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Nuclear equation of state at high density and the properties of neutron stars

P. K. Sahu
Division of Physics, Graduate School of Science, Hokkaido University, Sapporo 060-0810, Japan

~Received 27 December 1999; published 6 September 2000!

We discuss the relativistic nuclear equation of state~EOS! using a relativistic transport model in heavy-ion
collisions. From the baryon flow for Au1 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 EOS and
then employ this to calculate the gross structure of a 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
discuss these gross properties of neutron stars such as maximum mass and radius in contrast to the observa-
tional values.

PACS number~s!: 26.60.1c, 21.65.1f, 24.10.Jv, 25.75.2q
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I. INTRODUCTION

The nuclear equation of state~EOS! at high density is still
an unresolved issue though many theoretical and experim
tal efforts have been made in the last two decades to add
this question in a more systematic way. Theoretically, es
cially in astrophysics, the density of the core inside comp
objects like neutron stars is greater than the normal nuc
matter density, composed of many nonstrange and stra
degrees of freedom. One of the most important character
features of a neutron star is its maximum allowed mass.
determination of the maximum mass and radius of neut
stars is dominated by the interactions between particle
high density and its EOS. There are many models availa
in the literature to deal with the maximum masses of neut
stars. These are relativistic and nonrelativistic approac
Nonrelativistic models@1,2# based on the potential approac
describe the nuclear structure for light nuclei. However, re
tivistic models @3–7# constructed from the Lagrangian a
proach explain the nuclear structure data for heavy nu
without violating the properties of nuclear matter at the sa
ration density. In both conventional approaches in neut
star matter, the estimated maximum masses of neutron
are above 2M ( . Recently, from several calculations, it ha
been pointed out@8–10# that the nuclear EOS should be so
at high density. This is due to fact that all measured neut
star masses are less than 2M ( @11#. Various scenarios in-
cluding a reduced strength of the vector field, the presenc
hyperons, and the possibility of kaon condensation have b
proposed to soften the EOS.

Regarding the composition of neutron star matter, th
are calculations@12# which include kaons as the strange pa
ticles along with neutrons and protons, e.g., the possibility
kaon condensation. Also there are models@5,6# of neutron
star matter where the composition of particles is of sigm
and lambdas as strange particles besides neutrons, pro
and electrons as nonstrange particles. Both these prop
models of neutron star matter lead to a soft EOS at h
density. In this paper we consider the existence of hyper
in neutron star matter with recent compiled information
nuclear interactions from heavy-ion collisions.

Experimentally, the nuclear EOS is very important to u
0556-2813/2000/62~4!/045801~7!/$15.00 62 0458
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derstand nonequilibrium complicated heavy-ion collisi
data at very high energies. Very recently@13,14#, heavy-ion
collisions data such as sideward and elliptic flow have b
measured at AGS energies. The sideward flow data
mainly determined by the nature of the nuclear force in
nuclear EOS. Moreover, the nuclear EOS can be unders
better from elliptic flow than sideward flow, because ellip
flow has a less uncertain role in opposing streams of ma
moving past each other within the reaction plane in hea
ion collisions. Recently, the beam energy dependence
flow data@13,14# has indicated that the nuclear EOS is rath
soft to lead to a possible phase transition to quark glu
plasma at high density and hence the strength of the re
sive vector potential must be low to describe these data
heavy-ion collisions.

In the present discussion, we use an extended versio
relativistic mean field model@15# including momenta-
dependent forces, which are taken into account phenom
logically in the relativistic transport model in heavy-ion co
lisions. We calculate the nuclear EOS by using the sa
dynamic momentum dependence constraints in the nuc
potentials and then apply them to the neutron star struc
calculations. The aim of this paper is to derive the nucl
force from heavy-ion collision data, e.g., from nucleon flo
data, and then to study this force on the gross structure
neutron stars by giving less importance to the composition
neutron star matter. As far as strange particles are concer
we take minimum strange particles (S andL) in the neutron
star matter calculation at high densities.

The paper is organized as follows: In Sec. II we brie
describe the relativistic nuclear EOS and its derivation fr
heavy-ion reactions. In Sec. III we employ the same nucl
EOS to the neutron star structure with systematic results.
conclusion and summary are presented in Sec. IV.

