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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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[. INTRODUCTION tures, can be described within the same underlying model. In
the QMC, matter at low densities and temperatures is a sys-
The understanding of the properties of hot dense nuclegem of nucleons interacting through meson fields, with
matter is an important problem in theoretical physics in thequarks and gluons confined within MIT bags. For matter at
context of neutron stafd] as well as in high-energy heavy- very high density and/or temperature, one expects that bary-
ion collisions experiments where nuclei undergo violent col-ons and mesons dissolve and the entire system of quarks and
lisions [2]. Such collisions may produce states of nucleargluons becomes confined within a single, big MIT bag. An-
matter at conditions far from those normally encountered irother important aspect of the QMC is that the internal struc-
low energy collisions. For example, at high density or highture of the nucleon is introduced explicitly. Although the
temperature, nucleons in the nucleus may dissolve intinternal structure of nucleons can be effectively taken into
quarks and gluons. At low temperature, which can be ataccount with an effective field theory employing hadronic
tained in medium-energy heavy-ion reactions, no such exotidegrees of freedom in a derivative expandit8y, it is clear
state can be produced, but there is the possibility of interesthat such an approach will fail to describe the transition to a
ing liquid-gas phase transitions leading to the breakup ofjuark-gluon phase. It is found that the equation of state
heated nuclei into small clusters or droplets of nucld®)s (EOS for infinite nuclear matter at zero temperature derived
Such phase transitions have been identified in multifragmenfrom the QMC model is much softer than the one obtained in
tation experiments and in the crusts of neutron sf4rs|. the Walecka modeJ11]. Also, the QMC nucleon effective
The possibilities of such phase transitions were previouslynass lies in the range 0.7-0.8 of the free nucleon mass,
considered by several authors using different approacheshich agrees with results derived from nonrelativistic analy-
[6-8]. sis of scattering of neutrons from lead nucf@0] and is
In the present paper, we employ the quark-meson couarger than the effective nucleon mass in the Walecka model.
pling model(QMC) [9,10] to investigate the liquid-gas phase At finite temperature, there arises yet another difference be-
transition in nuclear matter at different isospin asymmetriestween predictions of QMC and QHD, namely, the behavior
In the QMC model, nuclear matter is described as a systerof the effective nucleon mass with the temperature at fixed
of nonoverlapping MIT bags which interact through the ef-baryon density. While in QHD-type models the nucleon mass
fective scalar and vector mean fields, very much in the samalways decreases with temperature, in the QMC it increases.
way as in the Walecka model, or more generally quantunThe difference arises because of the explicit treatment of the
hadrodynamic§QHD) [11]. Many applications and exten- internal structure of the nucleon in the QMC. When the bag
sions of the model have been made in the past Jd&rs15, is heated up, quark-antiquark pairs are excited in the interior
including droplet formation at zero temperat(ilé]. A spe-  of the bag, increasing the internal energy of the bag.
cial improvement is related with a density dependent bag Here, we analyze the QMC model at finite temperature for
parameter. This model is known as modified QMC modeldifferent proton fractions. The proper treatment of the prob-
(MQMC) [17,18 and some of its characteristics are dis-lem with isospin asymmetry requires not only isoscalar, sca-
cussed in the last section of the present paper. lar, and vector mesons fields, but also isovector meson fields.
The crucial difference is that in the QMC, the effective In particular, we investigate the consequences of the different
meson fields couple directly to the confined quarks inside théhermal behavior of the nucleon mass in the QMC model on
nucleon bags instead to point like nucleons as in QHDthe liquid-gas phase transition. The results are also compared
While the QMC model shares many similarities with QHD- with the ones obtained with two commonly used parametri-
type models, it, however, offers new opportunities for study-zations for a nonlinear Walecka mod@ILWM), namely,
ing nuclear matter properties. One of the most attractive adNL3 [21] and TM1[22]. We organize the present paper as
pects of the model is that different phases of hadronic mattefpllows. In Sec. Il we describe the QMC model at finite
from very low to very high baryon densities and tempera-temperature for asymmetric nuclear matter and discuss the
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binodal section. In Sec. Ill we present our numerical results o
and discuss differences with other approaches. Our summary € = Q¢ ~R[V,*
is presented in Sec. IV.

