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Neutron star properties in the quark-meson coupling model
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The effects of internal quark structure of baryons on the composition and structure of neutron star matter
with hyperons are investigated in the quark-meson couglipglC) model. The QMC model is based on a
mean-field description of nonoverlapping spherical bags bound by self-consistent exchange of scalar and vector
mesons. The predictions of this model are compared with a quantum hadrody(@i#id model calibrated to
reproduce identical nuclear matter saturation properties. By employing a density-dependent bag constant
through direct coupling to the scalar field, the QMC model is found to exhibit identical properties as QHD near
saturation density. Furthermore, this modified QMC model provides well-behaved and continuous solutions at
high densities relevant to the core of neutron stars. Two additional strange mesons are introduced which couple
only to the strange quark in the QMC model and to the hyperons in the QHD model. The constitution and
structure of stars with hyperons in the QMC and QHD models reveal interesting differences. This suggests the
importance of quark structure effects in the baryons at high dendiB6556-28189)03707-3

PACS numbds): 26.60:+c, 21.65:+f, 12.39.Ba, 24.85tp

I. INTRODUCTION spin symmetry. The theory is an effective one since the cou-
pling constants are determined by the saturation properties of
Neutron stars are born in the aftermath of supernova exauclear matter. The equations of motion for the baryons and
plosions with interior temperaturds=10' K, but cool rap- mesons are solved self-consistently in the mean field ap-
idly in a few seconds by deleptonizati¢h] to almost cold proximation. There exists a large body of calculations based
nuclear matter. Neutron star matter is charge neutral so thain QHD which were found to provide a realistic description
gravitational force can bound it against the relatively strongof bulk properties of finite nuclei and nuclear matfér7].
repulsive Coulomb force, and is jB-equilibrium condition, A large number of single-particle properties of finite nuclei
i.e., in its lowest energy state. Since the matter density in there also well accounted including the charge distributions,
core could exceed a few times the normal nuclear mattespin-orbit interactions, et¢6—10]. The central to the success
density, neutron star matter provides an interesting possibilf the theory is that the small binding energy in a nucleus
ity to investigate the strong interaction effects which arearises from the cancelation between large Lorentz scalar and
poorly understood at supernuclear density. In fact, the strucrector potentials, each of which is approximately several
ture of a neutron star is chiefly determined by the equation ohundred MeV at saturation density. The potentials being
state(EOS of the strongly interacting constituents. comparable to the nucleon mass, it indicates the importance
There have been several attempts to determine the EQ& relativistic effects even at normal densities. With increas-
for dense nucleon matter which are based primarily on noning density the Fermi momentum of the baryons increases
relativistic potential models and relativistic field theoretical further which points to stronger relativistic effects. Therefore
models. The former approach comprises a Hamiltonian wittQHD appears to be more appropriate than nonrelativistic
a two-nucleon potential fitted to nucleon-nucleon scatteringnodels for neutron star calculations. Moreover, the Lorentz
data and the properties of deuteron. The quantum many-bodyvariance in this theory is retained from the outset. Conse-
problem is traditionally handled either by a selective summaguently, the EOS automatically respect the causality limit.
tion of diagrams in perturbation theorfthe Brueckner- The relativistic mean field models with baryons and mesons
Bethe-Goldstone approachr by using a variational method as point particles, and the coupling constants determined
with correlation operatord2,3]. However, an important from the saturation properties of nuclear matter, has been
shortcoming of many potential models are that they are welkxtrapolated into the high density regime to investigate the
suited at low densities only; the EOS becomes acausal, i.eneutron star propertigd1—-15.
the speed of sound exceeds that of light at densities relevant At high densities in the core of a neutron star the relevant
for maximum mass neutron stars. Moreover, these modeldegrees of freedom that may be crucial to its structure and
lead to symmetry energies that drastically decreases beyomsmposition are the effect of quarks confined within the had-
about three times the saturation density which is a seriousons. Small but interesting corrections to the standard had-
deficiency for highly asymmetric systems such as neutromonic picture have already been observed such as the EMC
stars. The alternative approach to the nuclear many bodgffect which reveals the medium modification of the internal
problem involves the formulation of effective relativistic structure of the nucleohl6]. By treating the nucleons as
field theory within the framework of quantum hadrody- structureless particles, the QHD model completely misses
namics(QHD) [4,5] where the appropriate degrees of free-the important effect of the constituent quarks especially at
dom are the baryons interacting through the exchange darge densities. It is therefore instructive to study the rel-
isoscalar scalar and vector mesows«) and the isovector evance of the quark structure of the nucleon at supernuclear
vector p meson which provides the driving force to the iso- density regime as in the neutron stars. Quantum chromody-
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namics(QCD) which governs the underlying strong interac- which provides a reasonable behavior of the equation of
tions of quarks and gluons, although, believed to be esserstate, etc., in the vicinity of saturation, should also be well
tially the fundamental theory at the nuclear and subnucleapehaved when extrapolated to supernuclear density regime.
scale is, however, intractable due to the nonperturbative fedof course, the QMC model at densities near nuclear matter
tures of QCD. It is therefore not a theory from which one canvalue should reproduce the results based on the more estab-
derive practical results for the equation of state. The mostished QHD model. Any deviatiofnot discontinuity in the
fruitful way to deal this situation would be to approach the QMC results from that of the QHD at high densities may
problem from both sides, i.e., to develop the QHD and Qcpthen be regarded as the effects of the quark structure beyond
motivated models and to compare their predictions. the structureless hadronic picture. _

The spontaneous symmetry breaking and chiral symmetry N this paper we shall show that by employing a bag con-
restoration criteria have been utilized to model effectiveStant coupled to the field, the continuity of the equation of
Lagrangians for the low-energy strong interaction, such asState, etc., indeed persists in the QMC model when extrapo-
for example, the Nambu—Jona-Lasinio modef]. However, ~lated to high densities relevant to the neutron star core. This
these models have never been applied successfully for thill allow us to investigate the structure and composition of
description of the saturation properties of nuclear matter. O neutron star in the QMC model and compare its predictions
the other hand, the quark-meson coupling model proposed bylth that in the QHD model. Since the QMC model with bag
Guichon[18] provides a simple and attractive framework to constant as function oér field represents nonlinear scalar
investigate the direct quark effects in nuclei. The model deSelf-interactions, for comparison we employ a QHD model
scribes nuclear matter as nonoverlapping, spherical and staffghich contains cubic and quartic scalar self-interactions
MIT bags in which the quarks interact through a self-[30]; the latter model is calibrated to reproduce the same
consistent exchange of structureless scalaand vectore ~ Saturation properties as the QMC model. _ .
mesons in the mean field approximation. This simple QMC At high densities and hence large nucleon Fermi energies
model has been subsequently refined by including nucleoXPected in the cores of stars, weak interaction energetically
Fermi motion and center of mass corrections to the bag erfavor the conversion of some nucleons at the Fermi surface
ergy [19] and applied with reasonable success to varioud® hyperons. The negatively charged hyperons can then also

problems of nuclear mattd20-25 and finite nucleii26—  replace the leptons. These effects cumulatively can decrease
28]. Recently, the model has also been used to investigafé® Ppressure resulting in the softening of the equation of
the properties of\, 3, and = hypernuclei[29]. state. Within the QMC framework, only hypernuclear matter

