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Nuclear equation of state at high density and the properties of neutron stars
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We discuss the relativistic nuclear equation of st&©9 using a relativistic transport model in heavy-ion
collisions. From the baryon flow for At- 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 &1—-10A 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 numbeps): 26.60+c, 21.65:+f, 24.10.Jv, 25.75:q

[. INTRODUCTION derstand nonequilibrium complicated heavy-ion collision
data at very high energies. Very recenthys,14], heavy-ion
The nuclear equation of statEOS at high density is still ~ collisions data such as sideward and elliptic flow have been
an unresolved issue though many theoretical and experimefreasured at AGS energies. The sideward flow data are
tal efforts have been made in the last two decades to addreB#Rinly determined by the nature of the nuclear force in the
this question in a more Systematic way. Theoretica”y, espeﬂUC'Gar EOS. Moreover, the nuclear EOS can be understood
c|a||y in astrophysics’ the density of the core inside Compacbetter from eIIiptiC flow than sideward ﬂOW, because eIIiptic
objects like neutron stars is greater than the normal nucledtow has a less uncertain role in opposing streams of matter
matter density, composed of many nonstrange and strangBoving past each other within the reaction plane in heavy-
degrees of freedom. One of the most important characteristi®n collisions. Recently, the beam energy dependence of
features of a neutron star is its maximum allowed mass. Th#ow data[13,14] has indicated that the nuclear EOS is rather
determination of the maximum mass and radius of neutrooft to lead to a possible phase transition to quark gluon
stars is dominated by the interactions between particles dlasma at high density and hence the strength of the repul-
high density and its EOS. There are many models availablgive vector potential must be low to describe these data in
in the literature to deal with the maximum masses of neutrofeavy-ion collisions.
stars. These are relativistic and nonrelativistic approaches. In the present discussion, we use an extended version of
Nonrelativistic model$1,2] based on the potential approach relativistc mean field model[15] including momenta-
describe the nuclear structure for light nuclei. However, reladependent forces, which are taken into account phenomeno-
tivistic models[3—7] constructed from the Lagrangian ap- logically in the relativistic transport model in heavy-ion col-
proach explain the nuclear structure data for heavy nuclédisions. We calculate the nuclear EOS by using the same
without violating the properties of nuclear matter at the satudynamic momentum dependence constraints in the nuclear
ration density. In both conventional approaches in neutrofotentials and then apply them to the neutron star structure
star matter, the estimated maximum masses of neutron stagglculations. The aim of this paper is to derive the nuclear
are above Bl . Recently, from several calculations, it has force from heavy-ion collision data, e.g., from nucleon flow
been pointed oyi8—10| that the nuclear EOS should be soft data, and then to study this force on the gross structure of
at high density. This is due to fact that all measured neutrofieutron stars by giving less importance to the composition of
star masses are less thaMg [11]. Various scenarios in- neutron star matter. As far as strange particles are concerned,
cluding a reduced strength of the vector field, the presence d¥€ take minimum strange particleX @ndA) in the neutron
hyperons, and the possibility of kaon condensation have beeftar matter calculation at high densities.
proposed to soften the EOS. The paper is organized as follows: In Sec. Il we briefly
Regarding the composition of neutron star matter, ther@lescribe the relativistic nuclear EOS and its derivation from
are calculation§12] which include kaons as the strange par-heavy-ion reactions. In Sec. Il we employ the same nuclear
ticles a|ong with neutrons and protons, e.g., the poss|b|||ty OEOS to the neutron star structure with Systematic results. The
kaon condensation. Also there are mod@s] of neutron ~ conclusion and summary are presented in Sec. IV.
star matter where the composition of particles is of sigmas
and lambdas as strange particles_besides neutrons, protons,, | ATIVISTIC NUCLEAR EQUATION OF STATE
and electrons as nonstrange particles. Both these proposed
models of neutron star matter lead to a soft EOS at high Relativistic mean-field theory is a very successful model
density. In this paper we consider the existence of hyperon the relativistic transport model of heavy-ion collisions as
in neutron star matter with recent compiled information ofwell as of nuclear structure physics. Originally, Serot and
nuclear interactions from heavy-ion collisions. Walecka[ 3] proposed the relativistic mean-field model and
Experimentally, the nuclear EOS is very important to un-later a modified version of this has been used widely to cal-
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culate nuclear structure and nuclear matter properties. An 2000 | T T
extended version of the Serot-Walecka model, the so-called 1500 | nme — //’
nonlinear relativistic mean-field modgt,6], has an interac- = 4000 | e