N| -

Vp) (6)

for the antiquarks, where thé sign is foru quarks and—
Il. QMC AT FINITE TEMPERATURES for d quarks, and

A. Asymmetric matter at finite temperature QSK:\/WRzm;z' 7
Recently, the QMC model has been generalized to finite ) )
temperatures taking a medium dependent bag confitdht  The eigenvaluex,, for the state characterized byand «
In this generalized model, symmetric nuclear matter wage determined by the boundary condition at the bag surface,
considered, and hence only the interaction of quarks through , n n
ive i Py N =g~ ®
the exchange of effective isoscalar scala)y and vector () q q
mesonic fields were taken into account. We now extend thi
model to asymmetric nuclear matter at finite temperature
gnd |n_cl'ude the contribution of the isovector vector mespn The total energy from the quarks and antiquarks at finite
in addition too and w. ;
. _ temperature is
In the QMC model, the nucleon in nuclear matter is as-
sumed to be described by a static MIT bag in which quarks QSK _
couple to effective meson fields, which are treated as classi- Eo= Z ?(fﬂﬁfﬂk), 9
cal in a mean field approximation. The quark fiekg(r,t) e
inside the bag then satisfies the Dirac equation

Shus, the quark eigenvalues,, become modified by the
gurrounding nucleon medium at finite temperature.

where

1 0 0 1
I’Y'(y_(mq_va')_’y Vw+§7'3qvp t//q(r,t)=0, (1) q _ 1

fl=—m— 10
fic Qg IR=v)IT 4 1 (10

whereV,=ggoq, V,=ggwo, andV,=gibgs; with o, wy,
andby; being the classical meson fieldg}, g , andg? are and
the quark couplings with ther, », andp mesons, respec- -
tively. mg is the current quark mass and, is the third f4 :n;’
component of the Pauli matrices. In the present paper we T Qg IR QIT g
consider nonstrangg=u andd quarks only.

At zero temperature, the normalized ground statetate¢ ~ With v4 being the effective quark chemical potential, related
wave function for a quark in the bag is given as to the true quark chemical potential, as

11)

. gt Jo(Xr/R) Xq vq=tq—V,—mlV,. (12
ser o= eXp( B ?) ( i BqoTja(XT/R) \az' @ The bag energy now becomes
where Z 4w
Epag= Etot— 2t 3 R°B, (13

[Q,— R,
_ q
Bq= Qg+ Rm(’;’ ) whereB is the bag constant and parametrizes the sum of

the center-of-mass motion and gluonic corrections. Note that
with this center-of-mass correction is different from that of Ref.
[17]. The effective nucleon mass is obtained from the bag

Q4= \/x2+(RrT§)2, my = mg—gf‘,a, (4)  energy and reads

and x is a Pauli spinor. M{ = Epag- (14
At finite temperatures, the three quarks inside the bag can

be thermally excited to higher states, and also quarkThe bag radiuRis determined by the equilibrium condition

antiquark pairs can be created. For simplicity, we assuméor the nucleon bag in the medium,

that the bag describing the nucleon continues to remain in a

spherical shape with radil® which is now temperature de- IMY -0 (15)
pendent. The single-particle energies in unitsRf! are JR
given as

Once the bag radius is obtained, the effective nucleon mass

e e 1 is immediately determined. For a given temperatlirand
€ =g TR VoE5V, ®)  scalar fields, the effective quark chemical potentiatg, g
=u, d are determined from the total number of quarks of
for the quarks and each type in the proton and in the neutron, i.e.,
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. — 2 _
nh= > (fl—fl)=3, 16  s=- J d3K[ f,Inf;+ (1—f;)In(1—f;) + f,Inf,
a.n,« i=p.n (27)
. — +(1—f)In(1—1,)]. (21)
nb= 2, 2myq)(flg— g =2my;). (17) | |
e The proton or neutron density is given by
for j=p,n.

