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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 exchahge ahd
p 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 camesons. As described above, the neutron matter at zero tem-
ried out to study the properties of dense nuclear and neutrgperature has already been considered by Saito and Thomas
matter with varying degrees of success. Most of these studiegithin the framework of the quark meson coupling model
attempted to describe the nuclear matter properties usind]- Here we study the effect of temperature on the equation
only the nucleonic degrees of freedom with different formsof state of neutron matter with a density-dependent bag pa-
of realistic and semirealistic nuclear potentials. In recenfameter.
years, there has been considerable interest in relativistic cal- Another motivation for studying the neutron matter is the
culations. The simplest and probably the best known relativPossible ext_ensmn t(_) the_z study of the neutron star. A neutron
istic model is the Walecka modEd] which consists of struc- Star at the time of birth is composed of supernova matter at
tureless nucleons interacting through the exchange ahd high temperature. Afterward§, th|§ neyvborn neutron star is
® mesons in the mean-field approximation. Later Serot an 80|§g dqwn t|>y th_e neutrmol d|f1;33|on process. W'thm.
Walecka[2] extended the model to incorporate the isovector, S, It evolves |nt(_) a usual cold neutron star. Hence It

would be quite interesting to study the neutron star at zero

mesonp. The apqve meson the_o[;’&] has been quite suc- emperature within the quark meson coupling model. Here
cessful in describing the properties of nuclear matter as we

> N ) he zero-temperature equation of state of pure neutron matter

as finite nuclei using only the hadronic degrees of freedomg \;seq for neutron star calculation. One should also consider
_V\_/hlle descriptions of Fhe nuclear_ phenomena have beefhe rotation of the neutron star using the same.

efficiently formulated using hadronic degrees of freedom, The details of the QMC model have been given in Ref.

there have been interesting observations such as the EM@G3). Since we now include the meson, we give here a few

effect [4], which reveal the medium modification of the in- important steps for Comp|eteness_

ternal structure of the nucleon. This necessitates models that |n this model, the nucleon in nuclear matter is assumed to

incorporate quark-gluon degrees of freedom. Recently &e described by a static MIT bag in which quarks interact

quark meson coupling model has been proposed by Guichoith the scalar §), the vector ), and the isovector )

[5] for the description of the nuclear matter incorporating themesons, which are treated as classical in a mean-field ap-

quark degrees of freedom. In this model, nuclear matter conproximation. The quark fielgy(r,t) inside the bag then sat-

sists of nonoverlapping MIT bags bound by the self-isfies the equation

consistent exchange of scalar)(and vector ) mesons.

This model has been extensively used to study the properties

of infinite nuclear and neutron mattgg—8] and finite nuclei i{/-ﬁ—(mo—v )— 40

[9]. It has also been used to study in-medium kaon and an- a e

tikaon propertieg10], hypernuclei11], and structure func-

tions of finite nuclei 12]. .
Recently this model has been generalized to finite temiVhereV,=ggo, szggw.andvpzngRog V‘é'th o, w, and

perature taking a medium-dependent bag paranjégir In  Ros &re the mean meson fields; , g, andgy are the qéj"_"rk

this generalized model, only symmetric nuclar matter hagouplings with theo, , andp mesons, respectivelyn, is

been considered and hence the interaction of quarks throughe current quark mass and is the third component of the

the exchange of scalar§ and vector () mesons have been Pauli matrices. Herg=u or d quarks only.

considered. We now extend this model to neutron matter at The normalized ground state for a quaitk ans statg in

different temperatures. Now we have to include the contrithe bag is given as

bution of the isovector mesom in addition to theo and ©

1
Vot s quvp) } PYo(r,t)=0, (1)

Jo(F.0 =N p( 'eq)( e e
rit)y=Nexp —i—||. - ~. 7
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At finite temperatures, the quarks inside the bag can be At finite temperatures and for a givemng, the effective
thermally excited to higher angular momentum states. Hownucleon mass is known for given values of the meson fields
ever, for simplicity, we shall still assume the bag describingonce the bag radiuR and the quark chemical potential,
the nucleon to be spherical with radiRswhich is now tem-  are calculated13].

perature dependent. The calculation of the neutron stgi5] is then performed
The single-particle quark and antiquark energies in unitsising the tabulated zero-temperature equation of state ob-
of R™! are given as tained above within our QMC model. The star is assumed to

be rapidly rotating, relativistic, and compact. The details of
1 u the model are given by Kamatset al. [16] [Komatsu-
Vo EV ) for d quarks, (38  Eriguchi-HachisuKEH) method and Cooket al. [17]. For
completeness, a few important steps are outlined below.
1 u The stars are assumed to be station_arily rotating and
67 _Q”K (Vwi—Vp). for ( ) quarks, (3b)  hence have axially, equatorially symmetric structures. The
2 d metric can be written in spherical coordinatésn, 6, ¢)

Q”“+R

where ds?=—e?"dt?+e?¥(dr?+r?d6?)

