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Abstract

In this thesis, I theoretically investigate thermodynamic properties of an ultra-
cold Fermi gas. Including pairing fluctuations within the framework of the theory
developed by Nozieres and Schmitt-Rink (NSR), I examine strong-coupling cor-
rections to the internal energy, as well as the specific heat at constant volume Cy,
over the entire BCS (Bardeen-Cooper-Schrieffer)-BEC (Bose-Einstein condensa-
tion) crossover region. Using the similarity between a superfluid Fermi gas in the
unitary regime and the crust regime of a neutron star interior, I also show an ap-
plication of the former atomic system as a quantum simulator for the study of the
latter.

In the normal state of an ultracold Fermi gas, Cy is found to be sensitive to pair-
ing fluctuations. From the detailed temperature dependence of Cy, I identify the
region where pairing fluctuations dominate over the system, as well as the region
where most atoms form bound molecules, in the phase diagram with respect to
the strength of a pairing interaction and the temperature.

Although properties of the crust regime of a neutron star is expected to be similar
to a superfluid Fermi gas in the unitary regime far below 7, one cannot immedi-
ately use results obtained in the latter for the study of the former. This is because
the magnitude of the effective range r. is very different between the two. That is,
while r.q is negligibly small in ultracold Fermi gases, one cannot ignore reg = 2.7
fm in the neutron star case. In this thesis, I theoretically make up for this dif-
ference, to examine the neutron star equation of state (EOS). For this purpose, I
first show that the NSR internal energy agrees well with the recent experiment
on a superfluid °Li Fermi gas, far below 7. I then extend this theory, to include
the non-vanishing effective range r.¢ = 2.7 fm. The calculated EOS by this ex-
tended NSR scheme is found to well reproduce previous results in the low-density
regime, obtained in nuclear physics. This agreement indicates the validity of a
superfluid Fermi gas as a quantum simulator for the study of the low-density crust
regime of a neutron star interior.
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Chapter 1

Introduction

In this chapter we introduce the ultracold Fermi gas in the BCS-BEC crossover
region, as a useful system for studying strong correlation effects. After giving an
outline of ultra cold Fermi gas physics and the BCS-BEC crossover in Sec.1.1,
we discuss recent measurements on thermodynamic quantities in this system in
Sec.1.2. In Sec.1.3 the specific heat at constant volume Cy is introduced as a
useful quantity for studying strong-coupling effects in the BCS-BEC crossover
region of an ultracold Fermi gas. In Sec.1.4. we give a brief introduction to
neutron star physics, and discuss how the ultracold Fermi gas could be used as
a quantum simulator to study this mysterious astronomical object. Finally, in
Sec.1.5. we give the purpose and organisation of this thesis.

1.1 BCS-BEC Crossover In An Ultracold Fermi Gas
With A Feshbach Resonance

The study of strongly correlated many-body quantum systems is one of the most
exciting challenges in modern condensed matter physics. Together with quantum
statistics (Fermi or Bose), as well as the system dimension, various novel phe-
nomena have been discussed in these systems, such as superconductivity, Bose-
Einstein condensation (BEC) [1], fractional quantum Hall state, and quantum spin
liquid [2]. Cold atom physics is turning out to be a crucial key element in unlock-
ing mysteries originating from strong correlations [3].

Due to their underlying simplicity, as well as high controllability, gasses of trapped
Fermi and Bose atoms have attracted much experimental and theoretical attention
[1, 3-42]. One of the most striking features of these systems is that one can ex-
perimentally tune the interaction between atoms by using a Feshbach resonance
[6]. Using this technique, the so-called BCS (Bardeen-Cooper-Schrieffer)-BEC
crossover phenomenon has been realised in “°K [9] and °Li [10-12] Fermi gas.
Here the character of a Fermi superfluid continuously changes from the weak-
coupling BCS-type to BEC of tightly bound molecules that have already been
formed above the superfluid phase transition temperature 7, with increasing the
strength of a pairing interaction (see Fig.1.1). Before this achievement in cold
atom physics, this many-body phenomenon had been merely an academic prob-
lem, although it has also been discussed as a possible mechanism of the pseudogap
observed in the underdoped region of high-7 cuprates [43—45].
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Figure 1.1: Schematic illustration of the BCS-BEC crossover in an ultracold
Fermi gas. (a) weak-coupling BCS regime, where Cooper pairs are largely over-
lapping. (b) Unitarity limit, where the pairing size is comparable to the inter-
atomic distance. (c) Strong-coupling BEC regime, where the molecular size is
much smaller than the interatomic distance. The blue and orange spheres de-
scribes Fermi atoms in different hyperfine states.
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Figure 1.2: (a) Schematic illustration of a Feshbach resonance. The orange and
blue spheres represent Fermi atoms in different hyperfine states. (b) Interaction
potential as a function of the relative distance between two atoms in the closed and
open-channel, respectively. 2v is the threshold energy of a Feshbach resonance.

Since the realisation of superfluid “°K and °Li Fermi gases, the BCS-BEC crossover
has become one of the central topics, as a realistic problem, not only in cold atom
physics, but also in the field of strong-coupling Fermi superfluids [46—54]. Very
recently, the BCS-BEC crossover has been discussed in the unconventional super-
conductor FeSe [55, 56].

To simply explain how to tune an atomic interaction by using a Feshbach reso-
nance, we schematically draw this phenomenon in Fig.1.2 (a). In this resonance
phenomenon, atoms (open channel) form a quasi molecular boson (closed chan-
nel) which is formed in the dip of a Lenard-Jones type interatomic potential shown
in Fig.1.2 (b), and it again dissociates into two atoms (open channel). In this case,
since the atomic hyperfine states in the open channel are different from those in
the closed channel (which is caused by the hyperfine interaction), their Zeeman
energies are different from each other under the external magnetic field. As a re-
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Figure 1.3: Magnetic field dependence of the s-wave scattering length a,(B) near
a Feshbach resonance at By=224.21 + 0.05 G in a *°K Fermi atom gas. This inter-
action works between the hyperfine states |9/2,-9/2) and |9/2, -7/2). [Reprinted
figure with the permission from Macmillan Publishers Ltd: Nature, C. A. Regal,
C. Ticknor, J. L. Bohn and D. S. Jin, “Creation of ultracold molecules from a
Fermi gas of atoms,” 424, 47-50 (2003), copyright (2003).]

sult, the energy of the Feshbach molecular state (closed channel) 2v in Fig.1.2 (b)
depends on the difference of the Zeeman energies between the two channels. This
means that the energy 2v can be tuned by adjusting an external magnetic field.
This magnetically tunable resonance energy 2v is also referred to as the threshold
energy of a Feshbach resonance in the interaction.

When we evaluate this Feshbach resonance process within the second order per-
turbation theory, the effective interaction U.s between two Fermi atoms in the
open channel is obtained as
1 g’

f0-2% " T2 (-
where g is a Feshbach coupling, and we have assumed that the total energy of the
initial atomic states equals zero. When an external magnetic field B is close to a
Feshbach resonance field By, the threshold energy 2v may be written as

2v = a(B - By), (1.2)

Ueff =

where « is a constant.

Atoms also feel a non-resonant weak interaction potential U,. Measuring the
interaction strength in terms of the scattering length a,(B) we obtain

_ b _ A
as(B) =a® [1 B Bo] , (1.3)

where a” is a background s-wave scattering length associated with Uy, and A is
the width of a Feshbach resonance.
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Figure 1.3 shows an example of a Feshbach resonance-induced tunable interaction
in a *°K Fermi gas. As expected from Eq.(1.3), the tunable s-wave scattering
length changes its sign at the resonance field By ~ 224 G.

So far, the superfluid phase transition, as well as the BCS-BEC crossover, have
been realised in “°K and °Li Fermi gases [3, 9, 11, 12]. In the former case, the
strength of a pairing interaction working between |F = 9/2, F, = —=9/2) and
|F=9/2,F, =-7/2) is tuned by the Feshbach technique (see Fig.1.3). Here,
F = S + I, when S is the electron spin and I is the nuclear spin. In the case
of a ®Li Fermi gas this technique is used to tune the interaction strength between
|F=1/2,F,=1/2) and |F = 1/2,F, = —1/2). Since the detailed atomic states
are actually irrelevant in considering the BCS-BEC crossover, they are usually
described by a pseudo-spin o =T, |.

1.2 Observed Quantities In The BCS-BEC Crossover
Region

While the tunable pairing interaction associated with a Feshbach resonance is an
advantage of cold Fermi gas physics, it was difficult to observe various physical
quantities in the BCS-BEC crossover region in the early stage of research for
superfluid *°K and °Li Fermi gases [1, 3]. However, extensive experimental efforts
have enabled us to measure several quantities that are useful in examining strong-
coupling properties of this system in the crossover region [32, 33].

Figure 1.4 shows the results of the photoemission-type experiment on a *“°’K Fermi

gas developed by JILA group [25, 26]. This experiment is similar to the photoe-
mission spectroscopy in condensed matter physics, and spectral intensity involves
information about Fermi single-particle excitations. Indeed, in the weak-coupling
BCS regime shown in Fig.1.4 (a), the spectral peak line is just along the free
particle dispersion w = k?/2m. Thus, using this experimental technique, we can
observe how single-particle properties of an ultracold Fermi gas varies as one in-
creases the strength of a pairing interaction in the BCS-BEC crossover region.

At the unitarity (which may be regarded as the centre of the BCS-BEC crossover
region), we see in Fig.1.4 (b) that the spectral intensity becomes broad, and the
peak positions (white dots) deviate from the free particle dispersion (black solid
line), to exhibit the so-called back-bending behaviour (the hump structure seen
around k = 10 um~" in Fig.1.4 (b)).

Regarding this, the broadening of the spectral peak indicates the short lifetime of
a quasiparticle excitation due to strong pairing interaction in the unitarity limit.
For the back bending behaviour, the peak curve is similar to the lower branch of
the Bogoliubov single-particle excitations in the BCS-theory

E,=— (— —,u) + A7 (1.4)
2m

(u 1s the Fermi chemical potential, and 4 is the superfluid order parameter), al-
though the system is in the normal state in the case of Fig.1.4 (b). When we recall
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Figure 1.4: Observed photoemission spectra in the BCS-BEC crossover regime
of a “°K Fermi gas [25]. (a) Weak-coupling BCS regime. (b) Unitarity limit. (c)
Strong-coupling BEC regime. The solid curve represents the free particle disper-
sion w = k?/2m. The white dots are peak positions of the spectral intensity. The
white curves in (b) and (c) represent fittings with respect to the Bogoliubov-type
dispersion in the BCS theory. In panel (b), the so-called back bending structure of
the spectral weight peak is interpreted as indirect evidence for a pseudogap phe-
nomenon, associated with strong pairing fluctuations at unitarity [22]. [Reprinted
figure with the permission from Macmillan Publishers Ltd: Nature, J. T. Stewart,
J. P. Gaebler, D. S. Jin, “Using photoemission spectroscopy to probe a strongly
interacting Fermi gas,” 454, 744 (2008), copyright (2008).]

that 4 in the BCS state is directly related to single-particle excitation gap Eg,p, as
Eop =24, (1.5)

the back bending behaviour seen in Fig.1.4 (b) implies the existence of a quantity
which plays a similar role to 4 for single-particle excitations. According to the
preformed pair scenario [3, 4, 22, 24, 44, 45], this quantity is sometimes referred
to as the pseudogap parameter (4,,), which physically describes the binding en-
ergy of a preformed Cooper pair which is formed in the normal state, above T, due
to strong pairing interactions. Actually, preformed Cooper pairs are considered to
not be stable, but fluctuation in the unitarity regime, so that the BCS-state-like
clear excitation gap is not expected. Instead, a partially filled gap structure (which
is also referred to as the pseudogap) is expected in the single-particle density of
states. Although the direct observation of the density of states is still difficult in
the current stage of cold Fermi gas physics, strong-coupling theories that can well
explain the observed photoemission spectrum in Fig.1.4 (b) predict the pseudo-
gapped density of states in the BCS-BEC crossover region near 7 [22].

5
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Figure 1.5: Measured temperature dependence of thermodynamic quantities in
a unitary °Li Fermi atom gas (red circles). A Compressibility k normalised by
the compressibility kg = 3V/2epN of a free Fermi gas at T = 0 (where &f is
the Fermi energy and N the total number of atoms). B Specific heat at con-
stant volume Cy. C Condensate Fraction Ny. The black and blue solid curves
shows theoretical results for a free Fermi gas, and third-order virial expansion
for a unitary Fermi gas, respectively. The black open squares show experimen-
tal measurements for a noninteracting Fermi gas. The green solid (blue curved)
line shows model calculations including (excluding) finite imaging resolution ef-
fects. The vertical dashed line shows the position of the measured superfluid
phase transition temperature 7, = 0.167Tg, where T% is the Fermi temperature.
[From M. J. H. Ku, A. T. Sommer, L. W. Cheuk, and M. W. Zwierlein, “Revealing
the Superfluid Lambda Transition in the Universal Thermodynamics of a Unitary
Fermi Gas,” Science. 335. 563-567 (2012). Reprinted with permission from
AAAS http://dx.doi.org/10.1126/science.1214987.]

In the strong coupling BEC regime, the photoemission spectre exhibits a double
peak structure, as shown in Fig.1.4 (¢). In this region, most Fermi atoms form
tightly bound stable molecules, so that the energy difference between the two
branches is considered as the dissociation energy of the molecules.

Although the preformed pair scenario, and associated pseudogap scenario, is con-
sistent with the photoemission-type experiment shown in Fig.1.4, experiments on
the local pressure in a °Li unitary Fermi gas is well explained by the ordinary
Fermi liquid theory [27]. Since the pseudogap does not appear in a ordinary
Fermi liquid, the existence of this many-body phenomenon is still in debate in
cold Fermi gas physics.
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Figure 1.6: Measured entropy S per particle (red circles). The black solid
curves and open squares show the results for a free Fermi gas, and the self-
consistent T-matrix approximation (SCTMA) [29], respectively. [From M. J.
H. Ku, A. T. Sommer, L. W. Cheuk, and M. W. Zwierlein, “Revealing the
Superfluid Lambda Transition in the Universal Thermodynamics of a Unitary
Fermi Gas,” Science. 335. 563-567 (2012). Reprinted with permission from
AAAS http://dx.doi.org/10.1126/science.1214987.]

Besides the photoemission spectre, various thermodynamic quantities have be-
come experimentally accessible in the BCS-BEC crossover regime of an ultracold
Fermi gas. Figures 1.5, 1.6 and 1.7 show the temperature dependence of thermo-
dynamic quantities in a unitary °Li Fermi gas [32], and the ground-state quantities
in a SLi superfluid Fermi gas in the BCS-unitary regime [33].

If the normal phase of an ultracold Fermi gas was really well described by the
Landau theory for a normal Fermi liquid [57], the compressibility « and specific
heat Cy shown in Fig.1.5 (a) and (b) should not significantly deviate from the
case of a normal Fermi gas, except for mass renormalisation (effective mass) and
quasi-particle life time away from the Fermi level. However, it is clear that this
is not the case, especially as one approaches the phase transition temperature 7,
from above. Indeed, Cy in the case of a normal Fermi liquid is linear in tem-
perature in the low-temperature region where T/Tr < 1 (where T is the Fermi
temperature). The measured Cy is, however, sharply decreasing with increasing
the temperature near 7, akin to the so-called lambda transition known in liquid
“He. This similarity has lead the authors of [32] to refer to the superfluid transi-
tion here as a “lambda transition”, although the system is a °Li Fermi gas. Since
discussions concerning the pseudogap phenomenon, as well as preformed Cooper
pairs in an ultracold Fermi gas has mostly been confined to the single-particle
spectral weight, an alternate approach from thermodynamics to this phenomena is
expected to be useful. In this thesis, we pick up the specific heat at constant vol-
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Figure 1.7: Measured ground state (a) chemical potential and (b) internal energy
of a superfluid °Li Fermi gas in the BCS-unitarity regime [33]. (kpas)_1 is the
interaction strength, where (kpa,)™' < — 1 is the weak-coupling BCS regime, and
(kpa,)™! = 0 is the unitarity limit. The blue shaded area is the experimental mea-
surements. The dotted line shows results in the BCS-Leggett mean-field theory.

ume Cy for the study of strong-coupling phenomena in the BCS-BEC crossover
region.