From the last two expressions one can see that the masses _ 2 J K (f.—T)) 22)

for protons and neutrons are different, since the effective Pi (2m)3 b

chemical potentials/,, g=u,d are not the same. Neverthe-
less, it is a reasonable approximatidor the purposes of the so that the baryon density is= pp+ pn and the(third com-

present papgrto take for the nucleon mass the averageponent of isospin densityp3=p,— pn. The proton fraction
value, so that we are left only with EL6), and hencey, is defined as

=v4. As a starting point, this approximation would go along
the Walecka model which, with the most common parametri- Pp
zations, does not distinguish the masses of protons and neu- yp:;- (23
trons. The situation would be different for problems where
the neu_tron—protqn mass difference is the main i_ssue, such as The pressure is the negative @f which after integration
those dlscuss_ed in R_e[123]. Wt_a stress that for a fixe@l and by parts can be written as
o the quark distribution functions only depend on the effec-
tive chemical potentials/y, which are determined by the 1 2 K2 1
constraints in Eqs(16) and (17). Therefore, just as it hap- P=— E f d3k (fi+f)— —m(2r0'2
pens at zero temperature, also at finite temperature the effec- 3i%pn (2m)? €* (k) 2
tive massMy, does not depend o@ andbgs. 1 1

Before we proceed, we note that we are not considering + _mfuw2+ —m2b§3. (24)
density/temperature dependence in the zero point energy pa- 2 2"
rametrized byZ because this would introduce extra, pres- . -
ently unknown, parameters. Blunden and Mille{ 8] have From the above expression the pressure depends explicitly
proposed changing through a linear dependence with the On the meson mean fields @, andbgs. It also depends on
scalar field and concluded that for reasonable parametdf€ nucleon effective masdy ; which in turn also depends

ranges this has a little effect. on theo field [see Eqs(9)—(14)].
The total energy density at finite temperatifeand at At @ given temperature and for given,, pn, the effec-
finite baryon densityyg is tive nucleon mass is known for given values of the meson

fields, once the bag radii&and the effective quark chemical
potentialsy, are calculated by using Egl5) and(16), re-

&= 2 > f d3K[ €* (f,+ )+ Voi(fi— )] spectively. Maximizing the pressure with respect to the fields
(2m)%i=pin for a given temperatur and given chemical potentiajs; ,
we obtain the following equations for the andbg; fields:

1 2 2 1 2 2 1 2|12
+smio — sm w — s mbgs, (18

27 2 2°° 9 g

- 0=—p, b03=2—’32p3. (25)

wheref; andf; are the thermal distribution functions for the ® My

b d antib , o .
aryons and anfibaryons The o meson field is determined through

IP
MY

(19 P
Jo

=0. (26)

MY (9P

Jdo - o
mi T MKJ
with i =p,n ande* = (k>+ M ?)“? the effective nucleon en- _ _ o
ergy, v,=u;—Vy the effective baryon chemical potential, e next calculate the binodal sections within this model.

and Vg =g,0+m,g,bys (M= =1/2, respectively, for pro-
tons and neutrons B. Binodal section
The thermodynamic grand potential density is defined as  \,cjear matter is not stable at all temperatures, proton

fractions, and densities. If the Gibbs energy of a two-

Q=E-TS— 2 Lipis (20) component phase is lower than the Gibbs energy of a one-
i=p.n component phase, the system will separate into two phases
[6,7]. The stability criteria may be expressed by the follow-
with the entropy densitys=S/V given by ing relations:
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TABLE |. Parameters used in the calculation fg=0.6 fm. All masses and bag pressure are in MeV.

mq Bl/4 Z m(r mm mp gcu gg gp
0 211.3 3.987 550 783 763 8.9539 5.981 8.655
Ju The binodal section is formed by two branches, one cor-
C,= 5T >0, K=9 % >0, 27 responding to a gas phase and small proton fraction, and the
pYp TYp other to a liquid phase and large proton fraction. It is, there-
fore, energetically favorable for nuclear matter to separate
a d i iqui i - -
Hp =0, and Men <0, 28) into a liquid phase with a I_arge proton fractidiess asym
Wpl:1p Wplsp metric) and a gas phase with a small proton fractiomore