O5“= (3, +R?m32)12, (4) +e?Ar?sif6(d ¢ — wdt)?, 9

mq —m —gdo is the effective quark mass. The boundarywherea, 8, v andw are the potentials which depend only

condition at the bag surface determines the quark momentu®n r and 6. The geometrized units andG have been set to

Xn, iN the state characterized by specific values @fnd «. unity. The stellar matter is assumed to be a perfect fluid so
The total energy density at finite temperatdfeand at  that the energy momentum tensBt® is given by

finite baryon densityyg is

TaP=(e+P)UUP+ P, (10)
1
3f d3kyk2+ M*Z(fB+fB)+ 2 pB+2m a? where e, P, U2, and g?® are the energy density, pressure,
(277) four velocity, and metric tensor, respectively. It is further
5 assumed that the four velocity? is simply a linear combi-
9 - (5) nation of the time and angular Killing vectors. The Einstein
8m2p3’ equations forv, B, andw are written as
where is the degeneracy fact¢2 for neutron matter and 4 A[pe"?]=S,(r,u), (1)
for symmetric nuclear mattgrfg and fg are the thermal
distribution functions for the baryons and antibaryons, 1o 1 9 /2
+ _—— — — —_— Yie—
(A L R Sy(r,u), (12)
f ! d fg ! 6
=—————— an =—
Bl (0 pglT 4 Bl gl Ty © 29 2 9 .
o et wel? 2P=g (r.u), (13
with €* (k) = (k>+ M} ?)Y2 the effective nucleon energy and
Mg‘:MB—gww—%ngog the effective baryon chemical po- \\here
tential. My, is the effective nucleon mass. We have sub-
stracted the spurious zero-point energy as described in Ref. 2 2 2
[13]. The proton or neutron density A J + 20 + L7 —F ! to J + ! J
. =—+-—= —cotf— —,
gr2 rar 2592 r2 0 r2sirt 0 a¢p?
(14
— 3 ra
pon=—— | @k(fa=To). @
(2m)° y=B+, (15)
Here p5 is the difference between the proton and neutron p=v—B. (16)

densities, i.e., g,—pn) and the baryon density ig,+ p,.

The pressure reduces to the familiar expresgich The detailed expressions for the source te@ys S,, and

S, are given in16]. The above differential equations can be

2 2 2 . . .
Y 3 90 9 transformed into an integral representation so as to enable us
P=5 (fg+fg)+ 2pB —p3 o . . )
3 (2m)3 €* (k) 2m 8m to handle boundary conditions in a much easier manner. Us
? ing a three-dimensional Green’s function and introducing cy-
_ lmzaz ®) lindrical coordinatesw=r sin# and z=r cos#, the integral
2 77 equations are given as
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FIG. 1. The pressure for neutron matter as a function of the
2 ' 1 baryon densitypg for various values of temperature showing an
Xt 1(r 1) 5—=—=+Pon_1(n) ; : ; ; -
2n(2n—1) increase with temperatu@cluding thep-meson contribution
1 ’ ’ ’
XPan-a(s)S(r, ). (19 the equation of state becomes stiffer. The pressure has a

. Cm . nonzero value for zero baryon density at and abdve
Here Py, is the Legendre polynomiaky is the associated =200 MeV. This implies that the pressure has a contribu-

L;agen,dre function. The ~expressions fi(r,r") and o arising from the thermal distribution functions for bary-
fa(r,r') are given in16]. The expression for the potential g and antibaryons as well as from the nonzero value for the
is also given in Ref{16]. Thus the calculation involves solv- ; fie|d. Similar results were also obtained by Paredal.

