PHYSICAL REVIEW C, VOLUME 61, 044313

Equation of state of hot polarized nuclear matter using the generalized Skyrme interaction
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We used the generalized Skyrme potential to study the equation of state of polarized nuclear matter in the
frame of the Thomas-Fermi model. The critical temperature of the liquid-gas phase transition is found to be
T.=16.2MeV. This critical temperature was found to decease with the asymmetry, spin, and spin-isospin
excess parameters. The isothermal compressibility of polarized nuclear matter was also studied. The volume
compressibilityK, was found to decrease with temperature. The symmetry compressiilitythe spin
symmetry compressibilitK, , and the spin-isospin symmetry compressibility were found to have a little
increasing behavior with temperature.

PACS numbds): 21.65+f, 21.60—n, 21.10.Ma

I. INTRODUCTION larized nuclear matter is also studied. In Sec. II, we give the
theory of our calculations. Results are analyzed in Sec. Ill.

In the last few years, the study of the equation of state
(EOS of nuclear matter has attracted considerable interest in Il. THEORY AND CALCULATIONS
nuclear physics and astrophysids-3]. The EOS is closely
related to the study of nuclear fission, heavy ion collisions, Polarized nuclear mattdPNM) is composed ofN;(N,)
supernovas, and hot neutron stars. In the temperatures afgmbers of spin-ugspin-down neutrons an&;(Z;) num-
density domains of the liquid-gas phase transition occurrindgers of spin-ugspin-down protons with corresponding den-
in nuclear matter, it is desirable to derive the nuclear mattesitieSpn;, pn;, ppr. andp,, , respectively. Thus
EOS from the nucleon-nucleon interaction. The calculated
critical temperaturd . of this phase transition using various = )
kinds of nucleon-nucleon interactions is about-I¥MeV P= & Prs:
[4,5]. Most of the calculations of hot nuclear matter have
cpn5|dered the symme_trlc casd<Z), and only a few con- P=Pni T PnyF PpiF Py - 2)
sidered the asymmetric cas@él£Z). For the asymmetric
case,T, was found to decrease with the asymmetry param- For PNM, one usually defines the following parameters
eter. [6,9]: the neutron excess parametér(p,—py)/p, the

It is well known that nuclear fluid is compressible and theneutron spin-up excess parametes=(p,;—pn,)/p, and
magnitude of its compressibility coefficiet plays an im-  the proton spin-up excess parametgr= (pp; — pp|)/ p.
portant role in the determination of the nuclear EOS. In prin-  There are four Fermi momenta in this general case,
ciple, the value oK can be extracted from the experimental namely,K,(\,,) for neutrons with spin ugspin down and
energies of the giant monopole resonaf@#R) in nuclei. K (x,) for protons with spin ugspin down. The relations

In a semiempirical approach the analysis is based upon glating these Fermi momenta to the excess parameters are
leptodermous expansion of compressibi[i}. The used ex-

pansion formula does not contain any spin contribution co- Kﬁ
efficients. The spin coefficients may be related to the ener- =K3(1+X+Y+Z2) 3
gies of the GMR{6]. A3

It is well known that the Skyrme interaction is a simple "

and useful potential for describing the thermostatic properand
ties of nuclear mattef7]. Recently, Farineet al. [8] pro-

posed a generalized Skyrme force that took into account the Kg
masses of finite nuclei, breathing mode energies, and masses =K} (1-X+YZx2), (4
of neutron-rich nuclei. A3

. . P
In the present work we will extend the generalized

Skyrme interaction to the case of polarized nuclear matter ifvhereK is the Fermi momentum of unpolarized symmetric
the T* approximation. The dependence of the critical tem-nuclear matter,

peratureT; on the asymmetry, spin, and spin-isospin excess

parameters is studied. The isothermal compressibility of po- Y=apt+a, and Z=a,—ap. (5)

