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Phase transition in warm nuclear matter with alternative derivative coupling models
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An analysis is performed of the liquid-gas phase transition of nuclear matter obtained from different versions
of scalar derivate coupling suggested by Zimanyi and Moszkog&Wi) and the results are compared with
those obtained from the Walecka model. We present the phase diagram for the models and one of them, the
ZM3 model, has the lowest critical temperatuie=13.6 MeV with the lowest critical densityp,
=0.037 fm 2 and pressur@.=0.157 MeV fm 3. These results are in accordance with recent observations
from energetic heavy-ion collisions, which suggest a small liquid-gas phase rgg§@556-28188)02807-6

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

[. INTRODUCTION sis of the liquid-gas phase transition of the warm nuclear
matter obtained from these ZM models and compare them to
Nowadays, the study of the liquid-gas phase transitionthe linear Walecka model.
which may occur in the warm and dilute matter produced in  The behavior of the nuclear matter with density and tem-
energetic heavy-ion collisions, is one of the most interestingperature is also vital to describe very different astrophysics
problems in nuclear physidd]. This idea, that nuclear sys- phenomena such as supernova explosions and neutron star
tems may show a critical behavior, was initiated more tharproperties. Then, a complete thermodynamic study of this
ten years ago with the observation by the Purdue-Fermilamodified ZM versions is really needed and a recent applica-
group of asymptotic fragment charge distributions exhibitingtion of them has already been performed in a study of the
a power law[2]. This interest has increased recently with thedensity and temperature dependences of hadron migks3es
attempt by the EOS Collaboration to extract critical expo- The usual ZM model, also referred to in the literature as
nents of fragmenting nuclear systems produced in the collithe derivative scalar coupling®SC) model, consists of a
sion of 1 GeV/nucleon Au nuclei with a carbon tarf§@tand  derivative coupling between nucleons and scalar mesons
with the extraction by the ALADIN/LAND Collaboration of The model has been extended to include a nonlinear interac-
a caloric curve resulting from the fragmentation of the qua-ion between the nucleon and the vector mesofiwo types
siprojectile formed in the collision Aur Au at 600 MeV/  of this interaction were employed and the resulting models
nucleon exhibiting a behavior expected for a first-orderwere denoted ZM2 and ZM3. These models were designed
liguid-gas phase transitigjd]. to cure the defects of the Walecka mod#&P], namely, the
At the time when the search for signals of the liquid-gaslow effective nucleon mass and the large incompressibility
nuclear phase transition is taking place, it is important toof nuclear matter. Each one of them is very simple since they
have ready the theoretical phase-transition predictions for have only two free parameters, the scakagcton coupling
broad class of different hadronic models. In fact, the quuid-constantﬁi (Cf,), adjusted to reproduce the binding energy
gas phase transition has recently been studied by taking inidE) of the nuclear matter at=p,. The degrees of freedom
account different effects such as discontinuity in the freezeare baryon fieldqy), scalar meson fieldéo), and vector
out density[5], excluded volume that suppresses the particlaneson fieldqw).
number densitie$6], and the inclusion of a dilaton field In all ZM models, there are nonlinear interaction terms
associated with broken scale invariance which allows one tavhich in an approximate way incorporate the effect of many-
lower the compressibility7]. body forces. After an appropriate rescaling of the
The main ingredient in these analyses is the nuclear mat-agrangians, these models can be understood as generaliza-
ter equation of statéEOS at finite temperature. The success tions of the Walecka model where the scalar and vector me-
of relativistic mean-field theories describing cold nuclearson couplings become effectively density dependédmi.
matter and bulk nuclear properties throughout the periodidhis fact underlies a recent approach, known as the relativ-
table suggests the use of a relativistic mean-field EOS. Mordstic density-dependent Hartree-Fock approddb—17,
over, the mean-field approximation is known to be thermo-which describes finite nuclei and nuclear matter saturation
dynamically consistert8,9]. properties using coupling constants that are fitted, at each
Recently variants of the Zimanyi-MoszkowsKZM) density value, to the relativistic Brueckner-Hartree-Fock
model[10] were implemented and applied to dense and coldelf-energy terms. The good agreement obtained for the
nuclear mattef11]. The aim of this paper is to extend our ground-state properties of spherical nuclei lends support to
study to include temperature effects and to perform an analythis sort of description involving density-dependent coupling
constants. Recently, a finite nuclei calculation has been per-
formed in the ZM models, and the energy levels and ground-
*Permanent address: Instituto désiEa, Universidade Federal state properties of®0, #%Ca, “8Ca, °°Zr, and ?°Pb are in
Fluminense, 24210-340, NitérR. J., Brazil. good agreement with the experimental res{it8]. One of
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TABLE I. Coupling constant€? and C?, binding energyE, 1000 =
(MeV) at equilibrium densityp, (fm~%), m*, and the incompress- P =0(fm™)
ibility K for the indicated models.

