the mesh
size) <C l/rmax should be satisfied to suppress the discretization error, we take Au = 10
MeV. u)max (the upper limit for the to integration) should be comparable to the maximum
available momentum on the lattice: u;maa; ~ ? r / a ~ 7 . 3 GeV. We have checked that larger
values of ujmax do not change the result of A(u) substantially, while smaller values of umax
distort the high energy end of the spectrum. In the MEM analysis presented in this paper,
the continuum kernel K = exp(—TU) is used. We have also carried out analysis based on
the lattice kernel Klat. A comparison of the two cases will be given in [14] in detail.

(a) PS channel

(b) V channel

2

4
co [GeV]

6

Figure 2. Reconstructed image paut(w) for the PS (a) and V (b) channels. The solid,
dashed, and dash-dotted lines are for K = 0.1557, 0.1545, and 0.153, respectively. For the
PS (V) channel, mo is taken to be 2.0 (0.86). u)max is 7.5 GeV in this figure and Fig.3.
In Fig.2 (a) and (b), we show the reconstructed images for each K. In these figures,
we have used m = mQU2 with mo = 2.0(0.86) for PS (V) channel motivated by the
perturbative estimate of mo (see eq.(2) and the text below). We have checked that the
result is not sensitive, within the statistical significance of the image, to the variation of
mo by factor 5 or 1/5. The obtained images have a common structure: the low-energy
peaks corresponding to n and p, and the broad structure in the high-energy region. From
the position of the pion peaks in Fig.2(a), we extract KC = 0.1570(3), which is consistent
with 0.1571 [13] determined from the asymptotic behavior of D(T). The mass of the
p-meson in the chiral limit extracted from the peaks in Fig.2(b) reads mpa — 0.348(15).
This is also consistent with mpa — 0.331(22) [13] determined by the asymptotic behavior.
Although our maximum value of the fitting range rmax/a = 12 marginally covers the
asymptotic limit in r, we can extract reasonable masses for TT and p. The width of n and
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p in Fig.2 is an artifact due to the statistical errors of the lattice data. In fact, in the
quenched approximation, there is no room for the p-meson to decay into two pions.
As for the second peaks in the PS and V channels, the error analysis discussed in Fig.3
shows that their spectral "shape" does not have much statistical significance, although
the existence of the non-vanishing spectral strength is significant. Under this reservation,
we fit the position of the second peaks and made linear extrapolation to the chiral limit
with the results, m2nd/mp = 1.88(8)(2.44(11)) for the PS (V) channel. These should be
compared with the experimental values: mir{izm)l'mp = 1-68, and rnp^5o)/mp = 1.90 or
Wp(i7oo)MP = 2.20.
One should remark here that, in the standard two-mass fit of D(T), the mass of the
second resonance is highly sensitive to the lower limit of the fitting range [13]. This is
because the contamination from the short distance contributions from r < rmin is not
under control in such an approach. On the other hand, MEM does not suffer from this
difficulty and can utilize the full information down to r m j n /o = 1. Therefore, MEM opens
a possibility of systematic study of higher resonances with lattice QCD data.
As for the third bumps in Fig.2, the spectral "shape" is statistically not significant
as is discussed in Fig.3, and they should rather be considered a part of the perturbative
continuum instead of a single resonance. Fig.2 also shows that SPF decreases substantially
above 6 GeV; MEM automatically detects the existence of the momentum cutoff on the
lattice ~ IT/a. We have indeed confirmed that MEM with the data on finer lattices leads
to larger ultraviolet cut-offs in the spectra [14]. The height of the asymptotic form of the
spectrum at high energy is estimated as
1
4TT2

7T

0.86.

(2)

The first two factors are the qq continuum expected from perturbative QCD. The third
factor contains the non-perturbative renormalization constant for the lattice composite
operator. We adopt Zv — 0.57 determined from the two-point functions at fi = 6.0 [15]
together with as = 0.21 and « = 0.1557. Our estimate in eq.(2) is consistent with the
high energy part of the spectrum in Fig.2(b) after averaging over u. We made a similar
estimate for the PS channel using Zps = 0.49 [16] and obtained pPS{u) ~ 6GeV) ~ 2.0.
This is also consistent with Fig. 2(a).

