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A mean �eld calculation for obtaining the equation of state (EOS) for
symmetric nuclear matter from a density dependent M3Y interaction sup-
plemented by a zero-rangepotential is described. The energy per nucleon
is minimized to obtain the ground state of symmetric nuclear matter. The
saturation energyper nucleonusedfor nuclear matter calculations is deter-
mined from the co-e�cien t of the volume term of Bethe�W eizsäcker mass
formula which is evaluated by �tting the recent experimental and estimated
atomic massexcessesfrom Audi�W apstra�Thibault atomic masstable by
minimizing the mean square deviation. The constants of density depen-
denceof the e�ectiv e interaction areobtained by reproducing the saturation
energyper nucleonand the saturation density of spin and isospin symmet-
ric cold in�nite nuclear matter. The EOS of symmetric nuclear matter,
thus obtained, provide reasonablygood estimate of nuclear incompressibil-
it y. Once the constants of density dependenceare determined, EOS for
asymmetric nuclear matter is calculated by adding to the isoscalar part,
the isovector component of the M3Y interaction that do not contribute to
the EOS of symmetric nuclear matter. TheseEOS are then usedto calcu-
late the pressure,the energydensity and the velocity of soundin symmetric
as well as isospin asymmetric nuclear matter.

PACS numbers: 21.65.+f, 23.60.+e, 23.70.+j, 25.70.Bc

1. In tro duction

The equation of state (EOS) of denseisospinasymmetric nuclear matter
determinesmost of the grossproperties of neutron stars and henceit is of
considerableinterest in astrophysics. Nuclear matter is an idealizedsystem
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of nucleonsinteracting strongly through nuclear forcesbut without Coulomb
forcesand is translationally invariant with a �xed ratio of neutrons to pro-
tons. The nuclear EOS, which is the energyper nucleonE=A = � of nuclear
matter as a function of nucleonic density � , can be usedto obtain the bulk
properties of nuclear matter such as the nuclear incompressibility [1,2] the
energydensity and the pressureneededfor neutron star calculationsand the
velocity of soundin nuclearmedium for predictions of shock wave generation
and propagation. The EOS is alsoof fundamental importancein the theories
of nucleus�nucleuscollisionsat energieswhere the nuclear incompressibility
K comesinto play as well as in the theories of supernova explosions[3]. In
the present work we obtain an EOS for nuclear matter using the M3Y�Reid�
Elliott e�ectiv e interaction supplemented by a zero-rangepseudo-potential
along with the density dependence.The density dependenceparametersof
the interaction are obtained by reproducing the saturation energy per nu-
cleon and the saturation density of cold in�nite spin and isospin symmetric
nuclear matter (SNM). One of the density dependenceparameter, which
can be interpreted asthe isospinaveragednucleon�nucleon interaction cross
section in ground state symmetric nuclear medium, is also used to provide
estimate for the nuclearmeanfreepath. EOS for the isospinasymmetric nu-
clear matter is then calculated by adding to the isoscalarpart, the Lane [4]
or the isovector component [5] of the M3Y interaction that do not contribute
to the EOS of SNM. TheseEOS are then usedto calculate the pressure,the
energy density and the velocity of sound in symmetric as well as isospin
asymmetric nuclear matter and pure neutron matter (PNM).

The M3Y interaction was derived by �tting its matrix elements in an
oscillator basis to those elements of the G-matrix obtained with the Reid�
Elliott soft-coreN N interaction. The rangesof the M3Y forceswerechosen
to ensurea long-range tail of the one-pion exchange potential as well as a
short-range repulsive part simulating the exchange of heavier mesons[6].
The real part of the nuclear interaction potential obtained by folding in
the density distribution functions of two interacting nuclei with the density
dependent M3Y e�ectiv e interaction supplemented by a zero-rangepseudo-
potential (DDM3Y) wasshown to provide good descriptionsfor medium and
high energy� and heavy ion elasticscatterings[7�9]. The zero-rangepseudo-
potential represented the single-nucleon exchange term while the density
dependenceaccounted for the higher order exchange e�ects and the Pauli
blocking e�ects. The real part of the proton�n ucleus interaction potential
obtained by folding in the density distribution function of interacting nucleus
with the DDM3Y e�ectiv e interaction is found to provide good descriptions
of elastic and inelastic scatterings of high energy protons [10] and proton
radioactivit y [11]. Since the density dependenceof the e�ectiv e projectile�
nucleon interaction was found to be fairly independent of the projectile [12],



Equation of State for Isospin Asymmetric Nuclear Matter Using . . . 2871

aslong asthe projectile�n ucleusinteraction wasamenableto a single-folding
prescription, the density dependent e�ects on the nucleon�nucleon interac-
tion were factorized into a target term times a projectile term and usedsuc-
cessfully in caseof � radioactivit y of nuclei [13] including superheavies [14]
and the cluster radioactivit y [13].

2. The densit y dep enden t e�ectiv e nucleon�n ucleon in teraction:
isoscalar and isovector comp onents

The central part of the e�ectiv e interaction betweentwo nucleons1 and
2 can be written as [7]

v12(s) = v00(s) + v01(s)� 1:� 2 + v10(s)� 1:� 2 + v11(s)� 1:� 2 � 1:� 1 ; (1)

where � 1; � 2 are the isospinsand � 1; � 2 are the spins of nucleons1, 2. In
caseof SNM only the �rst term, the isoscalarterm, contributes whereasfor
the isospin asymmetric-spin symmetric nuclear matter only �rst two terms,
the isoscalarand the isovector (Lane) terms, contribute and for the spin-
isospin asymmetric nuclear matter all the four terms of Eq. (1) contribute.
Considering only the isospin asymmetric-spin symmetric nuclear matter,
the neutron�neutron, proton�proton, neutron�proton and proton�neutron
interactions, viz. vnn ; vpp; vnp and vpn , respectively, can be given by the
following:

vnn = vpp = v00 + v01 ; vnp = vpn = v00 � v01 : (2)

