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Polarized nuclear matter using a modified density dependent Seyler-Blanchard potential
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The binding energy of polarized nuclear matter with excess of neutrons, spin-up neutrons, and spin-up
protons contains three symmetry energies: the spin symmetry energy, the isospin symmetry energy, and the
spin-isospin symmetry energy. The potential used here for polarized nuclear matter is a modified density-
dependent Seyler-Blanchard potential with an explicit dependence on the density of protons with spin-up and
-down p,; andp, , also on the neutron density with spin-up and -dowyp and p,,, . It is found that the
binding energy per particle, pressure, velocity of sound, and entropy agree very well with previous theoretical
estimates[S0556-281®8)04103-X]

PACS numbdps): 21.65+f, 21.30.Fe

[. INTRODUCTION give more repulsion. Recently, Myers and Swiatefk?]
added a reverse momentum-dependenP)lferm to the
The ground-state energy of nuclear matter with an excesdensity-dependent SB potential. Such a modification gives
of neutrons, spin-up neutrons, and spin-up protons was cor@n acceptable effective masg =0.71m and reproduced ap-
sidered by Dabrowski and Haensdl,2], using K-matrix ~ proximately the trend of the experimental data concerning
method and applying the Brueckner-Gammel, Thalerthe depth of the optical model potential. Other authors in-
Hamada-Johnston, and soft-core Reid nucleon-nucleon pgluded the zero-range momentum and density-dependent
tentials. Friedman and Pandharipari@ reported a varia- Skyrme interactions, which offered some simplicity and also
tional calculation of the equation of state for hot and coldlead to analytic results for nuclear matter calculations. Most
nuclear and neutron matter. They covered a wide range off the calculations using Skyrme forces on nuclear matter
densities in heavy-ion collisions and astrophysics using &onsidered the symmetric or asymmetric case. In order to
realistic interaction. obtain the correct values for the symmetry energies of polar-
Another approach to study the properties of nuclear matized nuclear matteNM) using the Skyrme force, Dab-
ter is by using effective interactiofid—6]. In atomic physics ~rowski[5] and Mansouf13] proposed two different methods
the mean field is produced by using electrostatic forces withto add to the original density-dependent potential a term
out any adjustable parameters. In the nuclear case the situahich depends on the four densities Nf neutrons with
tion is different: the nucleon-nucleon interaction is notspin up,N| neutrons with spin dowrP1 protons with spin
uniguely defined, and it contains adjustable parameters. Thai, andP| protons with spin down. In this way they were
explains why there are many effective interactions and hunable to reproduce the right values of the symmetry energies
dreds of parametrizations available. Myers and Swiatggki and their correct signs. In a previous wdd,15, the ther-
used the Seyler-Blancha(@B) [8] potential in nuclear mat- mostatic properties of NM were calculated using an extended
ter studies which ensures saturation when used in conjunderm of the SB potential which is suitable for polarized mat-
tion with the Thomas-FermiTF) approximation. They found ter.
that it is simple enough to allow calculations without further  In the present work we shall propose a potential which
approximations. Bandyopadhyay and Samadéaproposed depends explicitly on the four nucleon densitigs , pp, .
a modified SB potential, which contains a density-dependent,; , andp,, in the different channels of spin-isospin space
term besides the old SB potentidhis simulates three-body rather than changing the values of the strength of the inter-
effecty. This modified potential using the TF approximation action for polarized nuclear mattgt4,15. This is an alter-
reproduced successfully the symmetric nuclear matter proprative method to study polarized Nidee, e.g., Ref$5] and
erties and the real part of the nucleon-nucleus optical poterf13]) instead of that suggested previoufiy,15.
tial. Bandyopadhyaset al. [10] used their modified SB po- Hereby, we construct an explicit density-dependent SB
tential to study the thermostatic properties of finite andpotential which depends qsy,; , p,;, pny, @ndpy, . This is
infinite nuclear systems. They found that the density depena good construction which is suitable for polarized nuclear
dence of the effective interaction is essential to reproduce thmatter. Our potential contains the old SB potential plus an
energy dependence of the single-particle potential correctlyexplicit density-dependent term.
Furthermore, they obtained a higher effective mas$s In the next section we present the theory, and in Sec. IlI
=0.63m, which is more acceptable than that obtained usingve present the results and discussion.
a density-independent SB potential. Rudra and I8 used
a density-dependent SB potential to study the equation of Il. THEORY
state of asymmetric nuclear matter and the binding energy of
neutron matter. For nuclear matter their results agree with
those calculated with the variational approgghespecially Hereby we refer the reader to our previous woils]
in the region po<p<<2py. At higher densities their results where the method of calculation is explained. Polarized

