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Phase transition in warm nuclear matter
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A density-dependent relativistic mean figldRMF) theory is extended to that at finite temperature and
density, and the liquid-gas phase transition of warm nuclear matter is investigated. Our results are compared
with those obtained from the Walecka's mean field theory. The critical values of temperature, density, and
pressure are calculated by the DRMF. The obtained critical temperaturg=i42.66 MeV by using the
parameter set A, which is in accord with recent experimental observation.

PACS numbgs): 21.65:+f, 05.70.Fh, 21.30.Fe, 25.75q

[. INTRODUCTION density dependence in the couplings, which can parametrize
the results of the DBHF in nuclear matter. Therefore the
There has been considerable interest in heavy-ion collieffective in-medium interaction and the nucleon self-
sions which could offer the possibility of producing warm energies are connected to the bare nucleon-nucleon interac-
and dilute matter. The liquid-gas transition may take place irtion, which is determined further By N-scattering data. As a
warm and dilute matter. Therefore, the study of the liquid-result, the density dependent couplings induced in this way
gas phase transition has attracted much attetifipn are completely independent of any phenomenological fit to
With the nonrelativistic theory2-5], a liquid-gas phase data of the nuclear many-body effect, i.e., no free parameters
transition was studied and the critical temperature was estire contained in the density dependent relativistic mean field
mated to be 15-20 MeV. It had also been suggested thagbRMF) theory. Along this line, the density dependence of
liquid-gas mixture exists at very low temperatures10  the couplings have been proposed: parametrizations of the
MeV) in the crusts of neutron star in supernoyéb Recent  pBHF in nuclear matter in terms of relativistic mean field
experimental results for warm and dilute nuclear matter prothegry with scalar and vector nonlinear self-interaction were
duced in heavy-ion collision support a small liquid-gas phasqjevemped by Gmuc#l4]. Similar approaches have been
region and a low critical temperatuig,~13.1+0.6 MeV  (aken in[15,16, where they adjusted the density dependent
[7]. _ ) couplings to reproduce numerically the nucleon self-energies
Itis well known that the Walecka’s mean field theory hasresyiting from the DBHF calculation. Recently, an analytical
been very successful in describing the properties of ”Ude%arametrization has been performed by Haddad and Weigel
matter and finite nuclefj8]. With the parameters normally [17], who reproduced the DBHF nuclear matter results by
fitting to the equilibrium properties of symmetric nuclear using the parameter sets A, B, and[T8]. The analytical
matter, the critical temperature given by the Walecka modeharametrization has also been applied to investigate Cou-

is Tc~18.3 MeV([8], and reduces tdc~14.2 MeV[9]if  |omb instability of highly excited nuclei[19], the
the nonlinear terms are included, while the derivative scalar

coupling (DSC) model leads to the low critical temperature,
T.=16.5, 15.5, and 13.6 MeV for the ZM, ZM2, and ZM3
models, respectivel\{10]. With the replacement of the
nuclear ground-state Green’s function by the finite-
temperature Green’s function, the Dirac-Bckner-Hartree-
Fock (DBHF) approach was applied to nuclear matter at fi-

TABLE I. Parameter sets of Reff19] for the DRMF and Ref.
[10] for the Walecka model used in the present work. We take the
masses asm,=550 MeV, m,=783 MeV, andmy=939 MeV.

The saturation density ig;=0.185, 0.174, 0.155, and 0.148 frh
for the parameter set A, B, C, and the Walecka model, respectively.

nite temperature, and the critical temperature was extracteg, ., neter sets A B c Walecka model
to beT,=15.0 MeV[11]. It was also pointed out that a very
low critical temperatureT,~8—9 MeV, was obtained by 92(po)lam 6.7696  6.9342 7.271 9.7575
relativistic Dirac-Brickner (DB) calculation[12]. However, a;, 1.2102 1.2705 1.3221 0
recent investigation has shown that the different critical tema,,, 1.6277 14683  1.4762 0
peratures extracted by DBHF or DB calculations depend om?(p,)/4m 9.9278 10.3439 11.0055 15.15
the different treatments of the nucleon self-endrgf]. ai, 1.2880 1.3764  1.4073 0

In order to avoid complexity of the numerical techniques,az’w 1.7771 1.6519 15778 0

the nuclear many-body effect can also be considered by &
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additional rearrangement contributiof®0], finite nuclei in  where ¢ is the o-meson fieldF ,,=d,0,—d,»,, andw,
Hartree approximatiorj21], and the nuclear deformation is for the w-meson field. We only consider the symmetric
[22]. With the use of this analytical parametrization, we will nuclear matter and do not include themeson effects. The

extend the DRMF theory at zero temperature to the case ajouplingsg,(p) andg,(p) are taken to be the density de-
finite temperature and study the liquid-gas phase transition ipendence by19]
p 1/312
tions of state for symmetric nuclear matter at finite tempera- > = i 1—() }
ture and density are presented. The results and discussion are  9i (po) po

warm nuclear matter.
given in Sec. Ill. )
(i=0,0), (2

The paper is organized as follows. In Sec. Il, the equa- giz(P) [ ( p
_l 1i 1 -

Il. NUCLEAR MATTER AT FINITE TEMPERATURE wherep, is the saturation density of nuclear matter.