In Fig.1.7, we find that although thermal fluctuations no longer exist at 7 = 0, the
mean-field based BCS-Leggett theory cannot explain the observed internal energy
E, nor the Fermi chemical potential i of a superfluid °Li Fermi gas near T = 0,
at a quantitative level. This indicates that, even far below 7., we need to take into
account strong-coupling effects beyond the mean-field theory in the region shown
in Fig.1.7. In this thesis, we also demonstrate that the discrepancy between the
mean-field result and experimental data in Fig.1.7 can be solved when we include
effects of superfluid fluctuations in a consistent manner. As will be explained later,
the region shown in Fig.1.7 is expected to be similar to the 'S, neutron superfluid,
expected to exist in the crust regime of a neutron star. Thus, understanding this
region would be important when one attempts to use a superfluid Fermi gas as a
quantum simulator for the study of this compact star.

1.3 Specific Heat As A Probe For Pairing Fluctua-
tions

In this thesis, we pick up the specific heat at constant volume Cy (which has
recently become experimentally accessible, as shown in Fig.1.5) to clarify strong
coupling properties of an ultracold Fermi gas in the BCS-BEC crossover region.
In this section I explain the reason why this thermodynamic quantity is useful for
our purpose.

According to the weak-coupling BCS theory, the specific heat exhibits a discon-
tinuity at 7., below which it decreases exponentially, as shown in figure 1.8 (a).
This behaviour reflects the opening of the BCS excitation gap. Above T, Cy
shows a linear-temperature dependence, when 7. < T < Tg, due to a nearly
constant density of states near the Fermi level. Indeed, these characteristic be-

8



CHAPTER 1. INTRODUCTION

(a) ’ i (b) AT T T T T TITUTITTTrr
/l
F ; / |
/ 3 //
ol
% 4 : P - i . Pl
4
U / 5 g /"’
/ / 3 -
/ > =
/ g /
/ = * ZERO MAGNETIC FELD
'/ »// & ZERO MAGNETIC FELD
/ » 300 GAUSS
‘r// L | A 0 'L‘/ldsl-A-lO- :5 ,1.2"C
0 1 2 '

T/TC T (*°K)

Figure 1.8: (a) Calculated Specific heat Cy in the mean-field BCS theory. Cy
above T, is proportional to 7. (b) Observed Cy in Al (T, = 1.163°K). The open
squares and triangles are the measurements with no external magnetic field. The
open circles are measurements under a magnetic field of 300 G, which is strong
enough to destroy superconductivity in Al, so that the system is in the normal state.
[Reprint figure with permission from N. E. Phillips, “Heat Capacity of Aluminum
between 0.1°K and 4.0°K,” Phys. Rev. 114, 676 (1959). Copyright (1959) by the
American Physical Society. https://doi.org/10.1103/PhysRev.114.676.]

haviours have been observed in the conventional superconductor Al, as shown in
Fig.1.8 (b).

On the other hand, as shown in Fig.1.9, the specific heat of an ideal Bose gas ex-
hibits a very different temperature dependence. That is, it monotonically decreases
with increasing the temperature above the BEC phase transition temperature 7'ggc.
There is also no jump in the specific heat at Tggc, being in contrast to the fermion
case shown in Fig.1.8 (a). Since the formation of preformed pairs in the BCS-BEC
crossover regime may be viewed as an enhancement of the bosonic character of a
Fermi gas, Cy is expected to provide useful information about paring fluctuations
above T..

This prospect can be further motivated by the thermodynamic relation [60]

oS
Cy = T(aT)N,V’ (1.6)
connecting Cy with the entropy S. Noting that the entropy S = kg In ‘W (where kg
is Boltzmann’s constant) is directly related to the total number ‘W of microstates
of the system, one may expect that, metastable bound states (fluctuating preformed
Cooper pairs) associated with pairing fluctuations which are enhanced in the nor-
mal state near T, would decrease ‘W, as well as S. This would lead to enhance-
ment of Cy with decreasing the temperature towards 7. Indeed, as seen in Fig.1.6
the entropy of a unitary °Li Fermi gas becomes slightly suppressed in the normal
state near 7. = 0.167Tg, compared to the non-interacting case.
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Figure 1.9: Specific heat Cy in an ideal Bose gas. Tggc is the BEC transition tem-
perature. Note that the temperature dependence of Cy above Tggc is qualitatively
different from a free Fermi gas (where Cy o« T').

We note that the specific heat has already been used for the study of strong cor-
relations in high-7, cuprates [59]. In the underdoped regime shown in Fig.1.10
(a) and (b) the specific heat coeflicient ysc smoothly varies near 7., indicating the
absence of the specific heat jump at 7. In this regime, the pseudogap has been
observed, although the origin of this is still unclear because of the complexity of
this strongly correlated electron system [43—45, 59]. In the overdoped regime (
Fig.1.10 (d)) ysc has a sharp peak at T, indicating the discontinuity of Cy at this
temperature, as in the weak-coupling BCS theory. In this regime, the pseudogap
is absent. These results also make us expect that the specific heat is effective for
the study of the strong-coupling effects in the BCS-BEC crossover region of an
ultracold Fermi gas.

We also note that, as another thermodynamic quantity, usefulness of the spin sus-
ceptibility y, for the study of BCS-BEC physics in an ultracold Fermi gas has been
theoretically explored [24]. This approach is based on the idea that the preformed
Cooper pair is a (pseudo)spin singlet state, so that y is expected to be suppressed
in the region where pairing fluctuations are enhanced. Using this so-called spingap
phenomenon, ref [24] determines the region where pairing fluctuations dominate
over system properties, which is close to the pseudogap regime (where a pseudo-
gap appears in the density of states [22]), as expected.

However, although spin susceptibility is useful for the study of strong-coupling
effects from the viewpoint of spin degrees of freedom, it is difficult to obtain
useful information from this quantity in the strong-coupling BEC regime. This is
simply because most Fermi atoms form spin-singlet pairs, so that in this region y/
is highly suppressed. In this regard, the specific heat is not suppressed, even in the
BEC regime (except near 7 = 0). Thus, using this, we can safely examine strong-
coupling effects over the entire BCS-BEC crossover region. This is a reason why
we pick up this thermodynamic quantity for our purpose.

10
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Figure 1.10: Observed specific heat coefficient ysc = [Cy — Cy (N)] /T, where
Cy(N) is the specific heat measured under an external magnetic field
which is strong enough to destroy superconductivity. (a) and (b) under-
doped Bi,Sr;_,La,CuQOg¢,s ((a) x=0.7, and (b) x=0.8). (c) Overdoped
Bi; 74Sr; 8gPbo35CuOg,s. The vertical dashed line is at 7,. [Reprint figure with
permission from H. H. Wen, G. Mu, H. Luo, H. Yang, L. Shan, C. Ren, P. Cheng,
J. Yan, L. Fang, “Specific-Heat Measurement of a Residual Superconducting State
in the Normal State of Underdoped Bi,Sr,_,La,CuQOg,s Cuprate Superconduc-
tors,” Phys. Rev. Lett. 103, 067002 (2009). Copyright (2009) by the American
Physical Society. https://doi.org/10.1103/PhysRevLett.103.067002.]

1.4 Internal Energy Of A Superfluid Fermi Atom
Gas And Application To Neutron Star Equation
Of State

Because of the high tunability of various physical parameters, a cold atomic gas is
expected to be a useful quantum simulator for the study of unsolved many-body
quantum systems, such as high-T, cuprates. At present, however, this expectation
has not been realised yet. This is because it is still difficult to completely replicate
any target system by an ultracold atomic gas, even when one maximally makes
use of the high controllability of the gas system [31, 44, 45].

To realise a quantum simulator made of a cold atomic gas, besides the above men-
tioned tunability, the recent theoretical development, especially in cold Fermi gas
physics, may be helpful. Although quantitative theoretical analysis on strongly in-
teracting fermions is usually difficult, the recent development of strong-coupling
theory has enabled us to (semi) quantitatively compare theoretical predictions with
experimental data in the BCS-BEC crossover regime of an ultracold Fermi gas, to
some extent [22-24]. Then, even if the replication of the target system by an
ultracold Fermi gas is incomplete, one may still quantum-simulate it by making
up for the difference between the two by this strong-coupling theory. Such a hy-
brid approach would make the realisation of a cold-Fermi-gas quantum simulator
more promising than the current approach aiming to the perfect replication of an
unsolved quantum system.

In this thesis, to explore the possibility of this new approach, we pick up the
neutron star. In this section, we give a brief overview of this highly dense astro-
nomical object, to explain how to “quantum-simulate” it using an ultracold Fermi
gas.
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Figure 1.11: Density p dependence of the proton fraction ¥, = n,/n, in non-
interacting nuclear matter. p, = m,n, is the neutron mass density at the nuclear
saturation density no = 0.16 fm™>. The inset shows Y, in the high density regime,
where the dashed line shows the limiting value Y, (0 — o0) = 1/8 (see appendix
A).

1.4.1 Introduction To Neutron Stars

At the end of the lifecycle of a massive star (with mass M > 8M, where M, is
the solar mass), when the mass of its iron core can no longer be sustained by the
pressure of its electrons, gravitational collapse causes the star to explode in su-
pernova. In the collapsing core of this explosion, a neutron star is considered to
be born, as one of the most extreme objects in our universe. While a neutron star
mass is comparable to M, the star radius is at most 10~15 km. Thus, neutron
stars provide us with a unique opportunity for the study of extreme forms of mat-
ter, such as exotic nuclear superfluids and superconductors, beyond the reach of
current terrestrial experiments.

Although neutron stars actually do not consist of pure neutron matter, it is at least
true that they are very rich in neutrons. To realise this situation the beta decay
plays a crucial role : Neutrons in the vacuum are unstable, and undergo beta-
decay,

n—p+e+v,, (1.7)

where n, p, e and v, denote a neutron, proton, electron and electron-antineutrino
respectively. In addition to this process atomic nuclei are pressed together in the
neutron star interior, so that, after the so-called neutron drip occurs, the large
Coulomb repulsion between protons leads to the reverse beta decay,

pt+te—->n+v,. (1.8)
When Eq.(1.1) and Eq.(1.2) balance out, an equilibrium state is reached with
Hn = Hp + He, (1.9)
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Figure 1.12: Schematic illustration of neutron star interior. (a) Overall structure.
N, n, p, e, and u are nuclei, fluid neutrons and protons, electrons and muons,
respectively. (b) Detailed structure around the boundary between the crust and
core regime. In the low density regime, a lattice of neutron-rich nuclei is immersed
in a fluid of neutrons and relativistic electrons. At higher densities, nuclei are
predicted to deform and connect along certain directions to form extended tubes,
sheets and bubbles of nuclear matter, which is also referred to as nuclear pasta.
[Reprinted figure with the permission from Macmillan Publishers Ltd: Nature,
W. D. Newton, “Neutron stars: A taste of pasta?,” Nature Physics, 9, 396-397,
(2013), copyright (2013).]

where wu,, 1, and p, are the Fermi chemical potential of a neutron, proton, and
electron, respectively. Along with this beta-equilibrium condition, charge neutral-
ity (requiring the equal number of protons and electrons) leads to a large increase
in neutron density [62—-64]. We can simply see this more clearly, by considering
the non-interacting case, where

Wi = Jmict + prc?. (1.10)

Here, c is the speed of light in vacuum, m; and pg; denotes the mass and Fermi
momentum for i = n, p,e. In this case, defining the proton fraction Y, = n,/n,
(where n, and n, is the number density of protons and neutrons, respectively)
and solving Eq.(1.9), we obtain Fig.1.11 (For the derivation, see appendix A).
This figure shows that, beta-equilibrium leads to, ¥, < 1, that is, the system is
dominated by neutrons. (Note that p/py < 10 in the neutron star case.)

1.4.2 Cold Atoms And Neutron Star Equation Of State

The previous section gave a very simple reason why the interior of a “neutron”
star is expected to be dominated by neutrons. Of course, protons and electrons
still exist in the crust regime. As shown in Fig.1.12, when one passes through the
neutron drip density, the crust regime is expected to be made up out of a lattice
of nuclei surrounded by fluid neutrons, as well as relativistic electrons [65]. This
1s somehow similar to a metal, being composed of an ionic lattice and conduction
electrons [57]. As in the metallic case, when we theoretically deal with the crust
regime of a neutron star, in the first step, it would be allowed to approximately
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Figure 1.13: Phase shift ¢ (kp) reconstructed from partial wave analysis on
neutron-proton scattering data. If we assume isospin symmetry, this figure also
approximately describes the neutron-neutron interaction [66]. Note that the s-
wave interaction (!Sy) is dominant in the low-density region (kg < 1.7 fm™").

ignore the nuclear lattice, and to focus on the neutron liquid [47-49].

To connect neutron star physics and cold Fermi gas physics, we conveniently
show in Fig.1.13 the phase shift data of neutron-proton interaction. Since the so-
called isospin-symmetry approximately holds between proton and neutron [66],
Fig.1.13 may also be viewed as the phase shift data of interacting neutrons. This
figure clearly shows the low density region (kg < 1 fm™') is dominated by the s-
wave interaction (!Sy in Fig.1.13), which is characterised by the s-wave scattering
length [67]

a; = —18.5 fm, (1.11)

as well as the associated effective range
Feg = 2.7 fm. (1.12)

In the effective range theory, these are related to the phase shift 6 (180) as [68, 69]

1 1
keots('So) = o 5refsz. (1.13)
In the low density region 0 < kg < 1 fm™! in the crust regime of a neutron star,

using the typical value kg = 1 fm™!, one finds the value of the scaled interaction
(kray)™" as

1
keay)™ = ~ —0.054, 1.14
(kras) 155 (1.14)
that is, the system is close to the unitarity limit ((kpa,)™! = 0). Because of this

strong pairing interaction in the 'S, Cooper channel, neutrons are considered to be
nearly in the s-wave superfluid groundstate. Note that, although the temperature
from the surface to the core of a neutron star is expected to vary from T ~ 10® K
to T ~ 10° K, due to the large density, the scaled temperature 7/Tr < 1, because
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Figure 1.14: Phase diagram of an ultracold Fermi gas in the BCS-BEC crossover
region. “neutron star” is the region where the system situation is very similar to
the low density crust regime of a neutron star interior. The interaction strength is
measured in terms of the inverse s-wave scattering length @', normalized by the
Fermi momentum kg. In this scale, the strength of an s-wave pairing interaction
increases with increasing the value of (kga,)™!. The unitarity limit is as (kpa,)™! =
0.

of the high density. Thus, neutron fluid in the crust regime is similar to the unitary
regime of a superfluid Fermi gas far below 7.

