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Polarized nuclear matter using a modified density dependent Seyler-Blanchard potential
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Physics Department, Faculty of Science, Cairo University, Giza, Egypt

~Received 25 September 1997!

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 rp↑ and rp↓ , also on the neutron density with spin-up and -downrn↑ and rn↓ . It is found that the
binding energy per particle, pressure, velocity of sound, and entropy agree very well with previous theoretical
estimates.@S0556-2813~98!04103-X#

PACS number~s!: 21.65.1f, 21.30.Fe
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I. INTRODUCTION

The ground-state energy of nuclear matter with an exc
of neutrons, spin-up neutrons, and spin-up protons was
sidered by Dabrowski and Haensel@1,2#, using K-matrix
method and applying the Brueckner-Gammel, Tha
Hamada-Johnston, and soft-core Reid nucleon-nucleon
tentials. Friedman and Pandharipande@3# reported a varia-
tional calculation of the equation of state for hot and co
nuclear and neutron matter. They covered a wide rang
densities in heavy-ion collisions and astrophysics usin
realistic interaction.

Another approach to study the properties of nuclear m
ter is by using effective interactions@4–6#. In atomic physics
the mean field is produced by using electrostatic forces w
out any adjustable parameters. In the nuclear case the s
tion is different: the nucleon-nucleon interaction is n
uniquely defined, and it contains adjustable parameters.
explains why there are many effective interactions and h
dreds of parametrizations available. Myers and Swiatecki@7#
used the Seyler-Blanchard~SB! @8# potential in nuclear mat-
ter studies which ensures saturation when used in conj
tion with the Thomas-Fermi~TF! approximation. They found
that it is simple enough to allow calculations without furth
approximations. Bandyopadhyay and Samaddar@9# proposed
a modified SB potential, which contains a density-depend
term besides the old SB potential~this simulates three-bod
effects!. This modified potential using the TF approximatio
reproduced successfully the symmetric nuclear matter p
erties and the real part of the nucleon-nucleus optical po
tial. Bandyopadhyayet al. @10# used their modified SB po
tential to study the thermostatic properties of finite a
infinite nuclear systems. They found that the density dep
dence of the effective interaction is essential to reproduce
energy dependence of the single-particle potential correc
Furthermore, they obtained a higher effective massm*
50.63m, which is more acceptable than that obtained us
a density-independent SB potential. Rudra and De@11# used
a density-dependent SB potential to study the equation
state of asymmetric nuclear matter and the binding energ
neutron matter. For nuclear matter their results agree w
those calculated with the variational approach@3# especially
in the region 5r0,r,2r0 . At higher densities their result
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give more repulsion. Recently, Myers and Swiatecki@12#
added a reverse momentum-dependent (1/P) term to the
density-dependent SB potential. Such a modification gi
an acceptable effective massm* 50.71m and reproduced ap
proximately the trend of the experimental data concern
the depth of the optical model potential. Other authors
cluded the zero-range momentum and density-depen
Skyrme interactions, which offered some simplicity and a
lead to analytic results for nuclear matter calculations. M
of the calculations using Skyrme forces on nuclear ma
considered the symmetric or asymmetric case. In orde
obtain the correct values for the symmetry energies of po
ized nuclear matter~NM! using the Skyrme force, Dab
rowski @5# and Mansour@13# proposed two different method
to add to the original density-dependent potential a te
which depends on the four densities ofN↑ neutrons with
spin up,N↓ neutrons with spin down,P↑ protons with spin
up, andP↓ protons with spin down. In this way they wer
able to reproduce the right values of the symmetry energ
and their correct signs. In a previous work@14,15#, the ther-
mostatic properties of NM were calculated using an exten
form of the SB potential which is suitable for polarized ma
ter.

In the present work we shall propose a potential wh
depends explicitly on the four nucleon densitiesrp↑ , rp↓ ,
rn↑ , andrn↓ in the different channels of spin-isospin spa
rather than changing the values of the strength of the in
action for polarized nuclear matter@14,15#. This is an alter-
native method to study polarized NM~see, e.g., Refs.@5# and
@13#! instead of that suggested previously@14,15#.

Hereby, we construct an explicit density-dependent
potential which depends onrp↑ , rp↓ , rn↑ , andrn↓ . This is
a good construction which is suitable for polarized nucle
matter. Our potential contains the old SB potential plus
explicit density-dependent term.

In the next section we present the theory, and in Sec
we present the results and discussion.