800 -
Models c? c? Ep Po m* K

Walecka 3574 273.8 —15.75 0.148 0.54 550.82
ZM 169.2 M1 -1590 0.160 085 22471
ZM2 219.3 1005 -15.77 0.152 0.82 198.32
ZM3 443.3 3055 —-1576 0.149 0.72 155.74

600

M3 M2

M’'(MeV)

400

the main conclusions of this analysis is that a modified ver-
sion of the model, referred to in this paper as the ZM3
model, improves upon the original ZM model regarding the 2004
energy splitting of levels due to the spin-orbit interaction.
The behavior of the quark and gluon condensates in a me- .
dium calculated in these models is also controlled by the
EOS[19] and it was shown that chiral symmetry restoration 0 0 " 100 | 200 | 3060 400
Eeq]uires the meson-nucleon coupling to be density dependen T(MeV)
20].

The original ZM model has already been applied to inves- FIG. 1. Baryon effective mass in nuclear matter as a function of
tigate some thermodynamic properties of nuclear mattethe temperature gi=0.
[21]. They have calculated the isotherms, the prespuas a
function of the density for different temperatures, and ob- grangian obtained after rescaling the nucleon fieldyas
tained the critical temperature which is a little bit smaller —m*¥2y for all ZM models and making the rescaling,
than that obtained in the Walecka model but at almost the-m* w,, for ZM2 and ZM3 models:
same critical density. Then we can say that these two models
have almost the same liquid-gas phase transition. They have o o 1
also concluded that the nuclear matter incompressibility de- Lr= iy, d"p+m* “( — oty ot — ZFWFM
creases when the temperature increases and as in the zero-
temperature case the ZM model gives a softer EOS of
nuclear matter at finite temperature than the Walecka model. 1, A B

In this paper we present a thermodynamic analysis for +omwu0f | —Y(M—m*Fg,0)y
these two new variants of the ZM model and obtain the ef-
fective nucleon mass, energy per nucleon, pressure, and en-
tropy density as a function of the baryonic density at differ-
ent temperatures. All these ZM models are softer and among

them ZM3 is the softest. We show the isotherms, construGlhere o and g have the following values for the different
the phase diagram with the phase coexistence boundary, apghdels: Waleckag=0, 8=0; ZM, a=0, B=1; ZM2, a
present the critical and flash temperatures for the models. We 1, 8=1: ZM3, a=2, B=1; andm* =(1+g,0/M) "L in

found that the main difference between the thermodynamic| inree casesM is the bare nucleon mass arfl
of these new models, which incorporates a nonlinear interac-— Y
o

tion between the nucleon and vector meson, and the original When the meson fields are replaced by the constant clas-
ZM and the linear Walecka models, which do not have tha'éical fieldso, and w, we arrive at the mean-field approxi-

