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ABSTRACT

The binding energy per particle, effective mass, magnetic

susceptibility,...etc for neutron matter are calculated using the

interaction SK.II. Rel&tivistic corrections to the non-relativistic Sky.rme.

effective interaction to order 1/C are also used to calculate the corrections

for the binding energy of neutron matter. The correction ia very small for

small values of fc. and increases as k n i s increased. The thermal properties

of neutron matter are calculated also using S K H force. The temperature

dependences of the volume and spin pressure are determined. The results

obtained show a similar trend as previous theoretical estimates by different

methods of calculation.
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I. INTRODUCTION

The binding energy per particle, effective mass, single particle

potential and magnetic BUBceptibility were calculated by Behera and Satpathy

(1979) using a simple three-parameter density dependent effective interaction.

Siemens and Pandharipande (1971) calculated the binding energy for dense

neutron gas in lowest order Brueckner theory and in JaBtrow variational theory

UBing the lowest order cluster expansion of the energy with a Reid soft-core

potential. Haensel (1975) also calculated the magnetic susceptibility using

Brueckner theory vith the Reid hard-core potential and the Mongan nonlocal

separable potential.

The equation of state for hot neutron matter has been considered by

several authors,e.g.Friedman and Pandharipande (1981) using a realistic nuclear

Hamiltonian which contains two and three nuclear interactions, Kiguchi

Masayoshi (1977) who investigated it with the aid of the extended method of

Brueckner theory (the low temperature case) and the virial expansion method

(the high temperature case) and Lattimer and Ra<renhall (1978) who used the Skynae

interaction. The relativistic treatment for the equation of state has been

mainly considered using Walecka'a (1975) relativistic qean field theory.

The purpose of the present work is to study the properties of neutron

matter such as energy per particle, single particle potential, effective mass

and magnetic susceptibility using the Skyrme interaction SK1I (Kohler, 1976").

We also investigate the equation of state for neutron matter at finite but

small temperatures. The equation of state enters in a variety of problems

and speculations of current interest, e.g. neutron stars (Maxwell e_l_al-.1977)

and high energy heavy-ion collisions (Hofmann et al.,1976. Galitskii and

Miehustin.1978).

II. ENERGY PER PARTICLE AND COMPRESSIBILITY

The Skyjrme interaction (Skyrme,. 1956, 1959)

sum of a tvo-body tern and a three-body term namely;

can be written as the



+ k'.
(2.1)

where k = ('1-'2)/21 acts on the right, while k'= - C j - ' 2 ) / 2 i
 a c t 3 o n t h e

left. The last term is the two-body spin-orbit force. For the three-body

term, we shall use the equivalent two-body denBity dependent term

(2.2)

where p i s the density of neutron matter. The parameters of the interaction
are (Kohler,1976) t.Q = -1169.9 MeV fm3,
t 3 = 9331.1 MeV fin , xQ = 0.31* and x.

= 586.6 MeV MeV fm5

1. The reason for choosing SKII

force and not SKIII is that it produces good values for the magnetic

susceptibility whereas SKIII produces low values in comparison with previous

theoretical estimates.

Using the above equations of the Skyrme interaction the tinding energy

of neutron natter of Nt(H+) neutrons of Bpin-up (down) with their

corresponding Fermi momenta ^ U ^ ) can be written as (Haensel,1975).

(2.3)

where k = k

energy and £

+ a < j ) ,

is the spin symmetry energy.

are neglected in Eq.(3).
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As the interaction potential here is density dependent one has to add the

contribution due to rearrangement (Behera and Satpathy, 1979 and Haensel, 1975);

namely

(2.7)

III. SINGLE PflfiTlCLE POTENTIAL AND EFFECTIVE MASS

In an inf in i te neutron matter the average potential can be defined as

U = I ( < i j | v | ' J > - < £ j | W j t > ) + u
(3.1)

where U is the rearrangement potential (Haensel, 1975). This potential is
R

added only if the two-body effective interaction V is dependent on density or

if second and higher-order terms in the perturbation series are taken into

account.

For SKII force we have at a momentum k



(3.2)

and a similar expression for U(k, N+) but with the minus sign for the a

term. For the rearrangement potential we obtain

A 3 U IT* f (3.3)

From the above equations one can obtain the expression for the effective mass,

namely

with a similar expression for N+ neutrons ljut with a minus sign for the last

term. At a = 0 and IL, = frL we obtain

(3.5)

IV. MAGNETIC SUSCEPTIBILITY

Following Haensel (19T5) and Behera and Satpathy (1975) one can

write an expression for the ratio or the magnetic susceptibility of neutron

matter and that of the Fermi gas of noninteracting neutrons as

(U.l)
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where (. is the Fermi energy of an unpolarized neutron matter with

1
lit = N+ = ^M. Adding the rearrangement contribution we then obtain

H -
/ (

(U.2)

V. RELATIVISTIC CORRECTIONS FOR THE ENERGY PER PARTICLE

Relativistie corrections have previously been considered for nuclear

matter by Hassan and Mansour (198CJ. The method Is based on the requirements

that the Hamiltonian, together with the corrections, remain approximately

invariant to second order in v/c under the Lorenta transformation. The

correction for the energy can be calculated here in a similar way. The

result is

- _JL

and

7rJM; (5.1)

(5.2)
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VI. THE EQUATIOH OF STATE

For neutron matter the entropy per particle is given by

(6.1)

where T runs over spin, n denotes the Fermi distribution of neutron matter

in equilibrium at temperature T

(6.2)

and n is the density of neutron matter

(6.3)

where the Boltzmann constant 1B put equal to 1.