asymmetri¢. This behavior is common to other relativistic

whereu=E/B is the energy per particle. These conditionsmean field models and reflects the fact that the contribution
guarantee thermodynamical stabilifgositive specific heat from thep meson gives a term in the energy per particle of
C,), mechanical stability(positive compression modulus the form e {pg) 5% where the asymmetry parameter ds
K), and diffusive stability(in a stable system, energy is re- =(p,—p,)/pg and the coefficients,, increases with in-
quired to change the proton concentration while the pressurereasingpg .
and the temperature are kept constatitany of these three In the following section we will display the binodal sec-
criteria is violated, there will occur a phase separation. tion results and compare the same with different nonlinear

The surface of two-phase coexistence, the binodal surelativistic models.
face, is determined imposing the Gibbs conditions, namely,
for a given temperature, the pressure and chemical potentials Il. RESULTS
are equal for both phases. A discussion of the properties of
phase separation in different models in terms of temperature, We start by fixing the free-space bag properties. We have
pressure, and proton fraction is most conveniently done bysed zero quark masses only aRg=0.6 fm for the bag
comparing the respective binodal surfaces. Understandingpdius. There are two unknowng,and the bag constai.
the properties of the mixed phase of nuclear matter is impor! hese are obtained as usual by fitting the nucleon rivass
tant for different systems both in astrophysics and nuclear 939 MeV and enforcing the stability condition for the bag.
physics. One example is the crust composition of a neutrofhe values obtained fat andB are displayed in Table I. The
star, which, near the surface, is thought to form a Coulomtsjuark-meson coupling constarg§, g,,=3g, andg,=g/
lattice of nuclei immersed in an electron gas and to be reare fitted to obtain the correct saturation properties of nuclear
sponsible for the glitch phenomenf®,24]. Also, in nuclear matter, Eg=e/p—M=—15.7 MeV at p=py= 0.15 fm 3
physics, highly excited nuclei created in heavy-ion collisionsand ag,,,=32.5 MeV. We take the standard values for the
gives rise to multifragmentation, which is interpreted as ameson masses, also shown in Table I.
liquid-gas phase transitidr3]. In the sequel we will frequently compare QMC to two

In order to obtain the proton and neutron chemical potendifferent parametrizations of the NLWM, namely, the NL3
tials in the two coexisting phases for a fixed pressure, wgarametrization with nonlinear contributions from the scalar
have used the geometrical constructi6(v] with the neutron  meson only[21] and the TM1 parametrization which in-
and proton chemical potential isobars as a function of protorcludes quartic terms on scalar and vector me$ags
fraction. This takes into account the diffusive stability con- We first plot the energy per baryon as a function of the
ditions[Eq. (28)] and the Gibbs conditions for phase separa-baryon density in Fig. 1 for symmetric nuclear mattgy,
tion. For a given temperature, the binodal section, which=0.5, for temperatures 0, 4, 8, 12, 16, and 20 MeV. As
contains points under the same pressure for different protoexpected, this functional at zero temperature has a minimum
fractions, is obtained from the above conditions, simulta-at the nuclear matter saturation dengity corresponding to

neously with the following equations: a binding energy of-15.7 MeV. As the temperature in-
creases, the minimum shifts towards higher densities. This
P(vp,vn,M*)=P(vy, vy ,M*'), (29 may be understood from the fact that to compensate for the

. larger kinetic energy, a larger value @is needed to give the
pi(vp,va , M*) = pi(vy, vy ,M*’), i=p,n, (30 minimum. For larger densities the nuclear repulsion effects
take over, and the energy increases again. For higher tem-
P —0. and P -0 (31) peratures, the minimum of the curves become positive, as in

do ' do| , the usual NLWM. In Fig. 2, we plot the binding energy for

(o8

neutron matter for temperatures 20, 50, and 100 MeV and
At this point, it is worth mentioning that the construction of compare the results with TM1 and NL3 parametrizations of
the binodal section for the QMC is slightly more complicatedthe NLWM. At higher temperatures, the QMC model gives a
than for the nonlinear Walecka model. This is because Edarger binding energy as compared to the Walecka models.
(15) has to be enforced in the numerical calculation for everyThe reason for this is the contribution for the thermal energy
. of the nucleon bag, which is absent in the Walecka model.
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FIG. 1. Binding energy per nucleorEf) as a function of FIG. 3. Effective mass of the nucleon versus density at tempera-

nuclear matter density at temperature$=0, 4, 8, 12, 16, and 20 tures 20, 50, and 100 MeV in QMC, NL3, and TM1 parameters.
MeV.