Figure 3. Pout(u) in the V channel for K = 0.1557 with error attached.
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Within the MEM analysis, one can study the statistical significance of the reconstructed
image (For the details, see [14]). Shown in Fig.3 is the MEM image in the V channel for
K — 0.1557 with errors. The height of each horizontal bar is (pout(u)) in each u interval.
The vertical bar indicates the error of (pout{u)). The small error for the lowest peak
in Fig.3 supports our identification of the peak with p. Although the existence of the
non-vanishing spectral strength of the 2nd peak and 3rd bump is statistically significant,
their spectral "shape" is statistically either marginal or insignificant. Lattice data with
better quality are called for to obtain better SPFs.
In summary, we have reconstructed SPFs of hadrons from lattice QCD data. We have
used MEM, which allows us to study SPFs without making a priori assumption on the
spectral shape. The method works well for the mock data. Even for the lattice data, the
method produces resonance and continuum-like structures in addition to the ground state
peaks. The statistical significance of the image has been also analyzed. Better data with
finer and larger lattice will produce better images with smaller errors. From the physics
point of view, the spectral change at finite temperature is by far the important problem.
This is currently under investigation.
We appreciate MILC collaboration for their open codes for lattice QCD simulations,
which have enabled this research. Our simulation was carried out on a Hitachi SR2201
parallel computer at Japan Atomic Energy Research Institute.
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21 Color Molecular Dynamics for Dense Matter
Toshiki Maruyama^1' and Tetsuo Hatsuda^2)
Advanced Science Research Center, Japan Atomic Energy Research Institute, Tokai, Ibaraki 319-1195, Japan
' 2 ' Physics Department, Kyoto University, Kyoto 606-8502, Japan

We propose a microscopic approach for quark many-body
system based on molecular dynamics. Using color confinement and one-gluon exchange potentials together with .meson
exchange potentials between quarks, we construct nucleons
and nuclear/quark matter. Dynamical transition between
confinement and deconfinement phases are studied at high
baryon density with this molecular dynamics simulation.

At high baryon density the nuclear matter is believed
to undergo a phase transition to the quark matter because of the color Debye screening and the asymptotic
freedom in quantum chromodynamics (QCD) [1]. Qualitative estimates using the Bag model [2] as well as the
strong coupling lattice QCD [3] predict first order transition at baryon density p several times over the nuclear
matter saturation density (po = 0.17fm""3). However, realistic studies of the high density matter based on the
first principle lattice QCD simulations are not available
yet due to technical difficulties [4]. In this situation any
alternative attempts are welcome to unravel the nature
of high density matter. In particular, how the nuclear
matter composed of nucleons (which are by themselves
composite three-quark objects) dissolve into quark matter at high baryon density is an interesting question to be
studied. Prom the experimental and observational point
of view, such transition may occur in the central core of
neutron stars [5] and in high-energy heavy ion collisions
[6].
In this paper, we propose a molecular dynamics (MD)
simulation [7,8] of a system composed of many constituent quarks [9,10]. As a first attempt, we carry out
MD simulation for quarks with SU(3) color degrees of
freedom. Spin and flavor are fixed for simplicity, although
there is no fundamental problem to include them. The
time evolution of spatial and color coordinates of quarks
are governed by the color confining potential, the perturbative gluon-exchange potential and the meson-exchange
potential.
The confining potential favors the color neutral cluster
(nucleon) at low density. However, as the baryon density
increases, the system undergoes a transition to the deconfined quark matter, since the nucleons start to overlap
with each other. Our color MD simulation (CMD) is a
natural framework to treat such a percolation transition.
The meson-exchange potential between quarks represents
the nonperturbative gluon-exchange in the color singlet

sector, the use of which is in line with the quark-meson
coupling (QMC) model applied for studying the nuclear
matter composed of quarks [11].
There exist several works on the quark many-body
system in simulational approaches, such as Vlasovian
plasma simulation with SU(2) Yang-Mils gauge field [12],
Vlasov approach to the quarks with SU(3) colors [13],
MD simulation with flip-flop potential [14,15], and MD
simulation with chromodielectric model [16]. The quarkhadron phase transition and the dynamics of heavy-ion
collisions have been studied in these models. Some of
them use the two-body or many-body quark-quark potentials, while others solve the classical field equation for
gluons. However, in all these simulations, color of each
quark is fixed during the time-evolution, thus the nonAbelian nature of the color potential is frozen (Abelian
approximation). On the other hand, our CMD solves
the time-evolution of quark-colors as well as the spatial
motion of quarks, and may give a new insight into the
problem of quark-hadron transition.
We start with the total wave function of a system
\P given as a direct product of single-particle quark
wave-functions. The antisymmetrization is neglected at
present.