Although it provides a simple and interesting framework@nd hypernuclei[22,29 (without charge neutrality and
to describe the basic features of the nuclear systems in ter@-€quilibrium conditions have been investigated where the
of quark degrees freedom, the QMC model has two serioyBag constant is fixed to its free space value. Moreover, it was
shortcomings. First, it predicts much smaller scalar and vec@ssumed22,29 that the nonstrange and» mesons couple
tor potentials for the nucleon than that obtained in the well-only to theu andd quarks; thes quark is unaffected in the
established QHD model. This implies a much smallermedium and set to its constant bare mass value. We investi-
nucleon spin-orbit potentidkum of scalar and vector poten- gate neutron star properties with an improved Lagrangian by
tials) and hence weaker spin-orbit splittings in finite nuclei.incorporating an additional pair of hidden strange meson
Secondly, it is not apparent how far the EOS in the QMcfields (c*,¢) which couple only to the quark in the QMC
model can be extrapolated at high densities in the neutrofodel and only to the hyperons in the QHD model. The
star interior because the assumption of nonoverlapping bag$andard mean field model was found to be inadequate to
may break down. It was recently pointed §24,25 that the describe the strongly attractive hyperon-hyperon interaction
small values of the nucleon potentials stem from the assumgbserved in doubleA hypernuclei [31]. The hyperon-
tion that the bag constant is fixed at its free space value. B§}yperon interaction is expected to be important for hyperon
introducing a density-dependent bag constdyt consider- rich matter[11] present in the cores of neutron stars.
ing it to be proportional to higher powers of the scalar field The paper is organized as follows. In Sec. Il, we introduce
o, for examplé it was demonstratef25] that large scalar the relativistic mean field models, the QMC and the QHD,
and vector potentials are obtained. Evidently, a drop in thd0th extended to incorporate the two additiortaidden
bag value with increasing density |mp||es a decrease in thétrange mesons. The relevant equatlons for neutron star mat-
effective nucleon mass in a self-consistent manner. Furtheter With hyperons are summarized in these models. In Sec.
more, it was shown that the quark substructure is entirely!l, we make a systematic comparison of the QMC and the
contained in the scalar potentf@0]. Therefore, the density- QHD results in the entire density range relevant to neutron
dependent bag constant througHield represents, in a way, Stars. In Sec. IV, we use thg modgl to study the constitution
self-interaction in the scalar field in this model. This featurend structure of a star. Section V is devoted to summary and
of nonlinear interaction ino field, obtained byc field- ~ conclusions.
dependent bag constant may also remedy the other shortcom-
ing of the overlapping bags at high density matter. One pos-  II. THE RELATIVISTIC MEAN FIELD MODELS
sible way to verify that the QMC model may be applied at
supernuclear densities is by exploring observables as a func-
tion of density which shall not deviate from its continuous In this section we present a brief introduction to the quark
behavior at high densities. In other words, the QMC theorymeson coupling model for baryonic matter and its extension

A. The extended quark-meson coupling model
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to include the hidden strange mesons which couple explicitlyThe linear boundary conditiofig(X,) = B4j1(Xg), at the bag
only to thes quark in a hyperon bag. In the QMC model, a surface determines the eigenval

baryon in nuclear medium is assumed to be a static spherical The hyperon couplings are not relevant to the ground state
MIT bag in which the quarks are coupled to the meson fieldproperties of nuclear matter, but information about them can

in the relativistic mean fieldRMF) approximation. In QMC
model calculations for hadronic mattg22,29, the meson
fields considered are isoscalar scataand vectorw mesons

and the isovector vectoﬁ” meson. However, they being
nonstrange are allowed to couple only to thandd quarks

within a baryon bag, while the quark is unaffected. It is
expected that with increasing density, tBequark mass

be available from levels i hypernucle{32]. Experimental
data of3 hypernuclei are scarce and ambiguous because of
the strong®N— AN decay, while only few events in emul-
sion experiments withlK ™~ beams have been attributed to the
formation of £~ hypernuclei. Therefore considerable uncer-
tainty in the hyperon-nucleon interaction exists even at the

normal nuclear density, their interactions at high densities

should also be modified. To implement this situation, weare more ambiguous. In view of the uncertainties in the hy-

incorporate two additional mesons, the scalar mekgm
=975 MeV) (denoted asr* hereafter and the vector me-

peron couplings, for simplicity, we employ in this paper the
SU(6) symmetry based on the lighu(d) quark counting

son¢(m=1020 MeV) with their masses given in the paren-rule for both the scalard,0™) and vector {,¢) coupling
thesis. These strange mesons couple only tcstipeark in a  constants to the hyperons. The coupling constants are thus
hyperon bag. This extended QMC model has an additiondielated by
advantage that it accounts for the strongly attractive in-
teraction observed in hypernuclei which cannot be repro-
duced by ¢-,w,p) mesons only31].

For a uniform static matter within the RMF, let the mean
fields be denoted by, o* for the scalar mesons, and,,
¢ and pqs for the timelike and the isospin three-component
of the vector and the vector-isovector mesons. The Dirac
equation for a quark fielgy, in a bag is then given by

1 1 1 q
ggUszgaAzzgoE:gUEEgU'

1 1 1

§9wN=§gwA=§gm2:gwEqu

W

1
gpszgpzzngEgg! gpAzo' (6)

[iy-é—(mq—g‘io—giw*)

1 The couplings to the strange mesons are
—7°| gfwot g% ot 59N Tap0s| |4 =0, (1)

2 22
@0 qq 20,00 =20,+3=0prz= 5 Oon=2V20F,  Gprn=0,
where g;.9,+.9,.94.9, are the quark-meson coupling
constants anth, the bare mass of the quagk=(u,d,s). The
normalized ground state for a quark in a bag is given by 22
29¢A=29¢EZQ¢E:T%NE2\/§92,, ggn=0.

jo(XqI/Rg) p% @)
rt=Ngexp —iet/Rg)| - .. -,
Yall:D) a®XR( at/Re) iBqo-T]1(Xqr/Rp) \/E
2) Note that in a baryon tha andd quarks are not coupled to
the strange ¢*,¢) mesons, i.e.gi’f=g‘$d=0, while thes
where quark is unaffected by theo(,w) mesons, i.e.g>=g5=0.
1 Furthermore, from Eq€6) and(7) it is evident that the cou-
=0 +Ral 0%wnta%dat+ —qd ) pling constants of the quark to *,¢) may be obtained
#a=qt Re| Guwot Gydot 50,7ap03 from the coupling constants of thei,d) quarks to ¢, )
mesons by the relatiog; . = V2g5 andg=2g4®. The
Qq—RBmg @ energy of a baryon bag consisting of three ground state
Bq="\/ Qq+RBm;. quarks is then given by
Th lization f is gi
e normalization factor is given by > NgQq— s
bag__ 3
Ng?=2Rg§0) [ Q2= 1)+ Remi 215G, () B R, "3"ReBe ®

with Q= \/quJr(RBm’q‘)2 the kinetic energy of the quard
andRg is the radius of a baryoB, andy, the quark spinor.
The effective mass of a quark is given by

wheren, is the number of quarks of typs zg accounts for
the zero-point motion, an®g is the bag constant for the
baryon specieB. After the corrections of spurious center of
mass motion, the effective mass of a baryon is given by
[19,20

my = (5

q *
M= gao—gas0*.
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TABLE I. The free space values of bag parametgand bag  [36]. In fact, a similar approach is used to construct in QHD
radii R, for different baryons obtained by reproducing the baryonicthe nonlinear mean field models, where the unknown density
massesmg in free space. The bag constant for the baryons at thejependence of the nuclear energy functional is parametrized
free space value iB5*=188.1 MeV while the masses of the by nonlinear meson-meson interactiof®y,38. The direct

quarks are taken as,=my=0 andms=150 MeV. The strange- coupling of the bag constant to the scalar mean fielth

nessSg of the baryons are also given. nucleonic medium needs to be extended for hyperons where
additional scalar fieldr* is employed. To this end, we em-
Baryon mg (MeV) Se %o Ry (fm) ploy consistently the S(6) symmetries for the scalar cou-
N 939 0 2.030 0.600 plings of Eqgs.(6) and (7). Specifically, the bag constaBig
A 1116 -1 1.815 0.642 of a baryon is directly coupled to and o* fields through
s 1193 -1 1.629 0.669 the relation
=) 1313 -2 1.505 0.686

gq=u,d

BB/Bozexp(—4g(’,B[ > ngo

m = \/ (Eg)?= 2> ng(xq/Re)*. 9
! +

> nq> (20"
g=u,d

/ mB] ' (11)

