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We study some properties of spin-polarized neutron matter in the presence of a strong magnetic field
at finite temperature. Using the Skyrme model together with the Hartree-Fock approximation we obtain
an energy density functional that is employed to extract the spin polarization, the effective mass and the
magnetic free energy of the system. In order to find the equilibrium state, we have analyzed different

global spin configurations over a wide range of matter density (0 < n/ng < 3), magnetic field intensity
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(10" G < B < 10" G) and temperature (T < 80 MeV). The outcome is that the system can be either
completely spin-down polarized or partially polarized. A change in any of the (n, T, B)-variables can
induce a transition from one polarization state to the other. The transition takes place in a surface in the

(n, T, B)-phase space, which represents an instability of the system. We have also found a discontinuity
in the internal energy associated with this change in the state of magnetization.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The effects of magnetic fields on dense matter have been a sub-
ject of interest from long time ago [1], particularly in relation to
astrophysical issues. The equation of state for magnetized matter
is important for the neutron star structure [2] and for the cooling
of magnetized stars [3-5]. Moreover, since neutrinos are a fun-
damental piece in cooling processes, its emission and transport
properties in the presence of magnetic fields were studied in detail
[4,5].

A wide range of observational data of periodic or irregular ra-
diation from localized sources has been related to the presence
of very intense magnetic fields in compact stellar objects. These
manifestations have been classified as pulsars, soft gamma ray
repeaters and anomalous X-ray pulsars, according to the energy
released and the periodicity of the episodes. They have been as-
sociated with different stages of the neutron star evolution. The
intensity of these magnetic fields could reach 10'* G in the star
surface and could grow up several orders of magnitude in its
dense interior. The origin of such unusually large fields is still
uncertain. The source of the quasi-periodic frequency observed
for the radiation phenomena has been attributed to different
causes, such as the breakdown of the star crust or to sudden
rearrangements of the magnetization [6]. In any case, a detailed
knowledge of the magnetic susceptibility is necessary to clarify
this question. As the properties of the radiation measured are
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closely related to the equation of state of nuclear matter, this
subject offers a valuable opportunity to constrain theoretical mod-
els.

The study of the high density nuclear equation of state in
the presence of very strong magnetic fields and the structure
of neutron stars was developed within the covariant field the-
ory (see for example [7,8]). Non-relativistic effective models have
also been used in this context, as they are specially suited to deal
with dense nuclear systems. In particular, for homogeneous matter
they give rise to energy density functionals of low computational
complexity. Furthermore, they have been applied to describe non-
homogeneous low density environments, such as the neutron star
crust.

In this Letter we study infinite homogeneous neutron matter in
the presence of an external magnetic field at finite temperature,
using the Skyrme model. There are previous works which used the
Skyrme model to study neutron matter under similar conditions
[9-11]. We consider densities up to three times the normal nuclear
density, temperatures up to 80 MeV, and field intensities 10'* <
B < 10'° G, which are appropriate for some astrophysical studies.

The equilibrium state for a system in the presence of an exter-
nal magnetic field is characterized by a minimum of the appro-
priate thermodynamical potential [12]. Therefore we examine the
possible global configurations of the spin polarization of neutron
matter in terms of the field intensity, the density and the temper-
ature.

This Letter is organized as follows. In Section 2 we outline the
formalism used to study neutron matter under a strong magnetic
field, the outcomes are discussed in Section 3, and the conclusions
are drawn in Section 4.
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2. The Skyrme model for neutron matter in strong magnetic field

The Skyrme model is an effective formulation of the nuclear
interaction [13]. It consists of a two-body contact potential plus
some terms having an explicit density dependence. Using this in-
teraction and the Hartree-Fock approximation, one builds up an
energy density functional. The associated single-particle spectrum
can be expressed in such a way that the interaction contributes
partly to the definition of an effective mass and partly to a remain-
ing potential energy. This approximation provides a simple and
useful scheme to study neutron matter properties like the magne-
tization, effective mass, etc. There are several parameterizations for
the Skyrme model, according to the different applications, which
cover issues from exotic nuclei to stellar matter.