A. Polarized nuclear matter at zero temperature
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nuclear matter is composed of numbals (N|) of spin-up e '/a )
(spin-down neutrons and®] (P]) of spin-up (spin-down Vo(r,pp1 1 Pny) = Ta [a1(ppi+pn) P+ ax(ppi—pn))
protons, with corresponding densities; , pn,, pp;, and

pp, » respectively; thus, +AP,(pp1—pn)) 2+ BP(ppr—pn)?],

A=NT+N|+P1+P] (1) (11

etc., whereay, a5, A, B, and B are parameters of the po-

is the total number of particles and the total densitys tential. P, and P, are the spin and isospin exchange opera-

given by tors, respectively.
B B Using the above generalized interaction, the total energy
P=Pnt Pp=Pnit Pyt Ppit Ppy - 2) per particle of the polarized nuclear matter is given by
For polarized nuclear matter, we define the following param- E=Ey+X?Eyx+ Y2Ey+Z%E,, (12)
eters: the neutron excess parameter
where
X=(pn—pp)lp, ©)
n p c _3ﬁ2 3,”_2 2/3 o3 ) 5 1 B g1 ) 3
the neutron spin-up excess parameter VITom | 2 | Po Tem@m 5] po—eCampo
i 8ca® (32|58
= (pn;=pn))/p, 4 i T) 50 13
and the proton spin-up excess parameter
n? (3?2 3 2 (1) p+1
ap=(pp; = pp.)/p, 5 Exzﬁ(T Py tas@m(f+ A7) z) Po
_ 1 8ca® (32|53
Y=antap, (6) + 3 (2a,+A)admp3+ 9bZ| 2 ) P, (14
and ﬁZ 3772 2/3 1 B
Z=ap—ap. @) EY:G_m (T p3*+ a,abm(B+ B?) 5) phtt
3 2\ 5/3
The modified density-dependent SB potenfikl] which . 1 2ot B)alarod+ 8ca SL) 53 (15
is used for asymmetric nuclear matter is defined as 8 (2a,+B)a*mpg 9mb? | 2 po-> (19
e—r/a p2 ﬁZ 37T2 2/3 1\8
V(rk)=—Ciy——|1= o= d(patp2)"|, (8 Er=gm || P8 ta@®a(B+p3)| 5| p§™
: . . 1 8ca3 [ 372)53
where the subscriptsandu refer to like-pair(nn or pp) and + = (2a,+A+B)admpi+ —— _) P,
unlike-pair (hp) interactions, respectively. Hera is the 8 9mh 2
range of the two-body interactioly is a measure of the (16)

strength of repulsion with relative momentut d andn are
two parameters determining the strength of the density dewherem is the nucleon mass ang is the saturation density
pendence, and,(r,) andp,(r,) are the densities at the sites for normal nuclear matter.

of the two interacting nucleons. In a previous wotb], we The pressure of nuclear matter is defined as
extended such a potential to describe the case of polarized
nuclear matter. In such a case the paramégy, is the p— 2 JE 17)
strength of the interaction whekeandu refer to the likeness P dp’
L and unlikenessi for spin and isotopic spin, respectively ) o
[14,15. the incompressibility as
In the present work we shall take the potential 2E
K=9p? —, (18)
V(ryk)zva(rrk)"'Vz(rvaprLaPnTaPnl)y (9) (?p
or explicitly V3B is the original SB potential defined as and the velocity of sound is given by
JP 1/2
—rla 2 = —
P UVg= . (19)
SB ——Cc—|1-= 8p)
Vio(r,K) C a 1 b2 (10

Terms higher than quadratic ¥, Y, andZ are neglected in
andV, depends explicitly on the densities of the interactingEq. (12). The parameterg, b, C, a;, ay, A, andB are
pair, e.g., for a proton of spin up and a neutron of spin downadjusted to fit the values &;, Ey, Ex, Ey, E;, K, and
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(0E/9p)=0 at p, for polarized nuclear matter. The param-
eter 8 was fixed at the value 1/3.