where temperature was introduced only at the hadron level,

This can be clearly seen from Fig. 3, where the baryorand therefore the behavior of the effective mass with tem-

effective masses are plotted as a function of density for difperature, not surprisingly, is equivalent to the results of the
ferent temperatures. In the same figure, we have also showvalecka-type of models.
the results of the parameter set NL3 and TM1 for compari- In Fig. 4 we plot the effective radius in units of the free
son. The value oM* increases with increasing temperature. nucleon radiusk,=0.6 fm as a function of the baryon den-
We have checked that at zero density and temperatursity for temperatures 20, 50, and 100 MeV. It is observed that
~40 MeV, the QMC effective mass increases from 939the nucleon bag shrinks with the increase of temperature. A
MeV, in contrast to the calculation of hot nuclear mattersimilar behavior is also predicted with the MQMC model
using the Walecka model. The reason for this is that¢he [14]. Such an effect is also encountered using the thermal
field is not strong at higher temperatures. Also, there is akyrmion[25] where a baryon shrinks with increase in tem-
significant contribution to the effective mass, arising fromperature. We have also calculated the effective mass of the
the thermal excitation of the quarks inside the nucleon bagaucleon as a function of density at different temperatures for
which adds to the mass of the nucleon at higher temperahe QMC and the MQMC models. As already discussed in
tures. This contribution, which is absent in the WaleckaRefs.[17,18], the effective mass in the MQMC decreases
model calculation, appears dominant over the contributiorfaster with increase ip than in the QMC model. However,
from the o field, and the net effect is a rise in the effective also in the MQMC there is an increase of the effective mass
mass. The behavior of the effective mass at high temperatusgith increase in temperature. A comparison between the
obtained here is contrary to the results presented in[R8f, QMC model and different versions of the modified MQMC

has been performed in RgfL8]. One important conclusion

350
\ 10
300 Yp=0
7
//
250 s 0.98
//. R e
3 200 T=100Mev e T
s \ T e 0.96
= SN—— Vd (=)
f -2
o
0.94
- o2} T
= = — T=20Mev T
o T=20 Mev Yp=0 —— NL-3 =50 Mev
0.0 008 016 024 032 0.4 Y T=100Mev
- 00 008 016 024 032 04 048
plim”) .
p (fm)
FIG. 2. Binding energy per nucleorEg) as a function of
nuclear matter density for neutron matter at temperaturds FIG. 4. The effective bag radius as a function of nuclear matter
=20, 50, and 100 MeV, respectively. densityp for temperature§ =20, 50, and 100 MeV, respectively.
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FIG. 5. Pressur® as a function of nuclear matter densjtyfor FIG. 7. Pressur® as a function of nuclear matter densjiyat

symmetric matter at temperatur€s-0, 4, 8, 12, 16, and 20 MeV, different temperatures and different proton fractions.
respectively.
~_ the binding energy per nucleon is a minimum. A decrease of

was that, contrary to the QMC result, the bag radius inthe pressure with increase in density corresponds to a nega-
creases with increase in density for all MQMC models. Forjye compressibility,K=9(dP/dp), and is a sign of me-
densities not much larger than nuclear matter saturation deRnanjcal instability. As the temperature increases, the region
sity po, the bags start to overlap, which implies a breakdowny mechanical instability decreases. At=17.7 MeV, the
of the model. On the other hand, the MQMC models containyociet disappears. This corresponds to the critical tempera-
sufficient free parameters, which allow a good reproduction;re defined by 4P/dp)r. =0=(02P/0p2)Ty —0. above
of the ground state properties of nuclei. In the present worI§NhiCh the liquid-gas pﬁapse transition is ’ccpmtinuous It is
we were interested in describing propeties of nuclear matterOmparable to the values for the critical temperatu.re ob-
for densities which go beyond the saturation density, an ained with Skyrme interaction26] or relativistic models
therefore have chosen to consider the QMC model. 7]