In our model calculations, we will use the recent form of the
*Present address: Hail Teachers College, P.O. Box 1818, Haigeneralized Skyrme interacti¢B]. This interaction is given
Saudi Arabia. in configuration space by
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1 2 12 ’
Vij=to(1+X%oP,) 8(rij) + §t1(1+X1PU)[Kij5(rij)+ o(rij) Kij" 1+ ta(1+X2p,) Kij (1K
1 a 1 [e3
+ gt3a(1+xsapa)[Pqi(ri)+qu(fj)] ad(rij) + gtsb(l"'xsbpg)[ﬁ'qi(ri)+qu(rj)] bo(ri;)

1
+Et4(1+x4pa)(Ki2j[Pqi(ri)+qu(rj)]B5(rij)+5(rij){Ki,j[Pqi(ri)+qu(rj)]ﬁ})+iWOKij5(rij)Ki,j(0'i+0'j)- (6)

The energy per nucleon of PNM at zero temperature can be written as

Eo=E, +X?Ex+ Y?E,+Z%E,, (7)
where
3 3 (37223 1 9 /372283
E,=gtlor+ 8_0(7) [3ty+1a(5+4%)1p™+ Tg(teap ™ tapp T + %t“(T) PR, ®
tO 2\ 2/3 1
Ei=— g (1+2x)p+ 5, 7) [15(4+5%,) — 3tix41p™*+ ggtal (ot 1) (@at2)(1 - Xga) +2(2+X50) Jp"s*

1 1 (37728 1
+9_6t3b[(a'b+1)(a’b+2)(1_X3b)+2(2+X3b)]P%+l+ §t4<7) —Xgt %ﬁ(3ﬁ+13)(1—x4) pPTR(9)
37T2 2/3 1
Ey=(2xo—1)p+ 4l o [t2(4+5X,) +3tyx,1p%3+ %tsa[(anr 1)(aa+2)(1—Xz,) —2(2—X3a)]pa™?

pB+ 5/3’ (10)

1 1 772 2/3
+ %t%[(%*‘ 1)(ap+2)(1—Xzp) —2(2—Xzp) Jp* " 1+ —t4<_) (X4+ %ﬁ(3ﬁ+ 13)(1+xy)

8 2
and
to 1(37%)% 53, L g+l
Ei=—gpt 15| 5| 1(2+X)p™+ getaal (aat1)(aa+2)—4]p%
v 1 1) (apt2)— 4]p™ Lt et i 3B+13)ph*+53 11
926 3b[(ab )(ab ) ]P 160 4 2 B( B )P . ( )
|
In Eq. (7) terms higher than quadratic Xy Y, andZ are Ko=K,+X?K,+ YZKy+ZZKZ. (15)
neglected.

Th f I is gi . , . .
e pressure of a nuclear system is given by Using the simple analytical equatiof®—(11) for E,, E,,

E,, andE,, we were able to get simple analytical equations
P:PZ_: (12) for P,(K,), Px(Ky), Py(Ky)! andP,(K,).

ap It is well known from classical thermodynamics that the
thermal properties of the system are completely determined

and the(isothermal compressibility is if the free energy(p,T) per nucleon is determined:
9°E
K=9p2<ﬁ) . (13 F(p,T)=E(p,T)—TS(p,T), (16)
Pl

) o whereE(p,T) is the energy per nucleon at temperatti@nd
Using Eg.(7), we get the pressure and compressibility ats js the entropy of the system. The energy per nucleon is
zero temperature as given by[4]

Po=P,+X?P,+Y?P,+Z2?P, (14) 1 (T
E(p,T)=E0(p,T=0)+—J dT'C,(T"), (17
and pPoJo
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FIG. 1. The free energy as a function of the relative density

. . FIG. 2. The isothermal pressure as a function of the relative
pl pg for unpolarized symmetric nuclear matter.

densityp/p, for unpolarized symmetric nuclear matter.

where Eq(p, T=0) is the energy per nucleon at zero tem-
perature and is given by E47) andC, is the specific heat
per unit volume and is given by

dence of the entropy on the effective mass. This conclusion
was also pointed out in Ref10].
Using Eqgs.(17)—(19), we can write