The generalexpressionfor the density dependent e�ectiv e N N interaction
potential is written as [11]

v00(s; �; � ) = tM3Y
00 (s; � )g(�; � ) ; v01(s; �; � ) = tM3Y

01 (s; � )g(�; � ) ; (3)

where the isoscalartM3Y
00 and the isovector tM3Y

01 components of M3Y inter-
action potentials [7] supplemented by zero-rangepotentials are given by the
following:

tM3Y
00 (s; � ) = 7999

exp(� 4s)
4s

� 2134
exp(� 2:5s)

2:5s
� 276(1 � �� )� (s) (4)

and

tM3Y
01 (s; � ) = � 4886

exp(� 4s)
4s

+ 1176
exp(� 2:5s)

2:5s
+ 228(1 � �� )� (s) ; (5)

where s is the distance between two interacting nucleons and the energy
dependenceparameter � = 0:005MeV � 1. The zero-range potentials of
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Eqs. (4), (5) represent the single-nucleonexchangeterm. The density depen-
dent part appearing in Eqs. (3) [15] has beentaken to be of a generalform

g(�; � ) = C(1 � � (� )� n ) ; (6)

which takescareof the higher order exchangee�ects and the Pauli blocking
e�ects. This density dependencechangessign at high densitieswhich is of
crucial importance in ful�lling the saturation condition aswell asgiving dif-
ferent K 0 valueswith di�eren t valuesof n for the nuclearEOS[15]. The value
of the parameter n = 2=3 wasoriginally taken by Myers in the singlefolding
calculation [16]. In fact n = 2=3 also has a physical meaning becausethen
� can be interpreted as an �in medium� e�ectiv e nucleon�nucleon interac-
tion cross-section� 0 while the density dependent term represents interaction
probabilit y. This value of � along with nucleonic density of in�nite nuclear
matter � 0 can also provide the nuclear mean free path � = 1=(� 0� 0). More-
over, it also worked well in the single folding calculations for inelastic and
elastic scatteringsof high energyprotons [10], proton radioactivit y [11] and
in the double folding calculations with the factorized density dependence
for � radioactivit y of nuclei [13] including superheavies [14] and the cluster
radioactivit y [13].

3. Symmetric and isospin asymmetric nuclear matter calculations

The isospin asymmetry X can be conveniently de�ned as

X =
� n � � p

� n + � p
; � = � n + � p ; (7)

where � n , � p and � are the neutron, proton and nucleonic densities,respec-
tiv ely. The asymmetry parameter X can have values between � 1 to +1,
corresponding to pure proton matter and pure neutron matter respectively,
while for SNM it becomeszero. For a singleneutron interacting with rest of
nuclear matter with isospin asymmetry X , the interaction energy per unit
volume at s is given by the following :

� nvnn (s) + � pvnp (s) = � n [v00(s) + v01(s)] + � p[v00(s) � v01(s)]
= [v00(s) + v01(s)X ]� ; (8)

while in caseof a single proton interacting with rest of nuclear matter with
isospin asymmetry X , the interaction energyper unit volume at s is given
by the following:

� nvpn (s) + � pvpp(s) = � n [v00(s) � v01(s)] + � p[v00(s) + v01(s)]
= [v00(s) � v01(s)X ]� ; (9)
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Summingthe contributions for protons and neutronsand integrating over the
entire volume of the in�nite nuclear matter and multiplying by the factor
1
2 to ignore the double counting in the process,the potential energy per
nucleon � pot can be obtained by dividing the total potential energy by the
total number of nucleons,

� pot =
g(�; � )�J v

2
; (10)

where

Jv = Jv00 + X 2Jv01 =
Z Z Z �

tM3Y
00 (s; � ) + tM3Y

01 (s; � )X 2�
d3s : (11)

Assuming interacting Fermi gas of neutrons and protons, the kinetic
energyper nucleon � kin turns out to be

� kin =
�

3~2k2
F

10m

�
F (X ) ; F (X ) =

"
(1 + X )5=3 + (1 � X )5=3

2

#

; (12)

where m is the nucleonic mass equal to 938.91897MeV=c2 and kF , which
becomesequal to Fermi momentum in caseof the SNM, is given by the
following:

k3
F = 1:5� 2� ; (13)

The two parametersof Eq. (6), C and � , are determinedby reproducing the
saturation conditions. It is worthwhile to mention here that due to attrac-
tiv e character of the M3Y forces the saturation condition for cold nuclear
matter is not ful�lled. However, the realistic description of nuclear mat-
ter properties can be obtained with this density dependent M3Y e�ectiv e
interaction. Therefore, the density dependenceparameters have been ob-
tained by reproducing the saturation energyper nucleonand the saturation
nucleonic density of the cold SNM.

The energy per nucleon � = � kin + � pot obtained for the cold SNM for
which X = 0 is given by the following:

� =
�

3~2k2
F

10m

�
+

g(�; � )� Jv00

2
; (14)

where Jv00 represents the volume integral of the isoscalarpart of the M3Y
interaction supplemented by the zero-rangepotential having the form

Jv00(� ) =
Z Z Z

tM 3Y
00 (s; � )d3s = 7999

4�
43 � 2134

4�
2:53 � 276(1� �� ) : (15)
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The Eq. (14) can be rewritten with the help of Eq. (6) as

� =
�

3~2k2
F

10m

�
+

�
�J v00C(1 � � � n )

2

�
(16)

and di�eren tiated with respect to � to yield equation

@�
@�

=
�

~2k2
F

5m�

�
+

Jv00C
2

[1 � (n + 1)� � n ] : (17)