AND DENSITY For symmetric nuclear matter, the equations of motion for
the fields of nucleon and mesons can be obtained from Eg.
(1) with mean filed approximatiofMFA):

{yu(i0*=24) —[My—9g,(p) b1} =0,

The Lagrangian density in the density dependent relativ
istic theory is given by 17]

— 1
M &=go(p)(¥h)=9,(p)ps,

1 1
2 42 2 v
— + — [ — M 2 _ —
My ¢7)+ 5 My, =7 PP, @ mZwo=0u(p)(¥* 1)=0.(p)p, (3)
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FIG. 1. Effective nucleon mass as a function of the temperature at zero and saturation densities.
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FIG. 2. Effective nucleon mass as a function of the baryon density at different temperatures.
where(- - -) stands for the grand canonical ensemble expec- Pk 1
tation, and e=4 E*(K)[n(k)+n(k)]+ = m(,¢2+ m2 w3,
(2m)®
Sp = e D 4 @)
o= Ju(p)@ ; (4)
. . : 40 dk k2
is the vector self-energies with the rearrangement term given p= _ n(k)+n(k))— —m ¢>2+ m2w?
by 3) (2m)* E*(k)
d9,(p) 99,(p)
g (P) (P) + pP—"wo—pp ®. (8
sp=| B2 iy gy 22 s Ju ) dp * op

The second line in Eq(8) stems from the rearrangement
which guarantees the thermodynamical consistency for thgontribution [20]. Where E*=k?+M*2, the effective
DRMF. Hereu#=(1,0) in the rest of frame and the rear- nucleon mass is defined ad*=my—g,(p)¢. n(k) and
rangement term in MFA can be expressed as n(k) in Egs.(7),(8) are the fermion and antifermion distri-

bution functions

99, 99,
9o(p)  994(p) bpe. ®)

wop
a0 n(k)= ! )
1+ exp{[E*(K)— ]/ T}

30—

The equations of state for symmetric nuclear matter at finite
temperature and density can be denoted as and
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FIG. 3. Entropy density as a function of the baryon density at different temperatures.
n(k) . (10 2 2+4f ok E*(k)[n(k)+n(k)]
n(k)= , S=—-{Mmw n n
1+ exp[E*(K)+ »]/T} T 0 (2m)3
40 kK2 — ,39,(p)
where the effective chemical potentiais determined by the +§ (2m)% E*(K) [n(k)+n(k)]; + TIP ap @o
baryon densityp as
d9,(p)| mp
PP T T (13
4 f dk k)—n(k 11
P (27-,)3[n( )=n], (1) Thus, the energy density, the pressure, and the entropy den-

sity for symmetric nuclear matter at finite temperature and
finite density can be calculated self-consistently by Edk.

and thev is also related to the chemical potentialby the  (8), and(13).

equation
Ill. RESULTS AND DISCUSSION
v=p—g,(p)wg— 3. (12 In our calculations, we take the parameters of R&€]
for the DRMF, which are given in Table I. In order to make
the comparison, we also use density independent parameters
The entropy density can be obtained as of Ref.[10] for the Walecka model.
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FIG. 4. Energy per nucleon as a function of the baryon density at different temperatures.

Figure 1 shows the effective nucleon m&és as a func-  with the parameter sets A, B, and C in the DRMF are quite
tion of temperaturd at zero and saturation densities. At zero similar in shape at zero or saturation density, as mentioned in
density, the results of the DRMF and the Walecka modeRef. [21], and the three parameter sets A, B, and C differ
coincide basically in the lower-temperature region, and sepasnly in different tensor forces, which cannot give a large
rate clearly in the regions of high temperature. The resulténfluence on the effective nucleon mass.
show that a first-order phase transition appearp=a0, T We show the behavior of the effective nucleon mass as a
~160 MeV for the DRMF with parameter sets A, B, and C, function of baryon density at different temperatures for both
and T~185 MeV [23] for the Walecka model. The result the DRMF and the Walecka model in Fig. 2. We also calcu-
shows that the attraction between nucleons is so strong ilate the effective nucleon mass at zero temperature, but we
bothn DRMF and Walecka model that the nucleon-find that the results are quite similar to those obtained at
antinucleon pairs can be formed at high temperature, ane10 MeV. As shown for the Walecka model, the large gap
leads to an abrupt change MIf* in the regions of high tem- of M* between the low and high temperatures also appears
perature. The mechanism of this first-order phase transitiofor the DRMF. The effective nucleon mass in the DRMF at
is not clear. Due to the big change l#f* that took place in  T=250 MeV first increases and then decreases slowly. This
the regions of high temperature for both the DRMF and theesult is different from that in the Walecka model. It can be
Walecka model, this first-order phase transition might be reseen from Fig. 2 that the effect of temperature on the effec-
lated to the formation of new matter. tive nucleon mass in the DRMF is considerable in contrast to

