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Polarized nuclear matter using extended Seyler-Blanchard potentials
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In the present work the equation of stdi€OS is derived using three types of potentials for polarized
nuclear matter. The potentials used are the extended Seyler-Blari&Byanodified Seyler-BlanchardVSB)
and the generalized Seyler-Blanch&&SB) potentials. It is found that the equation of state derived using SB
potential is a stiff EOS whereas the equations of state derived using MSB and GSB potentials are soft ones.
The phase diagram for nuclear matter is also studied. The shapes are similar for the three potentials used but
the critical temperatures are slightly differef80556-28187)07108-2

PACS numbdps): 21.65+f, 21.30.Fe

I. INTRODUCTION after correcting them by applying the proper physical condi-
tion P=0 atp/py=1 which was not satisfied in their calcu-
The equation of state is used to study the properties dfation.

nuclear matter. Static properties of nuclear matter, e.g., bind- In the next section we present the theory and in Sec. Il
ing energy, asymmetric energy, incompressibility, etc., can b#e present the results and discussion.
determined successfully by the EOS. Also, at finite tempera-
tures, the thermal properties of nuclear matter can be studied, Il. THEORY
e.g., free energy, entropy, effective mass, chemical potential,
and all possible phases in which the matter may exist.
Liguid-gas mixture exists at very low temperatures in the Nuclear matter is an infinite system of nucleons with a
crusts of neutron star and at temperatures of 5 to 10 MeV imefinite ratio of neutrons to protons numbers. We refer the
supernovasl]. Such matter is also observed in high energyreader to Ref[15] where the detailed method of calculation
heavy ion collisions. The emission of intermediate masss explained. Polarized nuclear matter is composed of num-
fragments during the decay of a highly excited nuclear sysbersNT (N]) of spin up(spin down) neutrons and®{ (P])
tem was interpreted as being due to statistical droplet formasf spin up(spin down protons, with corresponding densities

A. Nuclear matter at zero temperature

tion in liquidlike or gaslike phases of the syst¢g-5]. Pnts Pnls Pppr @ndpy|, respectively; thus
In early experiment$6], from the energy distribution of
the fragments, the critical temperature of the hot fragmenting A=NT+N|+PT+P]|

nuclear matter is deduced to be about 12 MeV. Below this . .
critical temperature nuclear matter coexists in the liquid and® the total number of particles and the total dengitys
in the gas phase; it becomes a single uniform phase above fiven by
A liquid-gas phase transition was considef&d from the
EOS of hot nuclear matter using SB potential. Later works
[8] considered the Skyrme interactions which offered sim-or polarized nuclear matter, we define the following param-
p|IC|ty of the calculations; the critical temperature was fOUﬂdeters’: the neutron excess parameter
to be about 15—-20 MeV. Most of the calculations considered
the symmetric nuclear matter case whereas few authors stud- X=(pn—pp)!p, 2
ied the thermostatic properties of asymmetric nuclear matter.
The polarized nuclear matter has been studied by Dabrowskie neutron spin-up excess parameter
and Haensdl9—11] at zero temperature and by Hassdral.
[12] at finite temperature. Rudra and DES] used a density an=(pn; = pn))/p, ©)
dependent modified Seyler-Blancha(ISB) potential to
study the equation of state of asymmetric nuclear matter. |
addition to the density dependent term Myers and Swiatecki
[14] added a reverse momentum-dependenP)lterm to
study the nuclear matter properties. In a previous Wa Yea +a (5)
the thermostatic properties of polarized nuclear matter were nooer
calculated using an extended form of the Seyler-Blanchard,q
potential.

In the present work we construct a general form for the Z=a,—ay. (6)
SB potential which is suitable for polarized nuclear matter.
This potential contains the old SB potential plus a density- In the present work we used the following form of the
dependent term and a reverse momentum-dependent terfeyler-Blanchard potentidtl3,14,16 which is generalized
Some of the previous calculatiofi$5] are presented here in our case to polarized nuclear mattsee also Ref.15])

P=Pnt Pp=Pnt T Pn T Ppt Py - 1)

rI]he proton spin-up excess parameter,

ap=(ppi~pp))/p, )
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action wheret andv refer to the

likenesk and unlikeness

for spin and isotopic spin, respectivel, b, «, 8, andn are

parameters of the interactiop, (
sities at the two sites of the int
the above generalized interacti

r.) andp,(r,) are the den-
eracting nucleph6]. Using

on the total energy per particlseon with Ref.[15].

