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Finite temperature neutron matter and rotating neutron stars
in the quark meson coupling model
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A mean-field description of nonoverlaping nucleon bags bound by the self-consistent exchange ofs, v, and
r mesons is used to investigate the properties of neutron matter at finite temperature. We use the equation of
state of zero temperature to study the rotating neutron star in the Komatsu-Eriguchi-Hachisu method. The
mass, radius, and angular velocity of the neutron star are calculated and compared with the Walecka model.
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In the last 50 years, numerous calculations have been
ried out to study the properties of dense nuclear and neu
matter with varying degrees of success. Most of these stu
attempted to describe the nuclear matter properties u
only the nucleonic degrees of freedom with different form
of realistic and semirealistic nuclear potentials. In rec
years, there has been considerable interest in relativistic
culations. The simplest and probably the best known rela
istic model is the Walecka model@1# which consists of struc-
tureless nucleons interacting through the exchange ofs and
v mesons in the mean-field approximation. Later Serot
Walecka@2# extended the model to incorporate the isovec
mesonr. The above meson theory@3# has been quite suc
cessful in describing the properties of nuclear matter as w
as finite nuclei using only the hadronic degrees of freedo

While descriptions of the nuclear phenomena have b
efficiently formulated using hadronic degrees of freedo
there have been interesting observations such as the E
effect @4#, which reveal the medium modification of the in
ternal structure of the nucleon. This necessitates models
incorporate quark-gluon degrees of freedom. Recentl
quark meson coupling model has been proposed by Guic
@5# for the description of the nuclear matter incorporating
quark degrees of freedom. In this model, nuclear matter c
sists of nonoverlapping MIT bags bound by the se
consistent exchange of scalar (s) and vector (v) mesons.
This model has been extensively used to study the prope
of infinite nuclear and neutron matter@6–8# and finite nuclei
@9#. It has also been used to study in-medium kaon and
tikaon properties@10#, hypernuclei@11#, and structure func-
tions of finite nuclei@12#.

Recently this model has been generalized to finite te
perature taking a medium-dependent bag parameter@13#. In
this generalized model, only symmetric nuclar matter h
been considered and hence the interaction of quarks thro
the exchange of scalar (s) and vector (v) mesons have bee
considered. We now extend this model to neutron matte
different temperatures. Now we have to include the con
bution of the isovector mesonr in addition to thes andv

*Electronic address: prafulla@iiap.ernet.in
0556-2813/99/60~3!/038801~4!/$15.00 60 0388
ar-
on
es
ng

t
al-
-

d
r

ll
.
n
,
C

at
a
on
e
n-
-

es

n-

-

s
gh

at
i-

mesons. As described above, the neutron matter at zero
perature has already been considered by Saito and Tho
within the framework of the quark meson coupling mod
@6#. Here we study the effect of temperature on the equa
of state of neutron matter with a density-dependent bag
rameter.

Another motivation for studying the neutron matter is t
possible extension to the study of the neutron star. A neu
star at the time of birth is composed of supernova matte
high temperature. Afterwards, this newborn neutron sta
cooled down by the neutrino diffusion process. With
10–20 s, it evolves into a usual cold neutron star. Henc
would be quite interesting to study the neutron star at z
temperature within the quark meson coupling model. H
the zero-temperature equation of state of pure neutron m
is used for neutron star calculation. One should also cons
the rotation of the neutron star using the same.

The details of the QMC model have been given in R
@13#. Since we now include ther meson, we give here a few
important steps for completeness.

In this model, the nucleon in nuclear matter is assumed
be described by a static MIT bag in which quarks inter
with the scalar (s), the vector (v), and the isovector (r)
mesons, which are treated as classical in a mean-field
proximation. The quark fieldcq(r ,t) inside the bag then sat
isfies the equation

F igW •]W2~mq
02Vs!2g0S Vv1

1

2
t3qVrD Gcq~r ,t !50, ~1!

whereVs5gs
qs, Vv5gv

q v and Vr5gr
qR03 with s, v, and

R03 are the mean meson fields.gs
q , gv

q , andgr
q are the quark

couplings with thes, v, andr mesons, respectively.mq
0 is

the current quark mass andt3q is the third component of the
Pauli matrices. Hereq5u or d quarks only.

The normalized ground state for a quark~in an s state! in
the bag is given as

cq~rW,t !5N expS 2 i
eqt

R D S j 0~xr/R!

ibqsW • r̂ j 1~xr/R!
D xq

A4p
. ~2!
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At finite temperatures, the quarks inside the bag can
thermally excited to higher angular momentum states. Ho
ever, for simplicity, we shall still assume the bag describ
the nucleon to be spherical with radiusR which is now tem-
perature dependent.