The single particle potential, V (k), in the effective mass

approximation, can tie written as

V.CO =
From Eqs. (1),(2) and (3) we Obtain

+ it* (6.1.)

(6.5)

(6.6)
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•n =
(6.7)

Hence, s to first order in T, is

(K

(6.8)

where M* denotes the effective masB (M*) at the Fermi surface and is

assumed to be the same for all spin states. Having known the entropy s one

can determine the heat capacity per unit volume C

v " fl

Eq.(9) can be then used to calculate the energy per particle through the

relation

7i)+J- f
>\ J (6.10)

where e(T » 0,n) is calculated using SKII interaction as described in Sec.II.

In the case of polarised neutron matter the entropy, heat capacity per

unit volume and internal energy can be expanded up to second order in a to

have the form

S = \ ̂  f < S,
and similar relations to C and e where

T (6.12)

-8-



The free energy per particle is given by

/ (77*) = <?C/,n) - T *
and the pressure is given by

r
We can make an expression similar to that of s for p to get

P = fy * i <

(6.13)

(6.H0

(6.15)

(6.16)

hence, for SKII interaction we get

C
(6.17)

and

*• 5> L 3

18

(6.18)
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where

VII. RESULTS ABD DISCUSSION

The volume energy per particle and spin symmetry energy calculated

by using Bq.s. (2.U) and (2.5) are given in Table 1 along with their

relativistic corrections for different values of k . The values obtained

are comparable vith those obtained by others,e.g. at k f = l.lt fS we obtain

€ v o l = 13.36 Mev to be compared with the values 10.1*6 MeV and 12.63 MeV

obtained by Siemens and Pandharipande (19TI). From Table 1 we also notice

that the relativistic corrections are very small for small k. and starts

to be around 1% for k f = l.Ufm"
1 which is still small to justify the use

of the perturbation theory to calculate such corrections. The volume energy

is shown as a function of k_f in Fig.l which has the same shape as those

obtained previously by e.g. Behera and Satpathy (1979).

The single particle potentials U and U at k = k are

displayed in Table 2 as a function of k . It is clear that the potential

Uy has the sane trend as those calculated by Behera and Satpathy (l979)>

After passing through a minimum it increases steadily with k which is due

to the short range repulsive term which is proportional to p. The results

of our calculation for the effective mass are also shown in Table 2 which

shows a steady decrease of M*/H^ with the increase of density as expected.

.-1

In Fig.2 the ratio x_/X of the magnetic susceptibility of a Fermi

gas of noninteracting neutrons to that of neutron matter is plotted as a

function of kf. The results are comparable with those previously obtained

(see e.g. Behera and Satpathy, 1979 and the references therein).

From the figure we see that X /X increases with k_ up to k. = l.ltfm

and then decreases continuosly similar to that of Mongan (1969) and Behera

and Satpathy (1979). Other calculations for the Reid hard core potential

(Beid, 1966) and Stf potential (Moszkowski, 197M show a monotonic increase

with the valueB of k .

Figs,3 and k show the P and p versus V diagrams at different

temperatures and they reproduce the same features as the corresponding ones

obtained by e.g. Friedman and Pandharipande (198I), Kiguchi IJaaayoshi (1977)

-10-
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and Lattimer and Ravenhall (1978). The volume pressure is always positive

and increases vith the density o— whereas P has positive mid negative

values for different densities vhich would affect the total pressure. The

results obtained here are reliable for low temperatures only but at higher

temperatures one has to use the exact Fermi integrals and take into account

the dependence of the Skyrme parameters on density, which depends on the

temperature.

From the resultB obtained for the simple Skyine force and its

agreement with other calculations we conclude that this interaction gives

satisfactory results for polarized neutron matter over a vide range of kf.

For higher k values one should treat properly the relativistic

corrections and more care should be taken to study the magnetic properties

at high densities.
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TABLE CAPTIONS

Table

Table 2

The volume energy t and spin symmetry energy and their

relativistie corrections as a function of k .

The single particle potentials and effective mass as a function

of the Fermi momentum k .
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FIGUBE CAPTIOUS

Fig. 1 Energy per particle of nautron matter € v aa a function of the

Fermi momentum k.f.

Fig. 2 The ratio xF/x as a function of the Fermi momentum kf.

Fig. 3 Neutron matter isotherms in the V, P v diagram.

Fig. It Neutron matter isotherms in the V, I'a diagram.
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Fig.2
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