II. THEORY

A. Polarized nuclear matter at zero temperature

Hereby we refer the reader to our previous work@15#
where the method of calculation is explained. Polariz
1744 © 1998 The American Physical Society
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57 1745POLARIZED NUCLEAR MATTER USING A MODIFIED . . .
nuclear matter is composed of numbersN↑ (N↓) of spin-up
~spin-down! neutrons andP↑ (P↓) of spin-up ~spin-down!
protons, with corresponding densitiesrn↑ , rn↓ , rp↑ , and
rp↓ , respectively; thus,

A5N↑1N↓1P↑1P↓ ~1!

is the total number of particles and the total densityr is
given by

r5rn1rp5rn↑1rn↓1rp↑1rp↓ . ~2!

For polarized nuclear matter, we define the following para
eters: the neutron excess parameter

X5~rn2rp!/r, ~3!

the neutron spin-up excess parameter

an5~rn↑2rn↓!/r, ~4!

and the proton spin-up excess parameter

ap5~rp↑2rp↓!/r, ~5!

Y5an1ap , ~6!

and

Z5an2ap . ~7!

The modified density-dependent SB potential@11# which
is used for asymmetric nuclear matter is defined as

V~r ,k!52Cl ,u

e2r /a

r /a F12
p2

b22d2~r11r2!nG , ~8!

where the subscriptsl andu refer to like-pair~nn or pp! and
unlike-pair (np) interactions, respectively. Herea is the
range of the two-body interaction,b is a measure of the
strength of repulsion with relative momentumP, d andn are
two parameters determining the strength of the density
pendence, andr1(r 1) andr2(r 2) are the densities at the site
of the two interacting nucleons. In a previous work@15#, we
extended such a potential to describe the case of polar
nuclear matter. In such a case the parameterCL,u is the
strength of the interaction whereL andu refer to the likeness
L and unlikenessu for spin and isotopic spin, respective
@14,15#.

In the present work we shall take the potential

V~r ,k!5V1
SB~r ,k!1V2~r ,rp↑ ,rp↓ ,rn↑ ,rn↓!, ~9!

or explicitly V1
SB is the original SB potential defined as

V1
SB~r ,k!52C

e2r /a

r /a F12
p2

b2G ~10!

andV2 depends explicitly on the densities of the interacti
pair, e.g., for a proton of spin up and a neutron of spin dow
-

e-

ed

,

V2~r ,rp↑ ,rn↓!5
e2r /a

r /a
@a1~rp↑1rn↓!

b1a2~rp↑2rn↓!
2

1APs~rp↑2rn↓!
21BPt~rp↑2rn↓!

2#,

~11!

etc., wherea1 , a2 , A, B, andb are parameters of the po
tential. Ps and Pt are the spin and isospin exchange ope
tors, respectively.

Using the above generalized interaction, the total ene
per particle of the polarized nuclear matter is given by

E5EV1X2EX1Y2EY1Z2EZ , ~12!

where

EV5
3\2

10m S 3p2

2 D 2/3

r0
2/312a1a3pS 1

2D b

r0
b1122ca3pr0

1
8ca3

5pb2 S 3p2

2 D 5/3

r0
5/3, ~13!

EX5
\2

6m S 3p2

2 D 2/3

r0
2/31a1a3p~b1b2!S 1

2D b

r0
b11

1
1

8
~2a21A!a3pr0

31
8ca3

9pb2 S 3p2

2 D 5/3

r0
5/3, ~14!

EY5
\2

6m S 3p2

2 D 2/3

r0
2/31a1a3p~b1b2!S 1

2D b

r0
b11

1
1

8
~2a21B!a3pr0

31
8ca3

9pb2 S 3p2

2 D 5/3

r0
5/3, ~15!

EZ5
\2

6m S 3p2

2 D 2/3

r0
2/31a1a3p~b1b2!S 1

2D b

r0
b11

1
1

8
~2a21A1B!a3pr0

31
8ca3

9pb2 S 3p2

2 D 5/3

r0
5/3,

~16!

wherem is the nucleon mass andr0 is the saturation density
for normal nuclear matter.

The pressure of nuclear matter is defined as

P5r2
]E

]r
, ~17!

the incompressibility as

K59r2
]2E

]r2 , ~18!

and the velocity of sound is given by

vS5S ]P

]r D 1/2

. ~19!

