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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 coupling~QMC! 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 hadrodynamic~QHD! 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 densities.@S0556-2813~99!03707-3#

PACS number~s!: 26.60.1c, 21.65.1f, 12.39.Ba, 24.85.1p
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I. INTRODUCTION

Neutron stars are born in the aftermath of supernova
plosions with interior temperaturesT*1011 K, but cool rap-
idly in a few seconds by deleptonization@1# to almost cold
nuclear matter. Neutron star matter is charge neutral so
gravitational force can bound it against the relatively stro
repulsive Coulomb force, and is inb-equilibrium condition,
i.e., in its lowest energy state. Since the matter density in
core could exceed a few times the normal nuclear ma
density, neutron star matter provides an interesting poss
ity to investigate the strong interaction effects which a
poorly understood at supernuclear density. In fact, the st
ture of a neutron star is chiefly determined by the equation
state~EOS! of the strongly interacting constituents.

There have been several attempts to determine the
for dense nucleon matter which are based primarily on n
relativistic potential models and relativistic field theoretic
models. The former approach comprises a Hamiltonian w
a two-nucleon potential fitted to nucleon-nucleon scatter
data and the properties of deuteron. The quantum many-b
problem is traditionally handled either by a selective summ
tion of diagrams in perturbation theory~the Brueckner-
Bethe-Goldstone approach! or by using a variational metho
with correlation operators@2,3#. However, an importan
shortcoming of many potential models are that they are w
suited at low densities only; the EOS becomes acausal,
the speed of sound exceeds that of light at densities rele
for maximum mass neutron stars. Moreover, these mo
lead to symmetry energies that drastically decreases be
about three times the saturation density which is a ser
deficiency for highly asymmetric systems such as neut
stars. The alternative approach to the nuclear many b
problem involves the formulation of effective relativist
field theory within the framework of quantum hadrod
namics~QHD! @4,5# where the appropriate degrees of fre
dom are the baryons interacting through the exchange
isoscalar scalar and vector mesons (s,v) and the isovector
vectorr meson which provides the driving force to the is
0556-2813/99/60~1!/015802~15!/$15.00 60 0158
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spin symmetry. The theory is an effective one since the c
pling constants are determined by the saturation propertie
nuclear matter. The equations of motion for the baryons
mesons are solved self-consistently in the mean field
proximation. There exists a large body of calculations ba
on QHD which were found to provide a realistic descripti
of bulk properties of finite nuclei and nuclear matter@4–7#.
A large number of single-particle properties of finite nuc
are also well accounted including the charge distributio
spin-orbit interactions, etc.@6–10#. The central to the succes
of the theory is that the small binding energy in a nucle
arises from the cancelation between large Lorentz scalar
vector potentials, each of which is approximately seve
hundred MeV at saturation density. The potentials be
comparable to the nucleon mass, it indicates the importa
of relativistic effects even at normal densities. With increa
ing density the Fermi momentum of the baryons increa
further which points to stronger relativistic effects. Therefo
QHD appears to be more appropriate than nonrelativi
models for neutron star calculations. Moreover, the Lore
covariance in this theory is retained from the outset. Con
quently, the EOS automatically respect the causality lim
The relativistic mean field models with baryons and mes
as point particles, and the coupling constants determi
from the saturation properties of nuclear matter, has b
extrapolated into the high density regime to investigate
neutron star properties@11–15#.

At high densities in the core of a neutron star the relev
degrees of freedom that may be crucial to its structure
composition are the effect of quarks confined within the h
rons. Small but interesting corrections to the standard h
ronic picture have already been observed such as the E
effect which reveals the medium modification of the intern
structure of the nucleon@16#. By treating the nucleons a
structureless particles, the QHD model completely mis
the important effect of the constituent quarks especially
large densities. It is therefore instructive to study the r
evance of the quark structure of the nucleon at supernuc
density regime as in the neutron stars. Quantum chromo
©1999 The American Physical Society02-1
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namics~QCD! which governs the underlying strong intera
tions of quarks and gluons, although, believed to be es
tially the fundamental theory at the nuclear and subnuc
scale is, however, intractable due to the nonperturbative
tures of QCD. It is therefore not a theory from which one c
derive practical results for the equation of state. The m
fruitful way to deal this situation would be to approach t
problem from both sides, i.e., to develop the QHD and Q
motivated models and to compare their predictions.

The spontaneous symmetry breaking and chiral symm
restoration criteria have been utilized to model effect
Lagrangians for the low-energy strong interaction, such
for example, the Nambu–Jona-Lasinio model@17#. However,
these models have never been applied successfully for
description of the saturation properties of nuclear matter.
the other hand, the quark-meson coupling model propose
Guichon@18# provides a simple and attractive framework
investigate the direct quark effects in nuclei. The model
scribes nuclear matter as nonoverlapping, spherical and s
MIT bags in which the quarks interact through a se
consistent exchange of structureless scalars and vectorv
mesons in the mean field approximation. This simple QM
model has been subsequently refined by including nucl
Fermi motion and center of mass corrections to the bag
ergy @19# and applied with reasonable success to vari
problems of nuclear matter@20–25# and finite nuclei@26–
28#. Recently, the model has also been used to investi
the properties ofL, S, andJ hypernuclei@29#.

Although it provides a simple and interesting framewo
to describe the basic features of the nuclear systems in
of quark degrees freedom, the QMC model has two seri
shortcomings. First, it predicts much smaller scalar and v
tor potentials for the nucleon than that obtained in the w
established QHD model. This implies a much smal
nucleon spin-orbit potential~sum of scalar and vector poten
tials! and hence weaker spin-orbit splittings in finite nucl
Secondly, it is not apparent how far the EOS in the QM
model can be extrapolated at high densities in the neu
star interior because the assumption of nonoverlapping b
may break down. It was recently pointed out@24,25# that the
small values of the nucleon potentials stem from the assu
tion that the bag constant is fixed at its free space value
introducing a density-dependent bag constant~by consider-
ing it to be proportional to higher powers of the scalar fie
s, for example! it was demonstrated@25# that large scalar
and vector potentials are obtained. Evidently, a drop in
bag value with increasing density implies a decrease in
effective nucleon mass in a self-consistent manner. Furt
more, it was shown that the quark substructure is entir
contained in the scalar potential@20#. Therefore, the density
dependent bag constant throughs field represents, in a way
self-interaction in the scalar field in this model. This featu
of nonlinear interaction ins field, obtained bys field-
dependent bag constant may also remedy the other short
ing of the overlapping bags at high density matter. One p
sible way to verify that the QMC model may be applied
supernuclear densities is by exploring observables as a f
tion of density which shall not deviate from its continuo
behavior at high densities. In other words, the QMC the
01580
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which provides a reasonable behavior of the equation
state, etc., in the vicinity of saturation, should also be w
behaved when extrapolated to supernuclear density reg
Of course, the QMC model at densities near nuclear ma
value should reproduce the results based on the more e
lished QHD model. Any deviation~not discontinuity! in the
QMC results from that of the QHD at high densities m
then be regarded as the effects of the quark structure bey
the structureless hadronic picture.

In this paper we shall show that by employing a bag co
stant coupled to thes field, the continuity of the equation o
state, etc., indeed persists in the QMC model when extra
lated to high densities relevant to the neutron star core. T
will allow us to investigate the structure and composition
a neutron star in the QMC model and compare its predicti
with that in the QHD model. Since the QMC model with ba
constant as function ofs field represents nonlinear scala
self-interactions, for comparison we employ a QHD mod
which contains cubic and quartic scalar self-interactio
@30#; the latter model is calibrated to reproduce the sa
saturation properties as the QMC model.