II. RELATIVISTIC NUCLEAR EQUATION OF STATE

Relativistic mean-field theory is a very successful mo
in the relativistic transport model of heavy-ion collisions
well as of nuclear structure physics. Originally, Serot a
Walecka@3# proposed the relativistic mean-field model a
later a modified version of this has been used widely to c
©2000 The American Physical Society01-1
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culate nuclear structure and nuclear matter properties.
extended version of the Serot-Walecka model, the so-ca
nonlinear relativistic mean-field model@4,6#, has an interac-
tion of Dirac nucleons with scalar and vector mesons as w
as a nonlinear self-interaction of the scalar field. The ex
nonlinear self-interaction scalar field helps to get the emp
cal values of the bulk properties of nuclear matter at satu
tion density, e.g., the nuclear incompressibility and the va
of effective nucleon mass in the desirable range. The phy
behind this phenomenologically successful model is that
nucleon-nucleon interaction in the mean-field theory c
tains strong attractive Lorentz scalar and repulsive Lore
vector components, which almost cancel for low momen
but produce a strong spin-orbit force consistent with the
served single-particle spectra. In the original Serot-Wale
model @3#, the vector potential increases linearly with de
sity, whereas the scalar potential changes nonlinearly. Th
because the vector and scalar potentials have linear and
linear functions of density, respectively. However, fro
heavy-ion collisions data, we find that the vector poten
also should have a nonlinear function of the baryon dens
i.e., the strength of the vector potential should be low at h
density @15# compared to the original model@3#. Recently,
this fact has been taken into account by adding the nonlin
vector meson terms in the original Lagrangian density a
applied to nuclear matter, neutron star matter@10#, and
nuclear structure@16# calculations. In our calculation, w
take the nonlinear effect in the vector meson with density
employing the phenomenological momentum dependent
off to the vector potential term. We adopt this method, ke
ing in mind to describe heavy-ion reaction data at high
ergies, which generates a nuclear-matter-like situation in
laboratory. We recall that the mean-field energy density
nuclear matter in the relativistic mean-field model can
written as@4#

«~m* ,nb!5gvV0nb2
1

2
mv

2V0
21

ms
2

2gs
2 ~m2m* !2

1
B

3gs
3 ~m2m* !31

C

4gs
4 ~m2m* !4

1gE
0

kf d3p

~2p!3
A~p21m* !, ~1!

wherem* 5m2gsS0 is the effective nucleon mass,nb is the
baryon density, and the spin and isospin degeneracyg
54. HereS0 and V0 are the scalar and vector fields wi
massms and mv , which couple to nucleons with couplin
constantsgs andgv , respectively.B andC are constant pa
rameters describing the scalar self-interaction field andp is
the nucleon momentum integrated up to the Fermi mom
tum kf . In Eq.~1!, the vector and scalar potentials depend
the density; however, the vector potential increases line
with density (nB). The parametersgv , gs , B, andC in Eq.
~1! are determined by fitting the saturation density, bind
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energy, effective nucleon mass, and compression modulu
the nuclear matter density~cf. the NL3 parameter set from
Table I in Ref.@4#!.

In our present calculation, we have extended Eq.~1! to
include a nonlinear dependence of the vector potential on
baryon density by implementing the momentum- (p-! depen-
dent form factor at the vertices and can be written as@15#

V0~p!5V0

p22Lv1
2

p21Lv2
2

, ~2!

where the cutoff parametersLv150.37 GeV, Lv2
50.9 GeV, andV0 is the vector potential. For completenes
we incorporate the momentum-dependent form factor at
scalar vertices in a form given as@15#

Vs~p!5Vs

p22Ls1
2

p21Ls2
2

, ~3!

where the cutoff parametersLs150.71 GeV, Ls2
51.0 GeV, and theVs is scalar potential. The choice o
these form factors is similar to that used in effective mes
exchange interactions for nucleon-nucleon scattering@17#
and later this strategy was used in a relativistic approach
nucleus-nucleus collisions from SIS to SPS energies@18#.
The values of the cutoff parameters in vector and scalar
tices are chosen to describe properly the Schro¨dinger-
equivalent potential until 1 GeV and the flow data at AG
energies. These cutoff parameters are not unique for var
types of equations of state to fit the Schro¨dinger-equivalent
potential until 1 GeV and the flow data at AGS energ
simultaneously. We note that the form factor, Eq.~2!, will
make the vector interaction weak at high baryon density
at high energies in heavy-ion collisions. At these energies
has also been observed that the strength of the repulsive
tor potential should be reduced considerably at high den
or at high relative momenta to describe the flow data. Th
retically, it is important to understand the decrease of vec
coupling at high density. In contrast to heavy-ion reactio
in this line some works have been performed@19# and more
are required to obtain the details@20#.