interaction, is that they present a much smaller phase coeXaation, with the equation of motion for the nucleon:
istence region. Then we conclude that this new interaction,
which is stronger in the ZM3 model and is responsible at
zero temperature for a much better nuclear matter phenom-
enology[11], is also very important at finite temperature. It
produces for the ZM3 model the smallest phase coexistend&here the effective nucleon makt* is given byM* =M
region, with the lowest critical temperature, density, and—m*#g,o. In the case of ZM models whei@=1 we can
pressure, which is in accordance with a small liquid-gagdentify m*=M*/M=(1+g,0/M) .
phase region supported by the recent experimental results. The expression for the energy density and pressure at a
The outline of the paper is as follows: in the next sectiongiven temperaturd@ can be found as usual by the average of
we present the EOS at finite temperature. Section Il includethe energy-momentum tensor,
our results and discussion of the thermodynamic properties

1 2 2
+ 5((9#0'(7"“0'—m00' ), (1)

J,w,—d,0,.

[iy,0"—(M—m*fg,o)—m*“g,y,0"]y=0, (2)

of nuclear matter. Finally, we summarize. c? , M* [1—m*\?2
— d *
Il. NUCLEAR MATTER EOS AT FINITE TEMPERATURE ¢ VLA 2C; ( m*# )
Since the models we are dealing with were discussed in Y f 31—k —
detail in Refs.[10,11, here we will only present the La- MPISE dKE* (k) (Nt M), ©
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FIG. 2. Baryon effective masM* as a function of the baryon density at different temperatures for the Walecka rj\@dlednd

Zimanyi-Moszkowski model$ZM, ZM2, ZM3).

Ci ., M*[1-m*)\2
P=omz™ P e | Tme R

1 v 3 k2 _
+§ (277)3 f d°k E*(k)(nk+nk).

Thus we obtain the entropy density

o= 2| Soprapzy Y fd3kE*(k)(n +1
T MZ p (277)3 k k
1y . K — . up
+ﬁ(zT>3fd KErqo (Mt M=

(4)

©)

where y is the degeneracy factdy=4 for nuclear matter

and y=2 for pure neutron mattgrn, andn, stand for the
Fermi-Dirac distribution for baryons and antibaryons respections were done in these models for=0, have we main-
tively, with arguments E* —v)/T, and E* (k) is given by
E*(k)=(k’>+M*?)2 An effective chemical potential pare the previous results with the new ones obtained in this
which preserves the number of baryons and antibaryons iwork at finite temperature. We would like to clarify that we

the ensemble is defined by= . —V, in which w is the ther-

modynamical chemical potential. We have introduc@ﬁ
=g2M?/m? andC2=g2M?/m3.

The effective mass is obtained explicitly through the
minimization of £ with respect tom* and must satisfy the
self-consistent equation

2 2
yC x“dx —
1—m*—ﬁm*3ﬁ+lj —W(nx+nx)
22
_gcl\‘;lcwm*a-%-ZprZ:oy

(6)
where we have used the dimensionless variabtd/M.

The energy density can be fitted to the nuclear-matter
ground-state energy and saturation dengifyat zero tem-
perature to obtain the different coupling constants for the
models. Only for historical reasons, since the early calcula-

tained the values of these coupling constants in order to com-

could have obtained all the new coupling constants to fit the
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FIG. 3. Proper energy/baryon as a function of baryon density at different temperatures for the WaleckdWhodetl Zimanyi-
Moszkowski model$ZM, ZM2, ZM3).

same saturation point E;=—15.75MeV and p, Values of their scalar coupling constai@i . The ZM and
=0.15 fm 3. However, these modifications will only lead to the Walecka models coincide in the lower-temperature re-
a very small change to our results and it would not affect ougion T<120 MeV and the ZM3 model stays together with
conclusions. the Walecka model up tar~160 MeV. However, at a
The different coupling constants for the models are prehigher temperature the models separate quite clearly, with
sented in Table | together with the nuclear matter incom+the effective nucleon mass in the ZM models dropping more
pressibility which afT=0 is given by slowly than that in the Walecka model. This means that the
5 sigma field(the source for the scalar dengitpcreases more
K=9p2(9— (E) @) slowly with temperature in the ZM models because of the
09p% | p inclusion of nonlinear interactions which are absent in the
Walecka model. As a result, the attraction is stronger in the