At high densities and hence large nucleon Fermi energ
expected in the cores of stars, weak interaction energetic
favor the conversion of some nucleons at the Fermi surf
to hyperons. The negatively charged hyperons can then
replace the leptons. These effects cumulatively can decr
the pressure resulting in the softening of the equation
state. Within the QMC framework, only hypernuclear mat
and hypernuclei@22,29# ~without charge neutrality and
b-equilibrium conditions! have been investigated where th
bag constant is fixed to its free space value. Moreover, it w
assumed@22,29# that the nonstranges andv mesons couple
only to theu andd quarks; thes quark is unaffected in the
medium and set to its constant bare mass value. We inv
gate neutron star properties with an improved Lagrangian
incorporating an additional pair of hidden strange mes
fields (s* ,f) which couple only to thes quark in the QMC
model and only to the hyperons in the QHD model. T
standard mean field model was found to be inadequat
describe the strongly attractive hyperon-hyperon interac
observed in doubleL hypernuclei @31#. The hyperon-
hyperon interaction is expected to be important for hype
rich matter@11# present in the cores of neutron stars.

The paper is organized as follows. In Sec. II, we introdu
the relativistic mean field models, the QMC and the QH
both extended to incorporate the two additional~hidden!
strange mesons. The relevant equations for neutron star
ter with hyperons are summarized in these models. In S
III, we make a systematic comparison of the QMC and
QHD results in the entire density range relevant to neut
stars. In Sec. IV, we use the model to study the constitut
and structure of a star. Section V is devoted to summary
conclusions.

II. THE RELATIVISTIC MEAN FIELD MODELS

A. The extended quark-meson coupling model

In this section we present a brief introduction to the qua
meson coupling model for baryonic matter and its extens
2-2
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to include the hidden strange mesons which couple explic
only to thes quark in a hyperon bag. In the QMC model,
baryon in nuclear medium is assumed to be a static sphe
MIT bag in which the quarks are coupled to the meson fie
in the relativistic mean field~RMF! approximation. In QMC
model calculations for hadronic matter@22,29#, the meson
fields considered are isoscalar scalars and vectorv mesons
and the isovector vectorrW m meson. However, they bein
nonstrange are allowed to couple only to theu andd quarks
within a baryon bag, while thes quark is unaffected. It is
expected that with increasing density, thes quark mass
should also be modified. To implement this situation,
incorporate two additional mesons, the scalar mesonf 0(m
5975 MeV) ~denoted ass* hereafter! and the vector me-
sonf(m51020 MeV) with their masses given in the pare
thesis. These strange mesons couple only to thes quark in a
hyperon bag. This extended QMC model has an additio
advantage that it accounts for the strongly attractiveLL in-
teraction observed in hypernuclei which cannot be rep
duced by (s,v,r) mesons only@31#.

For a uniform static matter within the RMF, let the me
fields be denoted bys, s* for the scalar mesons, andv0 ,
f0 andr03 for the timelike and the isospin three-compone
of the vector and the vector-isovector mesons. The D
equation for a quark fieldcq in a bag is then given by

F ig•]2~mq2gs
qs2gs*

q s* !

2g0S gv
q v01gf

q f01
1

2
gr

qtzr03D Gcq 50, ~1!

where gs
q ,gs*

q ,gv
q ,gf

q ,gr
q are the quark-meson couplin

constants andmq the bare mass of the quarkq[(u,d,s). The
normalized ground state for a quark in a bag is given by

cq~r ,t !5Nqexp~2 i«qt/RB!S j 0~xqr /RB!

ibqsW • r̂ j 1~xqr /RB!
D xq

A4p
,

~2!

where

«q5Vq1RBS gv
q v01gf

q f01
1

2
gr

qtzr03D ,

bq5AVq2RBmq*

Vq1RBmq*
. ~3!

The normalization factor is given by

N q
2252RB

3 j 0
2~xq!@Vq~Vq21!1RBmq* /2#/xq

2 , ~4!

with Vq5Axq
21(RBmq* )2 the kinetic energy of the quarkq

andRB is the radius of a baryonB, andxq the quark spinor.
The effective mass of a quark is given by

mq* 5mq2gs
qs2gs*

q s* . ~5!
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The linear boundary condition,j 0(xq)5bqj 1(xq), at the bag
surface determines the eigenvaluexq .

The hyperon couplings are not relevant to the ground s
properties of nuclear matter, but information about them c
be available from levels inL hypernuclei@32#. Experimental
data ofS hypernuclei are scarce and ambiguous becaus
the strongSN→LN decay, while only few events in emul
sion experiments withK2 beams have been attributed to th
formation ofJ2 hypernuclei. Therefore considerable unce
tainty in the hyperon-nucleon interaction exists even at
normal nuclear density, their interactions at high densit
are more ambiguous. In view of the uncertainties in the
peron couplings, for simplicity, we employ in this paper t
SU~6! symmetry based on the light (u,d) quark counting
rule for both the scalar (s,s* ) and vector (v,f) coupling
constants to the hyperons. The coupling constants are
related by

1

3
gsN5

1

2
gsL5

1

2
gsS5gsJ[gs

q ,

1

3
gvN5

1

2
gvL5

1

2
gvS5gvJ[gv

q ,

grN5
1

2
grS5grJ[gr

q, grL50. ~6!

The couplings to the strange mesons are

2gs* L52gs* S5gs* J5
2A2

3
gsN[2A2gs

q , gs* N50,

2gfL52gfS5gfJ5
2A2

3
gvN[2A2gv

q , gfN50.

~7!

Note that in a baryon theu andd quarks are not coupled to
the strange (s* ,f) mesons, i.e.,gs*

u,d
5gf

u,d50, while thes
quark is unaffected by the (s,v) mesons, i.e.,gs

s 5gv
s 50.

Furthermore, from Eqs.~6! and~7! it is evident that the cou-
pling constants of thes quark to (s* ,f) may be obtained
from the coupling constants of the (u,d) quarks to (s,v)
mesons by the relationgs*

s
5A2gs

u,d and gf
s 5A2gv

u,d . The
energy of a baryon bag consisting of three ground s
quarks is then given by

EB
bag5

(
q

nqVq2zB

RB
1

4

3
pRB

3BB , ~8!

wherenq is the number of quarks of typeq, zB accounts for
the zero-point motion, andBB is the bag constant for the
baryon speciesB. After the corrections of spurious center o
mass motion, the effective mass of a baryon is given
@19,20#
2-3
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mB* 5A~EB
bag!22(

q
nq~xq /RB!2. ~9!

For fixed meson fields, the bag radiusRB is determined by
the equilibrium condition of the baryon bag in the mediu
]mB* /]RB50. For a given value of bag constantBB5B0 in
free space, the parameterzB and the bag radiusRB of the
baryons may be obtained by reproducing the physical ma
of the baryons, i.e., Eq.~9! in free space. In the presen
calculation, the current quark masses considered aremu
5md50 andms5150 MeV. For our choice of free spac
bag constantB0

1/45188.1 MeV, the values ofzB andRB are
collected in Table I. It is seen that for the fixed bag value,
equilibrium condition in free space results in an increase
the bag radius and a decrease of the zero-point motion fo
heavier species.