We are particularly interested in the contributions coming from
terms containing time-reversal-odd densities and currents, since
they are active when spin states are not symmetrically occupied.
A derivation of these terms can be found in [14].

In working with an external magnetic field B, the energy den-
sity functional is the sum of the Skyrme density functional Egpy,
plus the interacting term between matter and the magnetic induc-
tion B,

&= Eskm — UNX W B, (1)

where uy is the Bohr magneton, the Lande factor y = —1.913
takes account of the anomalous magnetic moment and
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is the standard Skyrme density functional. Here we have intro-
duced the effective nucleon mass m} for a neutron with spin up
(s=1) or down (s =-—1),

1 1 1
— = — + —(bon +sh1 W) (3)
mi m 4

where m is the bare neutron mass, n stands for the neutron num-
ber density and W is the spin asymmetry density,
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The expressions for n and the kinetic density K of particles with
spin s, are,
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and
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In Egs. (4)-(6), we have used the statistical distribution function at
temperature T,

Fo(T,p) = [1+expB(esp) — )] ", (7)

where g =1/T, p is the chemical potential and the particle spec-
tra is,
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which is obtained in a self-consistent way through the functional
derivative e5(p) =8E/8 fs(T, p). In Eq. (8) we have used,
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The parameters a, bg and b; can be written in terms of the stan-
dard parameters of the Skyrme model,

a=2to(1 —xp) +t3(1 —x3)n°/3,
bo=t1(1 —x1) + 3t2(1 4+ x2),
b1 =t2(1+x2) — t1(1 — x1).

Note that W, n and K are all functions of the temperature T, the
magnetic field intensity B and the chemical potential u. The equi-
librium state for a system in the presence of a constant magnetic
field is given by the stationary configuration of the thermodynamic
potential per volume, U/V = F/V —M-B [12], where we have in-
troduced the free energy per volume, F/V = Eg — TS/V and we
have adopted M = unx W for the magnetic moment of the sys-
tem. Finally the entropy corresponds, in a quasi-particle picture,
to

a3
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x In(1 = fs(T, p))]. (10)

For given values of n, T and B we solve in a self-consistent way
the set of Egs. (3)-(9), obtaining the spin polarization W and the
chemical potential w. Under these conditions the system can be
in any of the following global spin configurations: completely po-
larized state (CPS) or partially polarized state (PPS). In the former
case the system is either spin up (CPS-U) with W /n =1 or spin
down (CPS-D) with W /n = —1, whereas for the latter instance one
has |W/n| < 1.

As a final remark, note that throughout this article we use units
such thatc=1,A=1.

3. Results and discussion

In this section we present the results obtained with the Skyrme
model, for which the SLy4 parametrization is used. An explicit de-
scription of the model parameters can be found, for instance, in
Ref. [15]. We extend our analysis to densities up to three times
the normal nuclear density, temperatures below T =80 MeV, and
the magnetic field intensity within the range 104 G < B < 10'° G.

In practice we solve the set of Eqs. (3)-(9) for fixed values of
n, T and B, and for each of the three spin configurations CPS-D,
CPS-U, and PPS. From these results we select the equilibrium state,
which corresponds to the minimum of the thermodynamic poten-
tial U. In fact, only a CPS-D or a PPS is obtained. The points where
the system changes from one polarization state to other one de-
fine a instability surface in the (n, T, B)-space. It is worthwhile
to mention that the aim of this contribution is to describe this
instability, and we have not considered the possibility of a coex-
istence of phases. As we have just stated, we have analyzed field
intensities from B = 10'4 G on. However, we do not show results
for relatively low field intensities, because a PPS is favored for all
the range of densities and temperatures examined. The instabilities
start approximately at B~ 3 x 10'7 G, and become very complex
in a neighborhood of B =5 x 10'® G. Finally, for extreme fields
B ~ 10'° G they disappear because the system is firmly established
in a CPS-D.

To understand the meaning of the instabilities it is convenient
to consider the spin asymmetry W in first place. In Fig. 1, we
have plotted W as a function of the density for several values of
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