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Warm asymmetric matter in the quark-meson coupling model
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In this work we study the warm equation of state of asymmetric nuclear matter in the quark-meson coupling
model which incorporates explicitly quark degrees of freedom, with quarks coupled to scalar, vector, and
isovector mesons. Mechanical and chemical instabilities are discussed as a function of density and isospin
asymmetry. The binodal section, essential in the study of the liquid-gas phase transition is also constructed and
discussed. The main results for the equation of state are compared with two common parametrizations used in
the nonlinear Walecka model and the differences are outlined.
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I. INTRODUCTION

The understanding of the properties of hot dense nuc
matter is an important problem in theoretical physics in
context of neutron stars@1# as well as in high-energy heavy
ion collisions experiments where nuclei undergo violent c
lisions @2#. Such collisions may produce states of nucle
matter at conditions far from those normally encountered
low energy collisions. For example, at high density or hi
temperature, nucleons in the nucleus may dissolve
quarks and gluons. At low temperature, which can be
tained in medium-energy heavy-ion reactions, no such ex
state can be produced, but there is the possibility of inter
ing liquid-gas phase transitions leading to the breakup
heated nuclei into small clusters or droplets of nucleons@3#.
Such phase transitions have been identified in multifragm
tation experiments and in the crusts of neutron stars@4,5#.
The possibilities of such phase transitions were previou
considered by several authors using different approac
@6–8#.

In the present paper, we employ the quark-meson c
pling model~QMC! @9,10# to investigate the liquid-gas phas
transition in nuclear matter at different isospin asymmetr
In the QMC model, nuclear matter is described as a sys
of nonoverlapping MIT bags which interact through the
fective scalar and vector mean fields, very much in the sa
way as in the Walecka model, or more generally quant
hadrodynamics~QHD! @11#. Many applications and exten
sions of the model have been made in the past years@12–15#,
including droplet formation at zero temperature@16#. A spe-
cial improvement is related with a density dependent b
parameter. This model is known as modified QMC mo
~MQMC! @17,18# and some of its characteristics are d
cussed in the last section of the present paper.

The crucial difference is that in the QMC, the effectiv
meson fields couple directly to the confined quarks inside
nucleon bags instead to point like nucleons as in QH
While the QMC model shares many similarities with QHD
type models, it, however, offers new opportunities for stud
ing nuclear matter properties. One of the most attractive
pects of the model is that different phases of hadronic ma
from very low to very high baryon densities and tempe
0556-2813/2003/68~1!/015201~9!/$20.00 68 0152
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tures, can be described within the same underlying mode
the QMC, matter at low densities and temperatures is a
tem of nucleons interacting through meson fields, w
quarks and gluons confined within MIT bags. For matter
very high density and/or temperature, one expects that b
ons and mesons dissolve and the entire system of quarks
gluons becomes confined within a single, big MIT bag. A
other important aspect of the QMC is that the internal str
ture of the nucleon is introduced explicitly. Although th
internal structure of nucleons can be effectively taken i
account with an effective field theory employing hadron
degrees of freedom in a derivative expansion@19#, it is clear
that such an approach will fail to describe the transition t
quark-gluon phase. It is found that the equation of st
~EOS! for infinite nuclear matter at zero temperature deriv
from the QMC model is much softer than the one obtained
the Walecka model@11#. Also, the QMC nucleon effective
mass lies in the range 0.7–0.8 of the free nucleon m
which agrees with results derived from nonrelativistic ana
sis of scattering of neutrons from lead nuclei@20# and is
larger than the effective nucleon mass in the Walecka mo
At finite temperature, there arises yet another difference
tween predictions of QMC and QHD, namely, the behav
of the effective nucleon mass with the temperature at fix
baryon density. While in QHD-type models the nucleon ma
always decreases with temperature, in the QMC it increa
The difference arises because of the explicit treatment of
internal structure of the nucleon in the QMC. When the b
is heated up, quark-antiquark pairs are excited in the inte
of the bag, increasing the internal energy of the bag.