The equilibrium density of the cold SNM is determined from the satura-
tion condition @�=@� = 0. Then Eq. (16) and Eq. (17) with the saturation
condition can be solved simultaneously for �xed valuesof the saturation en-
ergy per nucleon� 0 and the saturation density � 0 of the cold SNM to obtain
the valuesof the density dependenceparameters� and C. Density depen-
denceparameters� and C, thus obtained, can be given by the following:

� =
[(1 � p)� � n

0 ]
[(3n + 1) � (n + 1)p]

; (18)

where

p =
[10m� 0]
[~2k2

F0
]

; (19)

and
kF0 = [1:5� 2� 0]1=3 ; (20)

C = �
[2~2k2

F0
]

5mJv00� 0[1 � (n + 1)� � n
0 ]

; (21)

respectively. It is quite obvious that the density dependenceparameter �
obtained by this method dependsonly on the saturation energyper nucleon
� 0, the saturation density � 0 and the index n of the density dependent part
but not on the parametersof the M3Y interaction while the other density
dependenceparameterC dependson the parametersof the M3Y interaction
also through the volume integral Jv00.

The incompressibility K 0 of the cold SNM which is de�ned as

K 0 = k2
F

@2�
@k2

F

�
�
�
�
�
kF = kF 0

= 9� 2 @2�
@� 2

�
�
�
�
�
� = � 0

(22)

can be theoretically obtained using Eq. (13), Eq. (17) and Eq. (22) as

K 0 =

"

�

 
3~2k2

F0

5m

!#

�
�

9Jv00Cn(n + 1)� � n+1
0

2

�
: (23)
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Sincethe product Jv00C appearsin the above equation, a cursory glance
reveals that the incompressibility K 0 dependsonly upon the saturation en-
ergy per nucleon� 0, the saturation density � 0 and the index n of the density
dependent part of the interaction but not on the parameters of the M3Y
interaction.

The energy per nucleon for nuclear matter with isospin asymmetry X
can be rewritten as

� =
�

3~2k2
F

10m

�
F (X ) +

�
�J vC

2

�
(1 � � � n )

=
�

3~2k2
F

10m

�
F (X ) �

�
�
� 0

� �
Jv

Jv00

� "
~2k2

F0
(1 � � � n )

5m[1 � (n + 1)� � n
0 ]

#

; (24)

where Jv = Jv00 + X 2Jv01 and Jv01 represents the volume integral of the
isovector part of the M3Y interaction supplemented by the zero-rangepo-
tential having the form

Jv01(� ) =
Z Z Z

tM3Y
01 (s; � ) d3s = � 4886

4�
43 + 1176

4�
2:53 + 228(1� �� ) : (25)

The pressureP and the energydensity " of nuclear matter with isospin
asymmetry X can be given by the following:

P = � 2 @�
@�

=
�

� ~2k2
F

5m

�
F (X ) +

�
� 2JvC

2

�
[1 � (n + 1)� � n ] ; (26)

" = � (� + mc2) = �
��

3~2k2
F

10m

�
F (X ) +

�
�J vC

2

�
(1 � � � n ) + mc2

�
; (27)

respectively, and thus the velocity of soundvs in nuclear matter with isospin
asymmetry X is given by the following:

vs

c
=

r
@P
@"

=

vu
u
u
t

h
2� @�

@� � ~2k2
F

15m F (X ) � Jv Cn(n+1) � � n +1

2

i

h
� + mc2 + � @�

@�

i : (28)

The incompressibilities for isospin asymmetric nuclear matter are eval-
uated at saturation densities � s with the condition @�=@� = 0 which corre-
spondsto vanishing pressure.The incompressibility K for isospinasymmet-
ric nuclear matter is, therefore, expressedas the following:

K 0 =
�
�

�
3~2k2

F

5m

��
F (X ) �

�
9JvCn(n + 1)� � n+1

s

2

�
; (29)

wherekF is now evaluated at saturation density � s using Eq. (13) and Jv =
Jv00 + X 2Jv01.
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4. Calculations of energy per nucleon, pressure, energy densit y
and velocit y of sound for symmetric nuclear matter

and neutron matter

The calculations have been performed using the values of the satura-
tion density � 0 = 0:1533fm� 3 [17] and the saturation energy per nucleon
� 0 = � 15:26MeV [18] for the SNM obtained from the co-e�cien t of the vol-
ume term of Bethe�Weizsäcker massformula which is evaluated by �tting
the recent experimental and estimated atomic mass excessesfrom Audi�
Wapstra�Thibault atomic mass table [19] by minimizing the mean square
deviation. For a �xed value of � , the parameters� and C can have any pos-
sible simultaneous values as determined from SNM. Using the usual value
of � = 0:005MeV � 1 for the parameter of energy dependenceof the zero-
range potential, the valuesobtained for the density dependenceparameters
C and � are presented in Table I for di�eren t values of the parameter n
along with the corresponding valuesof the incompressibility K 0. Smaller n
valuespredict softer EOS while higher valuespredict sti�er EOS. The form
of C(1 � � � n ) with n = 2=3 for the density dependencewhich is identical to
that used for explaining the elastic and inelastic scattering [10] of protons
and the proton [11], � [13,14], cluster radioactivit y phenomena[13] also
agreeswell with recent theoretical [20] and experimental [21] results for the
nuclear incompressibility.

TABLE I

Incompressibility of SNM for di�eren t values of n using the usual value of energy
dependenceparameter � = 0:005MeV � 1 and using values of saturation density
� 0 = 0:1533fm� 3 and saturation energy per nucleon � 0 = � 15:26MeV.

n � [fm3n ] C K 0 [MeV]

1/6 1.074 5.05 192.5

1/3 1.208 3.07 226.1

2/3 1.668 2.07 293.4

1 2.472 1.74 360.6

2 9.947 1.41 562.4

In Table I I incompressibility of isospin asymmetric nuclear matter as
a function of the isospin asymmetry parameter X , using the usual value of
n = 2=3 and energydependenceparameter � = 0:005MeV � 1, is provided.