(

- 3 / 4 exp[-(r - R,) 2 /2L 2 - %P(v\,
coson e~i0i cos0{\
sinai e+i0i cosfl* .

(2)
(3)

sin 6i eiVi
J
Here A is the total baryon number of a system, fa is the
Gaussian wave packet with a fixed width L centered at
position Rj and momentum P j . Xi is a coherent state
in the color SU(3) space parametrized by four angles,
&i,fii,0i and (fi. Although general SU(3) vector has six
real parameters, the normalization condition \xi\ = 1 and
the unphysical global phase reduce the number of genuine
parameters to four. Note that SU(2) spin coherent state
parametrized by two angles has been used in the MD
simulation of a many-nucleon system with spin degree of
freedom [17].
The time evolution of a system is given by solving equations of motion for {Rj, P j , Qj, /3J, 6i, tpi} derived from
the time-dependent variational principle
d_d£
(4)
dq
dtdq
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with the classical Lagrangian

in the quark model for baryons read [19], m = 320 MeV
(the constituent-quark mass), as = 1.25 (the QCD fine
(5) structure constant), and K = 0.75 GeV/fm (the string
tension). The meson-quark coupling constants ga^)q are
j + nPi cos 2a{ cos2 Qt - hipi sin2 Oi] - H, (6) estimated from the meson-nucleon couplings ga(u)N using
the additive quark picture: gaq = ffCTiv/3 = 3.53 and
duq = Pwiv/3 = 5.85. The meson masses are taken to be
where H = (\P | H | \P). The explicit form of equations
/*„ = 782 MeV and / v = 550 MeV.
of motion reads :
Some comments are in order here on the evaluation of
the matrix elements H = (9 \H \V).
ft -™L
P - (7) (i) Because of the lack of the anti-symmetrization of
quark wave function, the interaction between quarks in a
(8) color-singlet baryon is underestimated by factor 4 when
2
i cos Oi
one takes the matrix element of tft%. To correct this,
dH
eS
— 4K and a^a = 4a s
(9) we use effective couplings K
2ft sin 8i cos 0, dipi'
throughout the CMD simulation.
cos 2a,
flff
. (10) (ii) The size of the quark wave-packet L is chosen to
2ft sin 2cti cos2 0,
2ftsin2a, cos2Oidjk
be 0.35 fm corresponding to the r.m.s. radius of the
cos 2«i
d
1
dH
constituent quark 0.43 fm. This is consistent with the
(11)
2ftsin6i cos6id6i ' 2ftsin2an cos 2 0 i(
typical value expected from the dynamical breaking of
chiral symmetry [20]. This value is used in the matrix
As for the color-dependent quark-quark interaction, we
element
of the gluonic interaction Vc- At the same time,
employ the one-gluon exchange and the linear confining
the
meson-quark
coupling is intrinsically nonlocal, since
potentials. In the usage of linear or quadratic confina and w have their own quark structure. Besides, the
ing potential, a long range color Van der Waals force is
meson-exchange interaction between nucleons with the
known to arise. The string-flip model or flip-flop model
nucleon form-factor should be properly reproduced by
are the possible candidates for avoiding this unphysical
the
superposition of the meson-exchange interaction beinteraction (see e.g. [18]). It is not clear, however, at the
tween
quarks. To take into account these facts, we use
moment how to combine these models with CMD in a
eff
L
=
0.7 fm (corresponding to the r.m.s. radius of 0.86
practical manner.
fm) in the matrix element of VM •
To take into account the nonperturbative gluon ex(iii) H = (<t | H | \P) generally contains a kinetic energy
change in the color singlet channel and simultaneoriginating
from momentum variances of wave packets.
ously to reproduce the essential part of the nuclear
However,
when
the width of the wave packet is fixed as a
force between color-singlet baryons (namely, the statetime-independent
parameter, this kinetic energy is spuindependent short range repulsion and the medium range
rious
and
neglected
in the present calculation.
attraction), we include the a+u meson-exchange potenLet us now describe how to simulate the simplest threetial acting between quarks according to ref. [11].
quark system, i.e. the nucleon, in CMD. We first search
The total Hamiltonian is thus written as
for a three-quark state obeying the color neutrality condition
(12)
= 0

(a

=

!,-••,8).