Here, we analyze the QMC model at finite temperature
different proton fractions. The proper treatment of the pro
lem with isospin asymmetry requires not only isoscalar, s
lar, and vector mesons fields, but also isovector meson fie
In particular, we investigate the consequences of the diffe
thermal behavior of the nucleon mass in the QMC model
the liquid-gas phase transition. The results are also comp
with the ones obtained with two commonly used parame
zations for a nonlinear Walecka model~NLWM !, namely,
NL3 @21# and TM1 @22#. We organize the present paper
follows. In Sec. II we describe the QMC model at fini
temperature for asymmetric nuclear matter and discuss
©2003 The American Physical Society01-1
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binodal section. In Sec. III we present our numerical res
and discuss differences with other approaches. Our summ
is presented in Sec. IV.

II. QMC AT FINITE TEMPERATURES

A. Asymmetric matter at finite temperature

Recently, the QMC model has been generalized to fin
temperatures taking a medium dependent bag constant@14#.
In this generalized model, symmetric nuclear matter w
considered, and hence only the interaction of quarks thro
the exchange of effective isoscalar scalar (s) and vector (v)
mesonic fields were taken into account. We now extend
model to asymmetric nuclear matter at finite temperatu
and include the contribution of the isovector vector mesonr,
in addition tos andv.

In the QMC model, the nucleon in nuclear matter is a
sumed to be described by a static MIT bag in which qua
couple to effective meson fields, which are treated as cla
cal in a mean field approximation. The quark fieldcq(r ,t)
inside the bag then satisfies the Dirac equation

F igW •]W2~mq
02Vs!2g0S Vv1

1

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

whereVs5gs
qs0 , Vv5gv

q v0, andVr5gr
qb03; with s0 , v0,

andb03 being the classical meson fields.gs
q , gv

q , andgr
q are

the quark couplings with thes, v, and r mesons, respec
tively. mq

0 is the current quark mass andt3q is the third
component of the Pauli matrices. In the present paper
consider nonstrangeq5u andd quarks only.

At zero temperature, the normalized ground state (s-state!
wave function for a quark 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!

where

bq5AVq2Rmq*

Vq1Rmq*
, ~3!

with

Vq5Ax21~Rmq* !2, mq* 5mq
02gs

qs, ~4!

andxq is a Pauli spinor.
At finite temperatures, the three quarks inside the bag

be thermally excited to higher states, and also qua
antiquark pairs can be created. For simplicity, we assu
that the bag describing the nucleon continues to remain
spherical shape with radiusR, which is now temperature de
pendent. The single-particle energies in units ofR21 are
given as

eq
nk5Vq

nk1RS Vv6
1

2
VrD ~5!

for the quarks and
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5Vq
nk2RS Vv6

1

2
VrD ~6!

for the antiquarks, where the1 sign is foru quarks and2
for d quarks, and

Vq
nk5Axnk

2 1R2mq*
2. ~7!

The eigenvaluesxnk for the state characterized byn and k
are determined by the boundary condition at the bag surf

ig•ncq
nk5cq

nk . ~8!

Thus, the quark eigenvaluesxnk become modified by the
surrounding nucleon medium at finite temperature.

The total energy from the quarks and antiquarks at fin
temperature is

Etot5 (
q,n,k

Vq
nk

R
~ f nk

q 1 f nk
q̄ !, ~9!

where

f nk
q 5

1

e(Vq
nk/R2nq)/T11

~10!

and

f nk
q̄ 5

1

e(Vq
nk/R1nq)/T11

, ~11!

with nq being the effective quark chemical potential, relat
to the true quark chemical potentialmq as

nq5mq2Vv2mt
qVr . ~12!

The bag energy now becomes

Ebag5Etot2
Z

R
1

4p

3
R3B, ~13!

whereB is the bag constant andZ parametrizes the sum o
the center-of-mass motion and gluonic corrections. Note
this center-of-mass correction is different from that of R
@17#. The effective nucleon mass is obtained from the b
energy and reads

MN* 5Ebag. ~14!

The bag radiusR is determined by the equilibrium conditio
for the nucleon bag in the medium,

]MN*

]R
50. ~15!