In the original version of the QMC model@18# the bag
constant was held fixed at its free space valueB5B0. The
bag constant is a nonuniversal quantity associated with
QCD trace anomaly. When a baryonic bag is immersed
matter, it is expected to decrease from its free space valu
argued in Ref.@33#. At present, however, no reliable infor
mation on the medium dependence ofBB is available on the
level of QCD calculations. Effective models, such as,
example, the Nambu–Jona-Lasinio~NJL! model @17# which
approximate low-energy QCD are constructed based on s
metries and symmetry breaking patterns of QCD, in parti
lar, the chiral symmetry breaking. The concept of bag c
stant arises naturally in these models where its va
decreases when the density of the nuclear environmen
increased@34#. To reflect this physics in the QMC model, th
density dependence of the bag constant for a nucleon
proposed by Jin and Jennings@25# by considering its direct
coupling to the scalar mean field, i.e.,

BN /B05exp@24gs
Bs/mN#, ~10!

wheregs
B is a real parameter; in this paper we shall adopt t

form of exponential dependence. This direct coupling mo
is inspired by a NJL-type nontopological soliton model f
the nucleon@35# where a scalar soliton field is responsib
for the confinement of the quarks to form a nucleon. Wh
the nucleon soliton is inserted into the nuclear environme
the scalar soliton field will interact with the scalar mean fie

TABLE I. The free space values of bag parametersz0 and bag
radii R0 for different baryons obtained by reproducing the baryo
massesmB in free space. The bag constant for the baryons at
free space value isB0

1/45188.1 MeV while the masses of th
quarks are taken asmu5md50 andms5150 MeV. The strange-
nessSB of the baryons are also given.

Baryon mB ~MeV! SB z0 R0 ~fm!

N 939 0 2.030 0.600
L 1116 21 1.815 0.642
S 1193 21 1.629 0.669
J 1313 22 1.505 0.686
01580
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@36#. In fact, a similar approach is used to construct in QH
the nonlinear mean field models, where the unknown den
dependence of the nuclear energy functional is parametr
by nonlinear meson-meson interactions@37,38#. The direct
coupling of the bag constant to the scalar mean fields in
nucleonic medium needs to be extended for hyperons wh
additional scalar fields* is employed. To this end, we em
ploy consistently the SU~6! symmetries for the scalar cou
plings of Eqs.~6! and ~7!. Specifically, the bag constantBB
of a baryon is directly coupled tos and s* fields through
the relation

BB /B05expH 24gs8
BF (

q5u,d
nqs

1S 32 (
q5u,d

nqDA2s* G Y mBJ , ~11!

wheremB is the bare mass of the baryonB, and for nucleonic
bags (nq53. This modeling has only one real positiv
parametergs8

B which for nucleon is related togs
B of Eq. ~10!

by gs8
B5gs

B/3. We have refrained from using an addition
parameter for coupling to thes* and have rather used th
SU~6! symmetries because we believe that a reliable extra
lation to high densities should be based on a model havin
few adjustable parameters as possible so that the model
ing been fitted to saturation properties of nuclear matter
be tested for its predictive power under conditions not
cluded in the determination of the parameters. It may be a
noted that in the parametrization~11!, the use of free bary-
onic massmB is essential. By considering only (s,v,r) me-
sons in the model, we have found that this choice ofBB /B0
results at nuclear matter density the scaling relat
dmL,S* /dmN* '2/3 and dmJ* /dmN* '1/3, where dmB* 5mB

2mB* for the baryonB. If we now define the field-dependen
s-B coupling constantgsB(s) by

gsB~s!s5mB2mB* ~s!, ~12!

the same scaling relation is obtained at the nuclear ma
density, i.e.,dmB* /dmN* 5gsB(s)/gsN(s) are 2/3 and 1/3 for
(L,S) andJ, respectively. This implies that the paramet
zation ~11! in the nonstrange sector is consistent with t
SU~6! symmetry employed in determining thes-B coupling
constants. In this model the baryon effective massmB* and
the bag constant are determined self-consistently by com
ing Eqs.~8!, ~9!, and~11!. In principle, the parameterzB may
also be modified in baryonic medium. However, unlike t
bag constant it is not clear howzB changes with density as i
is not directly related to chiral symmetry. In this paper w
assumezB remains constant at its free space valuezB5z0 as
given in Table I.

The total Lagrangian density of a neutron star matter
the full baryon octet in the QMC model within RMF ap
proximation can be written as

e

2-4
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LQMC5(
B

c̄BF ig•]2mB* ~s,s* !

2g0S gvBv01gfBf01
1

2
grBtzr03D GcB

1
1

2
~ms

2s21ms*
2 s* 21mv

2 v0
21mf

2 f0
21mr

2r03
2 !

1(
l

c̄ l~ ig•]2ml !c l . ~13!

Here the sum onB is over all the charge states of the bary
octet (p,n,L,S1,S0,S2,J0,J2) coupled to the
s,v,r,s* ,f mesons. The sum onl is over the free electron
and muons (e2 and m2) in the star. The baryon effectiv
mass of Eq.~9! may be expressed in terms of the fiel
dependents-B and s* -B coupling strengthsgsB(s) and
gs* B(s* ) as

mB* ~s,s* !5mB2gsB~s!s2gs* B~s* !s* . ~14!

The dependences of the coupling strengths on the app
scalar fields must be calculated self-consistently within
quark model.

For the QMC model, the equations of motion for the m
son fields in uniform static matter are given by

ms
2s5(

B
gsBCB~s!

2JB11

2p2

3E
0

kB mB* ~s,s* !

@k21mB*
2~s,s* !#1/2

k2 dk, ~15!

ms*
2 s* 5(

B
gs* BCB~s* !

2JB11

2p2

3E
0

kB mB* ~s,s* !

@k21mB*
2~s,s* !#1/2

k2 dk, ~16!

mv
2 v05(

B
gvB~2JB11!kB

3/~6p2!, ~17!

mf
2 f05(

B
gfB~2JB11!kB

3/~6p2!, ~18!

mr
2r035(

B
grBI 3B~2JB11!kB

3/~6p2!. ~19!

In the above equationsJB and I 3B are the spin and the isos
pin projection andkB is the Fermi momentum of the baryo
speciesB. On the right hand sides of Eqs.~15! and ~16!, a
new characteristic feature of QMC beyond QHD appe
through the factorsCB(s) andCB(s* ) where
01580
ed
e

-

s

gsBCB~s!52
]mB* ~s,s* !

]s

5 (
q5u,d

nqFgs
q

EB
bag

mB* ~s,s* !

3H S 12
Vq

EB
bagRB

D SB~s!1
mq*

EB
bagJ

1gs8
B

EB
bag

mB* ~s,s* !

16

3
pRB

3 BB

mB
G , ~20!

gs* BCB~s* !52
]mB* ~s,s* !

]s*
5nsgs*

q EB
bag

mB* ~s,s* !

3H S 12
Vs

EB
bagRB

D SB~s* !1
ms*

EB
bagJ

1nsgs8
B

EB
bag

mB* ~s,s* !
A2

16

3
pRB

3 BB

mB
,

~21!

wherens (532(q5u,dnq) is the number ofs quark in the
baryon. The quark scalar densities in the bag are

SB~s!5E
kB

dr c̄qcq5
Vq/21RBmq* ~Vq21!

