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Abstract. We investigate the properties of the neutron star with relativistic mean-field models. We incor-
porate in the quantum hadrodynamics and in the quark-meson coupling models a possible reduction of
meson masses in nuclear matter. The equation of state for neutron star matter is obtained and is employed
in Oppenheimer-Volkov equation to extract the maximum mass of the stable neutron star. We find that
the equation of state, the composition and the properties of the neutron stars are sensitive to the values

of the meson masses in medium.

PACS. 21.65.+f Nuclear matter — 12.40.Yx Hadron mass models and calculations — 26.60.4+c Nuclear
matter aspects of neutron stars — 12.39.Ki Relativistic quark model

1 Introduction

The state of matter at extremely hot or dense conditions
is one of the most fundamental questions in physics. Ter-
restrial nuclei of heavy elements provide a glimpse at such
extreme states, but there are far-more-extreme states of
matter in our universe. A neutron star, which may be
regarded as a huge nucleus, is one example of such an
extreme state of matter. The state of matter can be char-
acterized by the equation of state (EoS). From the mi-
croscopic point of view, the EoS is determined by how
the constituent particles of the matter interact with each
other. Therefore the state of matter at extreme conditions
can be understood when we have enough knowledge about
the properties of the constituent particles and how they
interact in such conditions.

In the early '90s, Brown and Rho proclaimed the scal-
ing property of hadron masses in dense medium in terms
of the scale invariance of the effective Lagrangian [1]. They
showed that the ratios of the in-medium masses of the nu-
cleon, o-, w- and p-mesons to their masses in free space are
approximately equal to each other at around the nuclear
saturation density. Afterwards, changes in the hadron
masses in medium were calculated in the framework of
QCD sum rule [2] and quark-meson coupling (QMC) mod-
els [3]. In refs. [2] and [3], the masses of p and w mesons
were calculated at the nuclear saturation density, and a
similar amount of mass reduction from the free mass,
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my, ., /mp =~ 0.8 was predicted. Experimentally, micro-
scopic properties of hadrons as well as the states of matter
at hot or dense environment can be probed in relativis-
tic heavy-ion collisions, and possible meson mass reduc-
tions in nuclear matter were reported through the dilep-
tonic decay of p and w mesons in the CERES/NA45 [4]
and KEK-PS E325 [5] experiments. Also, recent astro-
nomical observations of binary systems yield the mass of
compact objects as Mjo75141807 = (2.2 + 0.2) M, [6] and
M4U1700—37 = (244 + 027)M@ [7], of which the former
is believed to be a neutron star. Such a large mass of the
neutron star requires a substantially stiff EoS.

Motivated by these theoretical and experimental stud-
ies, in this work we take into account the reduction of me-
son masses in the nuclear models such as quantum hadro-
dynamics (QHD) and QMC, and apply these models to the
neutron star matter. The nuclear models are calibrated to
the bulk properties of nuclear matter at the saturation
density, such as saturation density po(= 0.17 fm?), bind-
ing energy Ep (= 16.0 MeV), symmetry energy agym(=
32.5 MeV) and compression modulus K (200-300 MeV).
We take into account the effect of meson mass changes in
the following ways. First, we use the meson masses in free
space for the nuclear models considered here as is usually
done in most works. Secondly, we adopt the Brown-Rho
(BR) scaling law [1],

my m

~

my Mg

Q *
€ *

~ W



150

The European Physical Journal A

Table 1. Parameters and the saturation properties for the QHD and QHD-S models. The subscript M for mj;/mas refers to

o, w and p mesons.

[ Model [ gon [ gun [ gon [6x100 [ cx100 [ y [ 2z [ my/mn [ my/mu [ K |
QHD 811 | 836 | 7.85 | 0.3478 1.328 - 0.773 1.0 310.8
QHD-S | 5.30 | 15.30 | 7.52 0.28 | 0.31 0.667 0.781 264.5

and assume a density-dependent scaling function for the
meson masses [8]. The nuclear models that employ the
scaling function are denoted by the abbreviation “S”.
Thirdly, in using the QMC-type models we may treat the
heavy mesons (p and w) as meson bags (denoted by “MB”)
composed of a quark and an anti-quark [9]. In such cases,
heavy mesons are treated consistently with the descrip-
tion of the nucleon in the framework of the QMC. After
calibrating different nuclear models for nuclear matter, we
apply them to the neutron star matter and see how the
reduction of meson masses in matter may influence the
EoS of the neutron star matter and the properties of the
neutron star.