We show in Fig. 1, the scalar and vector potential en
gies as a function of baryon density. The solid lines~NLE

FIG. 1. Potential energy per nucleon vs baryon density in u
of n0. The solid lines~NLE! are momentum-dependent potentia
and the dashed lines~NL3! are without momentum-dependent p
tentials~see the text!.
1-2
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NUCLEAR EQUATION OF STATE AT HIGH DENSITY . . . PHYSICAL REVIEW C62 045801
curves! are associated with the momentum-dependent fo
factors given in Eqs.~2! and ~3! that describe the flow dat
best from SIS to AGS energies. The dashed lines~NL3
curves! are without momentum-dependent potentials. T
vector part for NLE is substantially low at high baryon de
sity as that of the NL3 parameter set. At high density
reduction of the vector potential is more significant than
scalar potential for NLE curves. Therefore, the net effect
changed potentials is the vector potential due to a substa
reduction of the vector part at high baryon density. For
ample, atr58r0, the values of the vector part and sca
part are 1250 MeV and2511 MeV, respectively, for NLE,
where the value of vector part is 1740 MeV and scalar pa
2735 MeV for NL3. So the net reduction is dominated
the vector potential in the NLE model. The correspond
EOS versus baryon density is shown in Fig. 2 for the
tended momentum-dependent model~NLE! as well as the
original nonlinear model~NL3!. NLE has the momentum
dependent form factor in the vector and scalar potenti
The other nuclear EOS has been discussed in more deta
Ref. @6# by varying the nuclear incompressibility from low
~soft! 250 MeV to high~stiff! 350 MeV values. We do no
elaborate on that issue here, because we would like to
phasize more the momentum-dependent force in the nuc
EOS along the line of heavy-ion reaction data. We see in
2 that the NLE nuclear EOS is softer than NL3 at dens
>7r0 and is slightly stiffer at density<7r0. The incom-
pressibility is close (;380 MeV) to the NL3 value at satu
ration density. In the next section, we would like to impl
ment this model in neutron star matter, where the c
density is in the range of.(5 –8)r0. So in the presen
model, the stiffness of the equation of state changes aro
that density, due to the main contribution coming from t
reduced vector potential. However, in the heavy-ion fl
calculation at AGS energies, the stiffness of the equation
state not only comes from the net reduction of the vec
potential but also from the transition from hadrons to str
degrees of freedom as discussed in our recent work@15#. It
has been pointed out recently@21# from a simulation calcu-
lation that one might even reach 10r0, although only for a
very short time of a few fm/c at the energy range betwee
AGS and SPS energies. Hence at the AGS energy range
baryon density is expected to reach more than.5r0.

Recently, elliptic flow and sideward flow have been stu
ied theoretically with increasing beam energy by vario

FIG. 2. Energy per nucleon vs baryon density in units ofn0. The
models are the same as in Fig. 1.
04580
m

e

e
e
f
ial
-

r

is

g
-

s.
in

m-
ar

g.
y

e

nd

of
r

the

-
s

types of equations of state and possible signature of
phase transition@22#. More precisely, the beam energy d
pendence of the observed elliptic flow has been interpre
as such a possible phase transition. The reason is that a s
lation model including different kinds of equations of state
consistent with a softening of the equation of state. T
softening of the equation of state can be realized in m
ways, for example,~i! by reducing the strong repulsive forc
in the equation of state with the help of a momentu
dependent form factor and fitting it with a Schro¨dinger-
equivalent potential and~ii ! by implementing the transition
from hadronic to string degrees of freedom with beam en
gies in the simulation model@15#. In our calculation, we
implement the former one, where the thermodynamic pr
sure in the extended model NLE is lower as compared to
NL3 model due to a less repulsive force at the AGS ene
regime. We thus get reduced repulsive force because of
strong cutoff parameters, Eq.~2!, in the vector potential.
Also this cutoff makes the vector potential a nonlinear fun
tion of the baryon density.