At saturation densitynote that different parameter sets in the Walecka model.
the DRMF have different saturation densitjd8]) the effec- We calculate the entropy density as a function of the den-
tive nucleon mass increases slowly in the regions of lowesity at different temperatures. The results are presented in
temperature, and then decreases in the regions of higher tefig. 3. For high temperatureTE250 MeV), it has been
perature. In comparison with the Walecka model, the curveshown that there is a large gap betweks 150 and 250

035203-5



GUO HUA, LIU BO, AND M. Di TORO PHYSICAL REVIEW C62 035203

0.6
1.0
Walecka setA
0.4 -
05 -
0.2
of:E ﬂE
T o0 X o004
3 3
3 2
. o 02
-0.4 -
1.0 T=0 (MeV) ] T=0 (MeV)
. . . . . -06 . . . . .
0.0 0.1 0.2 03 0.0 0.1 0.2 0.3
(fm*) s
P p (fm™)
. . 06 . .
setB setC
0.4
«E o 02
= £
2 S
= o 004
a 2
T 52
-0.4 -
T=0 (MeV)
T=0 (MeV)
-0.6 . . . . . -0.6 v . v .
0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
s (fm®)
p (fm”) P

FIG. 5. Pressure as a function of the baryon density at different temperatures.

MeV in the entropy density with the increasing density for The curves of the pressure exhibit a typical Van der Waals—
all the models. This large gap appears even at zero densitiike interaction where liquid and gaseous phases coexist. For
and illustrates that the behavior of the entropy density in theery low density the pressure increases with increasing tem-
high-temperature regions is consistent with the decrease @erature just as happens in an ideal gas. It decreases subse-
M™ at zero density as shown in Fig. 2, and resembles a phaggiently due to the attractive interaction of iiemeson field,
transition. and finally increases as a result of the repulsion from the
Figure 4 shows the energy per nucleon as a function of,-meson field. When the temperature increases, the local
the baryon density at different temperatures. With the in-mjnimum in the pressure is less pronounced and disappears
creasing temperature, nuclear matter becomes less bound afflen the temperature is equal to the critical valles
the saturation curves in the DRMF are flatter than those ifhich is determined byp/dp|r = #?p/dp?|s =0. In com-
the Walecka model. These results mean that the equation of ¢ ¢
state (EOS of nuclear matter in the DRMF is softer com- .
pared to that obtained in the Walecka model. . TABLE I, Value? .for the Cm."?al tempe.raturq.éc an(,j;he effec-
We present the pressure of nuclear matter as a function cglf'e ”“Ce'o’.‘ mas#l '2 MeV, critical densityp in fm ™=, and the
baryon density at different temperatures in Fig. 5. Becaus8 c>oU®e N MeV/im.

the value of incompressibilityK is proportional todp/dp T D M*
(calculated at the equilibrium point where the pressure van- ¢ Pe ¢ c
ishes, soK decreases with the increasing temperature, antivalecka model 18.30 0.0650 0.430 760
among the different parameter sets in the DRMF, the parama 12.66 0.0475 0.152 775
eter set C always gives the softer EOS for a fixed temperag 12.00 0.0483 0.151 771
ture. Therefore we can conclude that the incompressibility ot 10.5 0.0393 0.103 789

nuclear matter decreases with the increasing temperature
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parison with the Walecka model in Fig. 5 tpep isotherms model, and presented how the effective nucleon mass, en-
in the DRMF have a shallower and flatter valley than thoseerdy per nucleon, pressure, and entropy density behave as a
in the Walecka model. The calculated critical values of temfunction of the density for various temperatures. At zero den-
perature, density, pressure, and effective nucleon mass by t§8Y We find that the DRMF model exhibits a phase transition
DRMF and the Walecka madel are given in Table Il. The@ T~160 MeV just as in the Walecka model &t

critical temperature given by the DRMF with the parameter™ 185 MeV. We have also studied the liquid-gas phase tran-
set A isT,=12.66 MeV which is quite close to the recent sition and obtained a smaller phase coexistence region by the

experimental valueT,=13.1+0.6 MeV [7]. The critical DRMF model. The critical temperature given by the DRMF

temperature§,=12.0 and 10.5 MeV are given by the pa- with the parameter set A i$.=12.66 MeV which is con-
rameter set Bcand C, respectively sistent with the recent experimental findings.=13.1

In Fig. 6 we show the phase diagram given by the DRME™ Q.6 MeV [7]. The firs_t-order liquid-gas phase transition
and Walecka model. The phase coexistence boundary is d¢/Nich may take place in the warm and dilute matter pro-

termined when the liquid and gas phases satisfy the fo”OWguced in heavy-ion reactions is one of interesting problems

ing equilibrium conditions:T g =Taae Aliauid= faas AN in nuclear physics. 'I_'he search_ for signals of the Iiguid-gas
Picuis=Poae. The area below the coexistence curve is a renuclear phase transition experimentally and the theoretical
iqui gas-

gion for the mixture of gas and liquid, while the region overStUdy of the transition mechanism are still expected.

the coexistence curve is that for uniform nuclear matter. It
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