In TablesI I I�V the theoretical estimatesof the pressureP and velocity
of soundvs of SNM are listed as functions of nucleonicdensity � and energy
density " using the usual value of 0.005MeV � 1 for the parameter � of energy
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TABLE II

Incompressibility of isospin asymmetric nuclear matter using the usual value of
n = 2=3 and energy dependenceparameter � = 0:005MeV � 1.

X � s [f m� 3] K 0 [MeV]

0.0 0.1533 293.4

0.1 0.1526 288.8
0.2 0.1503 275.3

0.3 0.1464 252.9
0.4 0.1403 221.7
0.5 0.1315 182.0

dependence,given in Eqs. (4), (5) of the zero-rangepotential and also the
standard value of the parameter n = 2=3. As for any other non-relativistic
EOS, present EOS also su�ers from superluminosity at very high densities.
According to present calculations the velocity of sound becomesimaginary
for � � 0:1fm� 3 and exceedsthe velocity of light c at � � 5:3� 0 and the
EOS obtained using v14+ TNI [22] also resulted in soundvelocity becoming
imaginary at same nuclear density and superluminous at about the same
nuclear density. But in contrast, the incompressibility K 0 of in�nite SNM
for the v14+ TNI was chosento be 240MeV while that by the present theo-
retical estimate is about 290MeV which is in excellent agreement with the
experimental value of K 0 = 300� 25MeV obtained from the giant monopole
resonance(GMR) [23] and with the recent experimental determination of
K 0 basedupon the production of hard photons in heavy ion collisionswhich
led to the experimental estimate of K 0 = 290� 50MeV [21].

In TablesVI�VI I I the theoretical estimatesof the pressureP and velocity
of soundvs in caseof PNM are listed as functions of nucleonicdensity � and
energydensity " using the usual value of 0.005MeV � 1 for the parameter of
energy dependence,given in Eqs. (4), (5) of the zero-rangepotential and
also the standard value of the parameter n = 2=3.

In Fig. 1 the energy per nucleon � of SNM and PNM are plotted as
a function of � . The continuous lines represent the curves for the present
calculations using saturation energyper nucleonof � 15:26MeV whereasthe
dotted linesrepresent the sameusingv14+ TNI interaction [22]and the dash-
dotted lines represent the samefor the A18 model using variational chain
summation (VCS) [24] for the SNM and PNM. The minimum of the energy
per nucleonequalingthe saturation energyof � 15:26MeV for the present cal-
culations occurs preciselyat the saturation density � 0 = 0:1533fm� 3 while
that for the A18(VCS) model occursaround � = 0:28fm � 3 with a saturation
energyof about � 17:3MeV.
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TABLE II I
(Energy=nucleon) � , pressureP, energydensity " and velocity of sound vs as func-
tions of nucleonic density � for SNM.