tion of Dirac nucleons with scalar and vector mesons as well 2 s

as a nonlinear self-interaction of the scalar field. The extra :\E 500 .~

nonlinear self-interaction scalar field helps to get the empiri- = 0 carar

cal values of the bulk properties of nuclear matter at satura- Bl
tion density, e.g., the nuclear incompressibility and the value -1000 !—-—mor—————

of effective nucleon mass in the desirable range. The physics 0123456782910
behind this phenomenologically successful model is that the ng/Ng

nucleon-nucleon interaction in the mean-field theory con- FIG. 1. Potential | b density i i
tains strong attractive Lorentz scalar and repulsive Lorentz =" - Sglizn"'se:("llel_r%/ gfer ?nuocnfg:t:;_ dirygr? de?]':[]s'gtg:]t':;lss
vector components, which almost cancel for low momenta, . © . ; P P
. . . . and the dashed ling®L3) are without momentum-dependent po-

but produce a strong spin-orbit force consistent with the ob-_ .

X . . tentials(see the tejt
served single-particle spectra. In the original Serot-Walecka
model[3], the vector potential increases linearly with den'_energy, effective nucleon mass, and compression modulus at

sity, whereas the scalar potential changes nonlinearly. This e nuclear matter densitgf. the NL3 parameter set from
because the vector and scalar potentials have linear and NOPzpie | in Ref [4])

linear functions of density, respectively. However, from In our present calculation, we have extended Eg.to

heavy-ion collisions datg, we find.that the vector pOtent?""Iinclude a nonlinear dependence of the vector potential on the
also should have a nonlinear function of the baryon dens'tybaryon density by implementing the momentum-)(depen-

i.e., the strength of the vector potential should be low at hig f f h . :
density[15] compared to the original mod¢B]. Recently, hﬂem orm factor at the vertices and can be writterj 1&g

this fact has been taken into account by adding the nonlinear p2— A2
vector meson terms in the original Lagrangian density and Vo(p):\/o_”l' )
applied to nuclear matter, neutron star matf&f], and 2+A§2

nuclear structurd16] calculations. In our calculation, we

take the nonlinear effect in the vector meson with density byvhere the cutoff parametersA,;=0.37 GeV, A,
employing the phenomenological momentum dependent cut=0.9 GeV, and/, is the vector potential. For completeness,
off to the vector potential term. We adopt this method, keepWwe incorporate the momentum-dependent form factor at the
ing in mind to describe heavy-ion reaction data at high enscalar vertices in a form given 5]

ergies, which generates a nuclear-matter-like situation in the

laboratory. We recall that the mean-field energy density for B p?—AZ
nuclear matter in the relativistic mean-field model can be Vs(p)=Vs p2+A2,’ )
S.

written as[4]

where the cutoff parametersAg=0.71 GeV, Ay

) =1.0 GeV, and theV, is scalar potential. The choice of

£ (M* ) =g Vony— £m2V2+ S (m—m*)2 these form factors is similar to that used in effective meson-
Mb) =0y Vol 2 V0 292 exchange interactions for nucleon-nucleon scattefibg]
s and later this strategy was used in a relativistic approach for
C nucleus-nucleus collisions from SIS to SPS ener§i&y.
+—(m=m*)3+ — (m-m*)* The values of the cutoff parameters in vector and scalar ver-
305 49s tices are chosen to describe properly the Sdimger-
ke d%p equivalent potential until 1 GeV and the flow. data at AQS
+ YJ' 3\/(,32+7m*), (1)  energies. The;e cutoff parameters are not unique .for various
0 (2) types of equations of state to fit the Scatlirger-equivalent