In sect. 2, we briefly describe the nuclear models con-
sidered in this work and fix the parameters of the models
and show the resultant properties of the nuclear matter
at the saturation density. In sect. 3, we apply the various
nuclear models fixed in sect. 2 to the neutron star matter
and discuss the results and implications for the properties
of the neutron star. A summary is given in sect. 4.

2 Models for nuclear matter

In this work we will consider 5 different models. We refer to
them as QHD, QHD-S; MQMC, MQMC-S and MQMC-
MB. All the models have three coupling constants g,n,
gun, and g,n (or g4, g2, and gg) for the interaction of
nucleons (or quarks) with o-, w- and p-mesons, respec-
tively. - and w-coupling constants are fitted to reproduce
the given values of py and Ep, and the coupling to the
p-meson is determined by asym. Details of each model are
explained in the following subsections.

2.1 QHD

The Lagrangian for QHD in the mean-field approximation
reads

ngD =N {W“au — (MmN = gon ) — gun 7" @0

1 - 1 _ _
_§gpN70 bo3 Tg} YN — §m302 - gmNb(goN 5)?
1 1 1 -
_Zc(go’N o)+ -md Wi + §m,2) bgs- (2)

2

The masses my, My, m, and m, refer to the values in
free space, 939, 550, 783 and 770 MeV, respectively. The
effective mass of the nucleon is defined as

my (QHD) (3)

=MN —goNO.

The meson fields are determined from the equations of
motion in the mean-field approximation:

_ 9o N mN 3 2 1 —_3
= s — —~b - 4
o=z’ 9oN T mz S Cgan O, (4)
_ JuN 1 ng
= e > b= ®)
w N=n,p
= 9pN pN
boz = 722 71'2 > Insky = 5_2( pp—pn),  (6)
P N=n,p P

where Ing is 1/2 (—1/2) for the proton (neutron);

1 2
ps:FZ/

N=n,p

MmNy 9
k* dk 7
VK2 +mi? @

is the scalar density and ky is the Fermi momentum of
the nucleon at a given density. Cubic and quartic self-
interaction terms of the o-meson are included in eq. (2)
to produce reasonable K and mj; values at the saturation
density. The coupling constants fixed to produce the sat-
uration properties and the resulting m}, and K are listed
in table 1.

2.2 QHD-S

We now consider the meson mass changes in matter and
adopt the model proposed in ref. [8], where the BR-scaling
law is incorporated in the original QHD. The model La-
grangian reads

Lg[gD—S =N {W”au — (My = gon 7) — gy 7° @0

1 7 1
—=gon Y bo3 T3 [N — —mE2 52
2 2
1 *2 —2 1 *2 72
+2m wh + 5% by (8)

The BR-scaling law is parametrized as [8]

- <1 +yp’;)1. 9)

The effective mass of the nucleon is defined as

*
My,
mn

my (QHD-S) = My — g,n 0. (10)
(Note the use of M} in place of my of eq. (3).) Cou-
pling constants may change with nuclear matter density.

Such density dependences of coupling constants as well as
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masses have been considered in previous [10-12] and very
recent [13,14] works within the framework of relativistic
mean-field theory. In ref. [8], g, is assumed to vary with
density to satisty ¢ v /gon =~ m,/m, at around the sat-
uration density. g* 5 scaling is expressed as [8]

gZ—N = (1 + zp> 1 .
JuN Po
The parameters for the QHD-S model and the result-
ing properties at the saturation are summarized in table 1.
One can see that both QHD and QHD-S models give K
values in the acceptable range. m},;/mas turns out to be
0.781, which is close to the values obtained by previous
studies [2,3]. my/my from QHD-S is smaller than that
from QHD because of the scaling in eq. (9).