� �=� 0 � P " vs
fm� 3 MeV MeV fm� 3 MeV fm� 3 in units of c

.01 .6523E-01 � :7537E+00 � :1677E-01 .9382E+01 .0000E+00

.02 .1305E+00 -.2526E+01 � :7232E-01 .1873E+02 .0000E+00

.03 .1957E+00 � :4312E+01 � :1574E+00 .2804E+02 .0000E+00

.04 .2609E+00 � :6007E+01 � :2617E+00 .3732E+02 .0000E+00

.05 .3262E+00 � :7576E+01 � :3752E+00 .4657E+02 .0000E+00

.06 .3914E+00 � :9006E+01 � :4885E+00 .5579E+02 .0000E+00

.07 .4566E+00 � :1029E+02 � :5926E+00 .6500E+02 .0000E+00

.08 .5219E+00 � :1142E+02 � :6786E+00 .7420E+02 .0000E+00

.09 .5871E+00 � :1241E+02 � :7382E+00 .8339E+02 .0000E+00

.10 .6523E+00 � :1325E+02 � :7633E+00 .9257E+02 .0000E+00

.11 .7175E+00 � :1394E+02 � :7460E+00 .1017E+03 .6683E-01

.12 .7828E+00 � :1448E+02 � :6787E+00 .1109E+03 .1016E+00

.13 .8480E+00 � :1488E+02 � :5540E+00 .1201E+03 .1302E+00

.14 .9132E+00 � :1514E+02 � :3645E+00 .1293E+03 .1560E+00

.15 .9785E+00 � :1525E+02 � :1032E+00 .1385E+03 .1802E+00

.16 .1044E+01 � :1523E+02 .2369E+00 .1478E+03 .2031E+00

.17 .1109E+01 � :1507E+02 .6627E+00 .1571E+03 .2253E+00

.18 .1174E+01 � :1477E+02 .1181E+01 .1663E+03 .2467E+00

.19 .1239E+01 � :1434E+02 .1798E+01 .1757E+03 .2675E+00

.20 .1305E+01 � :1378E+02 .2520E+01 .1850E+03 .2879E+00

.21 .1370E+01 � :1308E+02 .3354E+01 .1944E+03 .3077E+00

.22 .1435E+01 � :1226E+02 .4306E+01 .2039E+03 .3272E+00

.23 .1500E+01 � :1130E+02 .5382E+01 .2134E+03 .3463E+00

.24 .1566E+01 � :1022E+02 .6588E+01 .2229E+03 .3649E+00

.25 .1631E+01 � :9014E+01 .7931E+01 .2325E+03 .3833E+00

.26 .1696E+01 � :7683E+01 .9416E+01 .2421E+03 .4013E+00

.27 .1761E+01 � :6229E+01 .1105E+02 .2518E+03 .4189E+00

.28 .1826E+01 � :4652E+01 .1284E+02 .2616E+03 .4363E+00

.29 .1892E+01 � :2955E+01 .1478E+02 .2714E+03 .4533E+00

.30 .1957E+01 � :1138E+01 .1689E+02 .2813E+03 .4700E+00

.31 .2022E+01 .7985E+00 .1917E+02 .2913E+03 .4864E+00

.32 .2087E+01 .2852E+01 .2163E+02 .3014E+03 .5024E+00

.33 .2153E+01 .5023E+01 .2427E+02 .3115E+03 .5182E+00

.34 .2218E+01 .7310E+01 .2710E+02 .3217E+03 .5337E+00

.35 .2283E+01 .9711E+01 .3012E+02 .3320E+03 .5489E+00

.36 .2348E+01 .1223E+02 .3334E+02 .3424E+03 .5638E+00

.37 .2414E+01 .1486E+02 .3676E+02 .3529E+03 .5785E+00

.38 .2479E+01 .1760E+02 .4039E+02 .3635E+03 .5928E+00

.39 .2544E+01 .2045E+02 .4423E+02 .3742E+03 .6069E+00

.40 .2609E+01 .2341E+02 .4829E+02 .3849E+03 .6207E+00
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TABLE IV
Energy=nucleon� , pressureP, energydensity " and velocity of soundvs asfunctions
of nucleonic density � for SNM.

� �=� 0 � P " vs
fm� 3 MeV MeV fm� 3 MeV fm� 3 in units of c

.41 .2674E+01 .2648E+02 .5257E+02 .3958E+03 .6342E+00

.42 .2740E+01 .2967E+02 .5709E+02 .4068E+03 .6474E+00

.43 .2805E+01 .3296E+02 .6184E+02 .4179E+03 .6604E+00

.44 .2870E+01 .3636E+02 .6682E+02 .4291E+03 .6731E+00

.45 .2935E+01 .3986E+02 .7205E+02 .4405E+03 .6856E+00

.46 .3001E+01 .4347E+02 .7753E+02 .4519E+03 .6978E+00

.47 .3066E+01 .4719E+02 .8326E+02 .4635E+03 .7098E+00

.48 .3131E+01 .5101E+02 .8925E+02 .4752E+03 .7215E+00

.49 .3196E+01 .5493E+02 .9550E+02 .4870E+03 .7330E+00

.50 .3262E+01 .5896E+02 .1020E+03 .4989E+03 .7442E+00

.51 .3327E+01 .6310E+02 .1088E+03 .5110E+03 .7552E+00

.52 .3392E+01 .6733E+02 .1159E+03 .5233E+03 .7660E+00

.53 .3457E+01 .7167E+02 .1232E+03 .5356E+03 .7765E+00

.54 .3523E+01 .7611E+02 .1309E+03 .5481E+03 .7868E+00

.55 .3588E+01 .8065E+02 .1388E+03 .5608E+03 .7969E+00

.56 .3653E+01 .8528E+02 .1470E+03 .5736E+03 .8068E+00

.57 .3718E+01 .9002E+02 .1556E+03 .5865E+03 .8165E+00

.58 .3783E+01 .9486E+02 .1644E+03 .5996E+03 .8259E+00

.59 .3849E+01 .9980E+02 .1735E+03 .6128E+03 .8352E+00

.60 .3914E+01 .1048E+03 .1830E+03 .6262E+03 .8443E+00

.61 .3979E+01 .1100E+03 .1928E+03 .6398E+03 .8531E+00

.62 .4044E+01 .1152E+03 .2029E+03 .6535E+03 .8618E+00

.63 .4110E+01 .1205E+03 .2133E+03 .6674E+03 .8703E+00

.64 .4175E+01 .1259E+03 .2240E+03 .6815E+03 .8786E+00

.65 .4240E+01 .1315E+03 .2351E+03 .6957E+03 .8867E+00

.66 .4305E+01 .1371E+03 .2466E+03 .7102E+03 .8947E+00

.67 .4371E+01 .1428E+03 .2583E+03 .7247E+03 .9025E+00

.68 .4436E+01 .1486E+03 .2705E+03 .7395E+03 .9101E+00

.69 .4501E+01 .1545E+03 .2830E+03 .7544E+03 .9175E+00

.70 .4566E+01 .1605E+03 .2958E+03 .7696E+03 .9248E+00

.71 .4631E+01 .1665E+03 .3090E+03 .7849E+03 .9319E+00

.72 .4697E+01 .1727E+03 .3225E+03 .8004E+03 .9389E+00

.73 .4762E+01 .1790E+03 .3365E+03 .8161E+03 .9457E+00

.74 .4827E+01 .1854E+03 .3508E+03 .8320E+03 .9524E+00

.75 .4892E+01 .1918E+03 .3655E+03 .8480E+03 .9589E+00

.76 .4958E+01 .1983E+03 .3805E+03 .8643E+03 .9653E+00

.77 .5023E+01 .2050E+03 .3960E+03 .8808E+03 .9715E+00

.78 .5088E+01 .2117E+03 .4118E+03 .8975E+03 .9776E+00

.79 .5153E+01 .2185E+03 .4281E+03 .9144E+03 .9836E+00

.80 .5219E+01 .2254E+03 .4447E+03 .9315E+03 .9895E+00
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TABLE V

Energy=nucleon� , pressureP, energydensity " and velocity of soundvs asfunctions
of nucleonic density � for SNM.