The thermodynamic functions are obtained by first solv-\/\/a_lec'(a mod_el, faYo””g the formation of nucleon-
ing the self-consistency condition in E@) to determineV* antinucleon pairs at high temperature_. Moreqver, none of the
for eachT and» fixed. We substitute the value Mf* in the ~ Proposed ZM models are able to give a first-order phase
Fermi-Dirac distribution functions and then calculate the in-transition atp=0, T#0. This is in contrast to the Walecka
tegrals in Eqgs(3), (4), and(5). [nz]gijel, which has such a phase transitionTat185 MeV

In Fig. 2 we show the behavior of the effective nucleon
mass with density at different temperatures for all the mod-

In Fig. 1 we showM* as a function ofl at zero density. els. For low temperatures the results are not so different from
In this regime, the vector field proportional jpvanishes, those obtained at zero temperature, showing that in this re-
and so the three ZM models differ only in having different gime the density dependence is more important than the tem-

9 PPE
=9P05 2
pP=pg P

pP=pg

Ill. RESULTS AND DISCUSSION
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FIG. 4. Pressure as a function of baryon density at different temperatures for the Walecka\Wpdetl Zimanyi-Moszkowski models
(ZM, ZM2, ZM3).

perature dependence. As the temperature is raMdédfirst  sure vanishes we see directly that when the temperature
increases and then decreases more slowly for the ZM modelscreasesK decreases, and among the ZM models, the ZM3
than for the Walecka model at=200 MeV. Within the ZM  model always gives the softest EOS for a fixed temperature.
models, this decrease is more pronounced in ZM3, but is The isotherms exhibit a typical van der Waals—like inter-
even smaller compared to the Walecka model where the efction where liquid and gaseous phases coexist. For very
fective mass decreases very fast. In short, the effect of themall temperatures the isotherms manifest the following be-
temperature on the effective nucleon mass in the ZM modelbavior: for very low density the pressure increases with tem-
is not so pronounced as in the case of Walecka model, angerature as happens in an ideal gas;pk,T. It decreases
can be seen only for densities below the normal density. subsequently because of the attractive interaction of the
We present the energy per nucleon as a function of theigma field, and finally increases as a consequence of the
density at various temperatures in Fig. 3. As the temperaturezpulsion coming from the vector meson which dominates at
increases, the nuclear matter becomes less bound and the thigh density. When the temperature increases, the pégh
saturation curve around the equilibrium point in the ZM becomes more important and the local minimum in the pres-
models is flatter than that in the Walecka model. This indi-sure is less pronounced and disappears when the temperature
cates that the nuclear matter EOS in the ZM models is softeis equal to the criticall;. At this temperature, the unphysi-
compared to that obtained in the Walecka model, even atal region disappears and an inflection point appears in the
finite temperature. We can also conclude that the incomisotherm, as we show in the Fig. 4 for each model. phe
pressibility of nuclear matter decreases when the temperature p isotherms in the ZM models have a shallower and flatter
increases. This can be seen more clearly in Fig. 4 where wealley than the corresponding ones in the Walecka model,
show the pressure-density isotherms of nuclear matter at ditind this is more noticeable in the ZM3 model. In Table Il we
ferent temperatures. Since the incompressibHitys related list the critical temperatur@,, densityp., and pressur@,
to dp/ dp (calculated at the equilibrium point where the pres-given by the ZM and Walecka models. The ZM3 model pre-
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TABLE Il. Values for the critical temperatur€; and the effec- 0.5
tive massM¥ in MeV, critical densityp, in fm~3, and pressure,
in MeV/fm? for the indicated models.

Models T, Pe Pec M3 047
Walecka 18.3 0.0650 0.4300 760 a
™ 16.5 0.0698 0.2570 861 Eo.a -
ZM2 15.5 0.0364 0.2106 881 Ny
ZM3 13.6 0.0354 0.1571 831 %
= 0.2 -
S
.

sents the lowes,=13.6 MeV, densityp.=0.037 frm 3,
and pressur@,=0.157 MeV fm 3.