Once the bag radius is obtained, the effective nucleon m
is immediately determined. For a given temperatureT and
scalar fields, the effective quark chemical potentialsnq , q
5u, d are determined from the total number of quarks
each type in the proton and in the neutron, i.e.,
1-2
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n0
j 5 (

q,n,k
~ f nq

q 2 f nq
q̄ ![3, ~16!

n3
j 5 (

q,n,k
2mt(q)~ f nq

q 2 f nq
q̄ ![2mt( j ) , ~17!

for j 5p,n.
From the last two expressions one can see that the ma

for protons and neutrons are different, since the effec
chemical potentialsnq , q5u,d are not the same. Neverthe
less, it is a reasonable approximation~for the purposes of the
present paper! to take for the nucleon mass the avera
value, so that we are left only with Eq.~16!, and hencenu
5nd . As a starting point, this approximation would go alo
the Walecka model which, with the most common parame
zations, does not distinguish the masses of protons and
trons. The situation would be different for problems whe
the neutron-proton mass difference is the main issue, suc
those discussed in Ref.@23#. We stress that for a fixedT and
s the quark distribution functions only depend on the effe
tive chemical potentialsnq , which are determined by th
constraints in Eqs.~16! and ~17!. Therefore, just as it hap
pens at zero temperature, also at finite temperature the e
tive massMN* does not depend onv andb03.

Before we proceed, we note that we are not conside
density/temperature dependence in the zero point energy
rametrized byZ because this would introduce extra, pre
ently unknown, parameters. Blunden and Miller in@13# have
proposed changingZ through a linear dependence with th
scalar field and concluded that for reasonable param
ranges this has a little effect.

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

E5
2

~2p!3 (
i 5p,n

E d3k@e* ~ f i1 f̄ i !1V0i~ f i2 f̄ i !#

1
1

2
ms

2s22
1

2
mv

2 v22
1

2
mr

2b03
2 , ~18!

wheref i and f̄ i are the thermal distribution functions for th
baryons and antibaryons,

f i5
1

e(e* 2n i )/T11
and f̄ i5

1

e(e* 1n i )/T11
, ~19!

with i 5p,n ande* 5(kW21MN*
2)1/2 the effective nucleon en

ergy, n i5m i2V0i the effective baryon chemical potentia
andV0i5gvv1mt grb03 (mt561/2, respectively, for pro-
tons and neutrons!.

The thermodynamic grand potential density is defined

V5E2TS2 (
i 5p,n

m ir i , ~20!

with the entropy densityS5S/V given by
01520
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S52 (
i 5p,n

2

~2p!3E d3k@ f i lnf i1~12 f i !ln~12 f i !1 f̄ i ln f̄ i

1~12 f̄ i !ln~12 f̄ i !#. ~21!

The proton or neutron density is given by

r i5
2

~2p!3E d3k ~ f i2 f̄ i !, ~22!

so that the baryon density isr5rp1rn and the~third com-
ponent of! isospin densityr35rp2rn . The proton fraction
is defined as

yp5
rp

r
. ~23!

The pressure is the negative ofV, which after integration
by parts can be written as

P5
1

3 (
i 5p,n

2

~2p!3E d3k
k2

e* ~k!
~ f i1 f̄ i !2

1

2
ms

2s2

1
1

2
mv

2 v21
1

2
mr

2b03
2 . ~24!

From the above expression the pressure depends expl
on the meson mean fieldss, v, andb03. It also depends on
the nucleon effective massMN* ; which in turn also depends
on thes field @see Eqs.~9!–~14!#.

At a given temperature and for givenrp , rn , the effec-
tive nucleon mass is known for given values of the mes
fields, once the bag radiusR and the effective quark chemica
potentialsnq are calculated by using Eqs.~15! and ~16!, re-
spectively. Maximizing the pressure with respect to the fie
for a given temperatureT and given chemical potentialsm i ,
we obtain the following equations for thev andb03 fields:

v5
gv

mv
2

r, b035
gr

2mr
2
r3 . ~25!

The s meson field is determined through

]P

]s
5S ]P

]MN*
D

m i ,T

]MN*

]s
1S ]P

]s D
M

N*
50. ~26!

We next calculate the binodal sections within this model.