(11)

2.3 MQMC

In the QMC model [15], interactions between the nucleons
(or bags) are mediated by the exchange of mesons which
couple with the quarks in the nucleon bags. The mean-field
Lagrangian for non-overlapping spherical bags in dense
matter may be written as

LM = &, [w“au ~(m?— g2 5) — g0

1 _
—592 79 Doz 73 — B} X Oy (R — 1)1,

1 1 1 5+
—§m§ 2 + §mi g + §mi b2,, (12)
where g3, (¢ = u, d; M = 0, w, p) is the coupling constant
for the quark-meson interaction. B is the bag constant and
R is the bag radius within which quarks are confined. The

effective mass of the nucleon in the QMC is given by

* N )2 Ty
mi(@QVC) = | (BY,) - (13)
q
02 A 4
Ek])\gg = Z Eq — fN + §7TR3.B, (14)

q

Qq = /22 + R?mz2,  (m) =m) — g25). (15)

x4 is the eigenenergy of the quarks in the bag determined
by the boundary conditions at r = R. Zy is a phenomeno-
logical constant that incorporates the effects not explicitly
taken into account, including zero-point motion.

The scalar and the vector potentials obtained from
the QMC model were much smaller than those from the
QHD, which would result in too weak a spin-orbit po-
tential to explain the spin-orbit splittings in finite nu-
clei and spin observables in nucleon-nucleus scattering.
To circumvent these shortcomings, density-dependent bag
constants were introduced [16]. The QMC model with
a density-dependent bag constant is called the modified
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QMC (MQMC) model. We employ the direct coupling
model of ref. [16], where the bag constant reads

45\°
B = B, <1 —gf> )
1) my
The & value is determined from the self-consistency con-
dition (SCC)

(16)

_ gl _ gB E{,\Qg 167
a3”ps{C’N(0)+” =
m2 ge my 9
B 4gB85\ "
3_ 1 _ g 1
XR mn < 5 mN) :| ( 7)
with
EN Q *
Cn() = 28 [[1- = | 5(5) + = (18)
my E}J)\ggR E{)\;g
and 04/2 + Rm* (2, — 1)
+ Rmj -
S(7) = =~ a1 (19)

2,924 =1)+Rm; /2

By and Zp are fitted to reproduce the free nucleon mass
with the stability condition

omiy
OR |p_p,

0, (20)
where m’; is evaluated by eq. (13). Choosing Ry = 0.6 fm,

we obtain Bé/4 = 188.1 MeV and Zy = 2.030. g2 and 4,
g2 and g2 are adjusted to produce saturation properties
and reasonable values of K and mjy. g is fitted for the
symmetry energy to be reproduced. The values of these
parameters are given in table 2.

2.4 MQMC-S

As a simple way to incorporate the reduction of meson
mass in medium, we assume

* * —1
my _mg _my (Hyp)
me my my £o

(21)

The scaling parameter y is determined to satisfy eq. (1) at
around the saturation density with m%; given by eq. (13).
The Lagrangian for this model can be easily obtained by
replacing the meson masses in eq. (12) with the medium-
modified values in eq. (21). Since the SCC is obtained
from the minimization of the energy density with respect
to the variation of &, the SCC of the MQMC-S is of the
same form as that of MQMC, but with m, replaced by mJ
given by eq. (21). The model parameters fixed to produce
saturation properties are listed in table 2.

2.5 MQMC-MB

In the framework of MQMC, we may treat vector mesons
as MIT bags composed of a quark and an anti-quark. We
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Table 2. The parameters and the saturation properties from MQMC-type models. The subscript M denotes o, w and p mesons
for MQMC-S. For MQMC-MB, M refers to w and p mesons. Bé/4 = 188.1 MeV and Zy = 2.030 are used for all three cases.