In addition to this similarity, we also point out that, although the s-wave scattering
length a; = —18.5 fm is fixed in the neutron star case, the “scaled interaction
(kga,)”™'” varies as one goes inside the neutron star from the surface, because kg
increases with increasing the neutron density. This situation can also be realised
in a superfluid Fermi gas, where (kra,)~' can be tuned by adjusting the value of
the scattering length a; by using the Feshbach resonance technique.

Because physical properties of an ultracold Fermi gas do not depend on the de-
tailed constituent Fermi atoms (°Li or “°K), we expect any experimental results
done in the blue region shown in Fig.1.14 should be readily applicable to the
neutron matter case. This analogy indicates that the recent measurement of the
internal energy (equation of state (EOS)) of a ®Li superfluid Fermi gas in the
“neutron star” region in Fig.1.14 (see Fig.1.7 (b)) may be useful for investigating
the neutron star EOS. Since the recent discovery of the massive neutron stars PSR
J1614-2230 (with a mass M = 1.97 + 0.04M,,) using the Shapiro delay [70], and
PSR J0348+0342 (M = 2.01 = 0.04M,) [71], the EOS of a neutron star has at-
tracted much attention, because many proposed EOS cannot explain such a heavy
star [70-74]. This problem is sometimes referred to as the two-solar mass prob-
lem, and is one of the hottest topics in neutron star physics.
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The reason why EOS is considered as a critical key to solve the two-solar mass
problem is that, together with the Tolman-Oppenheimer-Volkov (TOV) equation
[75, 76] (giving the balance between star gravity and internal pressure), EOS en-
ables us to give relation between the stars mass M and the radius R [77]. This
so-called M-R relation conveniently gives the upper limit of the neutron star mass,
so that the precise EOS is necessary for knowing this limit, as well as solving the
two-solar mass problem.

The nearest neutron star RX J1856.5-3754 is 400 light-years away from the earth
[78]. Thus, although many neutron stars have already been discovered [70], this
long distance prevents us from directly determining EOS by astronomical obser-
vations. Although, neutron hallows [79, 80] and skins [81, 82] in neutron-rich
nuclei give some information about neutron matter, since these are few-body sys-
tems, it is still not enough to construct the neutron star EOS, including many-body
effects associated with strong neutron-neutron interactions [64].

Because of these experimental difficulties, the current approaches to the neutron
star EOS heavily relies on theoretical calculations based on Monte Carlo meth-
ods [49, 83-85]. Since these methods employ a realistic pseudopotential which
is calibrated to few-body nucleon scattering experiments [49, 66, 83—-85], these
approaches are supported by experiments to some extent. However, many-body
effects are a fully theoretical challenge with no experimental support.

It is exactly this point where ultracold Fermi gases can make a significant con-
tribution to the investigation of the neutron star EOS, because many-body effects
associated with a strong pairing interaction are inherent in there. Indeed, as shown
in Fig.1.7 (b), the observed EOS in the BCS-unitary regime deviates from mean-
field BCS-Leggett theory, indicating the importance of many-body correlations
beyond the mean-field level.

However, in order to use the recent experiment on a °Li superfluid Fermi gas
shown in Fig.1.7 (b) as data from a “cold Fermi gas quantum simulator” for the
study of the neutron star EOS, we need to correct the data so as to be able to
replicate the crust regime of a neutron star interior. That is, while the effective
range r.g is negligibly small in an ultracold Fermi gas, one can’t ignore reg = 2.7
fm [67] in the neutron star case. At present, it is difficult to experimentally tune
the value of r.4 in cold atom physics. We thus need to make up for this difference
in a theoretical manner.

Although this is still a theoretical challenge, we could resolve ambiguity coming
from such theoretical manipulation, when we employ a reliable strong-coupling
theory which can, at least, well explain the experimental results shown in Fig.1.7.
In this thesis, we take this strategy, to evaluate the neutron star EOS in the low-
density crust regime.

We briefly note that, as seen in Fig.1.13, non-s-wave interaction channels, as well
as three-body forces [61, 86, 87], become important in the deeper region of a neu-
tron star interior, which cannot be “quantum-simulated” by an s-wave superfluid
Fermi gas. In this regard, however, a tunable p-wave interaction associated with a
p-wave Feshbach resonance has been realised [36]. In addition, in the context of
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the so-called Bose nova phenomenon [42], a three-body interaction effect has also
been discussed. Thus, utilising these could make the experiments on cold atoms
more effective in studying the deeper regions of the neutron star EOS in the future.

1.5 Purpose And Organisation Of This Thesis

In this thesis, we theoretically investigate strong-coupling properties of an ultra-
cold Fermi gas. Including pairing fluctuations within the framework of the strong-
coupling theory developed by Nozieres and Schmitt-Rink (NSR), we evaluate the
specific heat at constant volume Cy, over the entire BCS-BEC crossover region.
This thermodynamic quantity, which has recently been measured in a SLi unitary
Fermi gas, is ideal for studying how strong pairing fluctuations affect properties
of the system. Analysing detailed temperature dependence of Cy, we determine
the region where pairing fluctuations dominate over system properties, as well as
the region where the system may be viewed as a gas of stable molecular bosons,
in the phase diagram of an ultracold Fermi gas with respect to the temperature and
the interaction strength.

We also explore the possibility of using an ultracold Fermi gas as a quantum
simulator for the study of other systems. In contrast to the ordinary approach that
aims to replicate a target system by this atomic gas, our idea is to simply use the
situation which has already been experimentally realised, and to make up for the
difference of a target system in a theoretical manner. To demonstrate this, we
pick up the neutron star EOS in the low-density crust regime. After confirming
that the NSR theory extended to the superfluid phase below 7. can well explain
the observed EOS in the BCS-unitary region of a °Li superfluid Fermi gas, we
further extend this scheme to include the non-vanishing effective range (r.g = 2.7
fm) which is crucial for the neutron star case. The calculated neutron star EOS
is found to agree well with the previous work in nuclear physics, where realistic
neutron-neutron interactions are taken into account.

The outline of this thesis is as follows. In Chap.2, we present our theoretical for-
mulation. The NSR theory, as well as its extension to the superfluid phase are
explained. We also explain how to incorporate effects of a non-vanishing effective
range into the NSR theory, for the study of the neutron star in the low density
region. In Chap.3 we show our results of the specific heat Cy in the BCS-BEC
crossover regime of an ultracold Fermi gas. In the normal state, we introduce two
characteristic temperatures 7 and 7 from the detailed temperature dependence of
this thermodynamic quantity. Using these we identify the region where pairing
fluctuations are crucial for system properties, as well as the region where the sys-
tem may be viewed as a molecular Bose gas, rather than a Fermi gas, in the phase
diagram with respect to temperature and interaction strength. We also show the
behaviour of Cy below T is rather simple, in the sense that it simply decreases
with temperature in the whole BCS-BEC crossover region. At the unitarity we
compare our results with the recent experiment on a °Li Fermi gas. In Chap.4, we
deal with the neutron star EOS. We first show that the NSR theory extended to the
superfluid state below 7. well explains the observed EOS in the BCS-unitary re-
gion of a °Li superfluid Fermi gas far below T.. Keeping in mind that this region
is similar to the crust regime of a neutron star interior, we further extended the
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superfluid NSR theory, to include the non-vanishing effective range r.x = 2.7 fm
of an s-wave neutron-neutron interaction. We then compare the calculated EOS
with the previous work obtained by nuclear physics. In Chap.5, we summarise
this thesis.

Throughout this thesis, we set i = kg = 1, and take the system volume V = 1, for
simplicity.
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Chapter 2

Strong Coupling Formalism For
Attractively Interacting Fermi
Systems

In this chapter we, explain the strong-coupling theory we employ in this thesis
to study thermodynamic properties of an ultracold Fermi gas in the BCS-BEC
crossover region. We also extend this theoretical framework to include a non-
vanishing effective range r.g, being necessary for the neutron star case. In Sec.
2.1, we explain a strong-coupling theory developed by Nozieres and Schmitt-Rink
(NSR) [15]. In Sec. 2.2 we extend this to the superfluid phase below the super-
fluid phase transition temperature 7. These are used to evaluate thermodynamic
quantities, such as the specific heat and internal energy, in Chaps 3 and 4. In Sec.
2.3, we further extend the NSR formalism below T, to include effects of non-
vanishing effective range r.¢, which is applied to the study of the equation of state
of a neutron star in the low density crust regime in Chap. 4.

2.1 Strong Coupling Theory In The Normal State

2.1.1 Model Hamiltonian

We consider a two-component Fermi system described by the Hamiltonian H =
Hy + H;, where

Ho= ) &Ch cpo 2.1
p.o
is the kinetic term, and
_ il il
Hy = - Z U(P - p,)cp_'_q/zﬁc_p_'_q/z’lC—p’+q/2,lcp’+q/2,T- (22)

pp.q

is the interaction term.

For Eq.(2.1), &, = &, — u = p*/(2m) — p is the kinetic energy of a Fermi parti-
cle with mass m, measured from the Fermi chemical potential u. In the case of
an ultracold Fermi gas this particle is a “°K or °Li Fermi atom. For the neutron
star case, this is a neutron. ¢, is the annihilation operator of a Fermi particle
with spin o =T, | (in an ultracolf Fermi gas o =T, | are actually pseudospins,
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-p+q/2,] p+q/2.1

p'+q/2,], p'+q/2.7

Figure 2.1: Feynman diagram describing the pairing interaction term in Hj in
Eq.(2.2). The solid and dotted lines describe the bare single-particle Green’s func-
tion in Eq.(2.15) and the coupling —U(p — p’) < 0, respectively.

ONsR=

Figure 2.2: Diagrammatic representation of fluctuation correction Qysg to the
thermodynamic potential £ in the NSR theory[15]. The solid line is the bare
single-particle Green’s function G(OT in Eq.(2.18).The dashed line represents
the attractive interaction —U < 0.

=Tl

describing two different atomic hyperfine states contributing to the pair forma-
tion). The interaction term in Eq.(2.2) describes an attractive two body interaction
(=U(p —p’) <0), which is diagrammatically described as Fig.2.1.

In the BCS-BEC crossover regime of an ultracold Fermi gas, the attractive pairing
interaction in Eq.(2.2) is known to be well described by a contact-type s-wave one.
That is, one may simply take the coupling —U(p — p’) as a constant —U < 0. For
this “cold Fermi gas case”, Eq.(2.2) is simplified as

Hy=-U Z Cpeqi21Coprq/2l C-P+a/2LC0 +a/21- (2.3)
g

In the following, using Eq.(2.3) we first explain the strong-coupling BCS-BEC
crossover theory above T, developed by Nozieres and Schmitt-Rink (NSR) [15],
and its extension to the superfluid phase below 7.. We will explain a more general
case (Eq.(2.2)) in Sec.2.3.

2.1.2 NSR Theory In The Normal State

In the NSR theory [15], strong-coupling effects associated with the pairing in-
teraction in Eq.(2.3) can conveniently be incorporated into the theory by taking
into account fluctuation corrections to the thermodynamic potential £2 shown in
Fig.(2.2). To evaluate the NSR correction Qysg in Fig.(2.2) we rewrite the parti-
tion function Z as

Z=treT =t [e—Ho/TRl (T)] : (2.4)
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where
Ry (T) = /T HIT, (2.5)

The thermodynamic potential £ is then given by

Q = -Tlog|t[e™ R (T)]
—Hy/T
= -—T|log [tre_HO/T] + log " [etr:_HﬁlT(T)]
= Q+Q, (2.6)
where
Qy = —T log [tre™™/T| = —21 Zlog [1+e747] Q2.7)

is the thermodynamic potential of a free Fermi gas, and
Q) = =T log (R (1)) (2.8)

describe interaction corrections to the thermodynamic potential.

Using the so-called linked cluster theorem [88], one can rewrite the correction
term in Eq.(2.8) as

Q= -Tlog(Ri(T))o =T [(Ri (T)); — 1]. (2.9)

(13 ’7

Here, the superscript “c” means that only connected diagrams are retained.

Noting that R; (1/6) in Eq.(2.5) satisfies (8 = 1/T)
pR1 (1/B) = HoRy (B) — & (Ho + Hy) e 0110
= -H B) R (1/B), (2.10)
(where H; (8) = €0 Hie™#H0), we find

B
R (1/B) = T exp [—f dr A, (T)]. 2.11)
0

Here T, is the time ordered product for the imaginary time 7. Substitution of
Eq.(2.11) into Eq.(2.9) gives,

B C
Q= —[13 [<TT exp [—f(; dr H; (T)]>O - 1]

c

:__Z < [ f dTHI(T)]n>O (2.12)

which enables us to evaluate the fluctuation correction term £ in a perturbative
manner.

(1)

\sr) 1N terms of H; is given by

The first order correction (= 2

(1) 1 g & ‘
‘QNSR:_E T, deHI(T) )

Y Z f L O oS LM oo L s LA (T)D

pp q
(2.13)
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In the second line in Eq.(2.13), an infinitesimal shiftt > 7, =7+ 0 (0 < d < 1)
has been introduced to preserve causality. Q%R corresponds to the first diagram
in Fig.2.2. Using the Bloch-De Dominicis theorem [88], we can evaluate (: - -); in
Eq.(2.13) as

(T Ehrgas T E oy (712 a2t D gy (T)Dg
=T [ Gpuga T g, @) (Te[E gy Do (T)Do
* <TT [ IT’“I/ 27 () 6‘11'+11/2,T (7) ]> <TT [6—p+q/2,i (7+) 61—11'+q/2,i (7) ]>o
<TT [ ;+q/2’T () 6—p’+q/2 l (T)D < [ Tp+q/u () 6p’+q/2,T (T)Do
=0, Gf (p+q/2,T—T+)Gl (-p+q/2,T—1,), (2.14)
where
Gl (T =7) = (T |8 @) &0 (7)), - (2.15)
is the bare single-particle thermal Green’s function. We briefly note that < ﬂ D

< ¢,c T> < ¢;c L> and( ¢,¢ T> identically vanish due to the thermal average (- - -),
in terms of over Hy.

The resulting Eq.(2.13) has the form,
) Y g 0 0
Q=52 | €G] w+a/21-7)G] (p+a/27-1)

- _% 3 e (g, iv,), (2.16)

q,ivy

where

1
(g.iv) = 5 D Gl (p+ /20w, + )Gl (-p+ /2, ~iwy)  (2.17)
Diiwpy

is the lowest-order pair-correlation function, physically describing fluctuations in
the Cooper channel. In Eq.(2.17) w,=n(2n+1)T and v,=27nT (n = 0, =1, £2,...)
are the Fermi and Bose Matsubara frequency, respectively. The single-particle
thermal Green’s function

GO , ] m) = T . - .
- (P iwy) ion =2, (2.18)
is related to G (p, 1) in Eq.(2.15) as
1 . _
GY(p,7) = - Z GO (p,iw,) . (2.19)

iwy,

Substituting Eq.(2.18) into Eq.(2.17), one can carry out the w,,-summation, giving

1 = np(&§prgra) — nE(E-prgr2
H(q,ivn)=—Z .F( ptq/ ) F( ptq/ )’ (2.20)
) w, — §p+q/2 - f—p+q/2
where {
ne (&) = g (221)

22



CHAPTER 2. STRONG COUPLING FORMALISM FOR ATTRACTIVELY
INTERACTING FERMI SYSTEMS

is the Fermi distribution function.

The second-order correction (n = 2 in Eq.(2.12)) can also be evaluated in the same
manner. This correction (= QﬁgR) corresponds to the second diagram in Fig.2.2,
having the form,

U? iy :
Mo = =35 2, ¢ M@ )l (2.22)

4:iVn

For higher corrections (n > 3 in Eq.(2.12)) the NSR scheme only retains the terms
describing pairing fluctuations that are diagrammatically drawn as double-ring
diagrams, where two Green’s functions propagate in the same direction (see, for

example, the third diagram in Fig.2.2). Summing these up, we obtain

Qusr = QW + Q2 + Q8 4 ...