B. Binodal section

Nuclear matter is not stable at all temperatures, pro
fractions, and densities. If the Gibbs energy of a tw
component phase is lower than the Gibbs energy of a o
component phase, the system will separate into two pha
@6,7#. The stability criteria may be expressed by the follo
ing relations:
1-3
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TABLE I. Parameters used in the calculation forR050.6 fm. All masses and bag pressure are in Me

mq B1/4 Z ms mv mr gv gs
q gr

0 211.3 3.987 550 783 763 8.9539 5.981 8.655
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Cv5S ]u

]TD
r,yp

.0, K59S ]P

]r D
T,yp

.0, ~27!

S ]mp

]yp
D

T,P

>0, and S ]mn

]yp
D

T,P

<0, ~28!

whereu5E/B is the energy per particle. These conditio
guarantee thermodynamical stability~positive specific hea
Cv), mechanical stability~positive compression modulu
K), and diffusive stability~in a stable system, energy is re
quired to change the proton concentration while the pres
and the temperature are kept constant!. If any of these three
criteria is violated, there will occur a phase separation.

The surface of two-phase coexistence, the binodal
face, is determined imposing the Gibbs conditions, nam
for a given temperature, the pressure and chemical poten
are equal for both phases. A discussion of the propertie
phase separation in different models in terms of temperat
pressure, and proton fraction is most conveniently done
comparing the respective binodal surfaces. Understan
the properties of the mixed phase of nuclear matter is imp
tant for different systems both in astrophysics and nuc
physics. One example is the crust composition of a neu
star, which, near the surface, is thought to form a Coulo
lattice of nuclei immersed in an electron gas and to be
sponsible for the glitch phenomenon@5,24#. Also, in nuclear
physics, highly excited nuclei created in heavy-ion collisio
gives rise to multifragmentation, which is interpreted as
liquid-gas phase transition@3#.

In order to obtain the proton and neutron chemical pot
tials in the two coexisting phases for a fixed pressure,
have used the geometrical construction@6,7# with the neutron
and proton chemical potential isobars as a function of pro
fraction. This takes into account the diffusive stability co
ditions @Eq. ~28!# and the Gibbs conditions for phase sepa
tion. For a given temperature, the binodal section, wh
contains points under the same pressure for different pro
fractions, is obtained from the above conditions, simu
neously with the following equations:

P~np ,nn ,M* !5P~np8 ,nn8 ,M* 8!, ~29!

m i~np ,nn ,M* !5m i~np8 ,nn8 ,M* 8!, i 5p,n, ~30!

] P

]s U
s

50, and
] P

]s U
s8

50. ~31!

At this point, it is worth mentioning that the construction
the binodal section for the QMC is slightly more complicat
than for the nonlinear Walecka model. This is because
~15! has to be enforced in the numerical calculation for ev
s.
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The binodal section is formed by two branches, one c
responding to a gas phase and small proton fraction, and
other to a liquid phase and large proton fraction. It is, the
fore, energetically favorable for nuclear matter to separ
into a liquid phase with a large proton fraction~less asym-
metric! and a gas phase with a small proton fraction~more
asymmetric!. This behavior is common to other relativist
mean field models and reflects the fact that the contribu
from ther meson gives a term in the energy per particle
the form esym(rB)d2 where the asymmetry parameter isd
5(rn2rp)/rB and the coefficientesym increases with in-
creasingrB .

In the following section we will display the binodal sec
tion results and compare the same with different nonlin
relativistic models.

III. RESULTS

We start by fixing the free-space bag properties. We h
used zero quark masses only andR050.6 fm for the bag
radius. There are two unknowns,Z and the bag constantB.
These are obtained as usual by fitting the nucleon masM
5939 MeV and enforcing the stability condition for the ba
The values obtained forZ andB are displayed in Table I. The
quark-meson coupling constantsgs

q , gv53gv
q , andgr5gr

q

are fitted to obtain the correct saturation properties of nuc
matter, EB[e/r2M5215.7 MeV at r5r05 0.15 fm23

and asym532.5 MeV. We take the standard values for t
meson masses, also shown in Table I.

In the sequel we will frequently compare QMC to tw
different parametrizations of the NLWM, namely, the NL
parametrization with nonlinear contributions from the sca
meson only@21# and the TM1 parametrization which in
cludes quartic terms on scalar and vector mesons@22#.