Model 98 | 98 | 92 | g8 | v [ ma/mn | my/mu | K
MQMC | 1.0 | 271 | 6.81 | 7.89 | - 0.783 1.0 285.5
MQMC-S | 1.0 | 2.31 | 551 | 6.09 | 0.28 | 0.758 0781 | 5915
MQMC-MB | 1.0 | 177 | 5.44 | 815 | — 0.852 0.861 | 324.1

refer to such a model as MQMC-MB. The parameters By,
Ry and Zy (M = p, w) for the meson bags can differ
depending on the mesons, but, for simplicity, we fix By
and Ry as those values for the nucleon and treat only Z,
as a parameter for each meson [9]. The effective mass of
each meson can be written as

* )2 g
mt, = (Ebag) —2-%, (22)
0 Iy 4
EM _9lfa ZM | . p3p. 2
bag R R + 37TR ( 3)

Zyr is fixed so that m}, defined as in eq. (22) recovers the
mass of the w- and p-mesons in free space. Z,, = 0.7904
and Z, = 0.8154 are obtained. The Lagrangian for the
model can be written by replacing the meson masses in
eq. (12) with m}; in eq. (22). In the MQMC-MB meson
masses are functions of &, which modifies the SCC as

q B EN 167
J:3%Ps|:CN(O)+g% bag 2=

go my 9
B 49l g 98 98
my d my m2 m}3
_\ -1
o)+ 92 B Bmpa B (4050
v g& my 37 my d my
2
2
98 95
-2 I
m2 ng N:an N3PN
-1
ga bag87T 3 B 4g065—
C T Rps 2. . (24
oo e S L (1527 e
where
EM ) my
Cu(@)= 21— =7 | S(B) + —4 (25)
mh, E{)‘ggR E{)‘;Ig

The parameters that can produce the saturation at
po are listed in table 2. MQMC and MQMC-MB give us
acceptable results for K and mj;, but the K value for
MQMC-S is as large as twice the usually accepted ranges
of values. To get a value of K within a reasonable range,
we have tried many numerical searches over a wide range
of parameter space, but no solution has been found so far.

3 Application to the Neutron Star

We now apply the five nuclear models described in sect. 2
to the neutron star matter. Two basic assumptions of the

neutron star matter are the charge neutrality and the
B-equilibrium. If we assume that only the nucleons and
light leptons exist in the neutron star, charge neutrality is

expressed as
Pp = E Pl
l=e,u

(26)

where p; is the number density of particle i (= p, e, p).
Under (-equilibrium, the processes

n—p+e +0, and p+e —n+rv, (27)

occur at the same rate. The condition can be satisfied
when the chemical potentials before and after the decay
are the same. The chemical potential of each particle reads

1 _
L = \/m+ng@0—§gpr037 (28)
1 _
Ly = \/m + gun Wo + 5 9pN bos, (29)
= 1/kl2 +ml2, (30)

where k; is the Fermi momentum of the lepton I (= e, p).
The chemical-equilibrium condition is expressed as

fon = ip + D b (31)
l

3.1 EoS

The EoS tells us the pressure (P) as a function of energy
density (¢), which are the diagonal elements of the energy-
momentum tensor. The energy density and the pressure
in the QHD model read

1 1 1,

1
5o 07+ 3 b (gon 0)* + 1 (gon 0)" + 5mé &5

E =
1 272 1 kN \/m k2dk
—|—§mp 03"’ ﬁ Z 0 +mN
N=n,p
1 h
+_QZ/ K2 +m? k2dk, (32)
T 0
l
1 1 1
P = fimi a2 — gmNb(gaN o) — ZC(QUN 7)
1 5 5 1 59 1 . K
+§mww0+§mpb03+3 2 Z B k2 + m*2
N=n,p
1 kl k4
. (33)
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Fig. 1. EoS from five different models.

The energy density and the pressure from the QHD-S
model can be obtained from eq. (32) and eq. (33), respec-
tively, by removing the cubic and quartic self-interaction
terms of the o-meson and replacing the free meson masses
with the scaled ones given in eq. (21). However, the
pressure from the QHD-S model has additional terms
that stem from the density-dependent meson masses and
coupling constants. Thermodynamic consistency of these
terms is discussed in ref. [17], and the explicit form is
given as

P:
37T2 Z / \/k2—|—m
1 b g 1 1
+— k- -m252 4 —m2 w2
37722; o k2 +m? 2 2 0
L og0 x2-2 Y P 2~ MN
+-m; bis — mo — — o—
277 0 L+y 2 po o
y P 2 2 Y z P
x7—+m ) — —
(L +y2)2 po 0<1+yp% 1+zp%) Po
m2p2,—Y P (34)

I
’ 031+ypﬁ0 Po
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Fig. 2. Comparison of the magnitude of o, w, p and the nucleon
contributions to the pressure for the QHD (top) and the QHD-
S (bottom). Definitions of P;’s are given in the text.