NSR NSR NSR
N §
=T "y = [1I(q,iv,)]"
;e ; (Mg, iv,)]
= =T > "’ InT(g, ivy), (2.23)
q,iv,
where
I(q,iv,) = v (2.24)
& = T U i) |

is the particle-particle scattering matrix.

Due to the contact type interaction U in Eq.(2.3), the pair-correlation function
I1(q, iv,) in Eq.(2.17) exhibits an ultraviolet divergence, requiring the introduction
of an artificial momentum cutoff p.. To remedy this, we introduce the s-wave
scattering length ay, being related to the bare interaction —U as

4ra, -U
™ _, (2.25)
m 1- UZZC E

where p. is a cutoff momentum (which is actually taken to be infinitely large).

We briefly note that a, is experimentally accessible in cold atom physics [9]. Us-
ing the scattering length a,, we can rewrite the particle-praticle scattering matrix
I'(q,iv,) in Eq.(2.24) into the cutoff-free form,

1

: .
H(q, an) - Z g}
)4

p

I'(q,iv,) = (2.26)

U
dra,

Note that the ultraviolet divergence in I1(q, iv,) is canceled out by >, 1/(2¢,) in
Eq.(2.26).

In cold atom physics, the strength of a pairing interaction is frequently measured
in terms of the inverse scattering length a;', normalised by the Fermi wave length
kg. In this scale the weak coupling BCS and strong coupling BEC regions are,
respectively, characterised as (kpay)™ < — 1 and (kpa,)™! > 1. The (BCS-BEC)
crossover region is described by —1 < (kpa,)™' <1.
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Figure 2.3: Calculated superfluid phase transition temperature 7 (a), as well as
the Fermi chemical potential u at 7. (b) in the BCS-BEC crossover region. The
strength of the pairing interaction in measured in terms of the inverse scattering
length a;l, normalised by the Fermi wavelength kg. T and &g are the Fermi
temperature and Fermi energy, respectively. In panel (a), TMF is the result in the
mean-field BCS theory. “Tggc ” shows the BEC transition temperature of an N/2
ideal Bose gas with molecular mass M = 2m (see Eq.(2.31)).

In the NSR scheme, the superfluid phase transition temperature 7 is determined
from the Thouless criterion [15, 16, 19, 28, 90], stating that the particle-particle
scattering matrix I'(q, iv,) has a pole in the low energy and long wavelength limit
(g = 0,iv, = 0). The resulting T.-equation has the same form as the mean field
BCS theory, that is

4ray [ 1 &p 1

l=—— —tanh — — —|. (2.27)
m ; 2¢, 2T 2eg,

However, while the Fermi chemical potential in Eq.(2.27) can be safely taken

to be equal to the Fermi energy &g in the conventional BCS theory [89], it is

known to deviate from &f in the BCS-BEC crossover regime. In the NSR theory,

this strong-coupling correction is taken into account by solving the equation for
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Figure 2.4: Calculated Fermi chemical potential i in the normal state above T..

the number N of Fermi atoms, which is obtained from the NSR thermodynamic
potential Q = Qy + Onsr (Egs (2.7) and (2.23)) by using the identity

Q
= - (a—) = Ny + Nnsr.- (228)
ou J;
Here
Yo}
No=— (6—0) = 22 e (&) (2.29)
) T4
and
9
T
o i
= Ty I, ivn)a(g—/;”"). (2.30)
q.iva

For a given interaction strength (kpa,)™!, we solve the T.-equation (2.27), together
with the number equation (2.28), to self-consistently determine 7. and wu(7.).
Above T, we only deal with the number equation (2.28), to determine u(7T > T.)
for a given parameter set ((kpay)™", T).

Figure 2.3 shows the self-consistent solution for the coupled 7.-equation (2.27)
with the number equation (2.28) in the BCS-BEC crossover regime of an ul-
tracold Fermi gas. In panel (a), starting from the weak-coupling BCS regime
((kpa,)™" < — 1), the superfluid phase transition temperature gradually deviates
from the weak-coupling BCS results (TMF), to approach the BEC transition tem-
perature of an Ng = N/2 ideal molecular Bose gas with molecular mass M = 2m,

2/3

N

Toec = 1[ 3 ] = 0.218T%, (2.31)
m\2¢(3)

in the strong coupling regime ((kpay)™ > 1. Correspondingly, the Fermi chem-
ical potential, u(T = T.), becomes negative, to approach half the binding energy
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Eringd = l/maf in the BEC regime, as shown in Fig.2.3 (b).

In addition to the solution at 7., we also show the calculated Fermi chemical
potential u above T, in Fig.2.4. We will use these results in numerically evaluating
the specific heat at constant volume Cy in Chap.3.

2.1.3 Internal Energy And Specific Heat Above T,

An advantage of the NSR theory is that this strong-coupling theory is based on the
thermodynamic potential 2. Because of this, once the Fermi chemical potential
w(T > T,), as well as T, are determined in this theory, we can evaluate various
thermodynamic quantities that are related to €. The internal energy E is, for
example, obtained via the Legendre transformation [60],

E = Q+TS +uN

0Q 0Q
ool
oT p ou ),

= Ey+ Ensg- (2.32)
Here
Ey=2) (&), (2.33)
P
is the non-interacting part, and
Exse = =T ) T(q,iv,) [T{%H(q, iv,) + uaimq, ivn)] (2.34)
u

q.ivn

involves effects of pairing fluctuations, described by I'(¢, iv,) and I1(q, iv,).

In Chap.3, we examine the specific heat at constant volume Cy, to construct the
phase diagram of an ultracold Fermi gas. This thermodynamic quantity is related
to the internal energy E in Eq.(2.32) as [60]

OE
CV = (8_T)N . (235)

Analytically, noting that the derivative in Eq.(2.35) must be taken with the total
number N of particles being fixed, we actually need to calculate Eq.(2.35) as

_(E) (%) (2E
= (9T),1 " (9T)N(3ﬂ )T’ (236
where
o\ ar),
(a_T)N _ _(a_N) , (2.37)
ou ),

Thus, calculating the specific heat Cy requires the evaluation of four derivatives
appearing in Eqgs (2.36) and (2.37), each containing strong coupling correction
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terms coming from Qysg in Eq.(2.23). In this thesis, to avoid this difficulty, we
numerically evaluate Cy in the normal state as

_E@ +6T,u(T +6T)) — E(T — 6T, u(T —6T))
- 26T ’
where u (T + 6T) and u (T — 6T) are independently solved from the number equa-
tion Eq.(2.28), with 6T = 0.01Tg. At T,, we use the right-hand derivative

_ —E(Te+ 26T, u(T. +20T)) + 4E (T + 6T, u (T, + 0T)) — 3E (T, u (T0))
- 26T '

Cy (2.38)

Cy
(2.39)

2.2 NSR Theory In The Superfluid State

2.2.1 Nambu Representation

Although the NSR theory explained in the previous section was originally pro-
posed to describe the BCS-BEC crossover behaviour of T, this strong-coupling
formalism can be extended to the superfluid phase below T.. To explain this ex-
tension, it is convenient to write the Hamiltonian given by the sum of Eqs (2.1)
and ((2.4)) in the Nambu representation as [20, 21, 88]

H = Y ¥ l6n—40]¥,-U) o (@p- (-0
p q
= HMF + HI, (240)
where
Y, = [c.;P’T ] . (2.41)
“-pl

is the two-component Nambu field, and 7; is the corresponding Pauli matrices
acting on particle-hole space. In the “Mean-field BCS term”,

Hye = ) W&t —4n|¥, (2.42)
p

4 1s the superfluid order parameter, given by [91]

A4=U ekl Dur. (2.43)
pl

Here (---)mr is the thermal average taken in terms of Hyg. In Eq.(2.42) 4 is
taken to be real and is chosen to be parallel to the 7,-component, without loss of
generality. The interaction term beyond the mean-field BCS theory,

H = -UY p.(@p- (-, (2.44)
q

contains the generalised density operator

o= (qQ) [o1 (@) +ip2 ()] /2,

pi(q) = \ij PRgs (2.45)
p

Since we are taking the superfluid order parameter 4 to be parallel to the -
component, p; (q) and p; (q) physically describe amplitude and phase fluctuations
of the superfluid order parameter [20, 21].
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Figure 2.5: NSR corrections ysg to the thermodynamic potential £ in the super-
fluid state below T.. 1I;; is the (ij) component of the particle-particle correlation
function, in Eq.(2.51).

2.2.2 Strong Coupling Corrections To The Thermodynamic Po-
tential In The Superfluid Phase

Extending the discussion in Sec.2.1 to the superfluid state, we evaluate fluctuation
corrections coming from H{ in Eq.(2.44) to the thermodynamic potential Q. The
resulting superfluid thermodynamic potential 2 within the framework of the NSR
theory is given by the sum Q = Qugr + Onsg of the mean-field part Qyr and
the fluctuation part Qnsg. Here, the mean-field part has the same form as the
thermodynamic potential in the ordinary BCS theory, given by

Qwe = -Tln [treHMF/T]
’ 2
= Z [fp -E,+ 2A_s,, +2T In [1 — ng (Ep)]] _md 2.46)

4na,’
J2

where E, = /f}, + A? represents the Bogoliubov single-particle excitations. The

fluctuation correction Qysr is diagrammatically described as Fig.2.5, which gives,

T AL
Ousw =~ qz trinf (g, iv,), (2.47)
where
fg.iv) = -U[L+Uligm)|

(r_+ (q.ivs) T__(g, ivn)). (2.48)

| R (q, iv,) T (q, iv,)

is the 2 X 2 particle-particle scattering matrix in the Nambu formalism, with the
2 x 2 matrix pair correlation function having the form,

= . I (q’ iVn) I (q, iVn)
H s n i . . s
(q.1v2) (H++ (q.1vy) IL,_(q,iv,)
My(g.ivy) = T Y tr|tGo(p+ g iw, + iv))r,Gop,iw)|.  (2.49)

Diiwy

In Eq.(2.49) Go(p, iw,) is the 2 x 2 matrix single particle Green’s function in the
BCS theory, given by [88]

N . 1
Go(p, iw,) = -

. 2.50
iw, —&pT3 + A7) ( )
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Carrying out the Matsubara frequency summation over in Eq.(2.49) we have

E E_
tanh — + s tanh —
A 2T 2T
I_, (q,iv,) = ~7 T
Py (Ey +sE_)" +v2
X (E++sE_)1+s§+§_ +ivn§—++s§—+ ,
E.E_ E, E.
I, _(q,iv,) = TI""(q,—ivy),
1 A? E. + sE_ E E_
In_(q,iv,) = - s (E, Sz ) [tanh — 4+ stanh —],
4 Py E\E_(E, + sE_)" + V2 2T 2T
1_[++ (q’ ivn) = H__ (q’ ivrz) ’ (251)
where fi_ = tfpip/g, and E, = pp/2-
We note that when 4 — 0, Eq.(2.49) becomes
A . _ (-TI(q,iv,) 0
Il(q,iv,) = ( 0 (g, —iv)) (2.52)

In this limit, Qysgr in Eq.(2.47) is reduced to the correction term in Eq.(2.23) above
T..

We also briefly note that the NSR correction term Qysg in the superfluid state
looks to be described by different diagrams from those in the normal state (see Figs
2.2 and 2.5). This is, however, simply due to the fact that we are using the Nambu
representation in the superfluid case. Indeed, when one rewrites the diagrams in
Fig.2.5 by using the components of the Nambu Green’s function Gy(p, iw,) in
Eq.(2.50), the resulting diagrams are found to have the same double ring structure
shown in Fig.2.2.

In the above formalism, the superfluid order parameter 4 is determined from the
Thouless criterion [20, 21, 90],

detl’ (g = 0,iv, = 0)"' =0, (2.53)

Physically, Eq.(2.53) is equivalent to the required condition for the existence of the
Gapless Goldstone mode associated with the spontaneously broken U(1) gauge
symmetry. In the present NSR formalism, the Thouless criterion in Eq.(2.53)
gives the ordinary BCS gap equation

4ray 1 E, 1
1 =- — tanh =2 — —|. 2.54
Z[zE,, T T 26, 254)

We note that Eq.(2.54) is consistent with the definition of the superfluid order
parameter in Eq.(2.43), because the mean-field average ({:- - )ur) also gives the
gap-equation. We also note that Eq.(2.54) is reduced to the T.-equation (2.27)
when 4 = 0.

As in the normal state, we actually solve the gap equation (2.54), together with
the number equation, to self-consistently determine the superfluid order parameter
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Figure 2.6: Self-consistent solution for the coupled gap equation (2.54) with the
number equation (2.28). (a) Superfluid order parameter 4. (b) Fermi chemical
potential .

A and w(T < T.). The latter equation is obtained from the identity in Eq.(2.28),
when, in the superfluid case,

0Q E,
Ny = ( 8#0) Z [1 - 2—” tanh ZT] (2.55)
14

p

is now the mean-field BCS part, and

_(aQNSR) :_(aQNSR) _(aQNSR) (a_A)
o Jr o Jyr o4 )z, \Ou)r

8H(q,tvn)]
= § tr [ (g, iv,) ——=
b} r[ (q.ivy) o

q lvil

+ = Z tr [F (g,iv,) oI (g, W")] (6/1) (2.56)

q iV

Nnsr

Here, the factor (04/0u); is given by
E, 1 E
Z i;; [ZTseChz(ﬁ) -z tanh(ﬁ)]
(6A) _p p
ul, ~ 4]1 J(Ep) 1 E\|
— | ==sech” | — | - —tanh | —
Zp: E: [27’SeC (2T E, "™\2r
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For the derivation of Eq.(2.57) see appendix B.

Figure 2.6 shows the calculated superfluid order parameter 4, as well as the Fermi
chemical potential u in the BCS-BEC crossover region below 7.. We will use
this numerical data in calculating the specific heat Cy and internal energy in the
superfluid phase in Chaps. 3 and 4. Regarding this, we note that 4 in Fig.2.6
(a) remains finite even at 7., which is, however, an artefact of the present strong-
coupling theory. Such an unphysical behaviour just below T is also known in
other diagrammatic theories, such as a non-self-consistent T-matrix approxima-
tion (TMA) [22] and self-consistent T-matrix approximation (SCTMA) [29], but
so far this problem has not been solved yet. In this thesis we also leave this as a
future problem, to employ the present superfluid NSR theory up to T, keeping in
mind that this problem may affect our results just below 7.

2.2.3 Internal Energy And Specific Heat Below 7'

The Legendre transformation in Eq.(2.32) is also valid for the present superfluid
case. The resulting £, and Exgsg are given by, respectively

Eo= )| Epne(Ep) +& = E L (AL (2.58)
0= : p""F\Cp p 14 28,, 4ra, HINMEF, .
and
11 N I(a. i
Exse = —Z[nr[r(q, Vn)m vl Fa v ? ((;ZWH
q,n
8H(q, iv,)
+ > Ztr[r(q, Vp) ————— ](GT) , (2.59)
q.1vy, u
with

o4
(a_T) = — ? P - (2.60)
Iz Z | —sech?(=Z2) = — tanh =2
Zp: 2 [2TSec (ZT) E, " (ZT
We explain the derivation of Eq.(2.60) in appendix B. We briefly note that E; in
Eq.(2.58) is just the internal energy in the mean-field BCS theory.