For fixed meson fields, the bag radiRg is determined by

the equilibrium condition of the baryon bag in the medium

dm§/dRg=0. For a given value of bag constaBg=B, in  wheremg is the bare mass of the baryBnand for nucleonic

free space, the paramete and the bag radiuRg of the  bags =n,=3. This modeling has only one real positive

baryons may be obtained by reproducing the physical massquaram(:y[eg(’,B which for nucleon is related th of Eq. (10)

of the baryons, i.e., Eq(9) in free space. In the present py g'B=g5/3. We have refrained from using an additional

calculation, the current quark masses considerednaje parameter for coupling to the* and have rather used the

=my=0 andm.=150 MeV. For our choice of free space Suy(6) symmetries because we believe that a reliable extrapo-

bag constanBg/*=188.1 MeV, the values afs andRg are  lation to high densities should be based on a model having as

collected in Table I. It is seen that for the fixed bag value, thefew adjustable parameters as possible so that the model hav-

equilibrium condition in free space results in an increase oing been fitted to saturation properties of nuclear matter can

the bag radius and a decrease of the zero-point motion for thge tested for its predictive power under conditions not in-

heavier species. cluded in the determination of the parameters. It may be also
In the original version of the QMC mod¢lL8] the bag noted that in the parametrizatigl), the use of free bary-

constant was held fixed at its free space vaweB,. The  onic massng is essential. By considering only-(w,p) me-

bag constant is a nonuniversal quantity associated with thgons in the model, we have found that this choic®gfB,

QCD trace anomaly. When a baryonic bag is immersed iftesults at nuclear matter density the scaling relation

matter, it is expected to decrease from its free space value @ o/ omy~2/3 and Smk/Smy~1/3, where m}=mg

argued in Ref[33]. At present, however, no reliable infor- —m’é for the baryorB. If we now define the field-dependent

mation on the medium dependencelyf is available on the ;g coupling constang, (o) by

level of QCD calculations. Effective models, such as, for

example, the Nambu—Jona-LasiJL) model[17] which

approximate low-energy QCD are constructed based on sym- goe(0)o=mg—m§ (o), (12

metries and symmetry breaking patterns of QCD, in particu-

lar, the chiral symmetry breaking. The concept of bag con-

stant arises naturally in these models where its valughe same scaling relation is obtained at the nuclear matter

decreases when the density of the nuclear environment igensity, i.e.dmg/dm{=g,s(0o)/g,n(0) are 2/3 and 1/3 for

increased34]. To reflect this physics in the QMC model, the (A,3) and Z, respectively. This implies that the parametri-

density dependence of the bag constant for a nucleon wagtion (11) in the nonstrange sector is consistent with the

proposed by Jin and Jenninf&5] by considering its direct SU(6) symmetry employed in determining tleB coupling

coupling to the scalar mean field, i.e., constants. In this model the baryon effective mags and
5 the bag constant are determined self-consistently by combin-
Bn/Bo=exd —4g,0/my], (10 ing Egs.(8), (9), and(11). In principle, the parametex may

also be madified in baryonic medium. However, unlike the
wheregﬁ is a real parameter; in this paper we shall adopt thishag constant it is not clear homg changes with density as it
form of exponential dependence. This direct coupling models not directly related to chiral symmetry. In this paper we
is inspired by a NJL-type nontopological soliton model for assumezg remains constant at its free space vatye z, as
the nucleon35] where a scalar soliton field is responsible given in Table I.
for the confinement of the quarks to form a nucleon. When The total Lagrangian density of a neutron star matter for
the nucleon soliton is inserted into the nuclear environmentthe full baryon octet in the QMC model within RMF ap-
the scalar soliton field will interact with the scalar mean fieldproximation can be written as
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— . omg(o,0*)
Lome=2 ¢B['7'ﬁ_m§(0:0*) 9,eCal )=~ —————
B Jdo
0( +0gypdbot . ”lﬂ > g
~— 7| 9uB@WoT9ysP0T 59,872P03 |¥B = 4
¢ 2 9pBTz g ggmg(o,o*)
1
2 2 2 2 2 2 2 42 2 2 *
+§(m0'0' +ma_*0'* +mww0+m¢¢0+mpp03) X‘ _ - q )SB(O_) ]
aq? bag
B B B
+ 2 iy a—m) . (13 Ebag  1g B
! +gf——— AR |, (20
7 mé(o,0*) 3 ®mg |’
Here the sum o is over all the charge states of the baryon
octet (@,n,A,37,3037E0E7) coupled to the oM (oo Ehbag
* ; g(o,0%) q B
o,w,p,0*,¢ mesons. The sum dris over the free electrons g,+gCa(0*)=—————=ngd, ————
and muons ¢ and x~) in the star. The baryon effective * mg(o,0*)
mass of Eq.(9) may be expressed in terms of the field- .
dependento-B and o*-B coupling strengthg,g(o) and Qg * mg
+ XV | 1= = | Se(0™) + —
9,+p(0™) as ERRg Egd
ma(o,0*)=mg—g,s(0)o—g,+g(c*)o*. 14 Ebag 16 B
B( )=Mg—0g,8(0)0—g,xp(0*) (14 tng’® B 2= g_B,
. ) m§(o,0*) 3 Mg
The dependences of the coupling strengths on the applied
scalar fields must be calculated self-consistently within the (21)

quark model.

For the QMC model, the equations of motion for the me-

son fields in uniform static matter are given by

20g+1
mig: E 9,8Cg(0) 5
B 2

xJkB M) g as

0 [K?+mg*(a,0%)]"2

2Jg+1
272

mi* o* = EB: 9,+8Cg(0™)

k?dk, (16)

ke  mg(o,0%)
X

o [K2+mi*(o,0%)]M?

m2wo= >, 9,a(2Jg+1)k¥/(672), 17
B

m§,¢0=§ 948(2Jg+1)k3/(672), (18)

m§p03=§ 9,8 38(2dp+ 1)k3/(672). (19)

In the above equation¥; andl g are the spin and the isos-
pin projection andkg is the Fermi momentum of the baryon
speciesB. On the right hand sides of Eg&l5) and (16), a

whereng (=3—Z24-,,4Nq) is the number of quark in the
baryon. The quark scalar densities in the bag are

Qg/2+Rgmi (Qq—1)
Qq(Qq—1)+Rgmi /2’

g=(u,d),
(22

Sg(o)= Jk draqqu

and a similar expression fobg(o™*) for the contribution
from the medium modification af quark in the fields* . The
medium dependence of the scalar densities on the bag radius
was found to be rather insensitive. The last terms in Exf3.
and(21) originate from the density-dependent bag constants
through direct coupling to the scalar fields. It is evident from
Egs.(11), (15 and(16) that an exponential dependence of
the bag constant on the fieldsands™ introduce a nonlinear
self-interaction in these fields. Moreover, the decreasegof
with increasing density provides a new source of attraction
and thereby constitutes a new saturation mechanism which is
different from QHD.