(16)

(13)
o=l

(14)
a2

9

9a

p-M

4TT
r
VM{r) = - -P-

g2

4TT

e-»ur

r

(15)

where ta = A a /2 with A° being the Gell-Mann matrices,
Vc is the confinement and one-gluon exchange terms, and
VM is the meson exchange term [19]. We introduce a
smooth infrared cutoff to the confining potential in Vc (r)
to prevent the long-range interaction beyond the size of
a box in which we carry out MD simulations. We choose
the cutoff scale r c u t = 3.0 fm, which is approximately half
of the length of the box. Typical values of the parameters

This is satisfied by solving a cooling equation of motion in the color space with a potential proportional
t0
Ei,^iELi(Xi|A a |xi)(Xjl^ a |Xj) with random initial
values of Xi- During this cooling procedure, spatial coordinates of quarks are fixed, e.g. at the three corners of a
triangle.
If we start with three quarks in triangular position obtained above and kick each quark by the same amount
of energy keeping the total momentum zero, the quarks
start to have a breathing motion in 2-dimensional plane.
Due to the total color conservation the color-neutrality
is maintained during this time evolution.
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By an initial kick to give the time-averaged kinetic
energy of 76 MeV, the total energy of the nucleon become 1206 MeV. Accordingly, the r.m.s. radius of the
nucleon reads 0.46 fm using L (which corresponds to the
size of the quark-core of the nucleon) or 0.87 fm using
LeS (which corresponds to the physical nucleon size for
meson-exchange interaction). The "nucleon" here is certainly a semiclassical object which should be regarded
as a mixture of the ground and excited states of three
quarks. We use a collection of these nucleons as an initial condition for the CMD simulation of many quarks.
Since the interaction among quarks in matter will eventually randomize the internal motion of quarks in the
initial nucleon, the final result is not sensitive to the way
how we kick the quarks.
Now, let us study the phase change from the confined
hadronic system to the deconfined quark matter. We
simulate the infinite matter under the periodic boundary
condition and see how the system responds to the change
of the baryon density as well as to the energy deposition
from outside.
To start with, nucleons constructed above are randomly distributed in a box with the periodic boundary
condition. At this stage, the total system is in its excited
state. The minimum-energy state of matter is obtained
by the frictional cooling procedure, namely we solve a
cooling equation of motion with frictional terms. During
the cooling, spatial and color motion of quarks in the nucleon are artificially frozen, and the following equations
are solved:
8H
dH

ai = 0i = 6i = ijpi - 0,

dH
dH
'dPi

(17)
(18)
(19)

where damping coefficients nn and iip are negative and
{«} means a set of three quarks in a nucleon to which i
belongs. Under this cooling procedure, the system approaches to a stable configuration with minimum energy.
The system does not collapse due to the repulsive part
of the meson exchange potential VM .
After the system reached its energy-minimum by the
cooling, internal color and spatial motion of quarks are
turned on and the normal equation of motion is solved for
several tens of fm/c so that the system gets equilibrated.
Since our treatment of particle motion is classical, we
cannot simulate the exact ground state with Fermi motion. Our prescription should be recognized as a classical
description of approximate ground state. When we study
the excited state of the system, additional random motion are assigned to nucleons in this "ground state" so
that the system has a given excitation energy E*.
We use the following criterion of confinement as

2000-011

| R i - R i l < Cluster (t,J = 1,2,3),
I2

(20)

. a=l li=

If three quarks within a certain distance Cluster are
white with an accuracy e, they are considered to be confined. All quarks are checked by this criterion without
duplications. The actual numerical values we use are
^cluster = 1 fm and e = 0.05.
Snapshots of matter in equilibrium for different baryon
densities are displayed in Fig. 1. Quarks in the confined
states are shown with white and those in the deconfined
state with gray. As p increases, fraction of deconfined
quarks increase. This is not a trivial consequence and is
a unique feature of the CMD simulation. In fact, one may
naively expect that, as the density increases, confinement
criterion becomes easier to be fulfilled since more quarks
are around. However, the use of the color coherent state
allows the color excitation even in a three-quark cluster and does not necessarily favor the formation of color
singlet clusters at high densities.
Figure 2 shows "confined ratio of quarks",
_ (number of confined quarks)
~
(total quark number)

(21)

in the approximate ground state. With increase of
the baryon density p, matter shows a transition from
hadronic phase to the quark phase which is well characterized by R in Fig.2. The order of the phase transition,
which should be examined in terms of the pressure of the
system, is a future problem to be studied.
So far we have discussed only the cold matter close
to the ground state at finite baryon density, which is
relevant for the physics of e.g. neutron stars. On the
other hand, to study the excited state of matter such
as that created in the high-energy heavy ion collisions,
not only the thermal motion of quarks, but also qq creation/annihilation processes and the dynamical gluons
should be included. Here, as a first step toward this goal,
we study the "thermal" property of the system with only
the quark degrees of freedom.
Figure 3 shows the same quantity as Fig. 2 but with a
variation of excitation energy E*. The hadronic matter
and the quark matter are characterized by R. Although
no sudden transition of R between two phases is observed,
R becomes less than 20% for all densities for E* > 200
MeV/q.
We fit the kinetic energy distribution of quarks in the
excited matter by the classical Boltzmann distribution
with a normalization factor M
dN
. , p2dp _n.. IT,„„..
(12,)
•Skin =

.2 -

m.