The energy density and the pressure of the MQMC-type
models can be obtained by using gon = 394, gun = 397
and g,y = g} together with proper replacement of in-
medium meson masses in egs. (32) and (34). The result-
ing EoS curves for each model are shown in fig. 1. If the
pressure exerted by nuclear repulsion is strong, the mat-
ter becomes more incompressible, which corresponds to
a large compression modulus and a stiff EoS. The EoSs
from the QHD, MQMC and MQMC-MB models whose
K’s are close to each other (310.8, 285.5 and 324.1 MeV,
respectively) show similar behaviors at the energy densi-
ties considered here.

The EoS from the scaling models (QHD-S and MQMC-
S) turns out to be stiffer than the EoS from other models.
This behavior can be understood by observing that the
repulsion from the w-meson is augmented at high densities
(see eq. (5) with m,, replaced by m}) while the attraction
caused by the o-meson is not strong enough to cancel the
repulsion.

To illustrate this argument clearly, we plot in fig. 2
the magnitude of the contributions to the pressure P from
N, o, w and p. Each contribution P; (i = N, o, w, p) is
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Fig. 3. The particle (n, p, e, u) fractions in neutron stars calculated by different nuclear models are plotted against neutron

star matter densities p/po. Since the figure for MQMC-MB is similar to that for MQMC, we do not show it here

defined as
Py =
3m2 Nz;p/ \/k:Q—I-m
1 1 1 -
Py = gmi? 5%, Po=omi?ag, Py =gmi?by

The total pressure is approximately

P~—P,+P,+P,+ Py.

The remaining terms such as the cubic and quartic self-
interaction terms in QHD, extra terms for thermodynamic
consistency and lepton contributions can be neglected
since they do not determine the overall behavior of EoS. In
the case of the QHD (see the top panel of fig. 2), P, is non-
negligible compared to P, in the density region considered
here. Since the o-meson contributes to the pressure neg-
atively, P, reduces the total pressure substantially, which
in turn leads to a sizable softening of the EoS. On the
other hand, P, from QHD-S is about 3 times larger than
that of QHD, but P, from QHD-S is more or less similar
to that from the QHD. Thus, the softening of the EoS due

to P, in QHD-S is relatively weak as the density becomes
high, and consequently the EoS from QHD-S is stiffer than
that from QHD.

Here, we need to remark that in fig. 1 the EoS curves
for MQMC-S and MQMC-MB terminate at a certain €. It
is due to a breakdown of the SCC at a certain density. In
appendix A, we show the details of why the SCC does not

have a solution at some density.

3.2 Composition

The composition of the neutron star matter is represented
by the number of particles divided by the total baryon
number. The number of each species of particles is de-
termined by the charge neutrality and the chemical equi-
librium in the (-decay. Muons can be created when the
chemical-equilibration condition between the electron and
the muon, u. = p, can be fulfilled. Given the values of 7,
@ and bos for each p, charge neutrality of eq. (26), chemical
equilibrium of eq. (31), pe = p, and p = p, + pp deter-
mine the number of particles unambiguously. The results

are shown in fig. 3.



