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Abstract

A phase transition of nuclear matter into a periodic phase has been found. Studying the properties of this phase transition
an analogy has been observed with the Peierls’ transition taking place in quasi-one-dimensional electric conductors.

Recently we have found a periodic structure in nu-
clear matter [ 1] in the framework of quantumhadrody-
namics using mean-field approximation [2,3]. Study-
ing the temperature dependence of this periodic struc-
ture we have observed an analogy with the Peierls-
type phase transition [4-6].

In this letter we summarise the main features of
the periodic phase of nuclear matter and we make a
comparison with the periodic structure observed in
quasi-one-dimensional electric conductors.

In the last few years the possibility of a periodic
structure in nuclear matter was investigated exten-
sively [7-9]. In these works the periodic behaviour of
the matter density was studied. In our recent work we
have found a periodic structure in the current density
at constant matter density.

In the framework of the quantumhadrodynamics the
nucleons (i), the scalar mesons (o), and the vec-
tor mesons (w*) are described by the following field
equations:

[Yu(id” — go@*) — (m —goo)1¢(x) =0, (1)

Oo +mio = g, (2)
O, + miw, = g,yub. (3)

The coupling constants g, g, and the masses m, m,,
m,, are given in [1]. In the mean field approximation
the meson field operators are replaced by their expec-
tation values, which are assumed to have the following
forms:

(0(x)) =7, (°(x))=a",

<w1(x)> =wcoskz, (wz(x)> = —wsinkz,
(@*(x)) =0. 4)

According to this Ansatz the w-field has a static,
periodic variation along the z axis, defined by the wave
vector k. This periodicity induces a similar periodic
behaviour of the nuclear vector current, i.e. the matter
density (y4) is constant and the current densities
(Fy'¢) and (fy*) are periodic.

In this approximation the single particle nucleon
states can be considered as independent quasiparticle
states described by Bloch waves:
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N

Wi(P, X) = e‘ipx Z ui(p,n)e_i"kz. (5)

n=—N

Here the bispinors u;(p,n) are the solutions of the
following equation

N
> Hywui(p,n) = Eui(p,n), (6)
n'=—N

where

Hyyw = 'yO ()’p + ')/3nk + (m—gs0) + )’nga 0) Onnt
- ; 8w 6’)’0
1 2 1 12
x (Y = iy 8pirw + (V' +i¥)nrw] . (1)

The source terms_Jl“a// are also replaced by their
expectation values (i), which are defined by the
help of the Fermi-Dirac distribution:

1

(1+exp{—~——Ei(p)_'u}> , (8)
T
where E;(p) are the energy eigenvalues from Eq. (6).
The temperature and the baryon chemical potential are
denoted by T and pu, respectively. (The chemical po-
tential of the antibaryons is —u.) The field equations
lead to a set of selfconsistent equations. At fixed val-
ues of the parameters 7, w and k these selfconsistent
equations can be solved numerically for &, @ © and @.
From the solutions the following conclusions can
be drawn by stability analysis:

(1) At low densities periodic solutions (& # 0) ex-
ist. They are, however, instable due to a saddle
point of the thermodynamical potential ) de-
fined as

QO =-TIn{Trexp (—[H - uB]/T)}, (9)

where the Hamiltonian and the baryon number
operator are denoted by A and B, respectively.
Above a critical nucleon density p. the periodic
solutions become stable due to a true minimum
of the thermodynamical potential ().

(i1) The system is anisotropic which can be charac-
terised by the quantity A defined as

_ P -PL

=4 = 10
P+ Py (10)
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Fig. 1. The amplitude @ of the periodic component of the w-meson
field as the function of the temperature T for the wave number
k =3.0 fm~1. The parameter of the curves is the baryon chemical
potential .

where the pressure parallel and perpendicular
compared to k are denoted by P and P, re-
spectively. This means that the periodic structure
of the nuclear matter can only exist if an appro-
priate anisotropic external pressure is exercised
on it. In thermodynamical equilibrium assuming
an isotropic external pressure only the “trivial”
(@ = 0) solution exists.

(iii) Changing the temperature T at fixed values of u
and k a critical temperature 7, can be reached.
Above T, there are no periodic solutions, i.e.
only the “trivial” (@ = 0) solution exists. Be-
low the critical temperature 7, the w-mesons
with wave vector k begin to condensate. The
order parameter of this phase is the amplitude
of the static, periodic w-field which, is identi-
cal with the self consistent solution of the mean
field equations @. The situation is similar to the
pion condensation [14,15]. On Fig. 1. the tem-
perature dependence of the order parameter @ is
shown at a fixed value of k (k=3.0fm™}) and
fixed values of the baryon chemical potential .

(iv) On Fig. 2. the critical density pc(k) is shown
as a the function of k. As it is seen the k de-
pendence of p. (k) is linear. To understand this
behaviour we assume that the Fermi surface of
the system can be considered as a cylinder. (In
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Fig. 2. The critical density pc(k) as the function of the wave
number k.

the reality it is only cylindrically symmetric, but
not a cylinder.) Then the baryon density can be
expressed as follows

pe(k) = ks kpy /7, (11)

where the Fermi momenta parallel and perpen-
dicular to the wave vector k are denoted by kr |
and k), respectively. In this approximation the
density is a linear function of k. Consequently
there is a linear relation between k and kg
Looking for an explanation for the enumerated fea-
tures of the periodic phase, we have found an analogy
in solid state physics. It was pointed out by Kohn [6],
in 1959 that the response function F of a free electron
system, defined by

F(q) = P

2
x [1 L ke (1 _ —‘1-7) In (‘——%FD} . (12)
q 4kF q— 2k,lr

has an anomaly at g = 2kr, where the Fermi momen-
tum and the Bohr radius are denoted by kg and ay,
respectively. The derivative of F(g) has a logarith-
mic singularity at this point. In a metal the phonons
interacting with the electrons induce a change of the
electron density, which is enhanced in the vicinity of
the singularity. As a response to this the frequency of
the phonons w(q) for ¢ ~ 2kr decreases. This can
be observed in inelastic neutron scattering. There ex-
ists a critical temperature T, where the phonon fre-

quency w(2kr) vanishes [5,4]. At this point there is
a phase transition, where a static periodic deformation
of the crystall lattice begins to develop. This Peierls-
type phase transition occurs predominantly in quasi-
one-dimensional systems, where the electronic excita-
tion with g = 2k is associated with a sufficiently large
phase space volume. The discovery of the quasi-one-
dimensional systems like the TCNQ and KCP salts
[10] opened an astonishingly rich realm of phenom-
ena of charge density and spin density waves associ-
ated with the Peierls transition. It is worth of mention-
ing that the Peierls transition is also favoured for three-
dimensional systems with Fermi surface of cylindrical
shape, as shown by Afanasev and Kagan [11].

In our case the periodic structure is present in the
current densities and consequently in the spin density.
Therefore it is related to the spin density waves of
quasi-one-dimensional conductors [12,13].

Summarising, in nuclear matter a phase-transition
occurs if an adequate anisotropic external pressure is
exercised on the system. This kind of anisotropy can
be produced in heavy ion reactions or in astrophysical
objects by gravitational force. The phase transition
of nuclear matter under anisotropic external pressure
from the normal phase to the periodic one is the analog
of the Peierls-type phase transition occuring in quasi-
one-dimensional systems.

The authors are very much indebted to A. Virosztek
for the illuminating discussions. Part of the calcula-
tions were performed on the Microvax computer do-
nated by the Alexander von Humboldt Foundation.
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