For stars in which the strongly interacting particles are
baryons, the composition is determined by the requirements
of charge neutrality ang-equilibrium conditions under the

weak processeB;—B,+1+ v, andB,+|1—B;+v,. Under
the conditions that the neutrinos have left the system, the
charge neutrality condition gives

Qo= 2 (235 DKG/(677)+ 2, qik/(37%)=0,
(23

where q; corresponds to the electric charge of spedies

new characteristic feature of QMC beyond QHD appearsSince the time scale of a star is effectively infinite compared

through the factor€g(o) andCg(o™*) where

to the weak interaction time scale, weak interaction violate
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strangeness conservation. The strangeness quantum numbefABLE Il. The coupling constants obtained in the QMC model

is therefore not conserved in a star and the net strangenessbig reproducing the saturation density=0.17 fm®, the binding
determined by the condition o equilibrium which for energy B/A=16 MeV, and the symmetry energyasm
baryonB is then given byug=bgu,— sie, Whereug is _:333 MeV. The coupling con§tant of the scatafield to the bag

the chemical potential of barydhandby its baryon number. 1S g, =2.269. The scalar cqup_llng constant corresponds to the free
Thus the chemical potential of any baryon can be obtainedPace valugsee Eq(20)] while its coupling to the ¢,d) quarks is

from the two independent chemical potentigls and s of tgken agy =1. The predicted yalues of compressibility aDd effec-
neutron and electron. The Fermi momentum of the baryoniVé Nucleon mass at saturation ake=289 MeV andmy/my

can be obtained from the solution of the equatiaifks) O o The coupling constants in the QHD model are obtained by
_ Where the eneray eigenvalues of the Dirac e uatior?djus“ng these same five saturation properties. The meson masses
fo#t?{e baryons are 9y €9 a are taken to bem,=550 MeV, m,=783 MeV, and m,

=770 MeV.

ep(k)=k2+ mg“(o,0%)+g,ewo+ d4ePot 9l SBP(()§-4) Model g%lamw  gilar g§/47-, g, fm™h 03

QMC 5.184 5.240 5.203

The lepton Fermi momenta are the positive real solutions oHHD 5.174 5.339 5.146 12.139 48.414
(_k§+ m2) 2= pe and K+ mi) Y2= 1, = pre. The equilib-
rium composition of the star is obtained by solving the set of

Egs.(15~(19) in conjunction with the charge neutrality con- i Tapje 11, For the parametrization employed here, the pre-
d|t|0n3(23) a2t a given total baryon!c dens'%:EBbB(z‘]B_ dicted values of effective nucleon mass and compressibility
+1)kB/(6.7T ); thg baryon effective masses are Obtame,dat saturation density amay/my=0.78 andK =289 MeV. It
seIf—conS|stent_Iy In t_he bag model. The total energy densn}fnay be worth mentioning that in order to reproduce the same
and pressure mcludmg'the leptons can be obtained from thgaturation properties of density, binding, and symmetry en-
grand canonical potential to be ergies, the coupling constants required in the original QMC

1 1 model with bag fixed aBY*=BY*=188.1 MeV areg?/4rm

1 1 1
&= §m§02+ Emfr* o* 2+ Emiw§+ Emff,¢§+ Emipés =20.2, g%/4w=1.55, andgX/4w=5.51 with a relatively
larger effective massy/my=0.89 and smaller compress-
2Jg+1 ibility K=220 MeV. The higher effective mass and thereby

+2

kg
)2 f [k2+mE%(o,0*)1Y%2 dk smaller scalar field potential is compensated at the saturation
B w

0 density by a smaller vector field, i.e., a smaller coupling
1 rk gfu/47-r. Since at high densities the vector field dominates
+2 _J [k3+ m|2]1/2k2 dk, (25) over the scalar, the smaller vector coupling leads to a softer
T 72J)o EOS. The parameters obtained here are entirely from free
space value and from nuclear matter at the saturation density,
1 ,, 1, ., s 5 2 5 therefore this set can be used also in the model with the two
P=— om0 = Sm o™ "+ Sm,wot 5Mydo+ 5Mpos  strange mesons. In the following we refer to the model where
the interaction is mediated byo(w,p) mesons as QMCI

1 2+ 1ka k*dk while its extension by incorporatinge{,$) mesons as
*t3 MCII.
3% 27% Jo [K+mi¥(o,0%)] Q
Kk 4
+ E if '&_ (26) B. The extended quantum hadrodynamics model
39 772 0 [k2+m|2]1’2

Quark meson coupling models are designed to describe
both the bulk properties of nuclear systems and medium
QMC model, we recall that for a fixeBX—188.1 Mev fodifications of the internal structure of the baryon. Before

' . 0 : ' any reliable predictions for changes due to the quark sub-
the z va]ues have been adjusted to Tepro‘?'uce the baryod,cture can be made especially at large densities relevant to
masses in free qspace and these are listed in Table . Forgq e of neutron stars, it is important that the QMC model
given value ofg,, once the three coupling constargfsy , fpredicts the established results of nuclear phenomenology
gon, andg;® are adjusted, the other coupling constants ofghtained in the quantum hadrodynami@HD) model near
the hyperons to the meson fields can be obtained by employhe saturation density. In QHD the relevant degrees of free-
ing the SU6) symmetry from Eqs(6) and (7). For this pur-  dom are the structureless baryons interacting by the ex-
pose, the QMC model is solved for symmetric nuclear matchange of mesons. The direct coupling of the bag constant to
ter, and as in Ref[25], for a given value ofgi=1 the the scalar field in the QMC model mimics scalar self-
coupling constantg,n , 9, andg[,B are adjusted to repro- interaction terms. Therefore, for a consistent comparison
duce the nuclear matter binding enerByA=16 MeV at  with this QMC model, we employ a version of QHD model
saturation densityn,=0.17 fm 3 and symmetry energy which contains the cubic and quartic scalar self-interactions
asym=32.5 MeV. The resulting coupling constants are given[30]. The Lagrangian for the baryon octet in the QHD model

To obtain the coupling constants and the parameters in th
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within the RMF approximation is similar to that of E(L3)
for the QMC model, but for the baryonic effective mass
given by

mE:mB_gaBU_go'* BO-* (27)
and contains a scalar self-interaction term

U(O’):%Gg-F %04 (28

mg/ mg

proposed by Boguta and Bodml&0] to get a correct com-
pressibility at saturation density. Comparing E¢s4) and

(27), it is clear that the coupling constants in QHD are inde- 05 _
pendent of the scalar field and they are determined at the
saturation density. In fact it has been demonstraB&d that — m/my
QMC model is formally equivalent to the nuclear QHD 041 my/m, 7
model with a field-dependent scalar-nucleon coupling. The = my/my
equations of motion for only the scalar meson fields of Egs. 03— meiMe | L
(15) and(16) are then modified in the QHD model to 66 02 04 06 08 10 12 14
-3
ng (fm )
) ] 2Jg+1 (ke mg )
myo+ %U(U) = EB: 908 272 Jo [k2+m3 2]1/2k dk, FIG. 1. The variation of effective masseg/mg of the baryons

as a function of baryon density in the models QMClIthin lineg

(29) and QMCII (thick lines.
2Jg+1 [k ma
m2,o* =, OJo*B 5 j ° = k?dk. tive baryon massesi;/mg defined in Eq.(9) are shown in
o 5 277_2 0 [k2+ m* 2] 1/2 . . .
B Fig. 1 as a function of baryon densitys for the models