C.Y. Ryu et al.: Hadron masses in medium and neutron star properties

The compositions from the QHD and MQMC mod-
els are very similar to each other, but the number of the
protons for the QHD-S or MQMC-S model is larger than
that for the QHD or the MQMC, respectively. The ratio
of the proton number to the neutron number, p,/py, is es-
pecially important in determining the cooling mechanism
of the neutron star. Two major mechanisms of cooling are
emission of the neutrinos from the interior and radiation of
the photons near the surface of the neutron star. The sim-
plest neutrino emission mechanism is the so-called direct
URCA (DU) process, which is nothing but the -decay as
in eq. (27), and it is known as the most efficient neutrino-
emitting process in the interior of the neutron star. In
order for this process to occur, however, the ratio p,/p,
should be larger than a critical value. The proton numbers
from QHD-S and MQMC-S models increase faster than
those from the QHD and MQMC models as the density in-
creases. This implies that p,/p, from QHD-S or MQMC-S
can reach the critical value at lower densities and the -
decay can take place over a wider region in the interior of
the neutron star than the QHD or MQMC models predict,
causing a rapid cooling of the neutron star. However, a re-
cent work on the cooling of the neutron star [18] indicates
that too low a threshold density for the DU process can
result in an unrealistic cooling scenario. DU process can
happen when both energy and momentum conservation is
satisfied in eq. (27). Since neutrinos have energy of the
thermal fluctuation around the Fermi momentum of the
nucleon or electron, the neutrino’s momentum can be ne-
glected. Then the momentum conservation condition for
DU can be written as k,, = kp, + k., where k; is the Fermi
momentum of particle “4”. The threshold density pp at
which DU starts to emit neutrinos is about pp ~ 2.1pq for
QHD and MQMC, and is about pp =~ 1.6py for QHD-S
and MQMC-S. These threshold densities are too low to ex-
plain the observation of the neutron star temperature [18].
In a recent work [14], the density-dependent meson masses
and coupling constants are considered within the frame-
work of relativistic mean-field theory. It is shown that they
obtained a lower value of pp than that of our QHD model.
Therefore, the nuclear models we have considered in this
work may need further refinement and adjustment of pa-
rameters to produce threshold densities high enough for
the cooling process to be reasonable.

3.3 Mass and radius of the neutron star

The mass and the radius of the neutron star can be ob-
tained by integrating the Oppenheimer-Volkov equation
with a given EoS. In fig. 4 the neutron star mass with
our EoS is plotted as a function of the central density
gc (top panel) and of the radius (bottom panel) in units
of solar mass Mg. The solid line is the result from the
QHD-S, the dashed line from the QHD, and the dotted
line from the MQMC. QHD and MQMC give us very sim-
ilar maximum mass Mpax =~ 2.0Mg with R ~ 10.8 km
and €. ~ 2.5 X 1015g/cm3. On the contrary, due to the
stiff EoS the QHD-S gives us the maximum mass of about
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Fig. 4. Neutron star mass as a function of the central density
(top) and the radius (bottom). The solid line is the result from
the QHD-S, the dashed line from the QHD, and the dotted line
from the MQMC.

2.9M with the radius R ~ 13.7 km and the central den-
sity €. ~ 1.5 X 1015g/cm3. We could not extract the maxi-
mum mass of the neutron star for MQMC-S and MQMC-
MB models since, as noted in the previous section, these
models encounter a problem in solving the SCC at a den-
sity before reaching the maximum mass.

Recent observations of the neutron star mass from the
radio pulsars give us the mass range of the neutron stars
as (0.8-2.2) Mg [19]. The maximum mass of the QHD-S is
much larger than the upper limit of the observed values,
so one may want to exclude the QHD-S among the models
for the neutron stars. We may note, however, that more
considerations are needed as follows. First, the QHD-S
produces the saturation properties successfully. Secondly,
we have considered only the nucleon degrees in this work,
but other degrees of freedom can come in such as hyperons
or the phases like meson condensation and quark matter.
In general, when these exotic degrees of freedom appear,
they reduce the Fermi momentum of nucleons through the
(-decay of the nucleons to exotic states. This results in a
smaller contribution of Py to the pressure, and thus the
EoS becomes softer with exotic degrees of freedom than
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otherwise. Then the maximum mass of the neutron star
becomes smaller. We have confirmed this behaviour by do-
ing some more calculations including hyperons in the QHD
and MQMC. The maximum mass of 1.7M is obtained for
QHD, and 1.5Mg for MQMC. It will be interesting to in-
vestigate how these maximum masses will change when
medium effects on meson masses and coupling constants
are taken into consideration. It is noted, however, that the
inclusion of hyperons can give us too low a mass limit of
the neutron star [20], which is incompatible with the ob-
servations. In ref. [20], a phase transition to quark matter
is considered, and the maximum mass of the neutron star
is obtained to lie in the range (1.4-1.7)My. A transition
to quark matter is one possibility, and at the same time
transitions to other exotica are also possible. These possi-
bilities should be considered for a better understanding.

