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In this thesis, we study, as an analog of meson condensation in neutron matter, an inhomo-
geneous ground state in a many-body system of two-component Fermi gas with a dipole-dipole
interaction and a contact interaction. We investigate the phase diagram of the dipolar Fermi gas as
functions of dimensionless parameters related to the dipole-dipole and contact interactions. Novel
quantum phases which may appear in this system are of current interest, because experiments are
beginning to explore the physics of fermionic gases with strong dipole-dipole interactions.

The most advantageous structure of the dipolar Fermi system is determined by a competition
among the dipolar interaction which favors magnetization (spin polarization) varying in direction
in space, the short-range repulsions which favor aligned spins, and the particle kinetic energies
which favor spatially uniform structures. Inspired by the extended alternating layer spin (EALS)
state in the study of ρ0 meson condensation, we first introduce an antiferrrosmectic-C (AFSC) state
as a variational ground state of the dipolar Fermi system. The AFSC state has a one-dimensional
periodic structure in which the fermions localize in layers with their pseudospin direction aligned
parallel to the layers, and staggered layer by layer. Figure 1 shows the structure of the AFSC
state. The expectation values of the number density and local magnetization in the AFSC state
are given by
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and 〈My(r⃗ )〉 = 〈Mz(r⃗ )〉 = 0, where d is the distance between neighboring layers and b is the width
of the layer determined so as to minimize the total energy density. We explicitly derive the energy
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density of the AFSC phase in units of the energy density of the free Fermi gas

E(Γ,α)
3
5
nϵF

=
10

3(3π)2/3
Γ1/3α2/3 +

5

3(3π)2/3
Γ1/3α−1/3

−20π

3
λd

∞∑
j=1

e−(2j−1)2π2/2Γ

{
1

3
− F (α)

}

+
5

6
λs

{
1

2
−

∞∑
j=1

[
e−(2j−1)2π2/2Γ − e−2j2π2/Γ

]}
.

The first term on the right is the one-dimensional zero-point energy in the z-direction, and the
second term is the two-dimensional kinetic, or Fermi energy within a layer. The third term arises
from the dipole-dipole interaction, with 1/3 and −F (α) the direct and exchange contributions,
respectively, where
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and Ji and Ki are the Bessel functions of the first kind and second kind, respectively. The
dimensionless constants are λd = nµ2/ϵ

F
, λs = ng/ϵ

F
with the dipolar coupling constant µ and

the short-range coupling constant g. The final term is the effect of the contact interaction.
In constructing the phase diagram as functions of the short range interaction, measured by λs,

and the dipole-dipole interaction, measured by λd, as shown in Fig. 2, we compare the minimum
of E(Γ,α) with the energy of the interacting Fermi gas phase and with that of the fully polarized
ferronematic state. The phase diagram is composed of five distinct regions; (a) the Fermi gas phase,
which has a spherical Fermi surface with equal population of both species, (b) the phase with weak
spatially varying magnetization, (c) the AFSC phase which has a cylindrical Fermi surface with
equal average population, (d) the ferronematic phase which has only a single species, with a
spheroidal Fermi surface, and (e) an unstable region. We find that the AFSC phase dominates a
wide region of the phase diagram, and that the AFSC phase may be observed in experiments of
ultracold fermionic gases with strong dipole-dipole interactions.

We also discuss the generalization of our model with the use of the diagonal and off-diagonal
dipole transition moments, so that it becomes suitable for the ultracold atomic/molecular experi-
ments.
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Figure 1: The uppermost panel illustrates the magnetization profile, and the lower two panels the
spatial distribution along z-direction of the normalized number density and magnetization in the
AFSC state. This is Fig. 3.1 in the thesis.
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Figure 2: Schematic phase diagram of dipolar fermions as a function of λs and λd, showing
the Fermi gas phase, the ferronematic phase, the onset of spatially varying magnetization and
antiferrosmectic-C phase. The dashed line shows where the AFSC phase becomes favorable com-
pared with the uniform unmagnetized interacting Fermi gas, and the dash-dot line the transition
between the uniform Fermi gas and the ferronematic phase. Beyond the upper dotted line the
system becomes unstable against collapse. This is Fig. 3.10 in the thesis.
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