We first plot the energy per baryon as a function of t
baryon density in Fig. 1 for symmetric nuclear matter,yp
50.5, for temperatures 0, 4, 8, 12, 16, and 20 MeV.
expected, this functional at zero temperature has a minim
at the nuclear matter saturation densityr0, corresponding to
a binding energy of215.7 MeV. As the temperature in
creases, the minimum shifts towards higher densities. T
may be understood from the fact that to compensate for
larger kinetic energy, a larger value ofr is needed to give the
minimum. For larger densities the nuclear repulsion effe
take over, and the energy increases again. For higher
peratures, the minimum of the curves become positive, a
the usual NLWM. In Fig. 2, we plot the binding energy fo
neutron matter for temperatures 20, 50, and 100 MeV
compare the results with TM1 and NL3 parametrizations
the NLWM. At higher temperatures, the QMC model gives
larger binding energy as compared to the Walecka mod
The reason for this is the contribution for the thermal ene
of the nucleon bag, which is absent in the Walecka mode

V.
1-4
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This can be clearly seen from Fig. 3, where the bary
effective masses are plotted as a function of density for
ferent temperatures. In the same figure, we have also sh
the results of the parameter set NL3 and TM1 for comp
son. The value ofM* increases with increasing temperatu
We have checked that at zero density and tempera
;40 MeV, the QMC effective mass increases from 9
MeV, in contrast to the calculation of hot nuclear mat
using the Walecka model. The reason for this is that thes
field is not strong at higher temperatures. Also, there i
significant contribution to the effective mass, arising fro
the thermal excitation of the quarks inside the nucleon b
which adds to the mass of the nucleon at higher temp
tures. This contribution, which is absent in the Walec
model calculation, appears dominant over the contribut
from thes field, and the net effect is a rise in the effectiv
mass. The behavior of the effective mass at high tempera
obtained here is contrary to the results presented in Ref.@15#,

0.0 0.08 0.16 0.24 0.32 0.4 0.48

(fm
-3

)

-20

-10

0

10

20

30

40

E
B

(M
eV

)

T=20 MeV
T=16 MeV
T=12 MeV
T=8 MeV
T=4 MeV
T=0 MeV

FIG. 1. Binding energy per nucleon (EB) as a function of
nuclear matter densityr at temperaturesT50, 4, 8, 12, 16, and 20
MeV.
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E
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FIG. 2. Binding energy per nucleon (EB) as a function of
nuclear matter densityr for neutron matter at temperaturesT
520, 50, and 100 MeV, respectively.
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where temperature was introduced only at the hadron le
and therefore the behavior of the effective mass with te
perature, not surprisingly, is equivalent to the results of
Walecka-type of models.

In Fig. 4 we plot the effective radius in units of the fre
nucleon radiusR050.6 fm as a function of the baryon den
sity for temperatures 20, 50, and 100 MeV. It is observed t
the nucleon bag shrinks with the increase of temperature
similar behavior is also predicted with the MQMC mod
@14#. Such an effect is also encountered using the ther
skyrmion @25# where a baryon shrinks with increase in tem
perature. We have also calculated the effective mass of
nucleon as a function of density at different temperatures
the QMC and the MQMC models. As already discussed
Refs. @17,18#, the effective mass in the MQMC decreas
faster with increase inr than in the QMC model. However
also in the MQMC there is an increase of the effective m
with increase in temperature. A comparison between
QMC model and different versions of the modified MQM
has been performed in Ref.@18#. One important conclusion

0.0 0.08 0.16 0.24 0.32 0.4

(fm
-3

)

0.2

0.4

0.6

0.8

1.0

1.2

M
* /M

NL-3
TM-1
QMC

yp = 0

FIG. 3. Effective mass of the nucleon versus density at temp
tures 20, 50, and 100 MeV in QMC, NL3, and TM1 parameters

0.0 0.08 0.16 0.24 0.32 0.4 0.48

(fm
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0.92
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1.0

R
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0

T = 100 MeV
T = 50 MeV
T = 20 MeV
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FIG. 4. The effective bag radius as a function of nuclear ma
densityr for temperaturesT520, 50, and 100 MeV, respectively
1-5
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PANDA, KREIN, MENEZES, AND PROVIDÊNCIA PHYSICAL REVIEW C 68, 015201 ~2003!
was that, contrary to the QMC result, the bag radius
creases with increase in density for all MQMC models. F
densities not much larger than nuclear matter saturation
sity r0, the bags start to overlap, which implies a breakdo
of the model. On the other hand, the MQMC models cont
sufficient free parameters, which allow a good reproduct
of the ground state properties of nuclei. In the present w
we were interested in describing propeties of nuclear ma
for densities which go beyond the saturation density, a
therefore have chosen to consider the QMC model.