The _possmle existence of a I|qU|d—ga_15 Phas'? transition 'g in Fig. 6, we plot the pressure as function of density for
d_etermmed by the pressure. We plot this quantity as a funCt'emperatur(,as 20, 50, and 100 MeV. In the same figure we
tion of the b_aryon density for low temperatures in Fig. 5 have also showr,1 thé results obtained with the NLWM of
for symmetric nuc]ea_r matter. .At Zero _temperature, th? PreST\M1 and NL3 parameter sets to compare. It is found that the
sure decreases with increase in density, reaches a mwmw&vIC model gives a softer EOS, which i.;: true also for any
and then increases and passes thra@gi0 atp=po, where o0 fraction. Although QMC gives a higher energy per

particle than NL3 and TM1, the pressure, which corresponds

80 to the derivative of the energy per particle with respect to
ol density, does not increase so fast with increaging
In Fig. 7, the pressure is given as a function of the baryon
60 densityp for different temperatures and different proton frac-
o~ 50 tio_ns. The region of mechanical instapility decreases both
E with the increase of temperature and with the decrease of the
% 40 proton fraction. This is clearly seen in Fig. 8, where the
>3
o 30 1
20 = 8} 8
S I
10 s 4 T
% OfF +
° <
0.0 008 016 024 032 0.4 O il
plfmi) = sl = et
1 I . e e . . .
FIG. 6. Pressur® as a function of nuclear matter densjtyfor 00 02 04 06 00 02 04 06 08
neutron matter at temperaturés-20, 50, and 100 MeV, respec- plpo plpg
tively, from bottom to top. Note that the QMC model gives softer
equation of state. FIG. 8. dP/dp as a function of the proton fraction.
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20 T T T T

T. (MeV)
Potential (MeV)

00 005 01 015 02 025 0.3
p(fm’®)

FIG. 11. Potentials versus nuclear matter dengigt tempera-
FIG. 9. Critical temperature as a function of the proton fraction.tyre =8 MeV andy,=0.4 in QMC, NL3, and TM1 parameters.

quantity (7P/dp)r,y is shown for two different temperatures y,von s plotted and compared with the corresponding
and three different proton fractions. The curve correspondinguantity calculated within the TM1 parametrization of
to T=10 MeV andy,=0.3 has the smallest region with a NLWM. We conclude that QMC gives values compatible

negative value of the derivative’R/dp)r . with the ones discussed in R¢L]. The entropy per baryon
The behavior of the critical temperature with the protonin QMC decreases slower than in TM1.
fraction is shown in Fig. 9. It decreases rapidly wyth, and In Fig. 11, we plot the scalar and vector potentials as a

goes to zero foy,=0.041. Although there will be no me- function of the density foiT=8 MeV andy,=0.4. In the
chanical instabilities abovd,., chemical instabiliies can same figure, we have also shown the nonlinear Walecka
still develop abovd .. The present results are comparable tomodel results. The» and o contributions in the QMC are
the ones discussed in Ref§,27,29. both weaker than the corresponding contributions in the NL3
The entropy per baryon is an important quantity to de-and TM1 parametrizations of the NLWM. As a consequence,
scribe a collapsing massive star. During the whole process dhe QMC effective mass changes less with density than the
the collapse, the entropy per baryon, including the contribuTM1 and NL3 effective masses. This can also be confirmed
tion of baryons and leptons, remains low: it is of the order ofin Fig. 3. A second consequence is a softer EOS due to the
S/p~1 initially, increases slightly before neutrino trapping, weakero field.
and remains constan8{p~1—2), afterward$29]. Accord- Isobars of nuclear pressure are plotted onheand w,
ing to different models, the contribution from the baryonsspace in Fig. 12 fof =6 MeV for two different pressures,
alone changes from 80-90% at the saturation density to 50R=0.1 and 0.063 MeV/f. The diffusively unstable re-
65% at ten times that densifgt]. In Fig. 10 the entropy per gions can be seen clearly in chemical potential isobars in this
figure. According to inequality28), the region of negative