The single-particle quark and antiquark energies in u
of R21 are given as

eq
nk5Vq

nk1RS Vv6
1

2
VrD , for S u

dD quarks, ~3a!

e q̄
nk

5Vq
nk2RS Vv6

1

2
VrD , for S u

dD quarks, ~3b!

where

Vq
nk5~xnk

2 1R2mq*
2!1/2, ~4!

mq* 5mq
02gs

qs is the effective quark mass. The bounda
condition at the bag surface determines the quark momen
xnk in the state characterized by specific values ofn andk.

The total energy density at finite temperatureT and at
finite baryon densityrB is

e5
g

~2p!3E d3kAk21MN*
2~ f B1 f̄ B!1

gv
2

2mv
2

rB
21

1

2
ms

2s2

1
gr

2

8mr
2
r3

2 , ~5!

whereg is the degeneracy factor~2 for neutron matter and 4
for symmetric nuclear matter!, f B and f̄ B are the thermal
distribution functions for the baryons and antibaryons,

f B5
1

e[ e* (k)2mB* ]/T11
and f̄ B5

1

e[ e* (k)1mB* ]/T11
~6!

with e* (k)5(k21MN*
2)1/2 the effective nucleon energy an

mB* 5mB2gvv2 1
2 grR03 the effective baryon chemical po

tential. MN* is the effective nucleon mass. We have su
stracted the spurious zero-point energy as described in
@13#. The proton or neutron density

rp/n5
2

~2p!3E d3k~ f B2 f̄ B!. ~7!

Here r3 is the difference between the proton and neut
densities, i.e., (rp2rn) and the baryon density isrp1rn .
The pressure reduces to the familiar expression@14#

P5
g

3

1

~2p!3E d3k
k2

e* ~k!
~ f B1 f̄ B!1

gv
2

2mv
2

rB
21

gr
2

8mr
2
r3

2

2
1

2
ms

2s2. ~8!
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At finite temperatures and for a givenmB , the effective
nucleon mass is known for given values of the meson fie
once the bag radiusR and the quark chemical potentialmq
are calculated@13#.

The calculation of the neutron star@15# is then performed
using the tabulated zero-temperature equation of state
tained above within our QMC model. The star is assumed
be rapidly rotating, relativistic, and compact. The details
the model are given by Kamatsuet al. @16# @Komatsu-
Eriguchi-Hachisu~KEH! method# and Cooket al. @17#. For
completeness, a few important steps are outlined below.

The stars are assumed to be stationarily rotating
hence have axially, equatorially symmetric structures. T
metric can be written in spherical coordinates (t, r, u, f)

ds252e2ndt21e2a~dr21r 2du2!

1e2br 2sin2u~df2vdt!2, ~9!

wherea, b, n andv are the potentials which depend on
on r andu. The geometrized unitsc andG have been set to
unity. The stellar matter is assumed to be a perfect fluid
that the energy momentum tensorTab is given by

Tab5~e1P!UaUb1Pgab, ~10!

where e, P, Ua, and gab are the energy density, pressur
four velocity, and metric tensor, respectively. It is furth
assumed that the four velocityUa is simply a linear combi-
nation of the time and angular Killing vectors. The Einste
equations forn, b, andv are written as

D@reg/2#5Sr~r ,m!, ~11!

S D1
1

r

]

]r
2

1

r 2
m

]

]m D geg/25Sg~r ,m!, ~12!

S D1
2

r

]

]r
2

2

r 2
m

]

]m D ve(g22r)/25Sv~r ,m!, ~13!

where

D5
]2

]r 2
1

2

r

]

]r
1

1

r 2

]2

]u2
1

1

r 2
cotu

]

]u
1

1

r 2sin2u

]2

]f2
,

~14!

g5b1n, ~15!

r5n2b. ~16!

The detailed expressions for the source termsSr , Sg , and
Sv are given in@16#. The above differential equations can b
transformed into an integral representation so as to enab
to handle boundary conditions in a much easier manner.
ing a three-dimensional Green’s function and introducing
lindrical coordinatesv̄5r sinu and z5r cosu, the integral
equations are given as
1-2
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r52 (
n50

`

e2g/2E
0

`

dr8E
0

1

dm8r 82f 2n
2

3~r ,r 8!P2n~m!P2n~m8!Sr~r 8,m8!, ~17!

r sinug52
2

p
e2g/2(

n51

` E
0

`

dr8

3E
0

1

dm8r 82f 2n21
1 ~r ,r 8!

1

2n21

3sin~2n21!u sin~2n21!u8Sg~r 8,m8!,

~18!

r sinuv52 (
n51

`

e(2r2g)/2E
0

`

dr8E
0

1

dm8r 83sinu8

3 f 2n21
2 ~r ,r 8!