B. Polarized nuclear matter at finite temperature

The thermodynamic properties of nuclear matter are de-
termined completely if the free enerdyis known in terms
of the densityp and temperaturd@, where

F=E-TS (20
E being the total energy arl is the entropy. Using th&?
approximatior[15], we obtain the entrop$, the free energy
F, and the pressurB as follows:

T 2m* (37%\18
s=g 5] o @
TZ om* 3772 1/3

FT=EV—§7(T) w2, (22)

T2 2m* (3 2\ 1/3
PT: P(T:0)+ 3 ? (T) pl/s, (23)

. m [4aCKk\ ]t
m*=m 1+F W , (29

wherem* is the effective mass arki is the Fermi momen-
tum.

Ill. RESULTS AND DISCUSSION

In the present work we used a modified Seyler-Blanchard
potential given by Eq(9) which depends explicitly on the
densities of the interacting nucleops; , pp| , pny, andpp;
as defined by Eqg10) and (11). The parameters, b, c,
aq, ay, A, B, andg are adjusted to fit the values kf, E,/,

Ex, Ey, Ez, K, andP=0 atp, for polarized nuclear mat-
ter. The value of the parametgr=1/3 was chosen between
several other values to give the best fit.

The parameters obtained in this work ae 0.557 fm,
B=1/3, b=9.82fm?! c=611.4MeV, «;=879.08
MeV fm, a,=0.0 MeV fnf, A=19761.53 MeV frfi, and
B=12796.13 MeV fMi. With this set of parameters with
ki=1.33 fm !, we were able to reproduce exactly the values
of Ex=33.4 MeV of Ref.[16] and Ey=31.5 MeV of Ref.
[17]. However, forE, we obtained a value of 36.88 MeV to
be compared with the value of 36.5 MeV of REL7]. The
compressibility K=240 MeV, which is a good value and
comparable to that obtained in our previous wftk]. The
free energy at temperatufB=0 is presented in Fig. 1 in
comparison with that of Friedman and PandharipandE3fP
Our results are very close to the FP calculation uptjp,
~1.6, but a little bit higher for larger values pfp,. Figures
2 and 3 show a similar trend for the values of the free energy
at temperature§ =5 and 10 MeV, respectively. The pres-
sure density curves are shown in Figs. 4, 5, and 6 in com-
parison with FP calculations at temperatufes0, 5, and 10
MeV. Here again the agreement is quite remarkable.

The values of the velocity of sound using our potential
and FP potential are presented in Fig. 7. Here again we no-
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FIG. 1. Free energy for the present potential in comparison with
Ref.[3] at T=0 MeV.
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FIG. 2. Same as Fig. 1, but fdr=5 MeV.
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FIG. 4. Pressure dependence on density in comparison with Ref.
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FIG. 3. Same as Fig. 1, but far=10 MeV.
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FIG. 5. Same as Fig. 4, but fdr=5 MeV.
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FIG. 6. Same as Fig. 4, but fr=10 MeV.
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FIG. 8. Entropy of polarized nuclear matter using our potential

FIG. 7. Comparison of the sound velocity of the present workin comparison with Ref[3] at T=5 and 10 MeV.

with Ref.[3].
and potential proposed here are quite satisfactory for the pur-
tice that the agreement is good. The entropy per nucleon igose of the present work, showing that with suitably adjusted
given in Fig. 8 in comparison with FP calculationsTat5  parameters it can come close to the FP nuclear matter results
and 10 MeV. Our results coincide with those of FP in theeven without adding the B/term. In our previous workl5],
low density region, but at higher densities it is lower. Wethe results were at their best agreement with FP by adding to
notice that the entropy decreases as the density increases ahée density-dependent term &Plterm. However, the present
the values become larger at higher temperatures. Our resulfork can be extended to include thePl/momentum-
show that the modified SB potential of the present workdependent term of the potentigl2] or to include other
gives a soft equation of state. This is clear from the value ophysical quantitiegin the process of fittingto obtain the
K=240 MeV andm*/m=0.974 in our case. The method parameters of the potential.
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