The possible existence of a liquid-gas phase transitio
determined by the pressure. We plot this quantity as a fu
tion of the baryon densityr for low temperatures in Fig. 5
for symmetric nuclear matter. At zero temperature, the p
sure decreases with increase in density, reaches a minim
and then increases and passes throughP50 atr5r0, where

0.0 0.05 0.1 0.15 0.2 0.25

(fm
-3

)

-1

0

1

2

3

4

5

P
(M

eV
/f

m
3 )

T=20 MeV
T=16 MeV
T=12 MeV
T=8 MeV
T=4 MeV
T=0 MeV

FIG. 5. PressureP as a function of nuclear matter densityr for
symmetric matter at temperaturesT50, 4, 8, 12, 16, and 20 MeV
respectively.
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the binding energy per nucleon is a minimum. A decrease
the pressure with increase in density corresponds to a n
tive compressibility,K59(]P/]r), and is a sign of me-
chanical instability. As the temperature increases, the reg
of mechanical instability decreases. AtT517.7 MeV, the
pocket disappears. This corresponds to the critical temp
ture defined by (]P/]r)T,yp

505(]2P/]r2)T,yp
50, above

which the liquid-gas phase transition is continuous. It
comparable to the values for the critical temperature
tained with Skyrme interactions@26# or relativistic models
@7#.

In Fig. 6, we plot the pressure as function of density
temperatures 20, 50, and 100 MeV. In the same figure
have also shown the results obtained with the NLWM
TM1 and NL3 parameter sets to compare. It is found that
QMC model gives a softer EOS, which is true also for a
proton fraction. Although QMC gives a higher energy p
particle than NL3 and TM1, the pressure, which correspo
to the derivative of the energy per particle with respect
density, does not increase so fast with increasingr.

In Fig. 7, the pressure is given as a function of the bary
densityr for different temperatures and different proton fra
tions. The region of mechanical instability decreases b
with the increase of temperature and with the decrease o
proton fraction. This is clearly seen in Fig. 8, where t
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FIG. 7. PressureP as a function of nuclear matter densityr at
different temperatures and different proton fractions.
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FIG. 8. ]P/]r as a function of the proton fraction.
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quantity (]P/]r)T,yp
is shown for two different temperature

and three different proton fractions. The curve correspond
to T510 MeV andyp50.3 has the smallest region with
negative value of the derivative (]P/]r)T,yp

.
The behavior of the critical temperature with the prot

fraction is shown in Fig. 9. It decreases rapidly withyp , and
goes to zero foryp50.041. Although there will be no me
chanical instabilities aboveTc , chemical instabilities can
still develop aboveTc . The present results are comparable
the ones discussed in Refs.@7,27,28#.

The entropy per baryon is an important quantity to d
scribe a collapsing massive star. During the whole proces
the collapse, the entropy per baryon, including the contri
tion of baryons and leptons, remains low: it is of the order
S/r;1 initially, increases slightly before neutrino trappin
and remains constant (S/r;122), afterwards@29#. Accord-
ing to different models, the contribution from the baryo
alone changes from 80–90% at the saturation density to
65% at ten times that density@1#. In Fig. 10 the entropy pe
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FIG. 9. Critical temperature as a function of the proton fractio
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FIG. 10. Entropy per baryon,S/B, calculated within QMC and
TM1, as a function of nuclear matter densityr for symmetric mat-
ter at temperaturesT510, 20, and 40 MeV from bottom to top.
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baryon is plotted and compared with the correspond
quantity calculated within the TM1 parametrization
NLWM. We conclude that QMC gives values compatib
with the ones discussed in Ref.@1#. The entropy per baryon
in QMC decreases slower than in TM1.