potential until 1 GeV and the flow data at AGS energies

simultaneously. We note that the form factor, E2), will
wherem* =m-—gsS, is the effective nucleon mass, is the  make the vector interaction weak at high baryon density and
baryon density, and the spin and isospin degeneracy is at high energies in heavy-ion collisions. At these energies, it
=4. HereSy and V, are the scalar and vector fields with has also been observed that the strength of the repulsive vec-
massmg and m,, which couple to nucleons with coupling tor potential should be reduced considerably at high density
constantgys andg, , respectivelyB andC are constant pa- or at high relative momenta to describe the flow data. Theo-
rameters describing the scalar self-interaction field piisl  retically, it is important to understand the decrease of vector
the nucleon momentum integrated up to the Fermi momeneoupling at high density. In contrast to heavy-ion reactions,
tumk; . In Eqg.(1), the vector and scalar potentials depend onin this line some works have been perfornj@d] and more
the density; however, the vector potential increases linearlare required to obtain the detajl20].
with density fg). The parameterg,, gs, B, andC in Eq. We show in Fig. 1, the scalar and vector potential ener-
(1) are determined by fitting the saturation density, bindinggies as a function of baryon density. The solid lindd E
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200 types of equations of state and possible signature of the
phase transition22]. More precisely, the beam energy de-
< 550 pendence of the observed elliptic flow has been interpreted
é 400 as such a possible phase transition. The reason is that a simu-
5 250 lation model including different kinds of equations of state is
consistent with a softening of the equation of state. This
100 softening of the equation of state can be realized in many
50 B——————— —__pB- ways, for example(i) by reducing the strong repulsive force
12345678910 in the equation of state with the help of a momentum-
ng/ny dependent form factor and fitting it with a ScHinger-

equivalent potential andi) by implementing the transition
from hadronic to string degrees of freedom with beam ener-
gies in the simulation mod€l15]. In our calculation, we
implement the former one, where the thermodynamic pres-

curves are associated with the momentum-dependent forn§ure in the extended model NLE is lower as compared to the
factors given in Egs(2) and (3) that describe the flow data NL3 model due to a less repulsive force at the AGS energy
best from SIS to AGS energies. The dashed lif&3 regime. We thus get reduced repulsive force because of the
curveg are without momentum-dependent potentials. TheStrong cutoff parameters, Eq2), in the vector potential.
vector part for NLE is substantially low at high baryon den-A'SO this cutoff makes t_he vector potential a nonlinear func-
sity as that of the NL3 parameter set. At high density thetion of the baryon density.

reduction of the vector potential is more significant than the

scalar potential for NLE curves. Therefore, the net effect of

FIG. 2. Energy per nucleon vs baryon density in unite@fThe
models are the same as in Fig. 1.

changed potentials is the vector potential due to a substantial 1. NEUTRON STAR MATTER AND PROPERTIES
reduction of the vector part at high baryon density. For ex- OF NEUTRON STAR

ample, atp=_8p,, the values of the vector part and scalar

part are 1250 MeV and-511 MeV, respectively, for NLE, A. Neutron star matter

where the value of vector partis 1740 MeV and scalar partis The core of the neutron star plays a significant role to
—735 MeV for NL3. So the net reduction is dominated by determine gross structural properties like the maximum mass
the vector potential in the NLE model. The correspondingand radius of the neutron star. The density of the core inside
EOS versus baryon density is shown in Fig. 2 for the exthe neutron star is greater than the normal nuclear matter
tended momentum-dependent modeLE) as well as the density and hence nuclear interactions are important in the
original nonlinear mode(NL3). NLE has the momentum- construction of the neutron star matter EOS around that den-
dependent form factor in the vector and scalar potentialssity. Moreover, in such a high density, strange particles are
The other nuclear EOS has been discussed in more detail xpected to be present along with the usual neutron matter
Ref. [6] by varying the nuclear incompressibility from low like neutrons, protons, and electrons. So in our neutron star
(soft) 250 MeV to high(stiff) 350 MeV values. We do not matter calculation we assume that the core of neutron star
elaborate on that issue here, because we would like to emmatter is composed of neutrons with an admixture of pro-
phasize more the momentum-dependent force in the nucleaons, electrons, muons, and hyperoms §nd,~) [6]. The
EOS along the line of heavy-ion reaction data. We see in Figconcentrations of each particle can be determined by using
2 that the NLE nuclear EOS is softer than NL3 at densitythe condition of equilibrium under weak interactio@ssum-
=T7po and is slightly stiffer at density=7po. The incom- ing that neutrinos are not degenejasnd electric charge
pressibility is close £ 380 MeV) to the NL3 value at satu- neutrality:

ration density. In the next section, we would like to imple-

ment this model in neutron star matter, where the core Mp=Hn™ Mes AT Hns

density is in the range of>(5-8)py. So in the present

model, the stiffness of the equation of state changes around Ms-=pnt e, Myu=Me,

that density, due to the main contribution coming from the

reduced vector potential. However, in the heavy-ion flow Np=Ng+n,+nNy-. (4

calculation at AGS energies, the stiffness of the equation of
state not only comes from the net reduction of the vectoidn addition, the total baryon density isg=n,+n,+n,
potential but also from the transition from hadrons to string+ns- and the baryon chemical potential gg= w,,, Wwhere
degrees of freedom as discussed in our recent Wbk It n; and u; stand for number density and chemical potential
has been pointed out recenfl®l] from a simulation calcu- for theith particle, respectively.
lation that one might even reach d{) although only for a Since the nuclear force is known to favor isospin symme-
very short time of a few fnd at the energy range between try and the symmetry energy arising solely from the Fermi
AGS and SPS energies. Hence at the AGS energy range, tle@ergy is known to be inadequate to account for the empiri-
baryon density is expected to reach more thep. cal value of the symmetry energy-G2 MeV), we include
Recently, elliptic flow and sideward flow have been stud-the interaction due to the isospin tripletmeson in the rela-
ied theoretically with increasing beam energy by varioustivistic nonlinear mean-field model for the purpose of de-
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scribing neutron-rich mattdi7]. It is noted that thep meson -
will contribute a term=(g2/8m2)(n,—n,)? to the energy 5
density and pressure in absence of hyperons. We fix the cou- B A
pling constantg, by requiring that the symmetric energy *:;
coefficient correspond to the empirical value 32 MeV. Then S 01
the neutron star matter EOS is calculated from the energy §
densitye and pressur®, which are given as followgs]: < 001 |
1 1 1 B C 01 2 3 4 5 6 7
s=§m§V§+ §m§p§+ §m§s§+ §$+ Z%JrEi eFG ng/n,
FIG. 3. The concentration of each particle;€n;/ng) vs
+ 2 ErG, baryon density in units afi,. The momentum-dependent potentials
[

have been incorporated in NLEXolid line) and NLE2 (dashed
line). The dash-dotted linegNL3) are without momentum-

1 1 1 B C dependent potentials. The potentials seem\bgnd3 are the same
2\ /2 2 2 22
P=SmVi+ Smipg— Smisi— 2 S5— 7 So+ EI Peo in NLE1 and NL3(dash-dotted lingand are different in NLEZsee
text).
+Z Pes, (5)

and thenA) is the same due to the equal strength of the
. , o i potential felt by strange particles. Where the situation is
where p, is the third component in isospin space. In theqite different in the case of the NLE2 model, hexeap-
above equationsgg and Peg are the relativistic noninter-  pers first aroundk 2.5 times the nuclear matter density and
acting energy density and pressure of the baryopsaGd 5 - gtarts coming much latef9] around >3.5 times the
leptons (), respectwely. nuclear matter density. This is due to the fact thasees
The three coupling constant parameters of the hyperorgy;ra strength;+40 MeV, of the potential than tha poten-
meson interaction are not well known. Therefore, we f'xtial, which is repulsive. In both NLEL and NLE2 models, the
the ratio of the hyperon-meson and nucleon-meson COURsyange particles start coming slightly later than NL3, due to
lings for o, w, and p mesons, respectivelyi) by staying 5 requction of the vector potential by the momentum-
very close to the_quark counting rJlé]—e.g., the potentials dependent cutoff as given in E). However, the change of
seen byA andX in nuclear matter are- —30 MeV [23l— o100 concentration is not very significant with density for
and (i) assuming the attractive potential seen/byand the 5| models, except a slight decreasing tendency at high den-
repulsive potential seen by to be ~—30 MeV[23] and ity was shown by NLE2. At around 1.5 times nuclear matter
~+10 MeV[9,24,25, respectively, at nuclear matter den- gensity, the value of the proton concentration crosses the
sity. An analysis of various experimental data on hypernuclej,reshold value 0.1thorizontal line in Fig. 3 which shows

[23—26 suggests that the strength of thepotential may be  that a direct URCA process can possibly lead to a cooling of
either repulsive or attractive at nuclear matter density. Thiseytron stars in all mode[28].