Vq~Vq21!1RBmq* /2
, q[~u,d!,

~22!

and a similar expression forSB(s* ) for the contribution
from the medium modification ofs quark in the fields* . The
medium dependence of the scalar densities on the bag ra
was found to be rather insensitive. The last terms in Eqs.~20!
and ~21! originate from the density-dependent bag consta
through direct coupling to the scalar fields. It is evident fro
Eqs. ~11!, ~15! and ~16! that an exponential dependence
the bag constant on the fieldss ands* introduce a nonlinear
self-interaction in these fields. Moreover, the decrease ofCB
with increasing density provides a new source of attract
and thereby constitutes a new saturation mechanism whic
different from QHD.

For stars in which the strongly interacting particles a
baryons, the composition is determined by the requireme
of charge neutrality andb-equilibrium conditions under the
weak processesB1→B21 l 1 n̄ l andB21 l→B11n l . Under
the conditions that the neutrinos have left the system,
charge neutrality condition gives

qtot5(
B

qB~2JB11!kB
3/~6p2!1 (

l 5e,m
qlkl

3/~3p2!50,

~23!

where qi corresponds to the electric charge of speciesi.
Since the time scale of a star is effectively infinite compa
to the weak interaction time scale, weak interaction viol
2-5
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strangeness conservation. The strangeness quantum nu
is therefore not conserved in a star and the net strangene
determined by the condition ofb equilibrium which for
baryonB is then given bymB5bBmn2qBme , wheremB is
the chemical potential of baryonB andbB its baryon number.
Thus the chemical potential of any baryon can be obtai
from the two independent chemical potentialsmn andme of
neutron and electron. The Fermi momentum of the bary
can be obtained from the solution of the equation«B(kB)
5mB , where the energy eigenvalues of the Dirac equat
for the baryons are

«B~k!5Ak21mB*
2~s,s* !1gvBv01gfBf01grBI 3Br03.

~24!

The lepton Fermi momenta are the positive real solutions
(ke

21me
2)1/25me and (km

2 1mm
2 )1/25mm5me . The equilib-

rium composition of the star is obtained by solving the se
Eqs.~15!–~19! in conjunction with the charge neutrality con
dition ~23! at a given total baryonic densitynB5(BbB(2JB

11)kB
3/(6p2); the baryon effective masses are obtain

self-consistently in the bag model. The total energy den
and pressure including the leptons can be obtained from
grand canonical potential to be

«5
1

2
ms

2s21
1

2
ms*

2 s* 21
1

2
mv

2 v0
21

1

2
mf

2 f0
21

1

2
mr

2r03
2

1(
B

2JB11

2p2 E
0

kB
@k21mB*

2~s,s* !#1/2k2 dk

1(
l

1

p2E0

kl
@k21ml

2#1/2k2 dk, ~25!

P52
1

2
ms

2s22
1

2
ms*

2 s* 21
1

2
mv

2 v0
21

1

2
mf

2 f0
21

1

2
mr

2r03
2

1
1

3 (
B

2JB11

2p2 E
0

kB k4 dk

@k21mB*
2~s,s* !#1/2

1
1

3 (
l

1

p2E0

kl k4 dk

@k21ml
2#1/2

. ~26!

To obtain the coupling constants and the parameters in
QMC model, we recall that for a fixedB0

1/45188.1 MeV,
the z0 values have been adjusted to reproduce the bar
masses in free space and these are listed in Table I. F
given value ofgs

q , once the three coupling constantsgvN ,
grN , and gs8

B are adjusted, the other coupling constants
the hyperons to the meson fields can be obtained by emp
ing the SU~6! symmetry from Eqs.~6! and~7!. For this pur-
pose, the QMC model is solved for symmetric nuclear m
ter, and as in Ref.@25#, for a given value ofgs

q51 the
coupling constantsgvN , grN , andgs8

B are adjusted to repro
duce the nuclear matter binding energyB/A516 MeV at
saturation densityn050.17 fm23 and symmetry energy
asym532.5 MeV. The resulting coupling constants are giv
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in Table II. For the parametrization employed here, the p
dicted values of effective nucleon mass and compressib
at saturation density aremN* /mN50.78 andK5289 MeV. It
may be worth mentioning that in order to reproduce the sa
saturation properties of density, binding, and symmetry
ergies, the coupling constants required in the original QM
model with bag fixed atB1/4[B0

1/45188.1 MeV aregs
2/4p

520.2, gv
2 /4p51.55, andgr

2/4p55.51 with a relatively
larger effective massmN* /mN50.89 and smaller compress
ibility K5220 MeV. The higher effective mass and there
smaller scalar field potential is compensated at the satura
density by a smaller vector field, i.e., a smaller coupli
gv

2 /4p. Since at high densities the vector field domina
over the scalar, the smaller vector coupling leads to a so
EOS. The parameters obtained here are entirely from
space value and from nuclear matter at the saturation den
therefore this set can be used also in the model with the
strange mesons. In the following we refer to the model wh
the interaction is mediated by (s,v,r) mesons as QMCI
while its extension by incorporating (s* ,f) mesons as
QMCII.

B. The extended quantum hadrodynamics model

Quark meson coupling models are designed to desc
both the bulk properties of nuclear systems and med
modifications of the internal structure of the baryon. Befo
any reliable predictions for changes due to the quark s
structure can be made especially at large densities releva
the core of neutron stars, it is important that the QMC mo
predicts the established results of nuclear phenomeno
obtained in the quantum hadrodynamics~QHD! model near
the saturation density. In QHD the relevant degrees of fr
dom are the structureless baryons interacting by the
change of mesons. The direct coupling of the bag constan
the scalar field in the QMC model mimics scalar se
interaction terms. Therefore, for a consistent compari
with this QMC model, we employ a version of QHD mod
which contains the cubic and quartic scalar self-interacti
@30#. The Lagrangian for the baryon octet in the QHD mod

TABLE II. The coupling constants obtained in the QMC mod
by reproducing the saturation densityn050.17 fm23, the binding
energy B/A516 MeV, and the symmetry energyasym

533.2 MeV. The coupling constant of the scalars field to the bag
is gs8

B52.269. The scalar coupling constant corresponds to the
space value@see Eq.~20!# while its coupling to the (u,d) quarks is
taken asgs

q51. The predicted values of compressibility and effe
tive nucleon mass at saturation areK5289 MeV and mN* /mN

50.78. The coupling constants in the QHD model are obtained
adjusting these same five saturation properties. The meson m
are taken to be ms5550 MeV, mv5783 MeV, and mr

5770 MeV.

Model gs
2/4p gv

2 /4p gr
2/4p g2 ~fm21) g3

QMC 5.184 5.240 5.203
QHD 5.174 5.339 5.146 12.139 48.414
2-6
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within the RMF approximation is similar to that of Eq.~13!
for the QMC model, but for the baryonic effective ma
given by

mB* 5mB2gsBs2gs* Bs* ~27!

and contains a scalar self-interaction term

U~s!5
g2

3
s31

g3

4
s4 ~28!

proposed by Boguta and Bodmer@30# to get a correct com-
pressibility at saturation density. Comparing Eqs.~14! and
~27!, it is clear that the coupling constants in QHD are ind
pendent of the scalar field and they are determined at
saturation density. In fact it has been demonstrated@39# that
QMC model is formally equivalent to the nuclear QH
model with a field-dependent scalar-nucleon coupling. T
equations of motion for only the scalar meson fields of E
~15! and ~16! are then modified in the QHD model to

ms
2s1

]

]s
U~s!5(

B
gsB

2JB11

2p2 E
0

kB mB*

@k21mB*
2#1/2

k2 dk,

~29!

ms*
2 s* 5(

B
gs* B

2JB11

2p2 E
0

kB mB*

@k21mB*
2#1/2

k2 dk.