� �=� 0 � P " vs

fm� 3 MeV MeV fm� 3 MeV fm� 3 in units of c

.81 .5284E+01 .2324E+03 .4618E+03 .9488E+03 .9952E+00

.82 .5349E+01 .2395E+03 .4792E+03 .9663E+03 .1001E+01

.83 .5414E+01 .2467E+03 .4971E+03 .9840E+03 .1006E+01

.84 .5479E+01 .2539E+03 .5154E+03 .1002E+04 .1012E+01

.85 .5545E+01 .2613E+03 .5341E+03 .1020E+04 .1017E+01

.86 .5610E+01 .2687E+03 .5532E+03 .1039E+04 .1022E+01

.87 .5675E+01 .2762E+03 .5727E+03 .1057E+04 .1027E+01

.88 .5740E+01 .2838E+03 .5927E+03 .1076E+04 .1032E+01

.89 .5806E+01 .2915E+03 .6131E+03 .1095E+04 .1037E+01

.90 .5871E+01 .2993E+03 .6340E+03 .1114E+04 .1042E+01

.91 .5936E+01 .3072E+03 .6553E+03 .1134E+04 .1046E+01

.92 .6001E+01 .3152E+03 .6770E+03 .1154E+04 .1051E+01

.93 .6067E+01 .3232E+03 .6992E+03 .1174E+04 .1055E+01

.94 .6132E+01 .3313E+03 .7219E+03 .1194E+04 .1059E+01

.95 .6197E+01 .3395E+03 .7450E+03 .1215E+04 .1064E+01

.96 .6262E+01 .3478E+03 .7685E+03 .1235E+04 .1068E+01

.97 .6327E+01 .3562E+03 .7926E+03 .1256E+04 .1072E+01

.98 .6393E+01 .3647E+03 .8171E+03 .1278E+04 .1076E+01

.99 .6458E+01 .3732E+03 .8420E+03 .1299E+04 .1080E+01
1.00 .6523E+01 .3819E+03 .8675E+03 .1321E+04 .1084E+01

Fig. 2 presents the plots of the energy per nucleon � of nuclear mat-
ter with di�eren t isospin asymmetry X as a function of � for the present
calculations.

The pressureP of SNM and PNM are plotted in Fig. 3 as a function
of � . The continuous lines represent the present calculations whereasthe
dotted lines represent the sameusing v14+ TNI interaction [22].

In Fig. 4 the velocity of sound vs in SNM and PNM and the energy
density " of SNM and PNM for the present calculations are plotted as func-
tions of nucleonic density � . The continuous lines represent the velocity of
sound in units of 10� 2c whereasthe dotted lines represent energydensity in
MeV fm� 3.

The theoretical estimate K 0 of the incompressibility of in�nite SNM
obtained from present approach using DDM3Y is about 290MeV. The theo-
retical estimate of K 0 from the refractive � -nucleusscattering is about 240�
270MeV [25] and that by in�nite nuclear matter model (INM) [20] claims
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TABLE VI
Energy=nucleon� , pressureP, energydensity " and velocity of soundvs asfunctions
of nucleonic density � for PNM.

� �=� 0 � P " vs
fm� 3 MeV MeV fm� 3 MeV fm� 3 in units of c
.01 .6523E-01 .3509E+01 .1780E-01 .9424E+01 .5166E-01
.02 .1305E+00 .4937E+01 .4742E-01 .1888E+02 .5986E-01
.03 .1957E+00 .5992E+01 .8594E-01 .2835E+02 .6774E-01
.04 .2609E+00 .6886E+01 .1353E+00 .3783E+02 .7657E-01
.05 .3262E+00 .7702E+01 .1983E+00 .4733E+02 .8637E-01
.06 .3914E+00 .8483E+01 .2782E+00 .5684E+02 .9693E-01
.07 .4566E+00 .9254E+01 .3783E+00 .6637E+02 .1081E+00
.08 .5219E+00 .1003E+02 .5020E+00 .7592E+02 .1196E+00
.09 .5871E+00 .1083E+02 .6526E+00 .8548E+02 .1314E+00
.10 .6523E+00 .1164E+02 .8334E+00 .9506E+02 .1433E+00
.11 .7175E+00 .1249E+02 .1048E+01 .1047E+03 .1554E+00
.12 .7828E+00 .1338E+02 .1299E+01 .1143E+03 .1676E+00
.13 .8480E+00 .1430E+02 .1590E+01 .1239E+03 .1797E+00
.14 .9132E+00 .1526E+02 .1924E+01 .1336E+03 .1919E+00
.15 .9785E+00 .1626E+02 .2304E+01 .1433E+03 .2041E+00
.16 .1044E+01 .1731E+02 .2733E+01 .1530E+03 .2162E+00
.17 .1109E+01 .1840E+02 .3214E+01 .1627E+03 .2282E+00
.18 .1174E+01 .1953E+02 .3751E+01 .1725E+03 .2402E+00
.19 .1239E+01 .2071E+02 .4345E+01 .1823E+03 .2521E+00
.20 .1305E+01 .2194E+02 .5001E+01 .1922E+03 .2640E+00
.21 .1370E+01 .2321E+02 .5720E+01 .2020E+03 .2757E+00
.22 .1435E+01 .2453E+02 .6506E+01 .2120E+03 .2874E+00
.23 .1500E+01 .2590E+02 .7361E+01 .2219E+03 .2989E+00
.24 .1566E+01 .2732E+02 .8288E+01 .2319E+03 .3104E+00
.25 .1631E+01 .2878E+02 .9290E+01 .2419E+03 .3218E+00
.26 .1696E+01 .3029E+02 .1037E+02 .2520E+03 .3330E+00
.27 .1761E+01 .3185E+02 .1153E+02 .2621E+03 .3442E+00
.28 .1826E+01 .3345E+02 .1277E+02 .2723E+03 .3553E+00
.29 .1892E+01 .3511E+02 .1410E+02 .2825E+03 .3662E+00
.30 .1957E+01 .3681E+02 .1552E+02 .2927E+03 .3771E+00
.31 .2022E+01 .3855E+02 .1702E+02 .3030E+03 .3878E+00
.32 .2087E+01 .4035E+02 .1862E+02 .3134E+03 .3984E+00
.33 .2153E+01 .4219E+02 .2032E+02 .3238E+03 .4090E+00
.34 .2218E+01 .4408E+02 .2211E+02 .3342E+03 .4194E+00
.35 .2283E+01 .4602E+02 .2401E+02 .3447E+03 .4297E+00
.36 .2348E+01 .4800E+02 .2600E+02 .3553E+03 .4399E+00
.37 .2414E+01 .5003E+02 .2810E+02 .3659E+03 .4499E+00
.38 .2479E+01 .5211E+02 .3031E+02 .3766E+03 .4599E+00
.39 .2544E+01 .5423E+02 .3264E+02 .3873E+03 .4698E+00
.40 .2609E+01 .5640E+02 .3507E+02 .3981E+03 .4795E+00
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TABLE VI I
Energy=nucleon� , pressureP, energydensity " and velocity of soundvs asfunctions
of nucleonic density � for PNM.