III. NEUTRON STAR MATTER AND PROPERTIES
OF NEUTRON STAR

A. Neutron star matter

The core of the neutron star plays a significant role
determine gross structural properties like the maximum m
and radius of the neutron star. The density of the core ins
the neutron star is greater than the normal nuclear ma
density and hence nuclear interactions are important in
construction of the neutron star matter EOS around that d
sity. Moreover, in such a high density, strange particles
expected to be present along with the usual neutron ma
like neutrons, protons, and electrons. So in our neutron
matter calculation we assume that the core of neutron
matter is composed of neutrons with an admixture of p
tons, electrons, muons, and hyperons (L and S2) @6#. The
concentrations of each particle can be determined by u
the condition of equilibrium under weak interactions~assum-
ing that neutrinos are not degenerate! and electric charge
neutrality:

mp5mn2me , mL5mn ,

mS25mn1me , mm5me ,

np5ne1nm1nS2. ~4!

In addition, the total baryon density isnB5nn1np1nL

1nS2 and the baryon chemical potential ismB5mn , where
ni and m i stand for number density and chemical potent
for the i th particle, respectively.

Since the nuclear force is known to favor isospin symm
try and the symmetry energy arising solely from the Fer
energy is known to be inadequate to account for the emp
cal value of the symmetry energy (;32 MeV), we include
the interaction due to the isospin tripletr meson in the rela-
tivistic nonlinear mean-field model for the purpose of d
1-3
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P. K. SAHU PHYSICAL REVIEW C 62 045801
scribing neutron-rich matter@7#. It is noted that ther meson
will contribute a term5(gr

2/8mr
2)(np2nn)2 to the energy

density and pressure in absence of hyperons. We fix the
pling constantgr by requiring that the symmetric energ
coefficient correspond to the empirical value 32 MeV. Th
the neutron star matter EOS is calculated from the ene
density« and pressureP, which are given as follows@6#:

«5
1

2
mv

2V0
21

1

2
mr

2r0
21

1

2
ms

2S0
21

B

3
S0

31
C

4
S0

41(
i

«FG

1(
l

«FG ,

P5
1

2
mv

2V0
21

1

2
mr

2r0
22

1

2
ms

2S0
22

B

3
S0

32
C

4
S0

41(
i

PFG

1(
l

PFG , ~5!

where r0 is the third component in isospin space. In t
above equations«FG and PFG are the relativistic noninter
acting energy density and pressure of the baryons (i ) and
leptons (l ), respectively.

The three coupling constant parameters of the hype
meson interaction are not well known. Therefore, we
the ratio of the hyperon-meson and nucleon-meson co
lings for s, v, and r mesons, respectively,~i! by staying
very close to the quark counting rule@6#—e.g., the potentials
seen byL andS in nuclear matter are;230 MeV @23#—
and ~ii ! assuming the attractive potential seen byL and the
repulsive potential seen byS to be ;230 MeV @23# and
;110 MeV @9,24,25#, respectively, at nuclear matter de
sity. An analysis of various experimental data on hypernu
@23–26# suggests that the strength of theS potential may be
either repulsive or attractive at nuclear matter density. T
point will be cleared further after an analysis of more hyp
nuclei data in the near future and the general discussions
given in the recent reference@27#. Because of this fact, we
consider the two possibilities of strength of theS potential as
discussed above.

Taking all these parameters into Eqs.~4!, we show the
concentration of particles (xi5ni /nB , i 5p, S, andL) ver-
sus baryon density for NLE1, NLE2, and NL3 models in F
3. We displayp, S, andL particles in this figure due to th
practical importance to neutron stars; for example, thep frac-
tion plays a role for the cooling process of neutron stars
the order of appearance of strange particles with density
influence the EOS of neutron star matter. In NLE1 and N
models, the potentials forL andS are taken to be equal t
;230 MeV, where the potentials forL andS are chosen
to be ;230 MeV and;110 MeV, respectively, in the
NLE2 model. However, the momentum-dependent cutof
the vector potential is incorporated in both NLE1 and NL
models. We notice in Fig. 3 that the concentration of p
ticles like S2 and L starts appearing after 2 times th
nuclear matter density for all models. In NLE1 and NL
models, the order of appearance of strange particles~first S
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and thenL) is the same due to the equal strength of t
potential felt by strange particles. Where the situation
quite different in the case of the NLE2 model, hereL ap-
pears first around.2.5 times the nuclear matter density an
S2 starts coming much later@9# around .3.5 times the
nuclear matter density. This is due to the fact thatS sees
extra strength,140 MeV, of the potential than theL poten-
tial, which is repulsive. In both NLE1 and NLE2 models, th
strange particles start coming slightly later than NL3, due
a reduction of the vector potential by the momentu
dependent cutoff as given in Eq.~2!. However, the change o
proton concentration is not very significant with density f
all models, except a slight decreasing tendency at high d
sity was shown by NLE2. At around 1.5 times nuclear mat
density, the value of the proton concentration crosses
threshold value 0.11~horizontal line in Fig. 3!, which shows
that a direct URCA process can possibly lead to a cooling
neutron stars in all models@28#.