point will be cleared further after an analysis of more hyper-
nuclei data in the near future and the general discussions are
given in the recent referend@7]. Because of this fact, we
consider the two possibilities of strength of tbepotential as
discussed above. The gross structure of neutron stars such as mass and
Taking all these parameters into Edd), we show the radius calculated from equations that describe the hydrostatic
concentration of particlesx(=n;/ng, i=p, 2, andA) ver-  equilibrium of degenerate stars without rotation in general
sus baryon density for NLE1, NLE2, and NL3 models in Fig. relativity is called the Tolman-Oppenheimer-VolkdfOV)
3. We displayp, >, andA particles in this figure due to the equationg7]. From the dynamics and transport properties of
practical importance to neutron stars; for exampleptfrac-  pulsars, the additional structure parameters of neutron stars
tion plays a role for the cooling process of neutron stars antlke the moment of inertial and the surface redshift
the order of appearance of strange particles with density may: 1/\/1—2GM/Rc?—1 are important and are given more
influence the EOS of neutron star matter. In NLE1 and NL3elaborately in Ref{7].
models, the potentials fok and3 are taken to be equal to We solve the TOV equations by constructing the EOS
~—30 MeV, where the potentials fok andX are chosen for the entire density region starting from the higher density
to be ~—30 MeV and~+10 MeV, respectively, in the at the center to the surface density. The composite EOS
NLE2 model. However, the momentum-dependent cutoff tdfor the entire neutron star density span was constructed by
the vector potential is incorporated in both NLE1 and NLE2joining the NLE and NL3 neutron star matter EOS to the
models. We notice in Fig. 3 that the concentration of par-EOS of the density rangé) 10**~5x 10° gcm 3 [29], (ii)
ticles like 3~ and A starts appearing after 2 times the 5x10'°-10° gcm 2 [30], and (iii) less than 1® gcm 3
nuclear matter density for all models. In NLE1 and NL3[31]. The composite neutron star matter EOS are plotted in
models, the order of appearance of strange particies >, Fig. 4 for NLE1, NLE2, and NL3 models, which are used to

B. Maximum mass and radius of neutron stars
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8 TABLE I. Neutron star structure parameters.
al ,'
E6 v — &6 R MMy 2 |
2, et 2 (gem ™) (km) (gen)
; 6.0x10*  10.82 1.00 0.17 9.5810* NLEI
22t 5 8.0x10" 1146  1.44 026 1.6210®
o 1.0x10"® 1154 166 032 1.9410°
a 0= 5 1'0 1'5 2'0 1.5x10"% 11.27 1.89 0.41 2.1810%
14 3 2.0x10%  10.89 1.94 045 2.0810%
(10 gom™) 25x10° 1055 194 048  1.9610%
FIG. 4. The neutron star matter pressure vs energy density. Thé0x 10 10.26 1.93 0.50  1.8810°
models are the same as in Fig. 3. 4.0x10"  9.83 1.88 051  1.6210°
6.0<10" 10.87 1.03 0.18 9.9810* NLE2
8.0x10" 1155 1.48 0.27  1.7010%
calculate the neutron star structures as discussed abovegx10l® 11.63 1.72 0.33  2.0810%
From Fig. 4 we find that the pressure is low at high density; 5x10®* 1136 192 041 2.2410%
for the NLE1 and NLE2 EOS and hence the soft EOS com9 ox10®* 10.98 197 046 2.1810%
pared to the NL3 EOS. If we look at Fig. 3, the order of 2510 1096 1.97 047 2.0210%
appearance of\ particles with density is reflected in the 30x10® 1037 1.95 050 1.8810%
same order of the nature of the EOS. That is, NL3 is stiffers ox 105  9.92 1.89 051 1.6810%
than the NLE1 and NLE2 EOS, because the momentum=
dependent form factor in the latter two models has reduce§-0<10* 1320 160 025 23110®  NL3
the vector potential at high density. So NLE2 is similar to the8-0<10'* 1326 1.89 031  2.8410%
NLE1 EOS, except for being slightly stiffer than NLE1 due 1.0<10°  13.08 204 036  3.0210°
to the strong repulsive potential presengimarticles as can 15<10° 1243 217 044  2.9610%
be seen in Fig. 4. We also notice in Fig. 4 that the NLE22-0% 10° 1185 218 048 27210
EOS does not change significantly on the choice of the re25<10°° 1138 216 051 24910
pulsive 3 potential in contrast to the NLE1 EOS. 3.0x10®  11.00 213 053  2.2810%
1040 2.05 055 1.9810%