(23)

Then, we can define an effective temperature T* for given
E*. Note that T* is not really a physical temperature
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of the system, but is a measure of the averaged kinetic
energy per quark. In Fig. 4, T* is plotted as a function of E*. For E* > 300 MeV/q, T* depends almost
linearly on E* irrespective of baryon density, while, for
E* = 100 ~ 200 MeV/q, T* for low-density matter increases rather slowly as a function of E*. In fact, this
corresponds exactly to the region where the confined ratio of low-density matter changes in Fig. 3. This implies
that, during the deconfinement process, the energy deposit from outside is consumed to melt confined clusters
(i.e., nucleons), which suppresses the effective temperature T*.

0

1 2
3
baryon density p [p0]

4

FIG. 2. Confined ratio of quarks as a function of baryon
density p.

p=1.17p0

8.00fm
0

200
400
E* [MeV/q]

FIG. 3. Confined ratio of quarks as a function of E* for
several different baryon densities.

p=4.11 p 0

200

0.78 p 0
1.39 p 0
1.68 p 0
••

>

. . . . . . . . 4.11 p 0

100

0

PIG. 1. Perspectives of matter with baryon density at
1.17po and 4.11po. White/gray particles indicate quarks in
the confined/deconfined state. Some white clusters near the
boundary contain only one or two quarks. This is due to the
periodic boundary condition, and they are actually a part of
3-quark clusters.

2.28 p 0
3.20 p 0

0

200
400
E* [MeV/q]

FIG. 4. Baryon density and excitation energy dependence
of the effective temperature extracted from the Boltzmann fit
of the kinetic energy distribution.

Here we show the preliminary calculation on finite system. To make the "nucleus", we first prepare a given
number of white baryons and distribute them in a sphere.
Then we cool the system in the same way as explained for
the infinite matter. Figure 5 shows the density profile of
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A = 66 nucleus. Its binding energy is written in the figure. Since we have not yet included the Fermi motion of
nucleons, the binding energy is too large. The time evolution of confined ratio during the collision of two A = 66
nuclei is displayed in Fig. 6. Instead of the bombarding
energy, the CM velocity 0 of two nuclei is used to distinguish the violence of the collision. One can see in the
figure that more quarks are deconfined for more violent
collisions. The life time of the deconfined state is rather
long compared to that generally believed. We consider
this feature is due to the lack of qq creation/annihilation
process in our simulation.

A=66 baryon density
folded with Leff=0.7 fm

0.15

0.00

0

2

4
i-[fin]

6

FIG. 5. Density profile of A = 66 nucleus.

1 0.6
o
o

0.4 -

10

20
time [fm/c]

30

40

FIG. 6. Time evolution of confined ratio during the collision of two A = 66 nuclei.
In summary, we have proposed a color molecular dynamics (CMD) simulation of a system with many constituent quarks. The system is approximated by the
product of wave packets with SU(3) color coherent state.
Adopting the effective interaction between quarks we
study the transition from nuclear matter to quark matter
under the periodic boundary condition. At low baryon
density p, the system is in the confined phase where most
of the quarks are hidden inside the color singlet nucleons. However, as we increase p, the partial deconfinement