We present in Fig. 5 the phase diagradm p of the mod-
els. The phase coexistence boundary is obtained when the
liquid and gas phases have equal temperatures, chemical po
tentials, and pressures. Below the coexistence curve, the 00
equilibrium state is a mixture of gas and liquid. This region
is bigger in the Walecka model. In fact, if we include non-
linear ,t?rms in this model, this region becames smaller and FIG. 6. Pressure as a function of baryon density at flash tem-
the critical temperature goes dOW_n TQ_Z 14.2 MeV [8]. . perature T;) for the Walecka modgW) and Zimanyi-Moszkowski
The ZM3 model, where the non linearity of the coupling models(zm, zM2, ZM3).
between the vector field to the nucleon is strongest, presents

the smallest phase coexistence region compared to the othﬂ, 9 12.2 and 11.0 MeV for the Walecka. ZM. ZM2. and

models. ZM3 models, respectively. Again, the ZM3 model has the

As we have already pointed out, the nuclear matter in mallest flash temperature. As expected. all of th tempera-
compressibilityK decreases when the temperature increasef. allestliash temperature. As expected, all of these tempera

Therefore, we will have a temperature where the incompres syhrsvsvsarzt I(t)r\:\(la erc:igzci:gl ttheemcgtrlgzlrgntise’ bﬁ:saslijsrg' izsa:?:egei d4
ibility K calculated at the equilibrium point vanishes. This ositiv;e and the svstem is 2)( andin P y
temperature is known as the flash temperatire Ts, P y P 9.

_ _ . _ Finally, we present in Fig. 7 the entropy density as a
ap/aphf P(ps,T1)=0. It represents the highest tempera. function of the density at different temperatures. For high

ture at which a self-bound system can exist in hydrOStat"iemperatures1(=200 MeV), we see an increase in the en-
equilibrium (p=0). Above this temperature the warm g,y density with the density for all the models. This hap-
nuclear matter is unbound and starts expanding. We presepgns even at very low densities, and manifests what we have
in Fig. 6 the pressure as a function of baryon density at thg,ready pointed out when we discussed the behavior of the
flash temperature for the models. This temperature is 14.Jffective nucleon mass with the temperature at zero density.
This decrease df1* or increase of the entropy density with
25 increasing temperature, which is more pronounced in the
Walecka and ZM3 models, resembles a phase transition.

In summary, we have presented the thermodynamic prop-
204 erties of nuclear matter in three different versions of the ZM
model. We have shown how the effective nucleon nidss
energy per nucleon, pressure, and entropy behave as a func-
tion of the density for different temperatures. As in the zero-
temperature case, all the ZM models give a softer EOS of
nuclear matter at finite temperature than the Walecka model.
Among the three ZM models, ZM3 is the softest. Unlike the
Walecka model the ZM models do not exhibit a phase tran-
sition for finite temperature at zero density. We studied the
liquid-gas phase transition and found that these two new
variants of the ZM model that incorporate a nonlinear new
interaction between the nucleon and the vector meson
present a much smaller phase coexistence region. The ZM3
model, in which the new interaction is stronger, presents the
9.00 0.05 010 015 0.20 smallest phase coexistence region with the lowest critical

o <fm—3> temperature, density, and pressure. The incompressiblity de-
creases with increasing temperature, and vanishes wWhen

FIG. 5. Temperature as a function of the baryon dengihase = Tgash- Again, the ZM3 model has the smallest flash tem-
diagram for the Walecka mode[W) and Zimanyi-Moszkowski  perature. Then we conclude that this new nonlinear interac-
models(ZM, ZM2, ZM3). tion, which is so important to reproduce at zero-temperature
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FIG. 7. Entropy density as a function of baryon density at different temperatures for the Walecka(Wpded Zimanyi-Moszkowski
models(ZM, ZM2, ZM3).
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