4.0
35 940 [T .
-,
3.0 o,
930 \\‘ _
25 — ™.
>
[ - 4
CDO’ 20 S 920 /
= ,
15 < 010} .
[} . B
3 P
1.0 E
900 | E
AN y
0.5 7N % s 01
00 e 890 Sl p=0.063 |
00 01 02 03 04 05 06 07 00 o1 02 03 0z 05
p (fM) Yo

FIG. 10. Entropy per baryor§/B, calculated within QMC and FIG. 12. Nuclear pressure isobars for the protwer) and
TM1, as a function of nuclear matter densityfor symmetric mat-  neutron(uppe) chemical potentials as a function of proton fraction
ter at temperature$= 10, 20, and 40 MeV from bottom to top. for P=0.1 and 0.063 MeV/frh
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03 . . . . explicitly quark degrees of freedom. The results for the EOS
v were compared with the two nonlinear Walecka models,
TN namely, NL3 and TM1 parametrizations. The mean effective
fields o, w, andp are determined from the minimization of
the thermodynamical potential, and the temperature depen-
dent effective bag radius was calculated from the minimiza-
tion of the effective mass of the nucleon mass of the bag. The
thermal contributions of the quarks, which are absent in the
Walecka model, are dominant and lead to a rise of the effec-
tive nucleon mass at finite temperatures. This is contrary to
the results presented in Rdfl5], where temperature was
introduced only at the hadron level, and therefore the behav-
ior of the effective mass with temperature is equivalent to the
o o1 o2 o3 o2 o5 results of Walecka-type modeJ41]. In the present calcula-
Yo tion, the effective radius of the nucleon bag shrinks with the
increase of temperature.
FIG. 13. The binodal section at=6 MeV for QMC, NL3, and The equation of state, as derived here, is softer than the
TM1. ones obtained within the nonlinear Walecka model for the
NL3 and TM1 parametrizations, for all temperatures. The
region of mechanical instability decreases with the increase
of T and decrease of,. Also, the critical temperature de-
(positive) slope foru, (un) is unstable. Violation of the sta- creases with the proton fraction, from a maximum value of
bility criteria is an indication of phase separation. The sur-T=17.7 MeV aty,=0.5 to T=0 MeV aty,=0.041. We
face of the two-phase coexistence in tipeT,y,) space, the have shown that the potentials in the QMC are weaker than
binodal surface, is obtained from conditiof9)—(31). In  the corresponding ones in the NLWM for the NL3 and TM1
Fig. 13, we plot the binodal sections for the QMC and theparametrizations, which imply a softer EOS and a weaker
NL3 and TM1 parametrizations, 8t=6 MeV. The critical change of the effective mass with
point occurs for similar values of the pressure and proton We have also constructed and studied the binodal sec-
fraction in all three models. For the TM1 parametrization,tions, which is essential for studying the liquid-gas phase
the critical pressure is 10% larger than the QMC criticaltransition and to understand under which conditions chemi-
pressure. On the other hand, the proton fraction for NL3 igcal instabilities develop, leading to isospin fractionation. It is
~10% larger than the corresponding values for QMC. Theclear from the binodal that the system prefers to separate into
largest difference between the models is in the shape: theegions of higher density and smaller isospin asymmetry and
region of configuration space where the phase separation igegions of lower density and large isospin asymmetry
favorable is smaller in the QMC and occurs at smaller value$7,8,28. The phase separation in the QMC occurs at smaller
of y, in the liquid phase. As a consequence, chemical instaisospin asymmetry, corresponding to lower valuesygf
bility occurs for smaller isospin asymmetries, which maythan the ones predicted by the NL3 and TM1 parametriza-
have consequences in isospin fractionati@B]. The finite  tions of the NLWM. Extensions of the formalism presented
temperature results agree with the ones obtained withiliere to droplet formation are currently under process.
QMC at zero temperaturiel6]. For larger temperatures, the
binodal has a similar shape but extends to smaller isospin ACKNOWLEDGMENTS
asymmetrie$7,8].
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