In Fig. 11, we plot the scalar and vector potentials a
function of the density forT58 MeV and yp50.4. In the
same figure, we have also shown the nonlinear Wale
model results. Thev and s contributions in the QMC are
both weaker than the corresponding contributions in the N
and TM1 parametrizations of the NLWM. As a consequen
the QMC effective mass changes less with density than
TM1 and NL3 effective masses. This can also be confirm
in Fig. 3. A second consequence is a softer EOS due to
weakerv field.

Isobars of nuclear pressure are plotted on themp andmn
space in Fig. 12 forT56 MeV for two different pressures
P50.1 and 0.063 MeV/fm3. The diffusively unstable re-
gions can be seen clearly in chemical potential isobars in
figure. According to inequality~28!, the region of negative

.
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FIG. 11. Potentials versus nuclear matter densityr at tempera-
ture 58 MeV andyp50.4 in QMC, NL3, and TM1 parameters.
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FIG. 12. Nuclear pressure isobars for the proton~lower! and
neutron~upper! chemical potentials as a function of proton fractio
for P50.1 and 0.063 MeV/fm3.
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~positive! slope formp (mn) is unstable. Violation of the sta
bility criteria is an indication of phase separation. The s
face of the two-phase coexistence in the (p,T,yp) space, the
binodal surface, is obtained from conditions~29!–~31!. In
Fig. 13, we plot the binodal sections for the QMC and t
NL3 and TM1 parametrizations, atT56 MeV. The critical
point occurs for similar values of the pressure and pro
fraction in all three models. For the TM1 parametrizatio
the critical pressure is 10% larger than the QMC critic
pressure. On the other hand, the proton fraction for NL3
;10% larger than the corresponding values for QMC. T
largest difference between the models is in the shape:
region of configuration space where the phase separatio
favorable is smaller in the QMC and occurs at smaller val
of yp in the liquid phase. As a consequence, chemical in
bility occurs for smaller isospin asymmetries, which m
have consequences in isospin fractionation@28#. The finite
temperature results agree with the ones obtained wi
QMC at zero temperature@16#. For larger temperatures, th
binodal has a similar shape but extends to smaller iso
asymmetries@7,8#.

IV. SUMMARY

We now summarize the results and conclusions of
present work. We have studied asymmetric nuclear matte
finite temperatures using the QMC model that incorpora
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FIG. 13. The binodal section atT56 MeV for QMC, NL3, and
TM1.
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explicitly quark degrees of freedom. The results for the E
were compared with the two nonlinear Walecka mode
namely, NL3 and TM1 parametrizations. The mean effect
fields s, v, andr are determined from the minimization o
the thermodynamical potential, and the temperature dep
dent effective bag radius was calculated from the minimi
tion of the effective mass of the nucleon mass of the bag.
thermal contributions of the quarks, which are absent in
Walecka model, are dominant and lead to a rise of the ef
tive nucleon mass at finite temperatures. This is contrary
the results presented in Ref.@15#, where temperature wa
introduced only at the hadron level, and therefore the beh
ior of the effective mass with temperature is equivalent to
results of Walecka-type models@11#. In the present calcula
tion, the effective radius of the nucleon bag shrinks with t
increase of temperature.

The equation of state, as derived here, is softer than
ones obtained within the nonlinear Walecka model for
NL3 and TM1 parametrizations, for all temperatures. T
region of mechanical instability decreases with the incre
of T and decrease ofyp . Also, the critical temperature de
creases with the proton fraction, from a maximum value
T517.7 MeV at yp50.5 to T50 MeV at yp50.041. We
have shown that the potentials in the QMC are weaker t
the corresponding ones in the NLWM for the NL3 and TM
parametrizations, which imply a softer EOS and a wea
change of the effective mass withr.

We have also constructed and studied the binodal s
tions, which is essential for studying the liquid-gas pha
transition and to understand under which conditions che
cal instabilities develop, leading to isospin fractionation. It
clear from the binodal that the system prefers to separate
regions of higher density and smaller isospin asymmetry
regions of lower density and large isospin asymme
@7,8,28#. The phase separation in the QMC occurs at sma
isospin asymmetry, corresponding to lower values ofyp ,
than the ones predicted by the NL3 and TM1 parametri
tions of the NLWM. Extensions of the formalism present
here to droplet formation are currently under process.
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