4 Summary

In this work, we have investigated the properties of the
neutron star matter by including the effects of meson mass
changes in medium. We have explored various models at
the hadron (QHD and QHD-S) and at the quark (MQMC,
MQMC-S and MQMC-MB) levels. We have incorporated
in-medium meson masses in two ways: one by assuming a
simple function of scaling in both QHD and MQMC mod-
els, and the other by treating heavy mesons as MIT bags
within the framework of MQMC model. The EoS and the
particle fractions for the neutron star matter are calcu-
lated. Scaling models show appreciable difference from the
models with constant meson mass or meson bag models.
The EoSs from the scaling models are stiffer than those
from other models. The scaling models show higher frac-
tions of the protons than other models. Stiff EoSs from the
scaling models lead to heavy and large neutron stars whose
maximum mass is about 2.9M which is larger than the
observed values and the values predicted by other models
by one solar mass. We may, however, note that the present
work is just a first step toward the understanding of the
relationship between the in-medium properties of physical
quantities (mass, coupling constant, etc.) and the neutron
star, and further studies need to be done.

This work is supported by Korea Research Foundation Grant
(KRF-2002-042-C00014).

Appendix A.

In this section, we show a breakdown mechanism that oc-
curs in solving the SCC of the QMC model. Since the SCC
for MQMC-S and MQMC-MB are involved, we employ
the QMC model for the purpose of a simple illustration.
The SCC of the QMC model can be obtained by putting
g2 =0in eq. (17), which leads to

(A1)
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Fig. 5. The solid curve represents eq. (A.5) and the dots rep-
resent 2, = 2,(A) with Rmy obtained from the QMC cal-
culation. In the left section divided by the solid curve, NU is
greater than zero, which is allowed physically. QMC calculation
has been done up to p = 5.3p¢.

The breakdown takes place when Cn (&) changes the sign
from positive to negative at a certain density. The nu-
merator in the square bracket of eq. (18) causes the sign
change. Rearranging the numerator of eq. (18), we obtain

1
NU = 02+4302,(2,~1)Rm}— Z (2Qq+(9q—1)Rm;>
(A.2)
1 *\2 4 4 1 *
+§<qu) + §7TR B §Qq + (Qq — I)qu 5
(A.3)

where NU means the numerator. To show roughly how
the sign of Cy(d) changes, we make the following ap-
proximations. First, all the terms in eq. (A.3) can be ne-
glected since (Rm;)2 and R*B are very small compared
to the terms in eq. (A.2) in the density region we con-
sider. Secondly, we use Zy = 2 instead of the actual value

Zn = 2.030. With these approximations, we have

NU ~ 22(3Rm], + 1) — 2,(5Rm + 1) + 2Rm;,

= [BRm; + 1)02, — 2Rm}] (2, — 1). (A.4)
Since (2, — 1) is always positive, the sign change of
eq. (A.4) occurs at

0 — 2Rm,
" SRy +1
2A
= = A-5
SA-T (A.5)
where A = —Rmj. Since §2; is always greater than 1,
the solution to eq. (A.5) can exist for A > 1/3. By tak-
ing A as an independent variable, we plot in fig. 5 {2, of
eq. (A.5) with the solid line. Equation (A.5) represents
possible points at which the sign change occurs. The val-
ues of {2, obtained from the numerical solution of eq. (15)
and the SCC of the QMC is shown in fig. 5 by the dots.
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In the actual numerical calculation with the QMC model
(not MQMC model), of which we have not shown anything
in this paper, solutions can be obtained up to p = 5.3p¢ at
which & = 34.52 MeV, R = 0.574 and A = 0.533. In fig. 5,
the two curves meet at around A = 0.527 (2, = 1.812),
which corresponds to the density p ~ 5.0p¢. If the small
terms in eq. (A.3) are included, the two curves will meet
at around p = 5.3pg, which is the breakdown point of the
QMC in the actual numerical calculation. Similar break-
down behaviors are observed numerically for the MQMC-
S and MQMC-MB models. For this reason, we could not
calculate the EoS at higher densities, and consequently
could not extract the mass and the radius of the neutron
stars for these models.
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