2000-011

takes place due to the disintegration of color-singlet clusters both in the coordinate space and in the color space.
This can be seen explicitly in Fig. 1 and in the confined
ratio Fig. 2. The similar conclusions also hold for finite
excitation energies E* (Fig. 3 and Fig. 4), although the
qq process and dynamical gluons are not included yet.
The results of this paper are still in the qualitative
level and are limited to the cold matter. The refinement of interaction parameters and inclusion of flavor
and spin degrees of freedom are necessary for quantitative discussions. The use of the antisymmetrized
quark wave function [21] and the medium modification
of the constituent-quark mass associated with the partial
restoration of chiral symmetry are also important future
problems. For the discussion of hot matter, inclusion of
qq creation/annihilation and the dynamical gluons are
essential. In spite of all these reservations, the method
proposed in this paper gives a starting point to study the
statistical feature of the hadron-quark transition as well
as to examine finite nuclei and the dynamics of heavy-ion
collisions.
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22 Quark Dynamics on Phase-Space
A. Bonasera*
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Abstract
We discuss the dynamics of quarks within a Vlasov approach. We use an
interquark (qq) potential consistent with the indications of Lattice QCD calculations and containing a Coulomb term, a confining part and a spin dependent term. Hadrons masses are shown to arise from the interplay of these
three terms plus the Fermi motion and the finite masses of the quarks. The
approach gives a lower and an upper bound for hadrons. The theoretical
predictions are shown to be in fairly good agreement with the experimental
data.
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23

Spatial structure of Cooper pairs with quantum numbers color 3*,I = J = L = S =
0inud2
flavor quark matter is studied by solving the gap equation and calculating the coherence length in full
momentum range without the weak coupling approximation. Although the gap at the Fermi surface
and the coherence length depend on density weaMy, the shape of the r-space pair wave function varies
strongly with density. This result indicates that quark Cooper pairs become more bosonic at higher
densities.
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24 Themass spectrum of Diquark Boson in the color superconductor
K.Yamaguchi , O.Miyamura
Dept of Physics , Hiroshima.Univ

Abstract
In this work we apply the functional integral method to the study of the color superconducting
phase and compute the mass spectrum of the Diquark Boson at finite temperture and nonzero
chemical potential . We find the differnt asspect with QED superconductor .
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Introduction
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25 Supernova and r-process simulations
with relativistic EOS table

Abstract
We study the neutrino-driven wind from the proto-neutron star by the general relativistic hydrodynamical simulations.
We examine the properties of the neutrino-driven wind to explore the possibility of the r-process nucleosynthesis.
The numerical simulations with the neutrino heating and cooling processes are performed with the assumption of the
constant neutrino luminosity by using realistic profiles of the proto-neutron star (PNS) as well as simplified models.
The dependence on the mass of PNS and the neutrino luminosity is studied systematically. Comparisons with the
analytic treatment in the previous studies are also done. In the cases with the realistic PNS, we found that the
entropy per baryon and the expansion time scale are neither high nor short enough for the r-process within the current
assumptions. On the other hand, we found that the expansion time scale obtained by the hydrodynamical simulations
is systematically shorter than that in the analytic solutions due to our proper treatment of the equation of state. This
fact might lead to the increase of the neutron-to-seed ratio, which is suitable for the r-process in the neutrino-driven
wind. Indeed, in the case of massive and compact proto-neutron stars with high neutrino luminosities, the expansion
time scale is found short enough in the hydrodynamical simulations and the r-process elements up to A - 200 are
produced in the r-process network calculation.
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Fig. 1: Trajectories of mass elements in hydrodynamical simulations
of neutrino-driven wind are displayed as functions of time.
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Half-Lives of Unstable Nuclei Produced in Supernovae

Yuko MOCHIZUKI
RI-Beam Science Lab., RIKEN, Hirosawa 2-1, Wako, Japan 351-0198
Abstract
The half-life of an unstable nucleus measured in laboratory cannot always be applied directly to astrophysical situation, in particular to situation under a supernova.
This comes from the difference of ionization states of the nuclei: The half-life values
measured in laboratories are for neutral atoms, while nuclei can be highly ionized in
supernovae or in young supernova remnants. 44Ti is such an example: The decay
of highly ionized 44 Ti atoms is retarded, since 44 Ti decays by electron capture only.
Here I summarize this ionization effect on the yield of 44Ti produced in a supernova
explosion. Details are found in Mochizuki et al., Astronomy and Astrophysics, 346,
831 (1999). I also mention the internal conversion for 44 Ti decays and point out
other examples of unstable nuclei which decays are needed to be investigated from the
viewpoint of ionization or excitation in the universe.