� �=� 0 � P " vs
fm� 3 MeV MeV fm� 3 MeV fm� 3 in units of c
.41 .2674E+01 .5861E+02 .3762E+02 .4090E+03 .4891E+00
.42 .2740E+01 .6087E+02 .4028E+02 .4199E+03 .4987E+00
.43 .2805E+01 .6318E+02 .4307E+02 .4309E+03 .5081E+00
.44 .2870E+01 .6553E+02 .4597E+02 .4420E+03 .5174E+00
.45 .2935E+01 .6793E+02 .4900E+02 .4531E+03 .5266E+00
.46 .3001E+01 .7037E+02 .5216E+02 .4643E+03 .5357E+00
.47 .3066E+01 .7286E+02 .5545E+02 .4755E+03 .5447E+00
.48 .3131E+01 .7539E+02 .5887E+02 .4869E+03 .5535E+00
.49 .3196E+01 .7797E+02 .6242E+02 .4983E+03 .5623E+00
.50 .3262E+01 .8059E+02 .6610E+02 .5098E+03 .5709E+00
.51 .3327E+01 .8326E+02 .6992E+02 .5213E+03 .5795E+00
.52 .3392E+01 .8597E+02 .7389E+02 .5329E+03 .5879E+00
.53 .3457E+01 .8872E+02 .7799E+02 .5446E+03 .5963E+00
.54 .3523E+01 .9152E+02 .8224E+02 .5564E+03 .6045E+00
.55 .3588E+01 .9436E+02 .8664E+02 .5683E+03 .6127E+00
.56 .3653E+01 .9725E+02 .9118E+02 .5803E+03 .6207E+00
.57 .3718E+01 .1002E+03 .9588E+02 .5923E+03 .6286E+00
.58 .3783E+01 .1031E+03 .1007E+03 .6044E+03 .6365E+00
.59 .3849E+01 .1062E+03 .1057E+03 .6166E+03 .6442E+00
.60 .3914E+01 .1092E+03 .1109E+03 .6289E+03 .6518E+00
.61 .3979E+01 .1123E+03 .1162E+03 .6413E+03 .6594E+00
.62 .4044E+01 .1155E+03 .1217E+03 .6537E+03 .6668E+00
.63 .4110E+01 .1187E+03 .1273E+03 .6663E+03 .6741E+00
.64 .4175E+01 .1219E+03 .1331E+03 .6789E+03 .6814E+00
.65 .4240E+01 .1252E+03 .1391E+03 .6916E+03 .6885E+00
.66 .4305E+01 .1285E+03 .1453E+03 .7045E+03 .6956E+00
.67 .4371E+01 .1318E+03 .1516E+03 .7174E+03 .7026E+00
.68 .4436E+01 .1352E+03 .1581E+03 .7304E+03 .7094E+00
.69 .4501E+01 .1387E+03 .1647E+03 .7435E+03 .7162E+00
.70 .4566E+01 .1421E+03 .1716E+03 .7567E+03 .7229E+00
.71 .4631E+01 .1457E+03 .1786E+03 .7701E+03 .7295E+00
.72 .4697E+01 .1492E+03 .1858E+03 .7835E+03 .7360E+00
.73 .4762E+01 .1528E+03 .1932E+03 .7970E+03 .7425E+00
.74 .4827E+01 .1565E+03 .2007E+03 .8106E+03 .7488E+00
.75 .4892E+01 .1602E+03 .2085E+03 .8243E+03 .7551E+00
.76 .4958E+01 .1639E+03 .2164E+03 .8381E+03 .7613E+00
.77 .5023E+01 .1677E+03 .2246E+03 .8521E+03 .7674E+00
.78 .5088E+01 .1715E+03 .2329E+03 .8661E+03 .7734E+00
.79 .5153E+01 .1753E+03 .2414E+03 .8802E+03 .7793E+00
.80 .5219E+01 .1792E+03 .2502E+03 .8945E+03 .7852E+00
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TABLE VI I I
Energy=nucleon� , pressureP, energydensity " and velocity of soundvs asfunctions
of nucleonic density � for PNM.