(30) QMCI and QMCII. Unless otherwise mentioned the thin
lines refer to results for different species in the model QMCI,
gvhile the thick ones correspond to those in the QMCII
model. The effective masses of the nucleons rapidly decrease

1 *
mg;%%hﬁlé?gzguaﬁggjarrgejr?gﬁéLgei;aéhtgagﬁggggtgu; ivé/ith increasing density and then saturate at higher densities.
the QMC model the effect of the internal quark structure of a ince the nucleons do not couple to the strange scalar field

baryon enters entirely through the fac®@s(c’) andCa(c™) o*, their masses in the models | and Il are identical. At
y -y ug B . densities around nuclear matter values where hyperons have
as has been mentioned in R¢R0]. The vector fields in

OMC cause only a shift in the quark wave functions. Thenot appeared, the effective mass of a test hyperon is deter-

equations of motions for the meson fields in QHD are solvedﬂIned by only the scalar field created by nucleons which is

self-consistently in accordance with the charge neutrality ang EZL:]?ed t;(:a bSHZES\tf:C:sgsgg;ncs)?rgﬂgt;hee ;;/rp%rr?sn- f;onse—
B-equilibrium conditions to obtain the composition and d Y. Y

. . <2n, reveals no splitting in models | and Il. Moreover, the
structure of a neutron star. The five coupling constants, . ; ) ST
L . different baryonic masses at the saturation density indicates
duns 9pn s 92 @ndgs in this model are determined by repro-

. o ; . . the SUB6) symmetry(based on the number of light quarks
ducing the same equilibrium properties of saturation den5|ty¢O nting rulé for o-B coupling, i.e..8m* «/ém? = 2/3 and
binding energy, symmetry energy, effective mass and com- unting ru 7" upling, 1.€.,omy x N™

pression modulus of the QMC model; these are given irf ™M=/ oMy=1/3. The QMCI model respects this scaling re-
Table II. All the other coupling constants can be obtained@tion to nearly the entire density range explored here. On the
from these couplings. The constags in the scalar field Other hagtgj, in the QMCII model at densitiesg
potential(28) is found positive. This avoids the fatal problem ~0-38 fm ™~ when the hyperons X, A) prodyctlgn

for a quantum field theory that the energy functional may bdhreshold is reache@ee Fig. 6, the attractive scalar field
unbounded from below which leads to instabilities at highStarts to contribute. The reduction in the mass of strange
densities with large scalar fields. Hereafter we refer to th&duark in model 11 entails a substantial decrease in the masses

QHD model with (7, w,p) mesons as QHDI and its exten- for the hyperons in accordance with the GWUrelation for
sion by introducing &*,$) mesons as QHDIL. o*-B coupling. Since th& hyperon has two strange quarks,
its mass is maximally suppressed by @ field. Note that

althoughmy/my reaches small values at high densities in
presence of hyperons, it never becomes negative in the den-
In this section we shall present results for baryonic mattesity range studied here. In fact, relativistic mean field models
in charge neutral ang@-equilibrium conditions appropriate fitted to the bulk properties of nuclear matter with a high
for a neutron star in the QMC and QHD models. The effec-my/my~0.7—-0.82 lead to a finite effective mass even at

Here nonlinear interaction only for themeson is employed,
the interaction between the hyperons in the QHD model ar

Ill. RESULTS AND DISCUSSIONS
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FIG. 2. The variation of bag constaBg /B, of the baryons as a FIG. 3. The variation of bag radiudgz /R, of the baryons as a
function of baryon densityg in the models QMCIthin lines and function of baryon densityg in the models QMCIthin lineg and
QMCII (thick lineg. The free space bag constant is takerB#é QMCII (thick lineg. The free space bag radik, for different
=188.1 MeV. baryons are given in Table I.

central densities of maximum mass stars. However, the efralue. This implies a considerably swollen nucldand hy-
fective masses in this case become negative only at densitiggrons in the star matter; a detailed discussion of its conse-
much higher than the central densities of maximum massuences is given later.
stars[12]. In principle parameter sets fitted to finite nuclei We now present a systematic comparison between the
properties can also be obtained. However, in most of thes®@MC and the QHD models for neutron star matter with their
sets the effective masses of nucleons in presence of hyperonsupling constants determined to reproduce the same set of
get negative at densities much smaller than that of maximumuclear matter saturation properties as given in Table Il. In
mass stars. Therefore, these sets are not reliable to calculd®@y. 4, the baryon effective masseg,/mg as a function of
neutron star properties. Recall that the original QMC modebensityng are displayed for the models QHD(thin lines
with bag constant fixed to the free space value, leads to muciind QMCII (thick lines. It is seen that at low and moderate
smaller scalar field and higher effective nucleon massjensities, them}’s for the two models are in good agree-
my/my=0.89. To reproduce the correct spin-orbit splitting, ment, this is not surprising as both the models are calibrated
the reduction in the effective massm{/my=0.78) is to the same properties at nuclear matter densities. At higher
achieved by direct coupling of the bag constant to the scaladensities, especially when hyperons start to populat®g
fields. ~0.38 fm 3), the effective masses are rather distinct in the
The variation of bag constant for the baryd®g/B, [see  two models. The pure scalar and vector field strengths are
Eq. (11)] with density is shown in Fig. 2 for the QMCI and shown in Fig. 5 as a function of density for the models
QMCII models. The bag constants decrease with density an@QMCII (top panel and QHDII (bottom panel The poten-
saturate at high densities. This behavior is similar to that ofials for a given baryon species are obtained by multiplying
effective baryon masses as they have been obtained in a selhem with the corresponding coupling constants listed in
consistent manner. The decrease of bag constant relative Table IlI; for the scalar fields these couplings are however
its free space value implies a decrease of bag pressure whidensity dependent for QMCII. A careful examination of Fig.
causes an increase of bag radius in the medium. The vari&-indicates that the values of the fields and potentialsfar
tion of the bag radiuRg /R, (relative to its free space value the two models are nearly identical over the entire density
R which is different for different baryons; see Tab)enith  range. On the other hand, at all densities thefield in
density is shown in Fig. 3. At saturation density when theQMCII is larger than that in QHDII. However, the decreas-
bag constant for nucleon has decreaseB{éB,=0.45, the ing coupling constang,n(o) with ng in the former model
corresponding radius has increasedRtg/Ry=1.22. At den-  causes the potentiél ,=g,n(o) o to be the same as QHDII
sities ofng=(6—8)n, corresponding to the maximum mass at the normal nuclear matter density. This lead to the same
of neutron stars, the nucleon bag constant has decreased teaturation propertieginding energy and densjtyn the two
significantly small valueBy /By=(0.093-0.065) while the models. At densities higher than the normal nuclear matter
corresponding radius is 7588 % larger than its free space value,g,n(o) further decreases causing the potenitiglin
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QMCII to saturate earlier than QHDII. In other words, the
scalar density factoiCy(o) [see Egs.(15) and (20)] in
QMCII decreases with increasirgf o (or ng) as quarks in
the medium become more relativis{i20,29. As a conse-
quence, the drop in the nucleon effective mass relative to its
free space value in QMCII is smaller than that in QHDII.
Clearly at high densities the quark substructure of the
nucleon plays a crucial role in QMC model. This feature of
larger effective masses in QMCII is more evident for the
hyperons. This is because of a smaller value of the attractive
scalar fieldo* (see Fig. $and a decreasing in-medium cou-
pling constang,«g(c*) results in a much smaller potential
U+ =0,+g(0*)c* for QMCII compared to that in QHDII.
The effect is most pronounced f& having two strange
quarks. We have observed similar qualitative differences in
models |, i.e., between QMCI and QHDI. However, the dis-
tinction in m§ for hyperons in the two models is not so
profound as they lack the* meson. This indicates the im-
portance of the strange mesons*(¢) which helps in re-
vealing more clearly the quark structure of the baryons at
high densities in the QMCII model as compared to the struc-
tureless baryons inherent in the QHDII model.