2
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TABLE I. Parameters of the SB potential. 120
Input data[15] Output - -- A-R-H
- ) - - 100 | — sB
k;=1.312 fm b=2.0683 fm -0 MeV
po=0.1533 fm 3 a=B=0
Ey=—16.4 MeV C.L=229.41 MeV 80~
Ex=33.4 MeV C_,=536.91 MeV T Y
Ey=31.5 MeV C,.=654.42 MeV > 60|
E,=36.5 MeV C,,=345.18MeV s |
a=0.557 fm K=310 MeV o wob
L ///
—rla k2 1 20 F //
V(rk)==Cey —— | 1= gz a(patp2)"+ B |, !
(7 0l ! L A !

wherer is the separation distance between two nucleons and 20 i ‘\ | ‘T‘/| ' ;
k is the relative momentunC, , is the strength of the inter- 0 1 3

1419

FIG. 2. The energy per particle for the SB potential in compari-

(10

of the polarized nuclear matter is given by 520203 2°C 2390C
E. = 213_ C..+ n+lc_
E=Ey+ X2E,+ Y2E,+ Z2E,, (8) T T6m P T 3g PriT@ P i
3~5/3 3r2/3
where + 4a°C 513C. -B 2a°C 23¢.
97Tb2 P i2 977 P i3
3p*c*® . [ aC a%2"c .,
Bv=—"Tom P | "3, Pta 3P (i=X,Y, and Z),
2a3coB o3 2a3c23 o3 wherem is the nucleon mass and
5.p2 P BT P Cy 9
C=3m%2,
and _
C1=CL +Cy+Cy+Cyy,
1.0 10
0.8 | == A-R-H I 0.8 b o AR |
— S B !
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/
/
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FIG. 1. The pressure dependence on density for the SB potential FIG. 3. The pressure dt=5 MeV of the SB potential in com-

in comparison with ARH dat@15].

parison with Ref[15].
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FIG. 4. A comparison of the energy per particle for SB, MSB,
and GSB of the present work with the FP potengiz8].

Cx1=CrLLtCLu—CyuL—Cyy,

Cy1=CrLL—CrLyt+CyL—Cyy,

Cz1=CLL—CrLy—Cy .+ Cyy,
Cyxo=2C  +2C ,—Cy —Cyu>
Cyp=2C_  —C  ,+2C, —Cyy,
C,,=2C | —C ,—C, +2C,,

Cxz=CpL+C,—2C, —2C,

P(MeV/fm®)

2.5

FIG. 5. A comparison of the pressure for SB, MSB, and GSB ofa=0.565 fm

the present work with the FP potent[&5].
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TABLE II. Parameters of the MSB potential.

Input data Ref. Output
ki=1.32fm? [21] b=9.678 fm!
po=0.1555 fn13 «=0.956,n=1/3, =0
Ey=-16.1 MeV [21] C L =—422.9 MeV
Ex=33.9 MeV [22] CL,=940.9 MeV
E,=31.3 MeV [23] C,.=1013.5 MeV
E;=36.5 MeV [24] C,,=861.6 MeV
a=0.565 fm K=241.3 MeV
Cyz=CL —2C ;+Cy —2Cy,
and

Cz3=C —2C ;= 2C, +Cyy.

The pressure of nuclear matter is defined as

_ 2 JE (11)
p_ p &p L)
the incompressibility as
, F°E
K=9p 7o (12
and the velocity of sound is given by
JP 1/2
= $> . (13

Terms higher than quadratic X, Y, andZ are neglected in
Eq. (8). The parameters, b, «, 8,n, C_ ., C_,, Cy., and
C,u are adjusted to fit the values &f, Ey, Ex, Ey, Ez,
andK for polarized nuclear matter.

B. Nuclear matter at finite temperature

It is well known from classical thermodynamif7] that
the thermodynamic properties of matter are determined com-
pletely if the free energ¥, is known in terms of the density
p and temperaturd, where
F=E-TS (14

E being the total energy arfdlis the entropy. Following Ref.
[15] and using theT* approximation[18] we obtain the en-
tropy S, the free energy, and the pressurE as follows:

TABLE lll. Parameters of the GSB potential.

Input data Reference Output
ki=1.32fm ! [21] b=9.892 fm!
po=0.1555 fn 3 @=1.001,n=1/3, 3=0.215 frri’?
Ey=-16.1MeV  [21] C.L=—207.4 MeV
Eyx=33.9 MeV [22] C,,=648.3 MeV
E,=31.3 MeV (23] C,L=704 MeV
E;=36.5 MeV [24] Cuu=587.5 MeV

K =210 MeV
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FIG. 6. A comparison of the sound velocity for the SB, MSB,
and GSB potentials of the present work with the FP poteh#l].
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TABLE IV. The critical temperatures.

Present work

Reference  SB MSB GSB [7] [16] [25]

T. (MeV) 18.53 16.9 1755 1735 15-18 175

b P(T—0 T2 3772 1/3 2m* U3
“PI=0t g 5] (%)
7T [2m*\d
“ 6480\ w2 ) P (17
wherem?* is the effective mass
o1 mC, [ 2a? 3 a’p\]? 18
mr=m itz g ity o (18

k; being the Fermi momentum.

Ill. RESULTS AND DISCUSSION

In the present work we used three types of potentials:
namely the standard Seyler-Blanchd®&B; a=3=0), the
modified SB(MSB; a#0, 8=0), and the generalized SB
(GSB; a# B+ 0) potentials which are extended to study the
properties of polarized nuclear matter. In a previous work
[15] with SB it is noticeable that the equilibrium condition
(P=0 atp/pg=1) is not satisfied at zero temperature. This
is clear from Fig.(2.1) of that reference, where the pressure
curves until T=10 MeV, cross thep/py axis at p/py>1.
Here we present their calculation taking into account the
equilibrium condition. A new set of parametdiBable |) of
the SB potential are obtained using the same input data given
in Ref.[15].