IS

C,= pT( ﬁ) . (18 F=E,+Ey, (21)
P

whereEjy is the zero-temperature part of the enefgpd is

Using the Fermi-liquid approximation of Landau, the en-given by Eq.(7)] and E is the temperature-dependent part
tropy of the system is calculated in terms of the Fermi intesf the energy and is given by

grals, which are temperatures dependent. Expanding the

Fermi integrals in temperatures up T8 and following Ref. T2/[372\13 g 2m*
[10], we get the entropy of PNM as ExlpN==%|>5] p 72
T 3772)1/2<2m*T> 1 1 7T4 (2m*\ 3
T =—(— TR S (XPH Y2+ 22 L (XP+Y24 72— ] 2
S N=3|7 pr g¢ ) X1 1= g (Y24 Z%) 1+ oot = | p
7 [2m*T\® X (14 X2+ Y2422 22
——1080(—772 ) p A1+ X3 +Y2+27%), (19 ( )- 22

The pressure and compressibility at finite temperature can be
wherem* is the nucleon effective mass and is given[BY  written as

h? | P(p.T)= _
_ - p,T)=Po(p,T=0)+P1(p,T) (23
2m:’5 2m7,s + 8{t1(2+X1)+t2(2+X2)}p
and
1
*gltall+2x) "1+ 20)1pys K(p,T)=Ko(p, T=0)+Kr(p,T), (24)
1 1 whereP; andK are the temperature-dependent parts of the
- Bl - _ T T
+ gt (2FX)p(p=prs)t 5(17Xa) pressure and compressibility. They are directly derived from
Eq. (22).
X(pr,s)ﬁﬂ]- (20)
I1l. RESULTS AND DISCUSSION

It is clear from Eqs(17)—(19) that the key quantity of the With the model described above, we now survey the ther-
thermal properties of the system is the entropy. The onlymostatic properties of PNM. We wish to emphasize that the
dependence on the effective interaction is through the depemnotivation of the present work is not to reconsider symmet-
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TABLE I. The values of the asymmetry spin-symmetry and  TABLE Il. The critical temperature at different values Xf Y,

spin-isospin symmetry energies and compressibility. andZ.
SK200 SK220 SK240 SKKM X, Y, orZ T(X) T(Y) T(2)
K¢ (fm=3) 1.32 1.315 131 1.335 0.1 15.9 15.7 15.3
F, —15.86 —15.81 —15.79 —15.86 0.2 15.2 155 15
Fy 30 30 30 30 0.3 14.5 15 14.2
Fy 6.8 17.53 34.9 25.8 0.4 13.3
F, 33.8 34.18 34.8 31.2 0.5 11.6
K, 200 220 240 220
Ky —353 —466 —523 —242
Ky —889 —87 —296 —128 transition as shown in Fig. 2. The critical temperature is
K, -411 —154 -90 -97 found from the pressure isotherms, the temperature at which

the maximum and minimum in the pressure curve coalesce
into a turning point. The critical temperatufe for SK200,
ric unpolarized nuclear matter, but to study the effect of spinSK220, and SK240 is found to big.=16.2 MeV. This result
on asymmetric nuclear matter. We carried out our calculacould be explained by the fact that the parameter sets of
tions for the parameter sets of interactions SK200, SK220these interactions fit the same properties of finite nuclei, ex-
SK240, and SKKM(see Ref[8] for the parameters of these cept for the compressibility), of symmetric unpolarized
sety. Our results of the calculations are nearly the same foNM. In Table | we list the values oE,, E,, andE, using
these sets. We shall show our results for SK220 only anéK200, SK220, and SK240. The values of the spin symme-
point out any differences between the other sets. try energyE, and the spin-isospin symmetry energy are