Terms higher than quadratic inX, Y, andZ are neglected in
Eq. ~12!. The parametersa, b, C, a1 , a2 , A, and B are
adjusted to fit the values ofkf , EV , EX , EY , EZ , K, and
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1746 57H. M. M. MANSOUR AND KH. A. RAMADAN
(]E/]r)50 at r0 for polarized nuclear matter. The param
eterb was fixed at the value 1/3.

B. Polarized nuclear matter at finite temperature

The thermodynamic properties of nuclear matter are
termined completely if the free energyF is known in terms
of the densityr and temperatureT, where

F5E2TS, ~20!

E being the total energy andS is the entropy. Using theT2

approximation@15#, we obtain the entropyS, the free energy
F, and the pressureP as follows:

ST5
T

6

2m*

\2 S 3p2

2 D 1/3

r22/3, ~21!

FT5EV2
T2

6

2m*

\2 S 3p2

2 D 1/3

r22/3, ~22!

PT5P~T50!1
T2

9

2m*

\2 S 3p2

2 D 1/3

r1/3, ~23!

m* 5mF11
m

\2 S 4a3Ckf
3

3pb2 D G21

, ~24!

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

III. RESULTS AND DISCUSSION

In the present work we used a modified Seyler-Blanch
potential given by Eq.~9! which depends explicitly on the
densities of the interacting nucleonsrp↑ , rp↓ , rn↑ , andrn↓
as defined by Eqs.~10! and ~11!. The parametersa, b, c,
a1 , a2 , A, B, andb are adjusted to fit the values ofkf , EV ,
EX , EY , EZ , K, andP50 at r0 for polarized nuclear mat
ter. The value of the parameterb51/3 was chosen betwee
several other values to give the best fit.

The parameters obtained in this work area50.557 fm,
b51/3, b59.82 fm21, c5611.4 MeV, a15879.08
MeV fm, a250.0 MeV fm6, A519 761.53 MeV fm6, and
B512 796.13 MeV fm6. With this set of parameters with
kf51.33 fm21, we were able to reproduce exactly the valu
of EX533.4 MeV of Ref.@16# and EY531.5 MeV of Ref.
@17#. However, forEZ we obtained a value of 36.88 MeV t
be compared with the value of 36.5 MeV of Ref.@17#. The
compressibilityK5240 MeV, which is a good value an
comparable to that obtained in our previous work@15#. The
free energy at temperatureT50 is presented in Fig. 1 in
comparison with that of Friedman and Pandharipande FP@3#.
Our results are very close to the FP calculation untilr/r0
'1.6, but a little bit higher for larger values ofr/r0 . Figures
2 and 3 show a similar trend for the values of the free ene
at temperaturesT55 and 10 MeV, respectively. The pre
sure density curves are shown in Figs. 4, 5, and 6 in co
parison with FP calculations at temperaturesT50, 5, and 10
MeV. Here again the agreement is quite remarkable.

The values of the velocity of sound using our potent
and FP potential are presented in Fig. 7. Here again we
-
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FIG. 1. Free energy for the present potential in comparison w
Ref. @3# at T50 MeV.

FIG. 2. Same as Fig. 1, but forT55 MeV.
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FIG. 3. Same as Fig. 1, but forT510 MeV.

FIG. 4. Pressure dependence on density in comparison with
@3# at T50 MeV.
ef.

FIG. 5. Same as Fig. 4, but forT55 MeV.

FIG. 6. Same as Fig. 4, but forT510 MeV.
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1748 57H. M. M. MANSOUR AND KH. A. RAMADAN
tice that the agreement is good. The entropy per nucleo
given in Fig. 8 in comparison with FP calculations atT55
and 10 MeV. Our results coincide with those of FP in t
low density region, but at higher densities it is lower. W
notice that the entropy decreases as the density increase
the values become larger at higher temperatures. Our re
show that the modified SB potential of the present wo
gives a soft equation of state. This is clear from the value
K5240 MeV andm* /m50.974 in our case. The metho

FIG. 7. Comparison of the sound velocity of the present w
with Ref. @3#.
Z.
is

and
lts

k
f

and potential proposed here are quite satisfactory for the
pose of the present work, showing that with suitably adjus
parameters it can come close to the FP nuclear matter re
even without adding the 1/P term. In our previous work@15#,
the results were at their best agreement with FP by addin
the density-dependent term a 1/P term. However, the presen
work can be extended to include the 1/P momentum-
dependent term of the potential@12# or to include other
physical quantities~in the process of fitting! to obtain the
parameters of the potential.

k
FIG. 8. Entropy of polarized nuclear matter using our poten

in comparison with Ref.@3# at T55 and 10 MeV.
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