From Table | we notice that the incompressibiliky
~310 MeV, which is similar to other previous works
[7,19 with the SB potential, is still higher than that given by
Blaizot[20] (K=210+30 MeV). This shows that any equa-
tion of state derived using the SB potential will be a stiff one.

25
! Phase Diagram
ol Stable GSB
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FIG. 7. The pressure-density isotherms for polarized nuclear FIG. 8. The phase diagram for polarized nuclear matter using
matter using the GSB potential at different temperatures.

the GSB potential in the-T plane.
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TABLE V. The effective mass ratio. 50
Present work 40F —— MSB
----FP
Reference  SB MSB GSB [7] [25] [28] 30
m*/m 0.38 0.9 0.9 0.38 0.7 0.92 20
=~ 10

Figure 1 gives the pressure-density relatiom at0 in com- §
parison with that of Ref{15]. It is clear that the saturation g 0
condition is not satisfied in their calculation. The correct en- — 10
ergy per particle is shown in Fig. 2 again in comparison with
those of Ref[15]. Figure 3 shows the correct behavior of the -20
pressure af =5 MeV in comparison with that of Refl15].
Tables Il and lll give the same set of parameters as in Table —30
| but for the MSB and GSB potentials. In Fig. 4 we present —wl
a comparison between our work for the energy per particle
using SB, MSB, and GSB with that of Friedman and Pan- —50 . { : 1 :
dharipanddFP) [25]. Our results with GSB are very close to 0.0 0.2 3 04 0:6
the FP calculation. Also, in Fig. 5 we present a comparison L (fm~)

between the EOS'’s for the SB, MSB, and GSB of our work

with that of FP. The GSB results give a softer EOS than that FIG. 10. The free energy of polarized NM using the MSB po-
of MSB. The values of the velocity of sound using SB, MSB, tential atT=5 MeV andT=10 MeV in comparison with those of
GSB, and FP potentials are presented in Fig. 6. Here agaifP.

we notice that GSB values are closer to the FP calculation.

The thermostatic properties of polarized nuclear mattef.giaple » consists of uniform nuclear matter. The other two
were studied for the potentials used here, usingThep- reqgions are the metastable regions. The system can be put in
proximation. Because they are similar in shape we only; metastable state, supercooled or superheated, which might
present the calculation for the GSB potential in Fig. 7 up tonot decay in a typical time interval characteristic of nuclear
the critical temperaturd =17.646 MeV. We note that the cq|lisions. The region of metastability ends when
limiting temperature isTji, =10.53 MeV. In Table IV we  (5p/p)|;=0 whereas the system witR/dp)<0 is ab-
present our values df in comparison with previous works. sojytely unstable. The phase diagram is similar to those ob-
The agreement is good. S tained by previous authof21,26,27.

A phase diagram of our results is given in Fig. 8 for the |y Taple V we present the effective mass ratio for SB,
GSB potential. The diagrams are similar to those of the SBysB, and GSB potentials in comparison with different cal-
and MSB potentials in shape. The outside region, markedjations. It is noted than*/m=0.38 for the SB potential is

10
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FIG. 9. The entropy of polarized NM using the MSB potentialat  FIG. 11. The chemical potential using the MSB potential at
T=5MeV andT=10 MeV in comparison with those of FP. different temperatures.
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small. This is a poor characteristic of the SB potential. MSBtities using the MSB potential. The entropy per nucleon is
and GSB potentials give better values fof/m. The results given in Fig. 9 in comparison with FP calculations. Our re-
show that the SB potential gives a stiff EOS whereas the&ults coincide with those of FP in the low density region, but
MSB and GSB give a soft EOS. This is clear from high  at higher densities it is lower. It is noted that the entropy
values K=310MeV) and the low effective mass ratio decreases as the density increases and the values become
(m*/m=0.38) using the SB potential, wherelds=240 and  |arger at higher temperatures. The effect of temperature on
210 MeV andm*/m~0.9 for the MSB and GSB potentials. the energy-density relation is illustrated in Fig. 10. Good
The phase diagram for polarized nuclear matter showggreement is obtained with those values of FP. The chemical
that the choice of thal-N potential slightly affects the shape potential-density relation is shown in Fig. 11 at different
of the diagram. We obtained critical temperatures, in themperatures. It is noticed that at the critical temperature
range 17.0-18.5 MeV for the potentials considered in thisr _ 14 908, the chemical potential curve has no minimum,
work. The T* approximation is reliable here to study the \ pioh means that the nuclear matter is in stabtguilibrium)

polarized nuclear matter p_r_operties for _smaII temperaturesbhase[%] above this temperature. An alternative method for
The thermodynamic quantities for polarized NiLg., free extending the MSB potential for polarized nuclear matter

energy, entropy, and chemical potentiasing the extended
SB, MSB, and GSB potentials have almost the same beha\\/’\—{_"”M?\(/la Mp)resented elsewhere by one of the authors

ior. Figures 9—11 show the behavior of such physical quan£
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