~30!

Here nonlinear interaction only for thes meson is employed
the interaction between the hyperons in the QHD model
through linears* andf mesons. The fact that all the othe
meson field equations are unaltered in QHD, suggests th
the QMC model the effect of the internal quark structure o
baryon enters entirely through the factorCB(s) andCB(s* )
as has been mentioned in Ref.@20#. The vector fields in
QMC cause only a shift in the quark wave functions. T
equations of motions for the meson fields in QHD are solv
self-consistently in accordance with the charge neutrality
b-equilibrium conditions to obtain the composition an
structure of a neutron star. The five coupling constantsgsN ,
gvN , grN , g2 andg3 in this model are determined by repro
ducing the same equilibrium properties of saturation dens
binding energy, symmetry energy, effective mass and c
pression modulus of the QMC model; these are given
Table II. All the other coupling constants can be obtain
from these couplings. The constantg3 in the scalar field
potential~28! is found positive. This avoids the fatal proble
for a quantum field theory that the energy functional may
unbounded from below which leads to instabilities at hi
densities with large scalar fields. Hereafter we refer to
QHD model with (s,v,r) mesons as QHDI and its exten
sion by introducing (s* ,f) mesons as QHDII.

III. RESULTS AND DISCUSSIONS

In this section we shall present results for baryonic ma
in charge neutral andb-equilibrium conditions appropriate
for a neutron star in the QMC and QHD models. The effe
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tive baryon massesmB* /mB defined in Eq.~9! are shown in
Fig. 1 as a function of baryon densitynB for the models
QMCI and QMCII. Unless otherwise mentioned the th
lines refer to results for different species in the model QMC
while the thick ones correspond to those in the QMC
model. The effective masses of the nucleons rapidly decre
with increasing density and then saturate at higher densi
Since the nucleons do not couple to the strange scalar
s* , their masses in the models I and II are identical.
densities around nuclear matter values where hyperons
not appeared, the effective mass of a test hyperon is de
mined by only the scalar fields created by nucleons which i
assumed to be unaffected by inserting the hyperon. Co
quently, the effective masses of all the baryons fornB
<2n0 reveals no splitting in models I and II. Moreover, th
different baryonic masses at the saturation density indic
the SU~6! symmetry~based on the number of light quark
counting rule! for s-B coupling, i.e.,dmL,S* /dmN* 52/3 and
dmJ* /dmN* 51/3. The QMCI model respects this scaling r
lation to nearly the entire density range explored here. On
other hand, in the QMCII model at densitiesnB
'0.38 fm23 when the hyperons (S2, L) production
threshold is reached~see Fig. 6!, the attractive scalar fields*
starts to contribute. The reduction in the mass of stra
quark in model II entails a substantial decrease in the ma
for the hyperons in accordance with the SU~6! relation for
s* -B coupling. Since theJ hyperon has two strange quark
its mass is maximally suppressed by thes* field. Note that
althoughmN* /mN reaches small values at high densities
presence of hyperons, it never becomes negative in the
sity range studied here. In fact, relativistic mean field mod
fitted to the bulk properties of nuclear matter with a hi
mN* /mN'0.720.82 lead to a finite effective mass even

FIG. 1. The variation of effective massesmB* /mB of the baryons
as a function of baryon densitynB in the models QMCI~thin lines!
and QMCII ~thick lines!.
2-7
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PAL, HANAUSKE, ZAKOUT, STÖCKER, AND GREINER PHYSICAL REVIEW C60 015802
central densities of maximum mass stars. However, the
fective masses in this case become negative only at dens
much higher than the central densities of maximum m
stars@12#. In principle parameter sets fitted to finite nucl
properties can also be obtained. However, in most of th
sets the effective masses of nucleons in presence of hype
get negative at densities much smaller than that of maxim
mass stars. Therefore, these sets are not reliable to calc
neutron star properties. Recall that the original QMC mo
with bag constant fixed to the free space value, leads to m
smaller scalar field and higher effective nucleon m
mN* /mN50.89. To reproduce the correct spin-orbit splittin
the reduction in the effective mass (mN* /mN50.78) is
achieved by direct coupling of the bag constant to the sc
fields.

The variation of bag constant for the baryonsBB /B0 @see
Eq. ~11!# with density is shown in Fig. 2 for the QMCI an
QMCII models. The bag constants decrease with density
saturate at high densities. This behavior is similar to tha
effective baryon masses as they have been obtained in a
consistent manner. The decrease of bag constant relativ
its free space value implies a decrease of bag pressure w
causes an increase of bag radius in the medium. The v
tion of the bag radiusRB /R0 ~relative to its free space valu
R0 which is different for different baryons; see Table I! with
density is shown in Fig. 3. At saturation density when t
bag constant for nucleon has decreased toBN /B050.45, the
corresponding radius has increased toRN /R051.22. At den-
sities ofnB5(628)n0 corresponding to the maximum ma
of neutron stars, the nucleon bag constant has decrease
significantly small valueBN /B05(0.09320.065) while the
corresponding radius is 75288 % larger than its free spac

FIG. 2. The variation of bag constantBB /B0 of the baryons as a
function of baryon densitynB in the models QMCI~thin lines! and
QMCII ~thick lines!. The free space bag constant is taken asB0

1/4

5188.1 MeV.
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value. This implies a considerably swollen nucleon~and hy-
perons! in the star matter; a detailed discussion of its con
quences is given later.

We now present a systematic comparison between
QMC and the QHD models for neutron star matter with th
coupling constants determined to reproduce the same s
nuclear matter saturation properties as given in Table II
Fig. 4, the baryon effective massesmB* /mB as a function of
densitynB are displayed for the models QHDII~thin lines!
and QMCII ~thick lines!. It is seen that at low and modera
densities, themB* ’s for the two models are in good agree
ment, this is not surprising as both the models are calibra
to the same properties at nuclear matter densities. At hig
densities, especially when hyperons start to populate~at nB
'0.38 fm23), the effective masses are rather distinct in t
two models. The pure scalar and vector field strengths
shown in Fig. 5 as a function of density for the mode
QMCII ~top panel! and QHDII ~bottom panel!. The poten-
tials for a given baryon species are obtained by multiply
them with the corresponding coupling constants listed
Table II; for the scalar fields these couplings are howe
density dependent for QMCII. A careful examination of Fi
5 indicates that the values of the fields and potentials forv in
the two models are nearly identical over the entire den
range. On the other hand, at all densities thes field in
QMCII is larger than that in QHDII. However, the decrea
ing coupling constantgsN(s) with nB in the former model
causes the potentialUs5gsN(s)s to be the same as QHDI
at the normal nuclear matter density. This lead to the sa
saturation properties~binding energy and density! in the two
models. At densities higher than the normal nuclear ma
value,gsN(s) further decreases causing the potentialUs in

FIG. 3. The variation of bag radiusRB /R0 of the baryons as a
function of baryon densitynB in the models QMCI~thin lines! and
QMCII ~thick lines!. The free space bag radiusR0 for different
baryons are given in Table I.
2-8
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FIG. 4. The variation of effective massesmB* /mB of the baryons
as a function of baryon densitynB in the models QMCII~thick
lines! and QHDII ~thin lines!.