The specific heat at constant volume Cy is numerically calculated from the inter-

nal energy as

E(T + 6T, u(T +6T),A(T +0T))— E(T — 6T, u(T —6T),A(T —oT))
20T ’

CV =
(2.61)
where we set 6T = 0.005TF%.

2.3 Superfluid NSR Theory With A Non-Vanishing
Effective Range r.¢ (Neutron Star Case)

As mentioned previously, although the low density crust regime of a neutron star
interior is similar to the unitary regime of a superfluid Fermi gas far below T,
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we still need to theoretically make up for the different magnitude of the effective
range r.¢ between the two systems. In this section, we explain how to incorporate
the non-vanishing effective range into the NSR theory below 7.

2.3.1 Effective Range Theory

To deal with the non-vanishing effective range r.z = 2.7 fm [67] in the neutron
star case, we start from the general interaction Hamiltonian in Eq.(2.2), instead of
the contact-type interaction in Eq.(2.3). (Note that r.¢ = 0 in the case of Eq.(2.3)).

We expand the interaction potential U(p — p’) into partial-wave components [68],
as

Up-p)=Uip.p)+Uyp,p)+Uip,p)+---, (2.62)

where s, p and d represent the s-wave, p-wave and d-wave components, respec-
tively.

Then, since only the s-wave channel is non-vanishing in the low-momentum limit,
we have U(0) = Uy(0,0). Here, we assume that the s-wave component U(p, p’)
gives the dominant contribution in the low-density crust regime of a neutron star.
To include the effective range r.¢ we consider the following separable interaction
[15, 34]

Up-p)=Uip.p)=U0)ypyy. (2.63)

The detailed expression for the basis function y, is specified soon later.

For the separable s-wave interaction U,(p, p’), we consider the two-body scatter-
ing T-matrix 'y, (p, p’, w,) which obeys the equation [34],

2 FZb(k’ p,;w+)a (264)
Ek

1
Pon(p. b2 ) = ~Uspop) = ) Usp k) ——5—
k +

where w, = w + id, with § being an infinitesimally small positive number.

Taking I'(p, p’; w:) = ¥pA(w,)yy, one finds that A(w, ) obeys,

S —Zy—i (2.65)
Awy)  UWO) 44w, =26 '

The scattering 7-matrix 'y, (p, p'; w;) in Eq.(2.64) is related to the so-called s-

wave phase shift 6, (p) as [68],

1
pcotd(p) —ip

= ~Zr(p, p;2e, + i6), (2.66)
4
where the phase shift ¢, (p) can be expanded as [68, 69]
1 1 2 3 4
pcotd;(p) = ——+ Ereffp —Prigp +---. (2.67)
aS

For this expression, a, is the s-wave scattering length, r.g is the effective range,
and P is the s-wave shape parameter. Setting p — 0 in Eqgs (2.66) and (2.67), and
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noting that I'(0, 0; 0,) = A(0,), one finds,

4rag Uuo
™ © (2.68)
Tt 2
P2e,
which relates the s-wave scattering length a; to U(0).
Substituting Eq. (2.68) and Eq.(2.65) into Eq. (2.66), we obtain
1 2
— = 1L . (2.69)
pcotds(p)—ip 1 4n 5 1 1
as  m 4 Y 2ey — (2g, +10) 2&y

In the effective range theory, the first two terms on the right side of Eq.(2.67) are
only retained [34, 68]. This situation can be achieved when we choose the basis
function y, in Eq. (2.69) as

1
Y= T /—/—> (2.70)

2
pC

where p. is a cutoff momentum. Substituting Eq.(2.70) into Eq.(2.69), we find

1 2re
pe=— |1+ 4/1- r“]. 2.71)
Veff ag
The outline of this derivation is explained in appendix C.
In this effective range theory we also find from Eq.(2.68),
-1
2 ( 1 2re 1
U(O):—ﬂ(—l1+ 1- rﬁl— ] . (2.72)
n \ reft ag 2as

Equation (2.72) shows how to obtain the value of U(0) for a given parameter set
(ay, regr). To emphasise this, we write U(0) = U(ay, ref) in what follows.

In the case of an ultracold Fermi gas, the effective range r.q 1s negligibly small, so
that p. — oo, giving v, = 1 in Eq. (2.63). This recovers the contact-type s-wave
interaction employed in Secs 2.1 and 2.2. In the neutron star case, on the other
hand, the scattering length and effective range equal a;, = —18.5 fm and 2.7 fm
[66], respectively, which gives

Pe =079 fm™". (2.73)

We use this cutoff momentum in considering the neutron star equation of state in
Chap. 4.

We now incorporate the above-mentioned effective range theory into the super-

fluid BCS Hamiltonian in Eq.(2.40). For this procedure, a crucial difference be-
tween the cases of the contact-type interaction (r.g = 0) and Eq.(2.63) (reg # 0) is
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that the Hartree energy in the former case is absent because of the infinitesimally
small coupling constant U — +0 (see Eq.(2.25) with p. — o).

In contrast, the bare coupling constant U(0) = U(ay, reg) in Eq.(2.72) does not
vanish when r.g # 0. In this case, we need to retain the Hartree term, in the mean-
field Hartree-Foch approach [31]. In this approximation H; in Eq.(2.2) becomes

1 1
HYF = ~5 UO)Nyr ; EpCh o Cpor + ZU(O)NQF
1 1
= —5 U@ ren)Nr ,,Z ExChpa+ ZU@re) N, (274)
when
Nwr = Z(C;,Ucp,HMF (2.75)
p.o

is the total number of Fermi particles in the mean-field approximation.

As aresult, Hyr and H] in Eq.(2.40) are modified to be, respectively

A ~ T & Az
Hyp = qu’" [§PT3 —ApTl]‘Pp + Z [fp + U(a—prﬁ)
p p sore

H] = ~Ula, rer) ) s (@p-(-q). (2.77)

1
+ Z U(asa reff)NI%/[F’(z'76)

In Eq.(2.76), &, = &, — U(ay, rer)Nyr/2 involves the so-called Hartree shift
=U(as, rer)Nmr/2, and

g E
Nur = Z@wcp,o_)w = Z [1 - E—” tanh ﬁ , (2.78)
pP.o

)4 p

with Ep = /EIZJ +A§. The superfluid order parameter 4, now depends on the
momentum p as

A, =y, (2.79)

when

A = Ula,, reg) Z 7’p<C;,TcT—p,l>MF

E,
Ul(a,, reﬁ)zy,, tanh 7. (2.80)
P

Substituting Eq.(2.79) into Eq.(2.80), we obtain the gap equation
1 = Uay, rer) Z tan h . (2.81)

The interaction term in Eq.(2.77) is similar to Eq.(2.44), but the generalised den-
sity operator p. (q) now involves the basis function as

CVES YA R I S (2.82)
p
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Figure 2.7: (a) NSR fluctuation correction Qysg to the thermodynamic potential
Q in the presence of a non-vanishing effective range reg. I1; ; 1s the (ij) compo-
nent of the particle-particle correlation function in Eq.(2.86). —U(as, reg) < 0
is the bare attractive interaction in Eq.(2.68). The double-solid line represents
the single-particle Green’s function involving the Hartree shift, which obeys the
Dyson equation is shown in panel (b). Note that the correction term corresponding
to the first term in Fig.2.5 has been taken into account in Qyf, in Eq.(2.84), in the
present case, so that Qysg in panel (a) starts from the second order in terms of the
bare interaction —U (ay, Fef).

2.3.2 Superfluid NSR Theory In The Presence Of Non-Vanishing
Effective Range

Starting from H = Hyr + H| (when Hyr and H| are, respectively, given in Egs.
(2.76) and (2.77)), we evaluate strong-coupling corrections Qysg to the thermo-
dynamic potential 2 within the framework of NSR theory. This procedure is
essentially the same as in the absence of the effective range (r.¢ = 0) explained in
Sec.2.2, except for the presence of (1) the basis function vy, in Eq.(2.70), and (2)
the Hartree shift —U(ay, re)Nmp/2 in the single-particle dispersion E »- The for-
mer affects the vertex part of the pair correlation function II;; in evaluating Qysgr,
as diagonally shown in Fig.2.7 (a). (Compare this figure with Fig.2.5 (r.g = 0))
The latter is simply incorporated into the NSR theory by replacing the single-
particle Green’s function G in Eq.(2.50) with

1

GHF Jiwy,) = = .
o (P ) iwy, — &pT3 + YpdTy

(2.83)

This modification is diagrammatically described by the Dyson equation in Fig
2.7(b).

The resulting NSR thermodynamic potential Q2 = Qyr + Onsr 1S given by the sum
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of the mean-field term

QMF

—T In [tre_HMF/T]

27 Y [n[1+e 7| + & - E,|
p

4 + 1U( N2 (2.84)
——— t U, e s .
Ulay rep) 4 e

and the fluctuation correction
T A N
Quse = 3 qZ tin [1+ Uas, ren)¥(g. ivi)| = Ulay, re) (g iv)|,  (2.85)
where the pair-correlation involving the basis function y, is given by
(g, iva) =T " y2tr [tG (p + . iwy + )T, G (priwn)| . (2.86)
p5iwn

We briefly note that Qyr is the thermodynamic potential in the mean-field level,
so that the mean-field particle number Ny in Eq.(2.77), as well as the mean-field
order parameter 4 in Eq.(2.81), respectively, satisfies the saddle point conditions,

o) o
GNMF T ’
oQ
( MF) =0. (2.87)
04 T.pu,Nur
Using the NSR thermodynamic potential Q2 = Qyr + QOnsg, We derive the number
equation,
QR
G
ou )+
= Nwmr + Nxsrs (2.88)

where Ny is given in Eq.(2.78), and

0Q
o = - (225]
Ho)r

(%), 55 @
o)\ our )7

Here we have used the fact that Qysgr in Eq.(2.85), only depends on u through the
effective chemical potential u* = u + U(ay, reg) Nvr/2.

In Eq.(2.89), (0Qnsr/0u*); can be evaluated in the same way as Eq.(2.56). On
the other hand,

(%) -1+ Ulas, re) (5NMF)
T T

Ou 2 ou
U(as» reI'f) aZVMF 6/1*
=1 , 2.90
T ( o )( o ), 2:90)
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which gives

(%) = ! . (2.91)
T

1-=U ss e
> (a rﬁ)( o )T

Equation (2.91) is just the Stoner factor appearing in the density response function
[92].

2.3.3 Internal Energy Far Below T

In Chap.4, we discuss the internal energy E (equation of state) and effects of the
non-vanishing effective range within the framework explained in this section. In
the present case, E( and Ensgr in Eq.(2.32) have the forms, respectively,

2

1
+ U (@, reit) Ny + UNyir, (2.92)

Evi = ) [Egne(Bp) 4 & = By + o+ 7

p

and
02nsr

oTr

Ensr = Onsr — T( ) + UNNsR- (2.93)

M
In Chap.4, using Eq.(2.92) and Eq.(2.93), we examine the internal energy in the
low-density crust regime of a neutron star, by setting a;, = —18.5 fm and r.g = 2.7
fm. In this thesis take 7/Tg = 0.02 to consider the region near the ground state.
Although we can’t set T/Tg = 0 because of computational problems; however we
have numerically confirmed that our results do not change within the temperature
range T/Tr = [0.005,0.06], so that thermal effects are considered to be almost
absent at this temperature. In considering the neutron star case, we measure the
EOS in units of MeV, by using the neutron mass m = 939 MeV/c? (where ¢ the
speed of light).
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Chapter 3

Specific Heat In The BCS-BEC
Crossover Region Of An Ultracold
Fermi Gas

In this chapter we theoretically investigate strong-coupling properties of an ultra-
cold Fermi gas in the BCS-BEC crossover region. Within the framework of the
NSR theory explained in Secs.2.1 and 2.2, we examine the specific heat at con-
stant volume Cy. In the normal state, using the advantage of this quantity that
it remains finite in the whole BCS-BEC crossover region, we identify the region
where pairing fluctuations dominate over system properties, as well as the region
where the system is well described by a gas of tightly bound molecules, in the
phase diagram of an ultracold Fermi gas with respect to the interaction strength
and temperature. In the superfluid phase below T, we show that Cy is simply
monotonically increasing with increasing temperature.

In Sec.3.1 we first show the calculated Cy at T.. In Sec.3.2, we examine the
temperature dependence of Cy above T, to construct the phase diagram of this
system. We proceed to the superfluid state in Sec.3.3, which is followed by the
comparison of our result with the recent experiment on an °Li unitary Fermi gas
in Sec.3.5.

3.1 Specific Heat At T,

Figure 3.1 shows the calculated specific heat at constant volume Cy in the BCS-
BEC crossover regime of an ultracold Fermi gas at T.. (Note that we approach
T. from the normal state.) In the weak coupling regime ((kpay,)™' < = 1), the
calculated Cy (T = T.) is found to be well-described by the specific heat Cf, of a
free Fermi gas, given by [89]

; _(T
Cy(T < Tp) = > (TF)N. (3.1

On the other hand, our result in the strong-coupling BEC regime ((kpay))™ > 1)
approaches the specific heat C, of an ideal Bose gas of N/2 bosons with molecular
mass M = 2m, at the Bose-Einstein transition temperature Tggc = 0.218TF (see
Eq.(2.31)), given by [15, 16, 28, 58]
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Figure 3.1: Calculated specific heat at constant volume Cy at T, in the BCS-BEC
crossover regime of an ultracold Fermi gas. C}, and Cp ~ 0.96N are the specific
heat of an ideal Fermi gas at T = T, and ideal Bose gas at the BEC transition
temperature, respectively.

B/ _ _ 15 {(5/2)
Cy(T = Tgre) = 4 Np X —{(3/2)

where £(3/2) = 2.612 and {(5/2) = 1.341 are Riemann’s zeta functions.

= 0.963N, (3.2)

This agreement (Cy =~ CE(T = Tggrce)) is consistent with the BCS-BEC crossover
behaviours of T, and u (T.) in Fig.2.3, where one sees T, ~ Tggc and u =~ Eyjng/2
(where Epipg = 1 /ma% is the molecular binding energy) in the BEC regime, indi-
cating that the system is very close to an ideal Bose gas.

However, while T and u (T.) almost monotonically changes from the weak-coupling
result to the strong-coupling result (except for a slight hump structure in the case
of T, around (kra,)™' = 0 (see Fig.2.3 (a))), we find in Fig.3.1 that Cy(T = T,)
experiences a large enhancement as one passes through the BCS-BEC crossover
region. Regarding this, we point out that this behaviour is consistent with the ar-
gument in Sec.1.3, that strong pairing fluctuations in the crossover regime near 7

is expected to enhance Cy due to the suppression of the entropy S, through the
relation in Eq.(1.6).

The non-monotonic behaviour of Cy (T = T¢) seen in Fig.3.1 can also be under-
stood from the viewpoint of the stability of preformed Cooper pairs near 7. To

explain this, it is convenient to write the fluctuation correction Nygsg to the number
equation in Eq.(2.30) in the spectral representation as [88],

Nnsr = 2f dwng (w) pp (W) . (3.3)

In Eq.(3.3),
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2
q/kr

Figure 3.2: Calculated intensity of Im [H (q, wq+i6)] in Eq.(3.9). We set

(kpay)™' = 2 and T/Tr = 0.218, where u < 0 is realised. The dotted line shows
w = ¢*/4m — 2. The intensity is normalised by Ne;'.