Having investigated the crucial role played by quarks con-
fined within the baryons at high densities, we shall now con-
sider whether the QMC model based on nonoverlapping bags
can at all be extended to densities appropriate to neutron star
interior. As is evident from Fig. 3, at rather large densities
the increasing bag radius implies considerable overlapping
between the bags and the nonoverlapping bag picture of
nuclear matter may break down because the effects of short-
range correlations among the quarks which should be asso-
ciated with the overlap of hadrons aggplicitly neglected in
the quark-meson coupling model. We observe, however, that
in the present QMC model the physical observables for in-
stance the effective masses, fields and therefore the equations
of state(see Fig. 7 indicate a smooth and continuous behav-
ior from low to very high densities without any dramatic
discontinuity. Any deviation at the high density regime from
the QHD results may be interpreted as the interesting effects
due to quark structure of the baryons only. This is in conso-
nance with the argument put forwafd0] that the physical
observables do not depend on the bag radius. On contrary, in
the original QMC model with bag fixed at the free space
value, the observables were fouf®B] to differ drastically
from QHD results with large discontinuities. Moreover, so-
lutions in that version of QMC model cease to exist above
ng~4.92n, since the eigenvalue, in Eq. (2) vanishes. This
indicates that by using a density-dependent bag constant
through direct coupling to the scalar field, the QMC model
not only reproduces the correct spin-orbit potential but pos-
sibly also includes the effects of quark-quark correlations
associated with overlapping bags which was missing in the
original QMC model. A possible explanation to this may
follow from an alternative approach inspired by effective
field theories. In this theory the constraint of renormalizabil-
ity of the hadronic Lagrangian is abandon&¥,38 which

FIG. 5. The mean meson fields and the electrochemical potenti@llows to introduce higher order meson self-interactiioe.,

versus the baryon densihg for the models QMCItop panel and

QHDII (bottom panel

orders higher than the quartic scalar interadtioansistent
with the underlying symmetries of QCD. By a suitable trun-
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cation at some low orders of the fields, it was arg{igd|

that by allowing nonlinearities in the meson fields that gen-
erate additional density dependence in the interactions, the
important effects of correlation®nd exchangebetween the
nucleons beyond the simple Hartree contributions are auto-
matically included. Thus, one can include many body effects
beyond the simple Hartree level even though only classical
meson fields and local interactions are retained.

In the context of QMC model, as demonstrated in this
paper and also in Ref39], an exponential dependence of
bag constanBg on o (and ¢*) is equivalent to scalar self-
interactions of infinite orders, of course each term is smaller
by a factor~(g’/mg) than its preceding oniesee Eq(11)].
Hence these higher order self-interaction terms possibly in-
clude (implicitly) the effects of quark-quark correlations at
high densities providing a nondiscontinuity in the physical
observables, unlike the original version of the QMC model
with constant bag. This suggests that in a QMC model with
bag constant coupled to the scalar field, one can in principle
extrapolate to high densities to explore the neutron star prop-
erties.

IV. COMPOSITION AND STRUCTURE OF NEUTRON
STAR MATTER

In this section the constitution and structure of stable
charge neutrafneutron stgrmatter in the supernuclear den- 3
sity regime are presented in the QMC and QHD models. In ng (fm ™)
Fig. 6 the abundances of baryons and leptons as a function of
density in the star matter are shown for the models QMCllyo
(top panel and QHDII (bottom panel At densities slightly
below the nuclear matter value, ti2decay of neutrons to
muons are allowed, and thus muons start to populate. Th&193 MeV appear at roughly the same density
charge neutrality of a star forces a high isospin asymmetry se-0.38 frmi 3, because the somewhat larger mass.6f is
both the electron chemical potentjal and thep field, pgs, compensated by its negative charge. Since charge neutrality
grow at low density as evident from Fig. 5. Although the can now occur more economically By, the lepton fraction
field is very small and never exceedsl8 MeV, its correct begins to fall. The electron chemical potentiake Fig. %
determination from symmetry energy is of utmost impor-then saturates around 200 MeV and subsequently decreases
tance as it determines the proton fraction. It was demonwith increasing® ~ population. More massive and positively
strated[41] that for anpe system rapid cooling by nucleon charged particles than these appear at high densities. The
direct URCA process is allowed by the momentum consersubstantial reduction in the effective massofn QHDII (as
vation conditionk,+ke=k, which corresponds to a proton shown in Fig. 4 is manifested by a relatively early appear-
fraction Y,=0.11. In both the models used here this condi-ance of£~ and E° and their larger abundances in the star
tion is satisfied at densities;=0.28 fm 3 thus rapid cool- compared to that in QMCII. The enhanc&d production in
ing by direct URCA process can occur. In the absence of anyurn causes a further rapid decrease of the lepton fraction in
hyperons, the charge neutrality condition forces the protoiQHDII. At high densities, all the baryons tend to saturate
(and lepton fractions to continuously increase with density with the abundance oA being maximum, even exceeding
in these relativistic mean field models. Thus once the threshthe number of neutrons. Because of the fast growth of the
old density for cooling by direct URCA process is achieved,hyperons and their comparable abundances with the nucle-
it would persist up to the center of such stars. In contrast, thens, the dense interior of a star resembles more a hyperon
decreasing symmetry energy at high densities in the nonrebtar than a neutron star. The net strangeness fraction for stars
ativistic models would limit cooling near the central region in the model QHDI!I is slightly enhanced due to larger
of massive stars. The symmetry energy also determines trebundance than that in QMCII. In contrast to pofee stars,
hyperon production threshold density obtained by the condithe proton fraction here reaches maximum value once the
tion wug=pu,—qeu.=eg(k=0), where the energy eigen- hyperons E,A) start populating and thereafter it saturates at
value e is given by Eq.(24). Consequently the threshold the level of 20%. Therefore rapid cooling by nucleon direct
density for a hyperon species is determined by its charge andRCA process can still occur in these stars. Since the critical
effective mass and by all the fields present in the system. Adensity of nucleon direct URCA process is nearly identical to
expected, the\ with mass 1116 MeV and,~ with a mass the hyperon threshold density, and the emmisivities from the

FIG. 6. The composition of neutron star matter with hyperons in
models QMCli(top panel and QHDII (bottom panel
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FIG. 7. The equation of state, press@&s energy density for ) o ]
nucleons only gp) star (solid line) in the QMC model, and for FIG. 8. The adiabatic indek vs the energy density for nucle-
stars with further inclusion of hyperonagH) in models I(dashed ~ ©NS only qip) star(solid lineg, and for stars with further inclusion

lines and in models I(dash-dottepllines. The results are for QMc  ©f hyperons (pH) in models I (dashed linesand in models I
models(thick lines and QHD modelsthin lines. The causal limit ~ (dash-dottefllines. The results are for QMC modefhick lines
(P=¢) is also shown. and QHD modelgthin lines.