In Fig. 1 we show the free enerdy as a function of the uncertain to some extent. An empirical estimateEof E, ,
relative densityp/p, at different temperatures for unpolar- andE, may be obtained with the help of the empirical values
ized symmetric nuclear matter. It should be noted thaf at of the Landau parametefd1] lead for K;=1.36 fm ! to
=0 MeV our result was the usual saturation curve for theE,=27 MeV, E,=34.5MeV, andE,=39 MeV. Dabrowski
energy with a minimum ap/py=1. As the temperature in- [6] calculatedE,, E,, and E, using theK-matrix theory
creases, the free energy decreases and an inflection point with the Brueckner-Gammel-Thelar and soft core potentials,
the curve occurs. This behavior reflects a liquid-gas phasand obtained E,=26.5MeV, E,=32.5MeV, and E,
transition that ceases at a critical temperature. Above thiss38 MeV. The generalized hydrodynamics model of Uber-
critical temperature the free energy isotherms are monotonall [12], which gives E,/E,)Y?=1.1, fixesE, for a given
cally increased and only one phase of nuclear matter camalue of E,. Maheswariet al. [13], using the Seyler-
exist. The pressure isotherms confirm this liquid-gas phasBlanachard potential, performed calculations with different
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FIG. 3. The symmetry energk,, the spin symmetry energy FIG. 4. The symmetry free enerdy,, the spin symmetry free
E,, and the spin-isospin symmetry enerly as a function of the  energyF,, and the spin-isospin free energy as a function of the
relative densityp/pg. temperatureT.
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FIG. 5. The symmetry incompressibili&, , the spin symmetry
incompressibilityK,,, and the spin-isospin incompressibili, as
a function of the relative density/p,.

FIG. 6. The same quantities as in Fig. 5, but as a function of the
temperatureT.

GMR datd[6]. The values oK, , K, , andK, obtained in our

values ofE, and found that the observed maximum neutronc@lculations are presented in Tabie I -
star masses and surface magnetic field are best explained The effect of temperature on the compressibility terms

with E.=33.4MeV. E.=15MeV. and E.=36.5MeV is shown in Fig. 6. The temperature has a little increasing
X . H y l z . .

These values are in reasonable agreement with our value&iect OnKy, Ky, andK,. The volume compressibilitf,

; - - : found to decrease with increasing temperatures. Many
This may be due to fitting the generalized Skyrme with theVas ; . . .
. : authors have obtained a similar behavior ®y: in Refs.

masses of neutron-rich nuclei. The enerdigs E,, andE, [ ; ; .

. : . I 15,16 using the SKM force, in Refs.[17,1§ using the
as a function of the relative dens are shown in Fig. 3. ' ; - : ! . =
An increasing behavior oE ande,po(with density is go- Gogny DL interaction, in Rei@lg] using the Brlnk-Poek_er
) g y z ) interaction, in Refs[20,2]] using the Seyler-Blanchard in-
ticed. The symmetry enerdy, has a maximum value @t teraction, and in Ref22] using the Paris interaction.

=po- N _ _ In summary, we have studied the EOS of PNM, focusing
The critical temperature decreases when increasing thgitention on the critical temperature of the liquid-gas phase
asymmetry parameters, Y, and Z as shown in Table II.  transition and compressibility. The critical temperature was
There is a small increasing behavior fef, F,, andF, with  found to decrease witK, Y, andZ. We have calculated the
increasing temperatures as shown in Fig. 4. spin symmetry energi, and the spin-isospin symmetry en-

The symmetry, spin symmetry, and the spin-isospin symergyE, and compared our results with the available data. We
metry compressibility K, , K, andK,) are shown in Fig. 5 have also calculated the spin symmetry compressibility and
as a function of the relative densitypy. One way to deter- the spin-isospin symmetry compressibility. The effect of
mine the compressibility of nuclear matter from the gianttemperature was also studied. The temperature has a minor
monopole resonance data is to use a leptodermous expansioiereasing effect orgy, E,, E,, K,, K,, andK,. The
of compressibility{5,14]. The leptodermous expansion usedvolume compressibilityk, was found to decrease with in-
does not contairk, and K,. Their values may affect the creasing temperature.
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