1
ng (w) = ol — 1 (3.4)
is the Bose distribution function, and
p5 (@) = D Ag(q,w), (3.5)
q
may be viewed as the “molecular Bose density of states”, where
1 0
Ap(q,w) = —2—Im I'(q, wy) —1I(q, w.)|. (3.6)
Vs ou

Here, I' (¢, w,) =T (q,iv, = w + i), and, [1(q, w,) = 1(q,iv, = w + id) are the
analytic continued particle-particle scattering matrix and pair-correlation function,
respectively. In the present NSR theory, the former has the form (see Eq.(2.26))

(q.w,) = ! , 3.7)

m
+ 11 - —
47Tas (qa C()+) ; 2Sp

and thus
1 0 0
Ap(q,w) = —=—|Rel'(q,w,) —Imll(q,w,) + ImI' (¢, w,) ——Rell(q, w,)
2r ou ou
1 0
= —=—|Rel' (q’ C()+) —ImII (q’ (,()+)
2r ou
, 0
- Imll(q, w,) ' (g, w:)| aReH(q, w,) |, (3.8)
with ) 5
ImIl (g, w,) = nzp: tanh(%)(s((u - % + f—m - 24). (3.9)
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Figure 3.3: The number Ngr of stable molecules and the contribution Ngc of scat-

tering states, physically describing the number of fluctuating preformed Cooper
pairs. We take 7' = T..

Eq.(3.5), Eq.(3.8) and Eq.(3.9) indicate that the “molecular density of states” p (w)
in quantitatively different in the weak-coupling BCS region where u > 0, and the
strong-coupling BEC region where u < 0. Equation (3.9) indicates that p (w) is
always non-negative in the BCS region where ¢ > 0. We note that u (7" = T,) 1s
positive when (kga,)™! <0.3 (see Fig.2.3) (b).

On the other hand, when u < 0, pg(w) has a finite gap AEZ = 2 |ul, because
Eq.(3.9) vanishes when w < 2 |u|, unless I" (¢, w) has poles in the region 0 < w <
2 |u|. To confirm this, we show in Fig.3.2 ImlI (¢, w,) in the BEC region when
u < 0. Clearly ImII (g, w,) vanishes in the low energy region w < ¢*/4m + 2 |u|.

However, I' (¢, w,) actually has real poles in this gapped energy region, so that
pp (w) has o-function peaks at these poles. The appearance of these real poles
physically means the appearance of stable molecules in the strong-coupling regime,
when y < 0. Expanding the denominator of ' (¢, w, ) in Eq.(3.7) around a real pole
w = wgy, we have

['(q,wy) = 1 a 1
m
4may * H(q,a)q) + [a)+ - ‘”q] 6_wn(q’ Wi = a)q) - Zp: 2_811
1
) 0 ' (3.10)

o e o111,

The number Nyt of stable molecules is then evaluated as
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iH( ’ +)
Ngr = — Zf nB(w)Im e ]

g:poles [(U+ - wq] a%ql'[ (q, a)q)

#H(q’w+) 1
= - Z f —nB w) Im[ ]
w+_(l)q

q:poles 6 H (qv wq)
dw H (q’ w,)
— —5 _
q%:eﬁf aqu (q, ‘Uq) (‘U ‘Uq)
1 T R,
= - R S (3.11)
2 gq:poles " (wq) %H (q, wq)

where the summation is taken over the real poles of I' (¢, w. ), under the condition
ImIl(q,w,) =0

Then, the correction term Nysr in Eq.(3.7) is given by the sum of the number Ngt
of “stable” molecules in Eq.(3.11) and the so-called scattering states Nsc [15, 19],
that is

Nnsr = 2NST + 2Nsc. (312)

Physically, Nsc may be interpreted as the number of fluctuating preformed Cooper
pairs associated with strong pairing fluctuations.

Figure 3.3 shows that Ngr, as well as Nsc = Nnsr/2 — Nst (Where Nygg is cal-
culated from Eq.(2.30)) in the BCS-BEC crossover region at T.. Starting from
the weak coupling regime, the scattering states Ngc gradually increases with in-
creasing interaction strength, indicating the enhancement of pairing fluctuations
near 7. This corresponds to the amplification of Cy (T" = T) around the unitarity
limit seen in Fig.3.1. However, Nyc is suddenly suppressed in the strong cou-
pling BEC regime when the Fermi chemical potential becomes negative (around
(kray)™' = 0.3). Instead, the stable molecules (Nst) dominantly contribute to the
number equation there. These molecules have a definite binding energy, which
eventually becomes the large two-body bound state energy Epi,q = 1/ma? deep
inside the BEC regime, so that effects of pairing fluctuations on Cy is suppressed
there. Finally Cy approaches C} in Eq.(3.2), as shown in Fig.3.1.

3.2 Specific Heat Above 7.

Fig.3.4 (a) shows the calculated specific heat Cy above T.. In this figure, one
sees that the detailed temperature dependence remarkably depends on the inter-
action strength, implying that this thermodynamic quantity is sensitive to system
properties in the BCS-BEC crossover. We briefly note that the internal energy,
which is related to Cy as Eq.(2.35) always monotonically decreases with decreas-
ing temperature, as shown in Fig.3.4 (b). This indicates that Cy is a more useful
quantity than E in considering properties of an ultracold Fermi gas in the BCS-
BEC crossover regime.

For the following two subsections, we separately examine the origin of the temper-

43



CHAPTER 3. SPECIFIC HEAT IN THE BCS-BEC CROSSOVER REGION
OF AN ULTRACOLD FERMI GAS

2 1.5

0.5 (1‘\(6

O.S'ﬂriQ

(/CFaOS)‘l : 20

Figure 3.4: Calculated Specific heat at constant volume Cy (a), and the internal
energy E (b) in the BCS-BEC crossover regime of an ultracold Fermi gas above

T.. Ec = %sF is the internal energy of a free Fermi gas at T = 0.

ature dependence of Cy in the strong ((kpay)™' > 0) and weak coupling ((kpas)_1 <0)
side.

3.2.1 The Strong Coupling Side (kpas)"1 >0

Figure.3.5 shows the specific heat Cy in the strong-coupling side of the crossover
region. When (kga,)™! = 0.2, Cy remarkably increases with decreasing temper-
ature near T, giving the amplification of Cy(T" = T.) in the unitarity regime in
Fig.3.1. As mentioned previously, this behaviour is due to the suppression of en-
tropy S by the formation of fluctuating preformed Cooper pairs near 7.. However,
this behaviour is found to soon disappear as one increases the interaction strength.
When (kga,)™' = 0.6, Fig.3.5 shows that Cy monotonically increases with in-
creasing the temperature near T, which is the opposite tendency compared to the
(kpag)™! = 0.2 case.

As shown in Fig.3.3 long-lived stable molecules appear in the BEC side when
(kra,)™' > 0.3. However, since the binding energy Ey,q in this regime is still
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Figure 3.5: Calculated specific heat Cy in the strong coupling BEC side of the
crossover region (0.2 < (kga,)™' < 0.6).

small, the thermal dissociation of these molecules can easily occur near 7., which
is expected to dominantly contribute to the temperature dependence of Cy in this
regime (at least near 7). Indeed, simply considering this effect by dealing with a
two-level system with energy w = 0 and w = Ey;,q, We obtain

Eving )2 ’ (Ebind )
= h* | ——]. 1
Cy ( T sec T (3.13)

This model specific heat monotonically increases with increasing the temperature,
when T < Eping/2, as the behaviour of Cy(T > T.) when (kga,)™' = 0.6 in Fig.3.5.
Thus, the increase of Cy with increasing temperature near 7, in this regime is
attributed to the thermal dissociation of (weakly bound) stable molecules.

As we go deeper inside the BEC regime, Fig.3.6 shows that the enhancement of
Cy near T, revives, although it is not so remarkable as that in the unitary regime
(see Fig.3.5 for (kpag)™' = 0.2). As the interaction strength increases, Fig.3.6
(b) and (c) shows that Cy near T is well described by that of an ideal gas of N/2
Bose molecules with a molecular mass M = 2m, although this agreement becomes
worse at high temperatures. From this result, when we introduce the characteristic
temperature 7 in this regime, as the temperature at which Cy takes a minimum
value (vertical dashed line in Fig.3.6), the system in the region 7. < T < T may
be viewed as an ideal molecular Bose gas, rather that an interacting Fermi gas.
Indeed, one finds that most of the Fermi atoms form stable molecules, giving
Nst = N/2, in this regime (see Fig.3.6 (d)~(f)). Above T, these molecules start to
thermally dissociate into Fermi atoms, leading to Ngt < N/2, as shown in Fig.3.6

(d)~(D).

Before ending this subsection, we analytically show that the specific heat Cy is
reduced to C} in the BEC limit. In this limit, u/er < —1, so that one can ignore

the Fermi distribution function ng (g-“ p) in the pair correlation function I1(q, iv,) in
Eq.(2.17), which gives
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Figure 3.6: (a)~(c) Calculated specific heat Cy(T > T.) in the strong-coupling
BEC regime. C}, is the specific heat in an ideal gas of N/2 bosons with a molecular
mass mg = 2m. (d)~(f) Temperature dependence of the number Ngt of stable pairs
in Eq.(2.8). The characteristic temperature 7 is given as the temperature at which
Cy takes a minimal value (vertical dotted line) in the BEC regime.

o 1
H("”V")“Zp:iv,,-g

p+q/2 fp—q/Z
2
— —2mu — miv,

:Zi_mf“’d_l? 4
2¢e, o 2m? q*

P>+ T —2mu — miv,

1 m q°
=) — _ = — —2u—iv,|. 3.14
Zzg,, in m[4m H W] (3.14)
4
Substituting this into the particle-particle scattering matrix Eq.(2.26), we obtain

4 1
T(q.iv,) = —
m

(3.15)

where
HB = 21+ Eping, (3.16)

with Eping = 1/ma? being the binding energy of a two-body bound molecule.
Because Eping/er = 2/ (kpa,)* — oo in the extreme BEC limit, the square root in
Eq.(3.15) is further approximated to
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Ll + 2 vk LI PR PN D RER T
-V, + — — ind | = - v, — — — 1. .
Eving 4m He bind FEving 4dm Hs
Then Eq.(3.15) is reduced to
8 1
T(q,ive) = —- , (3.18)

2 . 2
M=ds iy, — -+ s

which is just the Bose Green’s function mass 2m and chemical potential gz, mul-
tiplied by the factor 87 /m?a.

Substituting Eq.(3.18) into Eq.(2.34), we can evaluate the NSR strong coupling
correction Engg to the internal energy in the deep BEC limit as,

| 1 9
‘ _ g2 o I1(q,iv,
NSR Z +11(q, iv) — 2p 5 75, or -

0 q*
_ _72 v, 0 _
=-T T E log (zvn o +,uB)

4.iva

=T ) " .”

@iva +/1B
- Z (_ _MB) (q_ _NB) (3.19)
4

The internal energy E in Eq.(2.32) in the BEC limit is obtained as

q,ivy 47m

q q’ q’
E :Zq:(% _ﬂB)nB(% _,UB) +2,Uzq:n3(% —#B)
P 2 2
N4 (4 _ . 9 _
= Zq: 4mnB (4m ,UB) Eving Zq: np (4m /JB)
=Ep — EpinaVs, (3.20)

where we have dropped the free Fermi gas term E, in Eq.(2.32) because u/ep <
—1. In the last line Ep is the kinetic energy of Ng molecular bosons with a molec-
ular mass 2m. When all the Fermi atoms form tightly bound molecules in the
extreme BEC regime, one may take Ng = N/2, leading to

N
E= Z—nB(——uB) Evina - (3.21)

Since Cy = (OE/OT)yy is simply obtained from the first term in Eq. (3.21), it
is just the same as the specific heat in an ideal gas with N/2 two-body bound
molecules.

With increasing temperature above 7, the gradual decrease of the number Ny of
stable pairs from N/2, shown in Figs.3.6 (d)~(f), indicates the thermal dissoci-
ation of molecular bosons. The last term Ey;,¢Ng in Eq. (3.20) shows that this
phenomenon naturally increases Cy, giving the deviation from CP seen in Figs3.6

(@)~(0).
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Figure 3.7: Temperature dependence of specific heat Cy in the weak coupling
BCS side ((kpa,)™! <0) of the crossover. Cf, is the specific heat of a free Fermi
gas, given in Eq.(3.22). The characteristic temperature 7 is determined as the
temperature at which Cy becomes has a minimum value.

3.2.2 The Weak Coupling Side (kpa,)™! <0

We now turn our attention to the weak coupling BCS side ((kra,)™' < 0). We see
in Fig.3.7 (c) that the remarkable amplification of Cy seen at T. soon disappears
with increasing temperature, to approach the specific heat C}, of a free Fermi gas,
given by

ch=23s, a";(f”). (3.22)
14

This means that fluctuating preformed Cooper pairs gradually disappears as the
temperature increases from 7,.. We briefly note that C f, in Eq.(3.22) approaches
the classical Dulong-Petit law [89] (Cy = 3N/2) from below, in the high temper-
ature limit.

Introducing another characteristic temperature T as the temperature at which Cy
takes a minimum value in this region, the lower (T < T) and the higher (T > T)
temperature side may be viewed as a Fermi gas with strong pairing fluctuations,
and a normal Fermi gas, respectively. As one approaches the weak coupling
regime, the characteristic temperature T decreases as shown in Fig.3.7 (a)~(c),
which means the shrinkage of the fluctuation regime with decreasing interaction
strength, as expected.

3.3 Specific Heat Below T,

Figure.3.8 shows the specific heat Cy in the superfluid state of a ultracold Fermi
gas in the BCS-BEC crossover region. In contrast to the case of the normal state
above T, the overall temperature dependence below 7. is not so dependent on
the strength of a pairing interaction. In the weak-coupling BCS regime both Bo-
goliubov single-particle excitations accompanied by pair-breaking and a gapless
collective Goldstone mode are considered to contribute to Cy (T < T.). In the
strong coupling BEC regime, the former becomes irrelevant because the binding
energy Eping = 1/ma? is much larger than T (=~ 0.218T), so that most pairs re-
main even at T.. Thus, the latter collective excitations dominate over Cy in this
regime, as in the case of the ordinary Bose superfluid.
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Figure 3.8: Calculated specific heat Cy BCS-BEC crossover regime of a superfluid
Fermi gas below T..

3.4 Phase Diagram Of An Ultracold Fermi Gas

When we compare the two characteristic temperature 7 and T introduced in the
previous section with the pseudogap temperature 7 [22, 23] (below which the
pseudogap appears in the density of states near the Fermi level), as well as the
spingap temperature 7 [24] (below which the spin susceptibility is anomalously
suppressed by the preformed pair formation), we find that T is close to T* and
T as shown in Fig.3.9. In this regard, we recall that the right side of T* and
T 1s sometimes referred to as the pseudogap regime in cold Fermi gas physics,
where strong pairing fluctuations dominate over system properties. Thus, from
the viewpoint of the specific heat Cy, T is found to physically give the boundary
between the pseudogap regime and the normal Fermi gas regime (although there
is no phase transition at 7).

As mentioned previously, the region bellow the characteristic temperature 7', ob-
tained in the strong coupling BEC regime, may be physically viewed as an ideal
molecular Bose gas. Thus, together with the above discussion, the temperatures
T works as the boundary between the pseudogap regime and the molecular Bose
gas regime.

We note that no characteristic temperature corresponding to T has so far been ob-
tained from analysis on the density of states p(w) (which only gives the pseudogap
temperature 7*), or the spin susceptibility s (which only gives the spin gap tem-
perature 7). This is because, in the BEC regime, p(w) almost vanishes around
w = 0 due to the opening of large pseudogap [22, 23], and y; is also suppressed
due to the spin-singlet pair formation, so that it is difficult to extract useful infor-
mation from these quantities there. In contrast, the specific heat does not vanish
even in the strong coupling regime, leading to 7. This is an advantage of using
this thermodynamic quantity for the study of BCS-BEC crossover physics.