1

44

Ti lonization Effect on Its Initial Abundance

Radioactive isotopes such as 44 Ti probably offer the most direct probe into nucleosynthesis
environments in the interior of exploding stars, when the associated 7-ray activities in the
explosion remnant are detected and translated back to the isotopic abundances at the
time of the explosion. In this article, we assert that the procedure may not necessarily be
straightforward in the case of 44 Ti, an orbital-electron capture decay isotope.
The binding energy of the K-shell electrons of 4 4 Ti was calculated to be 6.6 keV. Hence,
it is obvious that 44 Ti is fully ionized when it is synthesized in a supernova explosion.
After the explosion, the temperature of the ejected material decreases rapidly due to
adiabatic cooling as the ejecta freely expands. Consequently, it is expected that the
freshly synthesized nuclei become neutral within about 1000 sec.
There is a possibility that 44 Ti re-ionizes, however. This is due to reverse-shock heating.
The reverse shock is produced by high pressure behind the blast-wave shock interacting
with the surrounding circumstellar medium. The reverse shock goes back into the ejecta
and heats up and ionizes it during the free-expansion phase on the evolutional course of a
supernova remnant.
Using the analytic model of McKee & Truelove (1995) for young supernova remnants,
and assuming the existence of overdense 56 Fe-dominated clumps that also contain 44 Ti,
we showed that a high degree of ionization may be caused by reverse shock, so that the
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electron-capture rate of 44Ti can be significantly reduced from its laboratory value. Note
that the decay rate measured in laboratories is for neutral atoms.
The nuclear 7-rays from 44Ti decay have been detected by COMPTEL experiments
on the CGRO satellite from Cassiopeia A (Cas A), a nearby supernova remnant. The
7-ray flux detection has a strong impact, since we can test the theories of collapse-driven
supernova explosions through conversion of the flux into the initial abundance of 44Ti
at the time of the explosion, employing the values of the decay rate, the distance, and
the age of Cas A. The inferred "observed" amount of 44Ti at the explosion has appeared
higher than expected from theories. It is interesting, therefore, to investigate whether
the COMPTEL observations reflect the effects of an increased lifetime of 44Ti because of
temporary and partial ionization in the supernova remnant.
In order to estimate the observable consequences of the reduced /3-decay rates, one has
to recall that the measurable 7-ray activity per (normalized) unit mass of the remnant
is the product of the current /3-decay rate and the current abundance, n(£)Aeff(£). Fig. 1
illustrates the 44Ti radioactivity observable at time t ("age" in years) relative to the case
that assumes no reduction of the /?-decay rate. In the figure, the abscissa q shows the
relative mass coordinate within the ejecta.
In conclusion, we found that under certain conditions the ionization of 44Ti and the
corresponding delay of its decay can yield up to three times higher 44Ti activity at the
present time than predicted on the grounds of the laboratory decay rate. This effect is large
enough to reduce the apparent discrepancies between the 44Ti production in the explosion
inferred from the COMPTEL 7-line measurements and the theoretical predictions from
the current supernova nucleosynthesis models. This possibility is, however, subject to
various uncertanities, and particularly to the unknown properties and radial disbribution
of the clumps in the ejecta.

4 -

Figure 1: The 44Ti radioactivity observable at time t ("age" in years) relative to the case
that assumes no reduction of the /3-decay rate, as a function of the mass coordinate, q,
within the ejecta.
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Table 1: Examples of unstable nuclei which half-lives under astrophysical situation may
not be the same with those in laboratories
decay
Ni -> 5b Co
56
Co —>56 Fe
26
Al —>26 Mg
48
Cr —>48 V
5b

2

Q=416 keV; 100% electron capture
63% of brancing is electron capture only
Decay from the first excited (0 + ) state may be possible
Fully ionized atoms are stable if electron mass is taken into consideration

Internal Conversion for

44

Ti Decay Chain

At the workshop a question of internal conversion for the above problem has arised. 44 Ti
decays (ix/2 = 60 yrs for neutral atoms) almost uniquely to the 2nd excited state of 44 Sc,
followed immediately by the almost unique (3+ decay of 44 Sc (ti/2 = 4 h) to the 1.156
MeV excited state of 44 Ca. It is the 1.156 MeV de-excitation line that has been observed
by the COMPTEL telescope from Cas A.
According to Alburger and Warburton (1988), the internal conversion coefficients for
K-shell electrons for 44 Sc decays are at most ~ 0.07 (for 67.8 keV 7-rays). The K-shell
internal conversion coefficient for E2 transition of 44 Ca, corresponding to the 1.156 MeV
7-rays, is estimated to be less than 10~4.
The internal conversion does not come into the present problem by the following reasons: First, we are considering 44 Ti nuclei which are in the ground states. Note that
the first excited state of 44 Ti is located at 1.082 MeV (i.e., above 1010 K). Second, the
half-life of 44 Sc is too short compared with the half-life of 44 Ti. Moreover, the decay from
44
Sc to 44 Ca is govened by positron emission rather than electron capture. Finally, the
internal conversion coefficient for the transition of the de-excitation 1157 keV line of 44 Ca
is negligible as mentioned before.

