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Properties of nuclear matter below the nuclear saturation density is analized by nu-
merical simulations with the periodic boundary condition. The equation of state at these
densities is softened by the formation of cluster(s) internal density of which is nearly equal
to the saturation density. The structure of nuclear matter shows some exotic shapes with
variation of the density. Furthermore, it is found that the symmetry parameter asym(p)
is not a linear function of density at low density region.

1. INTRODUCTION

The research for the property of nuclear matter has been attracting great attentions
since the beginning of nuclear physics. By the discovery of neutron stars, the existence
of giant nuclear matter became evident. The property of nuclear matter is essential to
understand basic characteristics of neutron stars.

Various strange shaped (e.g. cylindrical, tabular) nuclear matter structures below the
saturation density have been predicted by several macroscopic models which assume nu-
clear matter shapes [1-3] or Thomas Fermi calculation which deals with nuclear matter
as a continuum [4]. These studies have shown that the structure is determined by the
balance between surface tension and repulsive Coulomb force. As a result, the structure
of stable nuclear matter changes from finite nucleus (sphere) to giant cluster (rod, plate,
cylindrical-hole and spherical-hole) with increase of global density. Above the saturation
density, the uniform structure is stable.

Recently, Maruyama et al. proposed a new approach for the study of nuclear matter
[5]. This method is based on a microscopic treatment of particles, namely MD simulation.
Therefore the effects of clusterization can be taken into account without any assumption
of the structure. However, properties of finite nuclei, for instance radius and shape, were
not well reproduced with the effective interaction employed by them.

The purpose of present study is to give more quantitative analysis of the nuclear struc-
ture in the low-density nuclear matter which is strongly related with the crust region of the
neutron stars. We improve the effective nuclear interaction to reproduce the properties
of the finite nuclei better than the previous calculation [5].
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2. FRAMEWORK OF SIMULATION

We treat nucleons (protons, neutrons) as the constituent particles. Each particle is
described by a gaussian wave packet characterized by the coordinate, the momentum and
the width.

2.1. Interaction between particles
Our interaction contains Skyrme-type two-body and density dependent, symmetric,

surface, momentum dependent term, and Pauli interaction which is an artificial repulsive
one between two particles of the same kind. We determine the parameters of the nuclear
potential to reproduce the bulk property of nuclear matter and the properties of stable
nuclei, namely, binding energy and root-mean-square radius as shown in Figs. 1 and 2.
Surface term which is newly added term make the surface property of nucleus smooth.
Therefore the radii of stable nuclei are reproduced well.
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Figure 1: Binding energy of finite nuclei.
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Figure 2: Root-mean-square radius of fi-
nite nuclei.

2.2. Simulation for infinite system
We simulate infinite system by employing the periodic boundary condition [6]. The

volume containing the N particles is treated as the primitive cell of an infinite periodic
lattice of identical cells. Each particle interacts with all other particles in the same cell
and all particles in all other cells. The actual number of N in this paper is 3072.

Initial position and momentum of particles are given randomly, and we cool down or
heat up the system by frictional cooling [7] or Metropolis sampling [8]. Finally, we get
the ground state or the excited state with a certain temperature. Many calculations are
carried out by changing the density p, proton fraction Z/A and temperature T of nuclear
matter.

3. STRUCTURES OF NUCLEAR MATTER

Figure 3 shows the density dependence of symmetric matter structure. One box cor-
responds to the fundamental cell. At saturation density, uniform structure is stable.
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However, as density becomes lower particles form clusters, showing that uniform struc-
ture become unstable. At 0.5po, there appears the structure with cylindrical-holes. At
0.1 po, many spherical nuclei can be seen.

p=1.0p0 p=0.5p0 p=0.1p0

Figure 3: Examples of symmetric matter structure. Black circles denote protons and
white are neutrons.

Figures 4 and 5 show the energy of symmetric matter and neutron matter, respectively.
Our model reproduces the well known bulk property of symmetric matter at the region
near saturation density (p0). At low density region, our results deviate from the parabolic
behavior. We find that the effect of clusterization softens the EOS. For the neutron matter
EOS, our result agrees with RBHF calculation [9]. This fact give us a confidence that
the interaction used in our simulation can well be applied for the study of neutron star
matter which lies in between these two extreme conditions.
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Figure 4: EOS of symmetric matter.
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Figure 5: EOS of neutron matter.

Figure 6 shows the EOS of asymmetric matter. From the energy of asymmetric matter
for several given densities, we estimate the density dependence of symmetry parameter

) defined by the second derivative of E(p,a)/A over a = (N — Z)/A at a = 0.a
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Figure 7 shows the density dependence of symmetry parameter in comparison with
DBHF calculation [10]. We find the symmetry parameter is not proportional to density
below the saturation density. This can be understood as the effect of clusterization.
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Figure 6: EOS of asymmetric matter.

4. SUMMARY
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Figure 7: Density dependence of symme-
try parameter.

We have analyzed infinite system of nucleons by a molecular dynamics simulation with
the periodic boundary condition. At extremely low temperature, the structure of nuclear
matter below saturation density is not uniform and nucleons form p ~ l.Opo agg regate(s).
The density dependence of symmetry parameter for p < p0 is not a linear function of p
because of the effects of clusterization. Our results for finite temperature will be reported
elsewhere. The EOS of neutron star matter is now under investigation!
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