We note that, as the boundary between the normal Bose gas regime and the pseu-
dogap regime, it has been proposed that T = 2|u| in the BEC regime (where
u < 0) [22, 23]. This proposal is based on the fact that 2|u| eventually coin-
cides with the binding energy Eyng = 1/ (maf) of a molecular boson in the BEC
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Figure 3.9: Comparison of T and T with various characteristic temperatures dis-
cussed in the BCS-BEC crossover regime of an ultracold Fermi gas. T~ is the
pseudogap temperature, below which a dip appears in the single-particle density
of states near the Fermi level [22, 23]. T is the spingap temperature, below which
the spin susceptibility is suppressed by the formation of preformed Cooper pairs
[24]. The right side of these characteristic temperatures is called the pseudogap
regime in the literature. T and T are introduced in this thesis. In this figure, except
for T., no phase transitions occur at these characteristic temperatures.

limit. Stable molecules are thus expected to appear below 2|u| ~ Eping, Over-
whelming thermal dissociation. However, when we compare 2|u| with 7, we find
that 2|u| > T. This indicates that, although stable molecules are expected to ap-
pear around 2|u| ~ Eying, this does not immediately indicate the realisation of a
molecular Bose gas. Instead, to realise a gas of long-lived stable molecules, the
temperature needs to be further decreased down to 7. In this sense, the region
between 2|u| and 7 may be regarded as the crossover region between a gas of
metastable molecules and that of long-lived stable molecules.

Summarising our results and discussions, we obtain the phase diagram of an ultra-
cold Fermi gas shown in Fig.3.10. Using the two characteristic temperatures T and
T, we can divide the normal state above T into (1) normal Fermi gas regime (NF),
(2) pseudogap regime (PG), and (3) molecular Bose gas regime (MB). Although
there is no phase transition at 7 or T, this phase diagram would be useful in un-
derstanding strong-coupling properties of this system in the BCS-BEC crossover
region.
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Figure 3.10: Phase diagram of an ultracold Fermi gas in terms of the interac-
tion strength and the temperature, based on the analysis on the specific heat. SF:
superfluid phase. NF: Normal Fermi gas regime. PG: pseudogap regime. MB:
molecular Bose gas regime. In this phase diagram T is the only phase transition
temperature. 7 and T, are characteristic temperatures without being accompanied
by any spontaneous symmetry breaking.
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Figure 3.11: Comparison of our theoretical results with the resent experiment on
a °Li unitary Fermi gas [32]. In this figure, the temperature is normalised by T..
Cp©S is the specific heat in the mean field BCS-theory. The vertical dashed line
shows T, where the calculated Cy has a minimum value.
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3.5 Comparison With Experiment

Finally, in this section we compare our result with the recent experiment on a °Li
unitary Fermi gas [32] in Fig.3.11. The overall behaviour of our result agrees with
the experimental data, especially in the superfluid phase below T.. However, the
calculated Cy in the pseudogap regime (7. < T < T) is somehow larger than the
observed Cy. In this regard, we note that the experimental group states that a finite
spacial resolution inherent in this experiment in a trapped geometry could lead to
a possible suppression of the specific heat near T, [32]. Thus, further analysis in-
cluding these effects are needed to quantitatively explain this experimental result,
which remains as our future problem.

52



Chapter 4

Application To Neutron Star
Equation Of State

In this chapter we propose an idea to study the low density crust regime of a neu-
tron star, by using a superfluid Fermi atomic gas near the unitary regime. In this
idea, we first construct a reliable strong-coupling theory which can well explain
the ground state properties of an ultracold Fermi gas, and apply it to the neutron
star equation of state, by making up for the difference between the two systems
in a theoretical manner. In Sec.1.4, we show that the superfluid NSR theory ex-
plained in Sec.2.2 well explains the recent experiment of a SLi superfluid Fermi
gas in the BCS-unitary regime. Being based on this result, we apply the extended
NSR theory (including the non-vanishing effective range r.¢ = 2.7 fm) presented
in Sec.2.3, to calculate the neutron star equation of state (EOS) in Sec.4.2. In
Sec.4.3 we examine how thermodynamic properties of an interacting Fermi gas
vary when we tune r.g. In Sec.4.4 we discuss corrections to the neutron star EOS
due to higher order density corrections.

4.1 EOS Of A Superfluid Fermi Gas In The BCS-
Unitary Regime

Figure 4.1 shows self-consistent solutions for the Fermi chemical potential u and
the superfluid order parameter 4 obtained by the superfluid NSR theory explained
in Sec.2.2. We find that our results agree well with recent experiments on °Li
superfluid Fermi gases [33, 94], as well as theoretical Monte-Carlo simulation
[93].

We note that the mean-field based BCS-Leggett strong-coupling theory cannot
quantitively explain the observed u and 4, as shown in Fig.4.1. That is, even at
low temperatures where thermal fluctuations are considered to be almost absent,
we still need to take into account strong-coupling corrections beyond the mean-
field level. For this purpose, Fig.4.1 indicates that the NSR scheme works well
near 7/Tr = 0. Indeed, when we evaluate the internal energy E by using the NSR
results for i and 4 in Fig.4.1, it is found to well explain the recent experiment, as
shown in Fig.4.2. (Note that the BCS-Leggett theory again overestimates E.)

As mentioned in Sec.2.3.3, in our numerical calculations targeting the ground
state we set the temperature to 7/T¢ = 0.02. We briefly note that, except in the
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Figure 4.1: Self-consistent solutions for the coupled gap equation (2.54) with
the number equation (2.55) and (2.56) in the BCS-Unitary regime of a superfluid
Fermi gas. (a) Chemical potential u. (b) Superfluid order parameter 4. In both
cases, the effective range .z = 0 fm. In panel (a) the shaded line is the experi-
mental result on a °Li Fermi gas [33]. In panel (b) “QMC” shows the result by
quantum Monte-Carlo simulation [93]. “°Li” shows the experimental results by
Bragg spectroscopy [94].

weak coupling regime ((kpas)_1 < —1), T, is much higher than 7/Tr = 0.02 (see
Fig.2.3 (a)). Thus, our results around the unitarity limit may be regarded as those
in the ground state at 7/Tg = 0.

4.2 Neutron Star Equation Of State In The Low Den-
sity Regime

In Sec. 4.1, we have confirmed that the superfluid NSR theory can correctly deal
with strong-coupling effects on the internal energy in the unitary regime of a su-
perfluid atomic Fermi gas near 7 = 0, we now extend this scheme to include the
non-vanishing effective range r.g = 2.7 fm, for the study of EOS of a neutron star
in the low density crust regime. (This extension has been explained in Sec.2.3).
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Figure 4.2: Calculated internal energy E in the BCS-unitary regime of a super-
fluid Fermi gas at 7/Tx = 0.02 (solid line). The dashed line shows the result
in the BCS-Leggett theory. “DMC” and “AFMC” show the results from diffusion
Monte-Carlo and auxiliary field Monte Carlo simulations, respectively [93]. “CLi”
shows the experimental result on a °Li superfluid Fermi gas [33].

Figure.4.3 shows the calculated Fermi chemical potential u, as well as the su-
perfluid order parameter 4 = 7y,/4, within the framework of the superfluid NSR
theory for the s-wave neutron interaction (where a; = —18.5 fm and reg = 2.7
fm). In this figure, sine the Fermi momentum kg is proportional to n'/3 (where n
is the neutron density), the x-axis is related to the depth of a neutron star, from the
surface. In panel (a), comparing “NSR(r.¢ = 2.7 fm)” and “NSR(7. = 0 fm)”, we
find that effects of the non-vanishing effective range becomes remarkable in the
high density region when kg > 0.8 fm~'. Regarding this, we recall that the effective
range 7. = 2.7 fm gives the momentum cutoff p. = 0.79 fm~! (see Eq.(2.73)). As
a result, effects of this cutoff become crucial when the Fermi energy e.q = k2/2m
becomes comparable to the cutoff energy w = p?/2m.

However, Fig.4.3 (b) shows that the difference between “NSR(r.g = 2.7 fm)”
and “NSR(r.¢ = 0 fm)” has already been remarkable when kg ~ p. = 0.79
fm~!, indicating that the superfluid order parameter is more sensitive to the cutoff
momentum p,. than the chemical potential p.

We note that the present superfluid order parameter,

V|
Ay =ypd = ——, 4.1

2
FC

depends on the momentum p. Thus, 4 shown in Fig.4.3 (b) does not immediately
give the so-called superfluid energy gap E,,,. (Note that E,,, = 4 when reg = 0, or
pc — oo, as far as 4 > 0.) Indeed, when we evaluate the threshold energy E,,, of
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Figure 4.3: Self-consistent solution for the coupled gap equation (2.81) with the
NSR number equation (2.88) (solid line). (a) Fermi chemical potential u. (b)
Superfluid order parameter 4 = y,/4,. We set a; = —18.5 fm, reg = 2.7 fm,
and m, = 936 MeV/c? for the study of neutron matter. Energy is measured in
units of MeV. For comparison, we also show the NSR results with r.g = 0 (dotted
line), as well as the mean field BCS-Leggett result (dashed line). In panel (a) the
dashed-dotted line shows the effective chemical potential u* = u+U(ay, reg)Nvr/2
calculated from the NSR theory with r.g = 2.7 fm. In panel (b) the dashed-dotted
line shows the threshold energy of the Bogoliubov single-particle dispersion £, =

512, + Af,. The solid squares, solid circles, solid triangles, and solid diamonds,

show the results for the threshold energy by quantum Monte-Carlo simulation
[47], renormalisation group [95], deterministic quantum Monte-Carlo simulation
[96], and auxiliary field Monte-Carlo simulation [97], respectively.

the Bogoliubov single-particle dispersion £ P = A /EIZ, + Af,, it is given as the value
of 4, at the momentum pr satisfying

ﬁZ
0=Ep =5 —', 42
pr 2m l’l ( )
when
= u+ Uag, reg)Nvr/2 (4.3)

is the Fermi chemical potential including the Hartree shift (we show u* in Fig.4.3
(a)). As shown in Fig.4.3 (b) the energy gap Eg,, is actually found to be smaller
than 4. We also find that the present E,,, agrees with previous work in the low-
density regime where kg < p. = 0.79 fm™!.

When kg > p. = 0.79 fm™!, our E,,, becomes larger than the previous result [95].
This is because the present simple effective range theory in the s-wave scattering
channel overestimates the phase shift (or the interaction strength) of the s-wave
neutron-neutron interaction when kg > p. = 0.79 fm™! (see Fig.4.4 (b)), leading to
the overestimation of 4. In addition, non-s-wave interactions, such as the p-wave
one , becomes strong in the high density region, as shown in Fig.4.4 (b). While ref
[95] involves this realistic situation of the neutron star interior to some extent, our
approach ignores these. Thus, the present approach is restricted to the low density
region kg < p. = 0.79 fm where the simple effective range theory works.
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Figure 4.4: (a) Calculated neutron star equation of state (solid line), within the
framework of the superfluid NSR theory with a; = —18.5 fm and reg = 2.7 fm.
The dotted and dashed line show the results in the NSR theory with r.g = 0 fm, and
BCS-Leggett theory with r.¢ = 0 fm, respectively. The solid squares [83], circles
[84], diamonds [47], and triangles [85], show the results starting from various
model interactions proposed in nuclear physics, with the name of the model being
written in parentheses. (b) Neutron-neutron scattering phase shift 6(kg). The solid
line shows the phase shift in the present s-wave effective range theory. The dotted
line shows the phase shift in the 'Sy channel [64, 98]. The vertical dotted line
shows the position at the cutoff momentum p. = 0.79 fm~!. In panel (b), we also
show the phase shift in the *P, channel.

Regarding the above discussion, we note that the Hartree shift (the last term in
Eq.(4.3)) largely increases the Fermi momentum pr = +/2mu* (see the differ-
ence between y and y* in Fig.4.3 (a)). This correction is crucial for the above-
mentioned agreement of E,,, with the previous work. When y is used instead of
u* in Eq.(4.2) (when we ignore the correction from the Hartree shift) a smaller pg
gives a larger value of the threshold energy E,,, in Fig.4.3 (b).

Using the basic data set shown in Fig.4.3, we compute the neutron star equation
of state (EOS) as a function of kg, as shown in Fig.4.4 (a). In the low-density
region (where kg < p.), our combined NSR theory with the effective range theory
agrees well with previous EOS results obtained in nuclear physics [47, 83—85]. As
these previous results are based on pseudopotentials calibrated so as to reproduce
nucleon scattering experiments it is difficult to ascertain to what extent many-body
effects are included. Our results shown in Fig.4.4 (a), together with the results
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Figure 4.5: (a) Calculated effective chemical potential u* = u + U(ay, reg) NmEe/2.
(b) Superfluid order parameter 4 (c) Internal energy E. (d) Stoner factor (Ou™ /o)
in Eq. (2.91). We take a; = —18.5 fm. The dashed line shows the result at
kg = p. = 0.79 fm™!. The dotted line shows the case of a neutron star (reg = 2.7
fm).

presented in Sec 4.2, thus help to give experimental support in this regard. That
is, although the inclusion of non-vanishing effective range (r.g = 2.7 fm) is still
a theoretical challenge, the inclusion of strong-coupling corrections by the NSR
scheme is fully supported by the recent experiment on a °Li superfluid Fermi gas,
as shown in Fig.4.2.

We see in Fig.4.4 (a) that our EOS gradually deviates from previous results when
kg Z p.. As mentioned previously, this is simply because the present simple ef-
fective range theory does no longer agrees with the phase shift in the 'S, channel
in this regime, as shown in Fig.4.4 (b). In addition, in the higher density region
other partial wave channels (such as P, shown in Fig.4.4 (b)), which are included
in the previous results, should become important. Extending the present NSR
approach to include these points is our exciting future problem. We briefly note
that, because the conventional NSR theory with r.g = 0 also includes the above
mentioned issues, the agreement with the previous work up to kg = 2 fm~! seen in
Fig.4.4 (a) is accidental.

4.3 Effects Of A Finite Effective Range On Thermo-
dynamic Properties
We show in Fig.4.5 several physical quantities at various values of the effective

range (0 < reg < 3 fm). Although the present approach is valid for the low density
region, kg < p. = 0.79 fm~!, we also show the results in the region kg > p.,
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for reference. In panel (a), one sees that the effective chemical potential y* in
Eq.(4.3) is not so sensitive to the effective range in the low density region (kg < p.).
Since the Hartree shift U(ay, req)Nvr/2 increases with increasing the value of reg
(see Eq.(2.72)), this means that the effective range effects on the (bare) chemical
potential u are compensated by the Hartree shift to some extent. On the other
hand, since Fermi particles near the Fermi surface are important for the Cooper-
pair formation, the pairing is suppressed when the Fermi momentum kg exceeds
the cutoff momentum k.. Because of this, the superfluid order parameter 4 is
sensitive to r.g as seen in Fig.4.5 (b).