FIG. 5. The mean meson fields and the electrochemical pote
versus the baryon densitynB for the models QMCII~top panel! and
QHDII ~bottom panel!.
01580
QMCII to saturate earlier than QHDII. In other words, th
scalar density factorCN(s) @see Eqs.~15! and ~20!# in
QMCII decreases with increasinggs

qs ~or nB) as quarks in
the medium become more relativistic@20,29#. As a conse-
quence, the drop in the nucleon effective mass relative to
free space value in QMCII is smaller than that in QHD
Clearly at high densities the quark substructure of
nucleon plays a crucial role in QMC model. This feature
larger effective masses in QMCII is more evident for t
hyperons. This is because of a smaller value of the attrac
scalar fields* ~see Fig. 5! and a decreasing in-medium cou
pling constantgs* B(s* ) results in a much smaller potentia
Us* 5gs* B(s* )s* for QMCII compared to that in QHDII.
The effect is most pronounced forJ having two strange
quarks. We have observed similar qualitative differences
models I, i.e., between QMCI and QHDI. However, the d
tinction in mB* for hyperons in the two models is not s
profound as they lack thes* meson. This indicates the im
portance of the strange mesons (s* ,f) which helps in re-
vealing more clearly the quark structure of the baryons
high densities in the QMCII model as compared to the str
tureless baryons inherent in the QHDII model.

Having investigated the crucial role played by quarks co
fined within the baryons at high densities, we shall now co
sider whether the QMC model based on nonoverlapping b
can at all be extended to densities appropriate to neutron
interior. As is evident from Fig. 3, at rather large densiti
the increasing bag radius implies considerable overlapp
between the bags and the nonoverlapping bag picture
nuclear matter may break down because the effects of sh
range correlations among the quarks which should be a
ciated with the overlap of hadrons areexplicitly neglected in
the quark-meson coupling model. We observe, however,
in the present QMC model the physical observables for
stance the effective masses, fields and therefore the equa
of state~see Fig. 7! indicate a smooth and continuous beha
ior from low to very high densities without any dramat
discontinuity. Any deviation at the high density regime fro
the QHD results may be interpreted as the interesting eff
due to quark structure of the baryons only. This is in con
nance with the argument put forward@40# that the physical
observables do not depend on the bag radius. On contrar
the original QMC model with bag fixed at the free spa
value, the observables were found@39# to differ drastically
from QHD results with large discontinuities. Moreover, s
lutions in that version of QMC model cease to exist abo
nB'4.92n0 since the eigenvaluexq in Eq. ~2! vanishes. This
indicates that by using a density-dependent bag cons
through direct coupling to the scalar field, the QMC mod
not only reproduces the correct spin-orbit potential but p
sibly also includes the effects of quark-quark correlatio
associated with overlapping bags which was missing in
original QMC model. A possible explanation to this ma
follow from an alternative approach inspired by effecti
field theories. In this theory the constraint of renormalizab
ity of the hadronic Lagrangian is abandoned@37,38# which
allows to introduce higher order meson self-interaction~i.e.,
orders higher than the quartic scalar interaction! consistent
with the underlying symmetries of QCD. By a suitable tru

ial
2-9
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PAL, HANAUSKE, ZAKOUT, STÖCKER, AND GREINER PHYSICAL REVIEW C60 015802
cation at some low orders of the fields, it was argued@37#
that by allowing nonlinearities in the meson fields that ge
erate additional density dependence in the interactions,
important effects of correlations~and exchange! between the
nucleons beyond the simple Hartree contributions are a
matically included. Thus, one can include many body effe
beyond the simple Hartree level even though only class
meson fields and local interactions are retained.

In the context of QMC model, as demonstrated in t
paper and also in Ref.@39#, an exponential dependence
bag constantBB on s ~ands* ) is equivalent to scalar self
interactions of infinite orders, of course each term is sma
by a factor;(gv8

B/mB) than its preceding one@see Eq.~11!#.
Hence these higher order self-interaction terms possibly
clude ~implicitly ! the effects of quark-quark correlations
high densities providing a nondiscontinuity in the physic
observables, unlike the original version of the QMC mod
with constant bag. This suggests that in a QMC model w
bag constant coupled to the scalar field, one can in princ
extrapolate to high densities to explore the neutron star p
erties.

IV. COMPOSITION AND STRUCTURE OF NEUTRON
STAR MATTER

In this section the constitution and structure of sta
charge neutral~neutron star! matter in the supernuclear den
sity regime are presented in the QMC and QHD models
Fig. 6 the abundances of baryons and leptons as a functio
density in the star matter are shown for the models QM
~top panel! and QHDII ~bottom panel!. At densities slightly
below the nuclear matter value, theb decay of neutrons to
muons are allowed, and thus muons start to populate.
charge neutrality of a star forces a high isospin asymmetr
both the electron chemical potentialme and ther field, r03,
grow at low density as evident from Fig. 5. Although ther
field is very small and never exceeds218 MeV, its correct
determination from symmetry energy is of utmost impo
tance as it determines the proton fraction. It was dem
strated@41# that for anpe system rapid cooling by nucleo
direct URCA process is allowed by the momentum cons
vation conditionkp1ke>kn which corresponds to a proto
fraction Yp>0.11. In both the models used here this con
tion is satisfied at densitiesnB>0.28 fm23 thus rapid cool-
ing by direct URCA process can occur. In the absence of
hyperons, the charge neutrality condition forces the pro
~and lepton! fractions to continuously increase with dens
in these relativistic mean field models. Thus once the thre
old density for cooling by direct URCA process is achieve
it would persist up to the center of such stars. In contrast,
decreasing symmetry energy at high densities in the non
ativistic models would limit cooling near the central regio
of massive stars. The symmetry energy also determines
hyperon production threshold density obtained by the con
tion mB5mn2qBme>«B(k50), where the energy eigen
value «B is given by Eq.~24!. Consequently the threshol
density for a hyperon species is determined by its charge
effective mass and by all the fields present in the system
expected, theL with mass 1116 MeV andS2 with a mass
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1193 MeV appear at roughly the same densitynB

'0.38 fm23, because the somewhat larger mass ofS2 is
compensated by its negative charge. Since charge neutr
can now occur more economically byS2, the lepton fraction
begins to fall. The electron chemical potential~see Fig. 5!
then saturates around 200 MeV and subsequently decre
with increasingS2 population. More massive and positive
charged particles than these appear at high densities.
substantial reduction in the effective mass ofJ in QHDII ~as
shown in Fig. 4! is manifested by a relatively early appea
ance ofJ2 and J0 and their larger abundances in the s
compared to that in QMCII. The enhancedJ2 production in
turn causes a further rapid decrease of the lepton fractio
QHDII. At high densities, all the baryons tend to satura
with the abundance ofL being maximum, even exceedin
the number of neutrons. Because of the fast growth of
hyperons and their comparable abundances with the nu
ons, the dense interior of a star resembles more a hyp
star than a neutron star. The net strangeness fraction for
in the model QHDII is slightly enhanced due to largerJ
abundance than that in QMCII. In contrast to purenpestars,
the proton fraction here reaches maximum value once
hyperons (S,L) start populating and thereafter it saturates
the level of 20%. Therefore rapid cooling by nucleon dire
URCA process can still occur in these stars. Since the crit
density of nucleon direct URCA process is nearly identica
the hyperon threshold density, and the emmisivities from

FIG. 6. The composition of neutron star matter with hyperons
the models QMCII~top panel! and QHDII ~bottom panel!.
2-10
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NEUTRON STAR PROPERTIES IN THE QUARK-MESON . . . PHYSICAL REVIEW C60 015802
hyperon direct URCA processes are about 5–100 tim
smaller than that from the nucleons@42#, the stars cooling by
direct URCA process is dominated by nucleons—the hyp
ons would only have a minor contribution to it. In the mode
QMCI and QHDI, the effective masses of the hyperons a
the potentials are, however, found to be almost identi
hence the composition of the stars in model I were found
be practically indistinguishable.