hyperon direct URCA processes are about 5-100 timesucleons in QMCI is somewhat larger than QHDI. This re-
smaller than that from the nucleop#2], the stars cooling by sults in the QMCI a larger contribution from the scalar at-
direct URCA process is dominated by nucleons—the hypertraction and a smaller one from the repulsive kinetic term of
ons would only have a minor contribution to it. In the modelsnucleons to the pressufé&q. (26)] leading to a softened
QMCI and QHDI, the effective masses of the hyperons andeOS. With the inclusion of strange mesons, the effective
the potentials are, however, found to be almost identicalfnasses of hyperons also undergo significant redu¢tee
hence the composition of the stars in model | were found td=ig. 1) while, in general, the contribution from the repulsive
be practically indistinguishable. ¢ field dominates over the attraction frosf field. The net
The equation of state, pressuPeversus the energy den- effect is thus a stiffer EOS in model llshown by dash-
sity ¢ is displayed in Fig. 7 for the different models studied dotted line$ in contrast to model |. As evident from Figs. 4
here. The EOS for nucleons onlyg) star shown for the and 5, the combined effects of enhanced effective masses,
QMC model (solid line) is found to be considerably stiff. considerably large repulsive field and smaller attraction
Since the corresponding EOS in the QHD model is found tdrom ¢* field act in increasing the pressure in QMCII com-
be nearly identical we do not present the result for clarity. Atpared to QHDII. This entails a pronounced stiffening with
high densities when the Fermi energy of nucleons exceedtie EOS for QMCII being even stiffer relative to QHDII.
the effective mass of hyperons minus their associated intefFhus by including the strange mesons, a complete reversal in
action energy, the conversion of nucleons to hyperons is erbehavior occurs for the equation of state in QMC and QHD
ergetically favorable. Since this conversion relieves themodels which should have a significant bearing on the struc-
Fermi pressure of the nucleons, the equation of state is softure of the stars. For comparison, the causal lipite is
ened. This effect is further accentuated by the decrease of tledso shown in the figure. All the relativistic models studies
pressure exerted by leptons because of their replacement ligre respect causality conditigp/de <1 so that the speed
negatively charged hyperons in maintaining charge neutralitpf sound remains lower than the speed of light.
more efficiently. The EOS for nucleons plus hyperons An important parameter describing the equations of state
(npH) system for both the models | and Il are shown in theis the adiabatic indeX”=dInP/dinng=(P+¢&)/P-dP/de. In
figure; the thick lines refer to QMC results while the thin Newtonian theory it is possible to find a stable hydrostatic
lines correspond to QHD. Several structures observed in theonfiguration for a spherical mass distribution if the adia-
equation of state correspond to the densities at which differbatic index exceeds 4/313], and when general relativity is
ent hyperon species begins to populate. In modshbwn by  included it slightly exceeds this valyd4]. Figure 8 shows
dashed lines the EOS in QMCI is found to be softer com- the adiabatic indeX’ versus the energy densityfor differ-
pared to QHDI. In this situation the vector fields,p) and  ent equations of state. At densities below the nuclear matter
the effective hyperon masses are found to be same in the twalue, I' could have very small values since most of the
models, only the scalar field and the effective mass of pressure support for the star originates from the electrons, the
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not sufficient against the radial oscillations that destroy these
configurations by dispersal. On the other hand, a maximum
mass of the sequence exits beyond which the pressure sup-
port from the EOS is insufficient against the strong gravita-
tional attraction. Stars beyond this mass are unstable to
acoustical radial vibrations and thereby collapse to a black
hole. The crustal region has a negligible contribution
(~10 °My,) to the total mass of a star, while most of the
mass originates from the dense interior beyond the saturation
density. Thus mass measurements may provide considerable
insight into the interior constitution of a star. For the np
system, the extremely stiff EOS corresponds to a large Fermi
pressure and hence can sustain large limiting mass. The
maximum masses for such np stars in the QMC model is
M max=1.988M o, while a relatively softer EOS in the cor-
responding QHD model results iM,,=1.96M¢ . In
Table Ill, the maximum masses and the corresponding radii
Ru, . and central baryonic densities are presented. In Fig.

10, we also show the mass-radius relationship of the differ-
ent EOS. With the inclusion of more baryon species in the

FIG. 9. The neutron star sequences near the limiting mass foform of hyperons, the considerable softening of the EOS

nucleons only (ip) star(solid lineg and for stars with further in-
clusion of hyperonsri{pH) in the model ll(dash-dotted lines The
results are for the models QM(hick lineg and QHD(thin lines.
The filled circles correspond to the maximum masses.

results in relatively much smaller mass stars. Since the
QMCI model has a much softer EOS than QHDI, g,
values are 1.4M, and 1.4881, respectively; the star
sequence and the mass-radius relationship in these models
are not shown in the figures for clarity. The larger radii ob-

nuclear phase has a negative contribution to pressure. Aained in stars with hyperonization are a consequence of

densities greater than abong, the EOS stiffens and is

weaker gravitational attraction from the smaller masses that

significantly greater than 4/3. With the appearance of hypereauses the stars to be large and diffuse. Compared to the
ons, the softening of the EOS is manifested by the considemass of a star where the contribution is primarily from be-
able lowering of the adiabatic index. The several structuregond the saturation density, about 40% of the star’s radius
observed in the EOS corresponding to the population of hyeriginates from the EOS atg=<ny. Consequently, radius
perons at the threshold densities is clearly evident in Fig. 8measurements should be rather insensitive to the changes in
The adiabatic index drops at each density when a new hythe EOS due to quark structure of baryons or to the interior

peron species is populated.

constitution of the star. In fact, no precise radius measure-

The differences in the EOS at high densities are expectethents currently exist. The star sequences and the mass-
to be reflected in the structure of the neutron stars, namelyadius relationships in model Il are shown in Figs. 9 and 10,
their masses and radii. The static neutron star sequences rapspectively. The reversal in behavior observed in the EOS
resenting the stellar massés/M and the corresponding with the addition of strange mesons, i.e., the EOS is stiffer in
central energy densities. obtained by solving the Tolman- QMCII than QHDII, is manifested in the maximum masses

Oppenheimer-Volkoff equatiorjg@5] are shown in Fig. 9 for

and the corresponding radii for such stars. For all the cases

different equations of state. In general, such a sequence postudied here, the maximum masses of the stars are found to
ses a minimum mass below which gravitational attraction ide larger than the current observational lower limit of

TABLE lll. The maximum masseM .,../Mg of nonrotating stars and their corresponding raiji,jmax
and central densities, in the models QMC and QHD. The Keplerian frequeri@y,,, for the respective
rotating configurations are obtained from the relat@ga=7750M ma/Mo) YRy /10 km) 3% s7%.
Results are for stars with only nucleonsp); stars with further inclusion of hyperonsH) in the model
| where the interaction is mediated by ,(,p) mesons, and stars in model Il where the additional mesons

(o*,¢) are included.