� �=� 0 � P " vs

fm� 3 MeV MeV fm� 3 MeV fm� 3 in units of c

.81 .5284E+01 .1831E+03 .2591E+03 .9089E+03 .7909E+00

.82 .5349E+01 .1871E+03 .2682E+03 .9233E+03 .7966E+00

.83 .5414E+01 .1911E+03 .2775E+03 .9379E+03 .8023E+00

.84 .5479E+01 .1952E+03 .2871E+03 .9526E+03 .8078E+00

.85 .5545E+01 .1992E+03 .2968E+03 .9674E+03 .8133E+00

.86 .5610E+01 .2034E+03 .3067E+03 .9824E+03 .8187E+00

.87 .5675E+01 .2075E+03 .3169E+03 .9974E+03 .8240E+00

.88 .5740E+01 .2117E+03 .3272E+03 .1013E+04 .8293E+00

.89 .5806E+01 .2160E+03 .3378E+03 .1028E+04 .8345E+00

.90 .5871E+01 .2203E+03 .3486E+03 .1043E+04 .8396E+00

.91 .5936E+01 .2246E+03 .3596E+03 .1059E+04 .8446E+00

.92 .6001E+01 .2290E+03 .3709E+03 .1074E+04 .8496E+00

.93 .6067E+01 .2334E+03 .3823E+03 .1090E+04 .8545E+00

.94 .6132E+01 .2378E+03 .3940E+03 .1106E+04 .8594E+00

.95 .6197E+01 .2423E+03 .4059E+03 .1122E+04 .8641E+00

.96 .6262E+01 .2468E+03 .4180E+03 .1138E+04 .8689E+00

.97 .6327E+01 .2514E+03 .4304E+03 .1155E+04 .8735E+00

.98 .6393E+01 .2559E+03 .4429E+03 .1171E+04 .8781E+00

.99 .6458E+01 .2606E+03 .4557E+03 .1187E+04 .8826E+00
1.00 .6523E+01 .2652E+03 .4688E+03 .1204E+04 .8871E+00

a well de�ned and stable value of K 0 = 288� 20MeV and present theoret-
ical estimate is in reasonablycloseagreement with the value obtained by
INM which rules out any values lower than 200MeV. Present estimate for
the incompressibility K 0 of the in�nite SNM is in good agreement with the
experimental value of K 0 = 300� 25MeV obtained from the giant monopole
resonance(GMR) [23] and with the recent experimental determination of
K 0 basedupon the production of hard photons in heavy ion collisionswhich
led to the experimental estimate of K 0 = 290 � 50MeV [21]. However,
the experimental valuesof K 0 extracted from the isoscalargiant dipole res-
onance (ISGDR) are claimed to be smaller [26]. The general theoretical
observation by Colo' et al. is that the non-relativistic [27] and the relativis-
tic [28] mean �eld models predict for the K 0 valueswhich are signi�cantly
di�eren t from one another, namely � 220�235MeV and � 250�270MeV,
respectively. Considering the uncertainties in the extractions of � 0 [18] and
� 0 valuesfrom the experimental massesand electronscattering, present non-
relativistic mean �eld model estimate for the nuclear incompressibility K 0
for SNM using DDM3Y interaction is rather closeto the earlier theoretical
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Fig. 1. The energy per nucleon � = E=A of SNM (spin and isospin symmetric
nuclear matter) as a function of � . The continuous lines represent curves for the
present calculationsusingsaturation energyper nucleonof � 15:26MeV whereasthe
dotted lines represent the sameusingv14+ TNI interaction [22]and the dash-dotted
lines represent the same for the A18 model using variational chain summation
(VCS) [24].
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Fig. 2. The energy per nucleon � = E=A of nuclear matter with di�eren t isospin
asymmetry X as a function of � for the present calculations.
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Fig. 3. The pressureP of SNM (spin and isospin symmetric nuclear matter) and
PNM (pure neutron matter) as a function of � . Continuous lines represent the
present calculations whereasdotted lines represent the sameusing v14+ TNI inter-
action [22].
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Fig. 4. The velocity of soundvs in SNM (spin and isospinsymmetric nuclearmatter)
and PNM (pure neutron matter) and the energy density " of SNM and PNM as
functions of nucleonic density � for the present calculations. The continuous lines
represent the velocity of sound in units of 10� 2c whereasthe dotted lines represent
energy density in MeV fm� 3.
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estimatesobtained using relativistic mean �eld models. The density depen-
denceparameter � = 1:668fm2, that has the dimensionof crosssection,can
be interpreted as the isospin averagede�ectiv e nucleon�nucleon interaction
cross section in ground state symmetric nuclear medium. For a nucleon
in ground state nuclear matter kF � 1.3 fm� 1 and q0 � ~kFc � 260MeV
and the present result for the �in medium� e�ectiv e crosssection is reason-
ably closeto the value obtained from a rigorous Dirac�Brueckner�Hartree�
Fock [29] calculations corresponding to such kF and q0 values which is
� 12mb. Using the valueof the density dependenceparameter� = 1:668fm2

corresponding to the standard valueof the parametern = 2=3 alongwith the
nucleonic density of 0.1533fm� 3, the value obtained for the nuclear mean
free path � is about 4 fm which is in excellent agreement [30] with other
theoretical estimates.

5. Summary and conclusions

In summary, we conclude that the present EOS is obtained using the
isoscalarand Lane that is the isovector part of M3Y e�ectiv e N N interac-
tion. This interaction was derived by �tting its matrix elements in an oscil-
lator basisto those elements of the G-matrix obtained with the Reid-Elliot
soft-coreN N interaction and hasa profound theoretical standing. The value
obtained for the nuclear mean free path is in excellent agreement [30] with
other theoretical estimates. The present theoretical estimate of nuclear in-
compressibility for SNM is in reasonablycloseagreement with other theoret-
ical estimatesobtained by INM [20]model, usingthe Seyler�Blanchard inter-
action [17] or the relativistic Brueckner�Hartree�F ock (RBHF) theory [31].
This value is also in good agreement with the experimental estimatesfrom
GMR [23] as well as determination basedupon the production of hard pho-
tons in heavy ion collisions [21]. The EOS for SNM and PNM are similar
to thoseobtained by B. Friedman and V.R. Pandharipandeusing v14+ TNI
interaction [22] and the RBHF theory. The EOS for the isospinasymmetric
nuclear matter can be applied to study the cold compact steller objects such
as neutron stars.
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