B. Maximum mass and radius of neutron stars

The gross structure of neutron stars such as mass
radius calculated from equations that describe the hydros
equilibrium of degenerate stars without rotation in gene
relativity is called the Tolman-Oppenheimer-Volkoff~TOV!
equations@7#. From the dynamics and transport properties
pulsars, the additional structure parameters of neutron s
like the moment of inertiaI and the surface redshiftz
51/A122GM/Rc221 are important and are given mor
elaborately in Ref.@7#.

We solve the TOV equations by constructing the EO
for the entire density region starting from the higher dens
at the center to the surface density. The composite E
for the entire neutron star density span was constructed
joining the NLE and NL3 neutron star matter EOS to t
EOS of the density range~i! 1014–531010 g cm23 @29#, ~ii !
531010–103 g cm23 @30#, and ~iii ! less than 103 g cm23

@31#. The composite neutron star matter EOS are plotted
Fig. 4 for NLE1, NLE2, and NL3 models, which are used

FIG. 3. The concentration of each particle (xi5ni /nB) vs
baryon density in units ofn0. The momentum-dependent potentia
have been incorporated in NLE1~solid line! and NLE2 ~dashed
line!. The dash-dotted lines~NL3! are without momentum-
dependent potentials. The potentials seen byL andS are the same
in NLE1 and NL3~dash-dotted line! and are different in NLE2~see
text!.
1-4
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NUCLEAR EQUATION OF STATE AT HIGH DENSITY . . . PHYSICAL REVIEW C62 045801
calculate the neutron star structures as discussed ab
From Fig. 4 we find that the pressure is low at high dens
for the NLE1 and NLE2 EOS and hence the soft EOS co
pared to the NL3 EOS. If we look at Fig. 3, the order
appearance ofL particles with density is reflected in th
same order of the nature of the EOS. That is, NL3 is stif
than the NLE1 and NLE2 EOS, because the momentu
dependent form factor in the latter two models has redu
the vector potential at high density. So NLE2 is similar to t
NLE1 EOS, except for being slightly stiffer than NLE1 du
to the strong repulsive potential present inS particles as can
be seen in Fig. 4. We also notice in Fig. 4 that the NL
EOS does not change significantly on the choice of the
pulsiveS potential in contrast to the NLE1 EOS.

The predicted maximum neutron star masses are v
close to the observational values for the NLE1 and NL
EOS. The results for the neutron star structure parameter
tabulated in Table I and the central density versus mas
plotted in Fig. 5. From Fig. 5 and Table I, we observe th
the maximum masses of the stable neutron stars
2.18M ( , 1.94M ( , and 1.97M ( and the corresponding rad
are 11.9, 10.7, and 10.8 km for the NL3, NLE1, and NLE
EOS, respectively. The corresponding central densities
2.031015, 2.231015, and 2.231015 g cm23 (.7 times nu-
clear matter density! for NL3, NLE1, and NLE2, respec
tively, at the maximum neutron star masses. These maxim
masses calculated in our models are in the range of re
observations@32–35#, where the observational consequenc
are discussed below. Very recently, it has been observed
the best determined neutron star masses@11# are found in
binary pulsars and all lie in the range (1.3560.04)M ( ex-
cept for the nonrelativistic pulsars PSR J101215307 of mass
M5(2.160.8)M ( @32#. There are several x-ray binar
masses that have been measured, the heaviest among
being Vela X-1 with M5(1.960.2)M ( @33# and Cygnus
X-2 with M5(1.860.4)M ( @34#. From the recent discover
of high-frequency brightness oscillations in low-mass x-r
binaries, the large mass of the neutron star in QPO4U
1820230(M52.3)M ( @35# is confirmed and this provides
new method to determine the masses and radii of neu
stars. We also tabulate the moment of inertia and the sur
redshift in Table I, which are important for the dynamic a
transport properties of pulsars.