3

Other Examples

In Table 1 we summarize other examples of unstable nuclei which half-lives under astrophysical situation may not be the same with those in laboratories.
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ON A POSSIBLE IMPORTANCE OF NUCLEAR LIQUID-GAS
PHASE TRANSITION IN SUPERNOVA NUCLEOSYNTHESIS
Akira Ohnishi and Chikako Ishizuka
Division of Physics, Graduate School of Science,
Hokkaido University, Sapporo 060-0810, Japan

The mechanism of nucleosynthesis for heavy-elements is still under discussion. In
1960's, two major processes were proposed. One of them is the slow neutron capture
process (s-process), and the other is the rapid neutron capture process (r-process).
The former produces stable nuclei upto 209 Bi, and the latter produces various stable
and unstable nuclei as remnants of weak decays from preformed neutron-rich nuclei.
Thus it is widely believed that the synthesis of heavy-elements in the universe can
be explained by these two processes.
However, within the above scenarios, there
is no path to produce heavy proton-rich unstaNeutral Matter Adiabatic Path (YL=0.4)
ble nuclei, such as 196Hg, 190 Pt and 162 Er, which
30
are naturally existing. In addition, it is not well
25
20
known theoretically in which condition the re15
process occurs. Therefore, it is still valuable to
10
consider other possible mechanisms to produce
5
heavy-elements.
0
0.4
0.6
0
0.2
0.8
We here consider a possibility of early forPB'PO
mation of various fragments through nuclear
Figure:
Adiabatic
paths of free
liquid-gas phase transition during the supernova explosion (LG process), as a pre-process neutral matter at the lepton-toof rapid neutron captures. This LG pre-process baryon ratio YL = 0.4. Entropy
may be preferable, because fragment yields ap- per baryon is specified for s =
proximately follows the power law behavior S/B = 2, 3, 4 and 5. Thick curve
(ex A~T), thus it effectively produces heavy shows the nuclear matter spinodal
elements. Actually, the background yield in region calculated with the Skyrmecosimic abundance (except for s- and r-process type soft interaction.
peaks) can be well fitted by a power law behavior with the exponential tail from iron. In addition, unstable nuclei including
proton-rich ones can be also produced at a certain rate at high temperatures.

-142-

JAERI-Conf 2000-011

In order to verify the possibility of this LG pre-process, we have made a simple
model calculation of adiabatic path (isentrope) in supernova matter evolution. In
this calculation, we have ignored nuclear potential effects and have assumed that the
lepton-to-baryon ratio is conserved. The figure shows that the adiabatic paths hit
spinodal region at S/B = (2 — 3.5), thus we can expect that the multifragmentation
of bulk neutron-rich (Z/A ~ Yj, ~ 0.4) matter would happen at these entropies. In
a more realistic hydrodynamical simulation of prompt supernova explosion [1,2], the
entropies are in the range of S/B = (2 — 10) in the early stage, and hydrodynamical
path really pass through the spinodal region.
In summary, a new mechanism, LG process, is considered as a pre-process of the
rapid neutron capture process. From a simple model calculation of the adiabatic
paths in supernova matter, it seems probable that the LG process would affect the
supernova nucleosynthesis to some extent. Of course, it is necessary to estimate
other effects such as hydrodynamical and EOS effects in the gravitation, the isospin
dependence of critical temperature [3], and the fragment formation process, in a
more realistic manner. The work in this direction is in progress.
[1] K. Sumiyoshi, private communication; K. Sumiyoshi et al., astro-ph/9912156.
[2] H. Shen et al., Nucl. Phys. A637 ('98), 435.
[3] Ph. Chomaz, F. Gulminelli, Phys. Lett. B447 ('99), 221.
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28
Comparison between Nuclear Reactions in Nuclear Power Systems
and in the Cosmos

T.Ohsaki, M.Igashira
Research Laboratory for Nuclear Reactors, Tokyo Institute of Technology,
O-okayama, Meguro-ku, Tokyo 152-8550, Japan

Abstract
Similarities exist between nuclear reactions in nuclear power systems and in the cosmos. In this study,
we have shown an example: a similarity between the production/transmutation reactions of fission products
in a fast breeder reactor(FBR) and those of the s-process nucleosynthesis in a star. The energy and density
of neutrons in an FBR core are close to those in an s-process operating star. It was also found that the idea
of nuclear statistical equilibrium was useful in obtaining a global understanding of the similarities.
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