QMC QHD
M max/M O] RMmaX Ne Qme\x M ma></lvI © M ax Ne Qma><
(km)  (fm™3) @1 sY km) (fm™%) (0*s™Y
np 1.988 10.632 1.102 9.969 1.962 10.561 1.110 10.001
npH (model ) 1.478 11.242 0.965 7.904 1.488 11.092 0.999 8.091
npH (model 1) 1.539 10.823 1.096 8.538 1.491 11.040 1.022 8.159
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L e e N where M .., and Rwm,,., are the maximum mass and corre-
_ EEH (model Il) sponding radius of the nonrotating star. The dimensionless
phenomenological constant independent of the EOS was
- found[49] to beC,=7750. Later calculations within the full
framework of general relativity have showB0] that this
formula has an accuracy better than 5% for a wide range of
realistic EOS which are both causal and stiff enough to sup-
port observed maximum ma#s,,,,.=1.44My . Since rota-
tional energy stabilize a star, the most massive rotating star
has more mass and radius than the maximum mass and ra-
. dius of the corresponding nonrotating star. For our present
equations of state, the Keplerian frequencies obtained by us-
ing the above formula are given in Table Il for the respec-
tive rotating stars. It is observed that,,,, closely follow the
trend of the masse@nd radi) of different models with the
nucleons only star having the largest rotation rate and stars
with hyperons in model | are the slowest. As mentioned
10— 1'2 . 1'4 . 1'6 . 1'8 . 2'0 Y above, this may be attributed to the smallest mass and
: ’ ' : ’ : ’ thereby largest radius due to small gravitational attraction in
M/Mo the softest equation of state and vice versa.

1.5

Radius (km)

11.0

FIG. 10. The mass-radius relation for neutron star sequences

near the limiting mass for nucleons only ) star(solid lineg and V. SUMMARY AND CONCLUSION

for stars with further inclusion of hyperonsgH) in the model I . . . .
(dash-dotted linés The results are for the models QM@hick In this paper we have investigated the effects of the inter-
lines and QHD (thin lines. The filled circles represent the maxi- Nal quark structure of baryons on the neutron star properties
mMuUm masses. within the relativistic mean-field quark-meson coupling

model. This model describes baryons as nonoverlapping
1.44M, imposed by the larger mass of the binary pulsarMIT bags in which the quarks interact through scalar and
PSR 1913+ 16[46]. When hyperons are included, the cen-vector mean fields. Before any reliable prediction of the
tral densities reached for all the stars above this lower masguark structure effects on neutron star properties at high den-
limit suggest that the inner cores of these stars are rich igities can be made, it is essential that the QMC model repro-
hyperons. duces at around nuclear matter densities the results of more
Constraints on the high density EOS can be derived fronestablished quantum hadrodynamics model where the rel-
the measurement of the absolute upper limit to the rotatiorvant degrees of freedom are the structureless baryons. In the
velocity ), Of @ neutron star. This is possible because theoriginal QMC model, the bag constant was fixed at the free
maximum angular velocity of rotating neutron stars, in gen-space value as a consequence of which the model predicts
eral, is an increasing function of the softness of the EOSnuch smaller attractive scalar potential and hence smaller
which corresponds to more compact stars with high centragpin-orbit potential compared to the experimental results and
densities and smaller equatorial radius. The maximum rotathat obtained in the QHD model. By considering a medium-
tion rate of a neutron star is determined by the condition thatdensity) dependent bag constant parametrized through di-
the equatorial surface velocity equals the Keplerianrect coupling to the scalar field, correct spin-orbit splitting
velocity—the orbital velocity of a particle at the equator. At was observed. Moreover, this medium modified QMC model
the Keplerian frequency, the rotating star is unstable withis found to be in excellent agreement with the low and mod-
respect to mass shedding from the equator. In reality, therate density results of QHD model with a general nonlinear
rotation may be more severely limited by gravitational radia-scalar potential when both the models are calibrated to pro-
tion instability to nonaxisymmetric perturbatiof®7]. How-  duce the same nuclear matter saturation properties. This im-
ever, this instability has been later shown to be stabilized byroved fit is obtained by employing a bag constant which is
the existence of the viscosity of stars at homogeneous derr decreasing function of density, which however implies an
sity [48]. Therefore, the Keplerian rate may be considered agcreasing bag radius. We are therefore faced with the prob-
a reasonable estimate of the maximum rotation rate of a nedem that due to the increasing bag radius and thereby over-
tron star. The calculation of the Keplerian velocity for alapping bags the QMC model may not be applicable at the
given EOS is quite involved and has to be performed withhigh density regime relevant to central densities of massive
full general relativity. On the other hand, a precise universaktars. A natural test of the reliability of the model at high
empirical formula was found by Haensel and Zdu®R] for  densities then lies in the fact that the equation of state should
the maximum angular frequendy o for rigid rotation in  be well-behaved and continuous when extrapolated to the
terms of maximum mass and radius of a nonrotating star foextremes of density. Indeed, we have found that the physical
a given EOS: observables exhibit reasonable behavior without any discon-
tinuity at high densities up tmg~10n, studied here. The
Qmax=Co(Mmax/ MG)l/Z(RMmax/ 10 km) =% 71, devia{ion ofgthe results obgerveBd at h(i)gh densities in the two
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effective field theoretical models, the QMC and QHD, with determined by the number of strange quarks in the baryons.
different underlying basic constituents may be interpreted aslowever, the two mesonss{,¢) has an overall repulsive
primarily arising from the crucial effects of the quark struc- effect so that the EOS in the model Il is stiffer compared to
ture. The original version of the QMC model, where the model | without the strange mesons. The repulsion is maxi-
important effect of quark-quark correlation associated withmum in QMCII because of the decreasing in-medium scalar-
overlapping bags is neglected, exhibited discontinuity antharyon coupling constant and smaller scalar fiefdthan in
therefore could not be extrapolated to high densities. A direcQHDII. Consequently, the EOS in QMCII is significantly
coupling of the bag constant to the scalar field is equivalenstiffened(and even stiffer than QHDMith relatively larger
to higher powers ofnonlineaj scalar interactions. Accord- maximum mass star and corresponding smaller radius. As
ing to the modern viewpoint of effective field theory, higher observed in previous studies, the EOS is found to be consid-
order meson interaction includes the effect of correlationserably softened by incorporating hyperons as the new de-
Therefore, by employing a mediurtscalar-field} dependent  grees of freedom which appear @ag~2n,. The center of
bag constant, we not only could reproduce the correct scalahassive stars are found with comparable abundance of hy-
potential but could also mimic the quark-quark correlationsperons and nucleons; the strangeness fraction of stars in
leading to a well-behaved EOS at high densities. QMC models are relatively higher than in QHD models be-
We have included two additionghidder) strange mesons cause of enhancef production. Rapid cooling by direct
which couple only to strange quarks in a baryon bag in theJRCA process of all these stars are found to be dominated
QMC model and to hyperons in the QHD model. The rathemy nucleons due to large proton fractiovi&0.15), the hy-
strong hyperon-hyperon interaction can be accounted bjerons add only~5% to this more dominant process. It
these mesons. The coupling constants of the quarks and hierefore seems difficult to differentiate stars in the different

perons have been fixed by 8) symmetry relations based models studied here with and without hyperons by a rapid
on quark-counting argument. The strange mesons are foungoling procedure.

to have considerable influence on the composition and struc-
ture of neutron star matter with hyperons. In absence of these
mesons, the model QMCI exhibits softer EOS with smaller
maximum mass star and larger corresponding radii than that
in QHDI. With the inclusion of strange mesons, the addi- S.P. gratefully acknowledges support from the Alexander
tional attraction imparted by the scalar messh causes a von Humboldt Foundation and Institut rfuTheoretische
drop in the effective masses of hyperons, the decrease beiihysik, J.W. Goethe-Universttfor kind hospitality.
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