FIG. 4. The neutron star matter pressure vs energy density.
models are the same as in Fig. 3.
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At this point, we argue that the softening of the EOS m
lead to kaon condensation in neutron stars@36# and hence
may give a constraint on the best determined maximum m
@11#. However, we feel that from the KaoS data on ka
production, together with kaon flow from heavy-ion rea
tions @37#, it is important to know the momentum-depende
K1 andK2 potentials in dense matter according to the p
diction of chiral perturbation theory. In the present calcu
tion, we do not explore this, but work is in progress@38# by
implementing the same momentum forces as given in E
~2! and ~3!.

he

TABLE I. Neutron star structure parameters.

«c R M/M ( z I
(g cm23) ~km! (g cm2)

6.031014 10.82 1.00 0.17 9.5531044 NLEI
8.031014 11.46 1.44 0.26 1.6131045

1.031015 11.54 1.66 0.32 1.9431045

1.531015 11.27 1.89 0.41 2.1531045

2.031015 10.89 1.94 0.45 2.0831045

2.531015 10.55 1.94 0.48 1.9631045

3.031015 10.26 1.93 0.50 1.8331045

4.031015 9.83 1.88 0.51 1.6231045

6.031014 10.87 1.03 0.18 9.9331044 NLE2
8.031014 11.55 1.48 0.27 1.7031045

1.031015 11.63 1.72 0.33 2.0531045

1.531015 11.36 1.92 0.41 2.2431045

2.031015 10.98 1.97 0.46 2.1531045

2.531015 10.96 1.97 0.47 2.0231045

3.031015 10.37 1.95 0.50 1.8831045

4.031015 9.92 1.89 0.51 1.6631045

6.031014 13.20 1.60 0.25 2.3131045 NL3
8.031014 13.26 1.89 0.31 2.8431045

1.031015 13.08 2.04 0.36 3.0231045

1.531015 12.43 2.17 0.44 2.9631045

2.031015 11.85 2.18 0.48 2.7231045

2.531015 11.38 2.16 0.51 2.4931045

3.031015 11.00 2.13 0.53 2.2831045

4.031015 10.40 2.05 0.55 1.9531045

FIG. 5. The neutron star mass vs radius. The models are
same as in Fig. 3.
1-5
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IV. SUMMARY

We have described the nuclear EOS in the framework
relativistic mean-field theory using a relativistic transp
model of the heavy-ion collisions. From the heavy-ion co
sion data, more specifically, the baryon flow for Au1Au
systems at SIS to AGS energies and above we noticed
the strength of the vector potential has to be reduced subs
tially at high density and high relative momenta to descr
the experimentally observed flow data at~1–10!A GeV. In a
different way, the vector potential should be a nonline
function of the baryon density. We took this effect into a
count by introducing a momentum-dependent cutoff into
vector potential in contrast to heavy-ion collision data. W
use the same dynamic treatment in our relativistic mean-fi
model to calculate the nuclear EOS. It is found that the
rived nuclear EOS is moderately soften at density>7r0 than
the originally considered nuclear EOS without momentu
dependent potentials. This is due to the reduction of the
pulsive nuclear interaction in the nuclear EOS at high d
sity. We then employ the same nuclear EOS to the neu
star structure calculation.

In neutron star matter, the core of the neutron stars
considered to be composed of neutrons along with an adm
ys

.

ys

cl.

s

U
,

04580
f
t

at
n-

e

r
-
e

ld
-

-
e-
-
n

is
x-

ture of protons, electrons, muons, and hyperons at zero t
perature. The resulting maximum masses of stable neu
stars are 2.18M ( , 1.94M ( , and 1.97M ( for the NL3,
NLE1, and NLE2 models, respectively. We observed that
maximum mass of the neutron star for NLE1 and NLE2
lower than that for NL3 due to a reduction of the vector fie
at higher densities. Also, we noticed that the potential felt
S particles is not so relevant to neutron star structure ca
lations. The corresponding neutron star radii are 11.9, 1
and 10.8 km for NL3, NLE1, and NLE2, respectivel
whereas the corresponding central densities are 2.031015,
2.231015, and 2.231015 g cm23, respectively, for NL3,
NLE1, and NLE2 at the maximum neutron star mass. W
found that the maximum mass for NLE1 and NLE2 is in t
observable region@32–35# 1.4M (,Mmax,2.2M ( and the
corresponding radius is between 8 and 12 km.
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