The equation of state, pressureP versus the energy den
sity « is displayed in Fig. 7 for the different models studie
here. The EOS for nucleons only (np) star shown for the
QMC model ~solid line! is found to be considerably stiff
Since the corresponding EOS in the QHD model is found
be nearly identical we do not present the result for clarity.
high densities when the Fermi energy of nucleons exce
the effective mass of hyperons minus their associated in
action energy, the conversion of nucleons to hyperons is
ergetically favorable. Since this conversion relieves
Fermi pressure of the nucleons, the equation of state is s
ened. This effect is further accentuated by the decrease o
pressure exerted by leptons because of their replaceme
negatively charged hyperons in maintaining charge neutra
more efficiently. The EOS for nucleons plus hypero
(npH) system for both the models I and II are shown in t
figure; the thick lines refer to QMC results while the th
lines correspond to QHD. Several structures observed in
equation of state correspond to the densities at which dif
ent hyperon species begins to populate. In model I~shown by
dashed lines!, the EOS in QMCI is found to be softer com
pared to QHDI. In this situation the vector fields (v,r) and
the effective hyperon masses are found to be same in the
models, only the scalar fields and the effective mass o

FIG. 7. The equation of state, pressureP vs energy density« for
nucleons only (np) star ~solid line! in the QMC model, and for
stars with further inclusion of hyperons (npH) in models I~dashed
lines! and in models II~dash-dotted! lines. The results are for QMC
models~thick lines! and QHD models~thin lines!. The causal limit
(P5«) is also shown.
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nucleons in QMCI is somewhat larger than QHDI. This r
sults in the QMCI a larger contribution from the scalar a
traction and a smaller one from the repulsive kinetic term
nucleons to the pressure@Eq. ~26!# leading to a softened
EOS. With the inclusion of strange mesons, the effect
masses of hyperons also undergo significant reduction~see
Fig. 1! while, in general, the contribution from the repulsiv
f field dominates over the attraction froms* field. The net
effect is thus a stiffer EOS in model II~shown by dash-
dotted lines! in contrast to model I. As evident from Figs.
and 5, the combined effects of enhanced effective mas
considerably large repulsivef field and smaller attraction
from s* field act in increasing the pressure in QMCII com
pared to QHDII. This entails a pronounced stiffening wi
the EOS for QMCII being even stiffer relative to QHDI
Thus by including the strange mesons, a complete revers
behavior occurs for the equation of state in QMC and QH
models which should have a significant bearing on the str
ture of the stars. For comparison, the causal limitp5« is
also shown in the figure. All the relativistic models studi
here respect causality condition]p/]«<1 so that the speed
of sound remains lower than the speed of light.

An important parameter describing the equations of s
is the adiabatic indexG5dlnP/dlnnB5(P1«)/P•dP/d«. In
Newtonian theory it is possible to find a stable hydrosta
configuration for a spherical mass distribution if the ad
batic index exceeds 4/3@43#, and when general relativity is
included it slightly exceeds this value@44#. Figure 8 shows
the adiabatic indexG versus the energy density« for differ-
ent equations of state. At densities below the nuclear ma
value, G could have very small values since most of t
pressure support for the star originates from the electrons

FIG. 8. The adiabatic indexG vs the energy density« for nucle-
ons only (np) star~solid lines!, and for stars with further inclusion
of hyperons (npH) in models I ~dashed lines! and in models II
~dash-dotted! lines. The results are for QMC models~thick lines!
and QHD models~thin lines!.
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nuclear phase has a negative contribution to pressure
densities greater than aboutn0, the EOS stiffens andG is
significantly greater than 4/3. With the appearance of hyp
ons, the softening of the EOS is manifested by the consi
able lowering of the adiabatic index. The several structu
observed in the EOS corresponding to the population of
perons at the threshold densities is clearly evident in Fig
The adiabatic index drops at each density when a new
peron species is populated.

The differences in the EOS at high densities are expe
to be reflected in the structure of the neutron stars, nam
their masses and radii. The static neutron star sequences
resenting the stellar massesM /M ( and the corresponding
central energy densities«c obtained by solving the Tolman
Oppenheimer-Volkoff equations@45# are shown in Fig. 9 for
different equations of state. In general, such a sequence
ses a minimum mass below which gravitational attraction

FIG. 9. The neutron star sequences near the limiting mass
nucleons only (np) star ~solid lines! and for stars with further in-
clusion of hyperons (npH) in the model II~dash-dotted lines!. The
results are for the models QMC~thick lines! and QHD~thin lines!.
The filled circles correspond to the maximum masses.
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not sufficient against the radial oscillations that destroy th
configurations by dispersal. On the other hand, a maxim
mass of the sequence exits beyond which the pressure
port from the EOS is insufficient against the strong gravi
tional attraction. Stars beyond this mass are unstable
acoustical radial vibrations and thereby collapse to a bl
hole. The crustal region has a negligible contributi
(;1025M () to the total mass of a star, while most of th
mass originates from the dense interior beyond the satura
density. Thus mass measurements may provide conside
insight into the interior constitution of a star. For the n
system, the extremely stiff EOS corresponds to a large Fe
pressure and hence can sustain large limiting mass.
maximum masses for such np stars in the QMC mode
Mmax51.988M ( , while a relatively softer EOS in the cor
responding QHD model results inMmax51.962M ( . In
Table III, the maximum masses and the corresponding r
RMmax

and central baryonic densitiesnc are presented. In Fig
10, we also show the mass-radius relationship of the dif
ent EOS. With the inclusion of more baryon species in
form of hyperons, the considerable softening of the E
results in relatively much smaller mass stars. Since
QMCI model has a much softer EOS than QHDI, theMmax
values are 1.478M ( and 1.488M ( , respectively; the star
sequence and the mass-radius relationship in these mo
are not shown in the figures for clarity. The larger radii o
tained in stars with hyperonization are a consequence
weaker gravitational attraction from the smaller masses
causes the stars to be large and diffuse. Compared to
mass of a star where the contribution is primarily from b
yond the saturation density, about 40% of the star’s rad
originates from the EOS atnB&n0. Consequently, radius
measurements should be rather insensitive to the chang
the EOS due to quark structure of baryons or to the inte
constitution of the star. In fact, no precise radius measu
ments currently exist. The star sequences and the m
radius relationships in model II are shown in Figs. 9 and
respectively. The reversal in behavior observed in the E
with the addition of strange mesons, i.e., the EOS is stiffe
QMCII than QHDII, is manifested in the maximum mass
and the corresponding radii for such stars. For all the ca
studied here, the maximum masses of the stars are foun
be larger than the current observational lower limit

or
ons

1
1
9

TABLE III. The maximum massesMmax/M ( of nonrotating stars and their corresponding radiiRMmax

and central densitiesnc in the models QMC and QHD. The Keplerian frequencyVmax for the respective
rotating configurations are obtained from the relationVmax57750(Mmax/M ()1/2(RMmax

/10 km)23/2 s21.
Results are for stars with only nucleons (np); stars with further inclusion of hyperons (npH) in the model
I where the interaction is mediated by (s,v,r) mesons, and stars in model II where the additional mes
(s* ,f) are included.