1

2n~2n21!
P2n21

1 ~m!

3P2n21
1 ~m8!Sv~r 8,m8!. ~19!

Here Pn is the Legendre polynomial,Pn
m is the associated

Legendre function. The expressions forf n
1(r ,r 8) and

f n
2(r ,r 8) are given in@16#. The expression for the potentiala

is also given in Ref.@16#. Thus the calculation involves solv
ing the four field equations forr, g, v, anda.

We assume the bag constant to be density dependen
to be of the form

B5B0expS 2
4gs

Bs

MN
D ~20!

with gs
B as a parameter. Forgs

q51, the values of the vecto
meson coupling and the parametergs

B are obtained by fitting
the saturation properties of nuclear matter@7# and asymmetry
energy and are given asgv

2 /4p55.24, gr
2/4p54.91, and

(gs
B)2/4p53.69. The calculation at finite temperature pr

ceeds in the following steps. For a given value of tempe
ture and neutron chemical potentialmn , the thermodynamic
potential is obtained in terms of the effective nucleon m
which depends on the bag radiusR, the quark chemical po
tential mq , and the mean fieldss,v. For given values ofs
and v, the bag radius and the quark chemical potential
determined@13#, respectively. The value of thes mean field
is determined by minimizing the thermodynamic potentialV
with v determined from the self-consistency calculation.

In our calculation for neutron matter withoutr-meson
coupling, we get a shallow bound state of neutron matte
we introduce ther-meson coupling, the neutron matter b
comes unbound. Similar results were obtained by Saito
Thomas@6# in their calculation of neutron matter within the
quark meson coupling model. Thus ther-meson plays an
important role in the neutron equation of state.

In Fig. 1, we plot pressure against density at differe
temperatures for pure neutron matter. We have included
contribution of ther meson. As the temperature increas
03880
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the equation of state becomes stiffer. The pressure ha
nonzero value for zero baryon density at and aboveT
5200 MeV. This implies that the pressure has a contrib
tion arising from the thermal distribution functions for bar
ons and antibaryons as well as from the nonzero value for
s field. Similar results were also obtained by Pandaet al.
@13# for symmetric nuclear matter. The Walecka model@18#
has also been observed to give a nonzero value for the s
s field. The entropy density for neutron matter is similar
the symmetric nuclear matter case@13#.

We next proceed to calculate the properties of a rapi
rotating neutron star using the QMC equation of state at z
temperature obtained for neutron matter. In Fig. 2, we p
the radius of the neutron star as a function of its mass for
static case. We have also plotted the result obtained from
Walecka model. We find that the QMC model gives a ma
mum stable mass at 2.1M ( . However, the Walecka mode
gives the stable mass at 2.6M ( . The radius of the neutron
star corresponding to the above maximum stable mas
11.5 and 13.3 Km, respectively. In Fig. 3, the angular vel

FIG. 1. The pressure for neutron matter as a function of
baryon densityrB for various values of temperature showing a
increase with temperature~including ther-meson contribution!.

FIG. 2. The radius versus mass~static case! of the neutron star
for the Walecka model~dashed line! and the QMC model~solid
line!.
1-3
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ity of the neutron star is plotted as a function of its ma
Walecka model predictions are also given for comparisio

We have tried to describe the properties of the neut
matter and neutron star within the quark meson coup
model. We assume the quarks to be bound inside nono
lapping MIT bags and interacting through the exchange
scalar (s), vector (v), and isovectorr mesons within the
mean-field approximation. We assume the bag constant t
density dependent. We have performed the calculation
neutron matter at zero temperature and at finite tempera
T550, 100, 150, 200, and 250 MeV. We find that the ne
tron matter atT50 MeV shows a shallow bound state if w
do not include the effect of ther meson. The neutron matte

FIG. 3. The angular velocity versus mass of the neutron star
the Walecka model~dashed line! and the QMC model~solid line!.
.
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becomes unbound after introducing ther-meson contribu-
tion. Thus we find ther-meson plays a very important role
Similar results were also obtained by Saito and Thomas@6#.
Hence we have included ther-meson interaction in our sub
sequent calculations. We find that atT>200 MeV, pressure
has a nonzero value at vanishing density, similar to the re
obtained by Pandaet al. @13#. The Walecka model also give
a similar result@18#.

We then apply the equation of state obtained for neut
matter at zero temperature to calculate the mass, radius,
angular velocity of the neutron star in the KEH method. W
obtain results similar to the other relativistic and nonrelat
istic calculations. For example, we obtain the maximu
stable mass at 2.1M ( corresponding to the radius 11.5 km
We also compare the results obtained from the Wale
equation of state.

Thus starting from quark and meson degrees of freed
the calculated neutron matter equation of state gives a g
description of neutron star properties.
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