ing the four field equations fos, y, @, anda. [13] for symmetric nuclear matter. The Walecka mofisd]
We assume the bag constant to be density dependent aggs also been observed to give a nonzero value for the scalar
to be of the form o field. The entropy density for neutron matter is similar to
B the symmetric nuclear matter ca<ks].
B:Boex;{ _ 4%”) (20 We next proceed to calculate the properties of a rapidly
My rotating neutron star using the QMC equation of state at zero

temperature obtained for neutron matter. In Fig. 2, we plot
with g2 as a parameter. Fg” =1, the values of the vector the radius of the neutron star as a function of its mass for the
meson coupling and the parameggrare obtained by fitting ~ static case. We have also plotted the result obtained from the
the saturation properties of nuclear maf@rand asymmetry Walecka model. We find that the QMC model gives a maxi-
energy and are given ag;fu/47T:5_24, g§/477:4_91, and mum stable mass at 2.M . However, the Walecka model
(98)%/47=3.69. The calculation at finite temperature pro-gives the stable mass at 28, . The radius of the neutron
ceeds in the following steps. For a given value of temperastar corresponding to the above maximum stable mass is
ture and neutron chemical potentja),, the thermodynamic 11.5 and 13.3 Km, respectively. In Fig. 3, the angular veloc-
potential is obtained in terms of the effective nucleon mass

which depends on the bag radiRsthe quark chemical po- 16 [ ' ' '
tential uq, and the mean fields,». For given values otr i ]
and w, the bag radius and the quark chemical potential are 14 el - -
determined13], respectively. The value of the mean field [ ]
is determined by minimizing the thermodynamic potenial €t /,‘ ;
with » determined from the self-consistency calculation. g/ 121 ‘ ]

In our calculation for neutron matter withogwtmeson [ ]
coupling, we get a shallow bound state of neutron matter. If 10F 4
we introduce thep-meson coupling, the neutron matter be- [ ]
comes unbound. Similar results were obtained by Saito and sl . . .
Thomag 6] in their calculation of neutron matter within their

- 1.0 1.5 2.0 2.5 3.0

guark meson coupling model. Thus themeson plays an M(Mo)

important role in the neutron equation of state.

In Fig. 1, we plot pressure against density at different FiG. 2. The radius versus magstatic caspof the neutron star
temperatures for pure neutron matter. We have included th@r the Walecka mode{dashed ling and the QMC mode(solid
contribution of thep meson. As the temperature increasesline).
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1.2 " ' ' ] becomes unbound after introducing themeson contribu-
[ ] tion. Thus we find the-meson plays a very important role.
1.0 - Similar results were also obtained by Saito and Thof6as
o [ ] Hence we have included themeson interaction in our sub-
0 oal ] sequent calculations. We find that®#=200 MeV, pressure
2 Tt has a nonzero value at vanishing density, similar to the result
=1 I ] obtained by Pandet al.[13]. The Walecka model also gives
0.6 ] a similar resul{18].
- We then apply the equation of state obtained for neutron
0.4L . - . ] matter at zero temperature to calculate the mass, radius, and
1.5 2.0 2.5 3.0 3.5 angular velocity of the neutron star in the KEH method. We
M(Mo) obtain results similar to the other relativistic and nonrelativ-

. istic calculations. For example, we obtain the maximum
FIG. 3. The angular velocity versus mass of the neutron star for table mass at 2 M. corresponding to the radius 11.5 km
the Walecka modeldashed lingand the QMC mode{solid line). S SS o Sp Ing Ius 1L. '

We also compare the results obtained from the Walecka
. i ] ) equation of state.
ity of the neutron star is plotted as a function of its mass. Thys starting from quark and meson degrees of freedom,

Walecka model predictions are also given for comparision. ihe calculated neutron matter equation of state gives a good
We have tried to describe the properties of the ”e“trorbescription of neutron star properties.
g

matter and neutron star within the quark meson couplin

model. We assume the quarks to be bound inside nonover- We thank the late Professor J. M. Eisenberg who initiated
lapping MIT bags and interacting through the exchange ofhis work with one of ugP.K.P). We acknowledge the kind
scalar @), vector (@), and isovectolp mesons within the help from Professor J. L. Friedman who provided the pro-
mean-field approximation. We assume the bag constant to lgram for calculating a rotating neutron star. C.D. is thankful
density dependent. We have performed the calculation ofo DST, Government of India for financial support. P.K.P.
neutron matter at zero temperature and at finite temperatutbanks Professor Bhaskar Dutta for his critical suggestions.
T=50, 100, 150, 200, and 250 MeV. We find that the neu-The services and computer facilitiePower challenge
tron matter alf=0 MeV shows a shallow bound state if we RS10000 made available by the Indian Institute of Astro-
do not include the effect of the meson. The neutron matter physics are gratefully acknowledged.
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