QMC QHD
Mmax/M ( RMmax

nc Vmax Mmax/M ( RMmax
nc Vmax

~km! ( f m23) (103 s21) ~km! (fm23) (103 s21)

np 1.988 10.632 1.102 9.969 1.962 10.561 1.110 10.00
npH ~model I! 1.478 11.242 0.965 7.904 1.488 11.092 0.999 8.09
npH ~model II! 1.539 10.823 1.096 8.538 1.491 11.040 1.022 8.15
2-12
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1.44M ( imposed by the larger mass of the binary puls
PSR 19131 16 @46#. When hyperons are included, the ce
tral densities reached for all the stars above this lower m
limit suggest that the inner cores of these stars are rich
hyperons.

Constraints on the high density EOS can be derived fr
the measurement of the absolute upper limit to the rota
velocity Vmax of a neutron star. This is possible because
maximum angular velocity of rotating neutron stars, in ge
eral, is an increasing function of the softness of the E
which corresponds to more compact stars with high cen
densities and smaller equatorial radius. The maximum r
tion rate of a neutron star is determined by the condition t
the equatorial surface velocity equals the Kepler
velocity—the orbital velocity of a particle at the equator.
the Keplerian frequency, the rotating star is unstable w
respect to mass shedding from the equator. In reality,
rotation may be more severely limited by gravitational rad
tion instability to nonaxisymmetric perturbations@47#. How-
ever, this instability has been later shown to be stabilized
the existence of the viscosity of stars at homogeneous
sity @48#. Therefore, the Keplerian rate may be considered
a reasonable estimate of the maximum rotation rate of a n
tron star. The calculation of the Keplerian velocity for
given EOS is quite involved and has to be performed w
full general relativity. On the other hand, a precise univer
empirical formula was found by Haensel and Zdunik@49# for
the maximum angular frequencyVmax for rigid rotation in
terms of maximum mass and radius of a nonrotating star
a given EOS:

Vmax5CV~Mmax/M (!1/2~RMmax
/10 km!23/2 s21,

FIG. 10. The mass-radius relation for neutron star sequen
near the limiting mass for nucleons only (np) star~solid lines! and
for stars with further inclusion of hyperons (npH) in the model II
~dash-dotted lines!. The results are for the models QMC~thick
lines! and QHD~thin lines!. The filled circles represent the max
mum masses.
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where Mmax and RMmax
are the maximum mass and corr

sponding radius of the nonrotating star. The dimensionl
phenomenological constant independent of the EOS
found @49# to beCV57750. Later calculations within the ful
framework of general relativity have shown@50# that this
formula has an accuracy better than 5% for a wide range
realistic EOS which are both causal and stiff enough to s
port observed maximum massMmax51.44M ( . Since rota-
tional energy stabilize a star, the most massive rotating
has more mass and radius than the maximum mass an
dius of the corresponding nonrotating star. For our pres
equations of state, the Keplerian frequencies obtained by
ing the above formula are given in Table III for the respe
tive rotating stars. It is observed thatVmax closely follow the
trend of the masses~and radii! of different models with the
nucleons only star having the largest rotation rate and s
with hyperons in model I are the slowest. As mention
above, this may be attributed to the smallest mass
thereby largest radius due to small gravitational attraction
the softest equation of state and vice versa.

V. SUMMARY AND CONCLUSION

In this paper we have investigated the effects of the in
nal quark structure of baryons on the neutron star proper
within the relativistic mean-field quark-meson couplin
model. This model describes baryons as nonoverlapp
MIT bags in which the quarks interact through scalar a
vector mean fields. Before any reliable prediction of t
quark structure effects on neutron star properties at high d
sities can be made, it is essential that the QMC model rep
duces at around nuclear matter densities the results of m
established quantum hadrodynamics model where the
evant degrees of freedom are the structureless baryons. I
original QMC model, the bag constant was fixed at the f
space value as a consequence of which the model pre
much smaller attractive scalar potential and hence sma
spin-orbit potential compared to the experimental results
that obtained in the QHD model. By considering a mediu
~density-! dependent bag constant parametrized through
rect coupling to the scalar field, correct spin-orbit splittin
was observed. Moreover, this medium modified QMC mo
is found to be in excellent agreement with the low and mo
erate density results of QHD model with a general nonlin
scalar potential when both the models are calibrated to p
duce the same nuclear matter saturation properties. This
proved fit is obtained by employing a bag constant which
a decreasing function of density, which however implies
increasing bag radius. We are therefore faced with the pr
lem that due to the increasing bag radius and thereby o
lapping bags the QMC model may not be applicable at
high density regime relevant to central densities of mass
stars. A natural test of the reliability of the model at hig
densities then lies in the fact that the equation of state sho
be well-behaved and continuous when extrapolated to
extremes of density. Indeed, we have found that the phys
observables exhibit reasonable behavior without any disc
tinuity at high densities up tonB'10n0 studied here. The
deviation of the results observed at high densities in the

es
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effective field theoretical models, the QMC and QHD, w
different underlying basic constituents may be interpreted
primarily arising from the crucial effects of the quark stru
ture. The original version of the QMC model, where t
important effect of quark-quark correlation associated w
overlapping bags is neglected, exhibited discontinuity a
therefore could not be extrapolated to high densities. A dir
coupling of the bag constant to the scalar field is equiva
to higher powers of~nonlinear! scalar interactions. Accord
ing to the modern viewpoint of effective field theory, high
order meson interaction includes the effect of correlatio
Therefore, by employing a medium-~scalar-field-! dependent
bag constant, we not only could reproduce the correct sc
potential but could also mimic the quark-quark correlatio
leading to a well-behaved EOS at high densities.

We have included two additional~hidden! strange mesons
which couple only to strange quarks in a baryon bag in
QMC model and to hyperons in the QHD model. The rath
strong hyperon-hyperon interaction can be accounted
these mesons. The coupling constants of the quarks and
perons have been fixed by SU~6! symmetry relations base
on quark-counting argument. The strange mesons are fo
to have considerable influence on the composition and st
ture of neutron star matter with hyperons. In absence of th
mesons, the model QMCI exhibits softer EOS with sma
maximum mass star and larger corresponding radii than
in QHDI. With the inclusion of strange mesons, the ad
tional attraction imparted by the scalar mesons* causes a
drop in the effective masses of hyperons, the decrease b
er

e
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determined by the number of strange quarks in the baryo
However, the two mesons (s* ,f) has an overall repulsive
effect so that the EOS in the model II is stiffer compared
model I without the strange mesons. The repulsion is ma
mum in QMCII because of the decreasing in-medium sca
baryon coupling constant and smaller scalar fields* than in
QHDII. Consequently, the EOS in QMCII is significantl
stiffened~and even stiffer than QHDI! with relatively larger
maximum mass star and corresponding smaller radius.
observed in previous studies, the EOS is found to be con
erably softened by incorporating hyperons as the new
grees of freedom which appear atnB'2n0. The center of
massive stars are found with comparable abundance of
perons and nucleons; the strangeness fraction of star
QMC models are relatively higher than in QHD models b
cause of enhancedJ production. Rapid cooling by direc
URCA process of all these stars are found to be domina
by nucleons due to large proton fraction (Yp>0.15), the hy-
perons add only;5% to this more dominant process.
therefore seems difficult to differentiate stars in the differe
models studied here with and without hyperons by a ra
cooling procedure.
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