. . 5
The predicted maximum neutron star masses are ven@:’-0><101

close to the observational values for the NLE1 and NLEZ2
EOS. The results for the neutron star structure parameters are

tabulated in Table | and the central density versus mass is At this point, we argue that the softening of the EOS may
plotted in Fig. 5. From Fig. 5 and Table I, we observe thatéad to kaon condensation in neutron stg86] and hence

the maximum masses of the stable neutron stars ar@ay give a constraint on the best determined maximum mass
2.18V5, 1.9, and 1.9%M and the corresponding radii [11]. However, we feel that from the KaoS data on kaon
are 11.9, 10.7, and 10.8 km for the NL3, NLE1, and NLE2production, together with kaon flow from heavy-ion reac-
EOS, respectively. The corresponding central densities argons[37], it is important to know the momentum-dependent
2.0x10%, 2.2x10%, and 2.2<10"° gcm 3 (>7 times nu- K* andK~ potentials in dense matter according to the pre-
clear matter densijyfor NL3, NLE1, and NLE2, respec- diction of chiral perturbation theory. In the present calcula-
tively, at the maximum neutron star masses. These maximuiion, we do not explore this, but work is in progrd&8] by
masses calculated in our models are in the range of receﬂ‘hmementing the same momentum forces as gi\/en in Egs.
observation$32-395, where the observational consequences2) and (3).
are discussed below. Very recently, it has been observed that

the best determined neutron star magseld are found in

binary pulsars and all lie in the range (1:86.04)My ex-

cept for the nonrelativistic pulsars PSR J18B307 of mass
M=(2.1£0.8)My [32]. There are several x-ray binary 2
masses that have been measured, the heaviest among them
being Vela X-1 withM=(1.9+0.2)M [33] and Cygnus

X-2 with M =(1.8+0.4)M, [34]. From the recent discovery 1
of high-frequency brightness oscillations in low-mass x-ray
binaries, the large mass of the neutron star in QPO4U of
1820-30(M =2.3)M, [35] is confirmed and this provides a
new method to determine the masses and radii of neutron
stars. We also tabulate the moment of inertia and the surface
redshift in Table I, which are important for the dynamic and
transport properties of pulsars.

25

M/Mg

10 100
£ (1014g cm'3)

FIG. 5. The neutron star mass vs radius. The models are the
same as in Fig. 3.
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IV. SUMMARY ture of protons, electrons, muons, and hyperons at zero tem-
Perature. The resulting maximum masses of stable neutron
stars are 2.18,, 1.9y, and 1.9%M for the NL3,

. e : . "NLE1, and NLE2 models, respectively. We observed that the
model of the heavy-ion collisions. From the heavy-ion colli- i m mass of the neutron star for NLE1 and NLE2 is
sion data, more specifically, the baryon flow for Aau lgwer than that for NL3 due to a reduction of the vector field

systems at SIS to AGS energies and above we noticed th% higher densities. Also, we noticed that the potential felt by

the strength of the vector potential has to be reduced substag— particles is not so relevant to neutron star structure calcu-

tially at high density and high relative momenta to describe’ : ; .
the experimentally observed flow data(at-10A GeV. In a q;rt]'gnib ;hirﬁoaﬁs’ﬁfgmgCéftrgrr]];ta,\zl_rgg” ?(:,iplelcltgi)\'/ellf/).?’

different way, the vector potential should be a nonlinearWhereas the corresponding central densities arec PGP
function of the baryon density. We took this effect into ac- 2% 10" and 2 %2015 %m*S respectively for NL,3
count by introducing a momentum-dependent cutoff into the; ' ' 9 ' pectively, '

vector potential in contrast to heavy-ion collision data. We LE1, and NLE2 at the maximum neutron star mass. We

use the same dynamic treatment in our relativistic mean-fiel&Dund that the maximum mass for NLE1 and NLE2 is in the

model to calculate the nuclear EOS. It is found that the depbservable regiof32-3§ 1.4Mo <Mpay<2.2M and the

rived nuclear EOS is moderately soften at densiffp, than corresponding radius is between 8 and 12 km.

the originally con§|dered.nqclear EOS without momentum- ACKNOWLEDGMENTS

dependent potentials. This is due to the reduction of the re-
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star structure calculation. and Y. Akaishi for fruitful discussions. He would also like to
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We have described the nuclear EOS in the framework o
relativistic mean-field theory using a relativistic transport
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