At a glance, the r.g-dependence of 4 shown in Fig.4.5 (b) makes us expect that
the internal energy E is also sensitive to r.g, because of the r.g-dependence of
the superfluid condensation energy (which is deeply related to 4). However, the
calculated internal energy E shown in panel (c) is actually not so sensitive to reg
in the low density regime. This indicates that, although the loss of superfluid
condensation energy by the suppression of 4 increases E, (at least compared to
the NSR case for r.g = 0 fm). The Hartree energy term —U (a;, reff)NI%/[F /2 lowers
E, which compensates the former effective range effect. Figure 4.4 (a) implies
that such a compensation phenomenon occurs in the low density region, so that
EOS is still comparable to that in the case when r.g = 0 fm when kg < p.. This
indicates the importance of the Hartree-term, in quantitatively investigating EOS
in the crust regime of a neutron star interior.

In Fig.4.5 (d), we show the Stoner factor (9u*/dw), associated with density fluc-
tuations in Eq.(2.91). When the bare attraction interaction U(ay, reg) iS non-zero
density fluctuations are known to be enhanced by this interaction. However, al-
though the Stoner enhancement really occurs ((Ou*/du); > 1) in the present case,
Fig.4.5 (d) shows that this enhancement is not so remarkable in the low density
region (kg < p.). In this sense, density fluctuations are not so important in this
region.

4.4 Correction From Density Fluctuations To The
Equation Of State

The NSR theory is based on the assumption that pairing fluctuations (fluctuations
in the Cooper channel) associated with a strong attractive interaction dominates
over system properties. Regarding this assumption, Fig.4.5 (b) shows that the
superfluid order is suppressed in the presence of a non-vanishing effective range,
especially when kg > p.. In addition, as mentioned previously, Figs.4.5 (a) and (c)
imply the importance of the Hartree term when r.g # 0. Furthermore, the Stoner
factor, associated with density fluctuations, appears in the NSR theory when r.g #
0, becomes large when kg > p. (see Fig.4.5) (d). These facts make us expect
that other interaction channels, such as density fluctuations, may also become
important in the case when the non-vanishing effective range exists, which the
current NSR theory completely ignores.

Thus, although we can not include all the possible diagrams coming from H{

in Eq.(2.77), in this section we evaluate all the second order diagrams that are
ignored in the NSR theory. For this purpose we rewrite the interaction term Hj in
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Figure 4.6: Effects of E ., in Eq.(2.93) to the internal energy when r.g = 2.7 fm.
The inset shows E.g,..

Eq.(2.77) in the following two forms :

H = ~Ua,ra) ), YpYpps (0, 9p-(p',—9), (4.4)
p-rq

Hy = -Ulay, ren) Z Yorv+or2Yorr -9t (P On-(p',—q).  (4.5)
prq

These are convenient forms in considering superfluid fluctuations and density cor-
rections, respectively. In Eq.(4.4) and Eq.(4.5), we have introduced

1 .

p+(p,q) = E‘Pjﬁq/Z[ﬁ £i12]¥pgp25 (4.6)
1 il

n.(p,q) = E\Pp+q/2[T3 = § ) S 4.7)

The second order correction ., to the thermodynamic potential € in terms of
Hj is obtained from Eq.(2.12) as,

1 B B
QCOH:_ZBIO deo dv’(H{(7)H{(T'))c. (4.8)

Using Eq. (4.4) for both H’s in Eq. (4.8) results in contribution from the second-
order diagram Qﬁ;R in Fig.2.7 (a), which has already been included in Qygg in

Eq. (2.85).

Actually, Qngsgr, may also be regarded as a contribution coming from fluctuations
in the density channel. Indeed, when we choose Eq.(4.5) for both H;’s in Eq.
(4.8), the second-order correction Q%R is again obtained. Since this contribution

is already included in the NSR theory, we don’t have to include this case here.
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The correction that contributes to Q. is obtained, when we choose one H{ as Eq.
(4.4) and one as Eq. (4.5). This gives

Qcorr = _U(as, reIT)ZT Z Yw+r+912Y o+ -0)/2Y Y v
PP’ q:vn
X [Hf-’:(p’ q, an)H’ip—(p” -9, iVn) + Hﬂ)—n—(p’ q, ivn)H,:-p—(p/’ —-q, an)]

2
= 2U(ay, reg)’T Z Ywir+0)2Y w0 -9 /2Y Y v
p,p’,q,Vn

I (p, q, iv)IT (P, q, ivy), 4.9)

X

where

Hgmﬂjwy:TZ)qnG@+qﬂmw+h@m6@—qnduﬂ, (4.10)

HywﬂJwy:TZ)qmé@+qﬂmw+anG@—qﬂJ@ﬂ. (4.11)
and we use the symmetry properties, I (p, —q, iv,) = I} (p, —q, iv,) = I (p, q, iv,),
and IT” (p, q,iv,)) = IS (p, q,iv,). These correlation functions physically de-
scribe couplings between superfluid and density fluctuations [20].

Summing up the Matsubara frequencies in I, in Eq.(4.9), gives

i [(1 N £ ) [1 —np(E,) — np(E_) B np(EL) — nF(E)]

I(p, q,1v,))

4E, E iv, + E, + E_ iv,—E. +E_
+ (1 _ éﬁ_—) [1 - ”F(Et) - nlj(E—) _ nF(E+) ~— ”F(?—)] (4.12)
iv,—E, - E_ iv, +E, — F_

Where Ai = APiq/Z’ 51 = gpiq/z, and Ei = Epiq/Z'

Substituting Eq.(4.12) into Eq.(4.9), we obtain, after carrying out the v,-summation,

U(as’ reﬂ')2 g —-q/2 g '—q/2
Qm:-—j——ZP—Ji%P—#iﬁ

ppq p-q/2 Ey g2

YoYo Yrr+92Ypip-924prq24p +q2

X = ~ — ~ — — . (4.13)
EpignEpiqn [Ep+q/2 +Epgpnt Epigpn+ Ep'—q/Z]

For simplicity, we have taken the zero-temperature limit in Eq.(4.13). The correc-
tion E,, to the internal energy E, is then obtained from from Eq.(4.13) as

Qcorr
Ecorr = Qcorr -T 0 + ,UNcorr’ (414)
oT p
where 2w\ (80
Ncorr = _( e ) ( C*OIT) ’ (415)
ou |\ ou*. ),

Fig.4.6 shows E + E . (we briefly note that we have resolved the gap equation
Eq.(2.81), together with the number equation N = Nyg + Nnsr + Neorr including
the correction term in Eq.(4.15)). The correction E.,,, is found to be actually very
small compared to the NSR internal energy E, at least in the low density region.
Thus, the inclusion of superfluid fluctuations described by the diagrammatic series
in Fig.2.7 (a) is considered to be effective in the low-density crust regime of a
neutron star.
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Chapter 5

Summary

To summarise, we have theoretically investigated effects of strong pairing fluc-
tuations in the BCS-BEC crossover regime of an ultracold Fermi gas. Including
fluctuations in the Cooper channel within the framework of the strong-coupling
NSR (Nozieres and Schmitt-Rink) theory [15], we examined how the specific heat
at constant volume Cy is affected by pairing fluctuations in the whole BCS-BEC
crossover regime in the normal and superfluid state. We have also discussed a
possible approach of this highly tunable Fermi atomic system to the study of the
equation of state (EOS) of a neutron star in the low density crust regime.

We found that the temperature dependence of the specific heat Cy is complicated
and is sensitive to the strength of a pairing interaction in the normal state above 7.
Analysing the detailed behaviour of Cy, we succeeded in obtaining the character-
istic temperatures T and T. Using these, we determine the region where system
properties are dominated by pairing fluctuations, as well as the strong-coupling re-
gion where the system may be regarded as an almost ideal molecular Bose gas, in
the phase diagram of an ultracold Fermi gas with respect to the temperature and in-
teraction strength. From the comparison of these characteristic temperatures with
the previous pseudo gap temperature 7 [22] and spin gap temperature T [24],
we pointed out that the above-mentioned regime with strong pairing fluctuations
corresponds to the so called pseudogap regime discussed recently [22, 44, 45].

We also compared the calculated Cy with the recent experiment in a °Li unitary
Fermi gas [32]. Our result was shown to agree with the observed Cy in a semi
quantitative level.

We further extended the superfluid NSR theory [20, 21] so that it can deal with the
case with non-vanishing effective range r.¢ # 0. Combining this with the recent
EOS experiment on a °Li superfluid Fermi gas in the BCS-unitarity regime [33],
we have explored the possibility that an ultracold Fermi atomic gas can be used as
a quantum simulator for the study of the EOS in the low density crust regime of
a neutron star interior. After checking that the superfluid NSR theory can quan-
titatively explain the observed internal energy in the BCS-unitarity regime of a
SLi superfluid Fermi gas, we employ the extended superfluid NSR theory with the
realistic value reg = 2.7 fm of the effective range of the neutron-neutron interac-
tion, to evaluate the neutron star EOS. In the low density regime (kg < 1 fm™),
our results agree well with the previous ones obtained in nuclear physics. We em-
phasise that, in our approach, inclusion of many-body effects are fully supported
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by the recent EOS experiment in cold Fermi gas physics, except for effects of
the non-vanishing effective range. This is quite different from the previous work,
where such experimental support is up to construction of few body interactions,
and inclusion of many-body effects is a fully experimental challenge. Our result
indicates that an ultracold Fermi atom gas may be used as a quantum simulator
for the study of other systems in a more flexible manner than the current approach
(where perfect replication of a target system is attempted), when the difference
between the Fermi gas system and target system is made up for by using a reliable
strong-coupling BCS-BEC crossover theory.

Since humanity does not currently possess the technology to directly measure the
neutron star EOS, our idea for using the thermodynamic properties of a strongly
interacting Fermi gas along with strong coupling theory provides a novel route, in
addition to astrophysical observations and nuclear physics, in studying this mys-
terious object.

In this thesis, we have restricted our theoretical approach to the NSR level. In-
clusion of higher-order pairing fluctuations beyond this scheme would be an im-
portant future problem, in order to obtain more quantitative agreement with the
observed specific heat in the normal state of a °Li unitary Fermi gas near T.. For
this purpose, inclusion of spacial inhomogeneity coming from the trapping ge-
ometry would also be important. In addition, we have only dealt with the case
of an s-wave pairing interaction. Since a tunable p-wave interaction associated
with a p-wave Feshbach resonance has been realised in ultracold Fermi gasses
[7, 35, 36, 41], it is also an interesting future problem to explore the possibility
that this p-wave interacting Fermi gas is usefull to study the deeper region of a
neutron star interior.

Since understanding strong coupling properties of an ultracold Fermi gas in the
BCS-BEC crossover region is a crucial issue for, not only the development of
cold Fermi gas physics, but also various complicated many-body systems that
are waiting for a quantum simulator, our results would contribute to the future of
various research fields.
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Appendix A

Proton Fraction In Non-Interacting
Nuclear Matter

In this appendix, we evaluate the neutron population from the beta-equilibrium
condition in Eq.(1.9), together with charge neutrality. Considering Eq.(1.9) (where
the Fermi chemical potential is given in Eq.(1.10)), we find.

[204 4 2 2 — 204 4 2 2 204 4 2 2
mict + pr ¢ = \/mpc + pp,c* + \/mec + PpC
~ \/mrzlc“ + pf:pc2 + \/(,an)2 ct+ pf:pcz, (A.1)

where we assumed charge neutrality pg, = pr., and m, ~ m,, m, = m,, where
B =1/1836.12 [99].

1/3
Using pg; = 1 (37r2n,~) ! (i = n, p) and defining the proton fraction Y, = n,/n,, we
can rewrite Eq.(A.1) as

1 +aii2? = \/1 +an, Y, + \/ﬁ2 +ai, Y, (A.2)

In Eq.(A.2) #i, = n,/ng, with ny = 0.16fm=> being the nuclear saturation density
[61], and we have defined

a=—"—=0.124 (A.3)
(using 7ic = 197 MeV fm and m,, = 939 MeV/c?).

The total mass density is given by

p = mun, +myn, +mn,

(1+1+pY,)mn,. (A.4)

Normalising Eq.(A.4) in terms of the the neutron mass density pg = m,n, at the
nuclear saturation density, and substituting into Eq.(A.2), we have

p 2/3 pr 2/3
1“L"‘1+(1+ﬁ)1/,,] = 1+“1+(1+ﬁ)yp]
pr 2/3
N \/,82+a —1+(1+,6’)Y,,] . (A5
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MATTER

where p = p/py. Equation (A.5) is a self-consistent equation for the proton frac-
tion Y, for a given p. The solution of Eq.(A.5) is shown in Fig.1.11. In the high
density limit (0 > 1) Eq.(A.5) gives ¥, = 1/8.
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Appendix B

Derivation Of Eq.(2.57) And
Eq.(2.60)

To derive Eq.(2.57) and Eq.(2.60) from the gap-equation Eq.(2.54) , we conve-
niently define

1 E, 1
T,u,4) = ——tanh — — —|. B.1
g(T, 1, 4) ;[ZE,, anh 28p] (B.1)

We note that g (T, u, 4) = 1 when 4 and u satisfy the gap equation (2.54). In such

a case, one finds
A
o~ (5),~ ()., (5),(5) ®2
o)y \Ou), 7 \Ou)p\04), ¢

when Eq.(2.54) is satisfied.

Here, Eq.(B.1) gives

E,\ 1 E
Ty E, 2T
dg A1 L(E)\ 1 E,
Z) = Y S| —msech?(22] - — tanh 2] . B.3
(611)#1 Zp:zEZ [2Tsec (ZT E, "\2r ®-3)

Substituting Eq.(B.3) into Eq.(B.2), we obtain

|
|
“M
\®)
|2
()
—
NES
w
o
o
=
(3]
—_———
S|
Nix

)
g - 2
ou ),

gl’ 1 2 EP 1 EP
Z E [ﬁS@Ch (ﬁ) - E_p tanh (ﬁ)]
= . (B.4)

A1 E,\ 1 E
Z | —sech?(Z2) - — tanh| =2
ZP:E2 [ZTSCC (ZT) E, " (ZT)]

p

Similarly, taking the derivative of Eq.(B.1) with respect to T while keeping the
chemical potential u fixed,

_(98) (%) (%) (2
i B ) L o L
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APPENDIX B. DERIVATION OF EQ.(??) AND EQ.(??)

Using Eq.(B.3) and
ag 1 2 (Ep
2] =_-) —gsech?|-2L B.6
(6T)M a7 (ZT (5.0

one reaches

or
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Appendix C
Derivation Of Eq.(2.71)

» Rez

Figure C.1: Integral contour I' in Eq.(C.2). Four poles of the integrant are also
shown (red X).

To derive the expression for the momentum cutoff p. in Eq.(2.71) in the effec-
tive range theory, we introduce the function,

4n 5 [ 1 1 ]
—_ fy , - —
m Pl 2ey — 2ep +i0) 26y

2p5f°°d, p*
= p ,
T Jo p*+p;

where we have redefined mé — ¢ in obtaining the second line.

Ip

1 1
- — C.1
p/2 _p2 -0 pfz] ’ ( )

To evaluate Eq.(C.1), we also introduce the complex integral,

1 2 1
I = = |d
' 2frzz2+p3z2—p2—i5
1 f 7
= - | dz . : : —, (C.2)
2Jr (@+ip)(z—ip.)(z+[p+id])(z—[p+id])

where the path I' is given in Fig.C.1. Evaluating the residues at the poles z = ip,
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and z = p + id, one has

| pe ip
I — + . C3
LT 2 pr (3
Taking the radius of the contour to infinity, we reach
2 2
Ip — pc [[F _ T :|
n 2p.
= pc(vy-1)+ipy, (C.4)

Using this, we can evaluate the momentum summation in the denominator in
Eq.(2.69) when the basis function 7y, in Eq.(2.70) is used, which gives Eq.(2.71).
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