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ABSTRACT

Zero Sound in Liquid *He near the Superfluid Transition
Wei-Ting Lin

Fluctuations are ubiquitous in physics. For a system close to a phase transition,
the order parameter fluctuations are strong. In this thesis we study the pair fluctua-
tions in liquid *He when it is close to the superfluid phase transition. Liquid *He is a
neutral Fermi liquid, which allows zero sound to propagate at low temperatures. We
focus on the zero sound properties in the presence of pair fluctuations. The existing
theory is based on a heuristic collision integral. Although the zero sound attenuation
generated by this collision integral is consistent with experiment, it lacks a micro-
scopic foundation. The motivation of this work is to derive the collision integral from
a more microscopic point of view. We investigate two different approaches. The
tirst approach is based on the conventional kinetic equation, and the second one is
novel but closer to the fluctuation theory for superconductors. We obtain a collision
integral which is qualitatively different from the heuristic one. Furthermore, results
beyond the collision integral are obtained. Our results are compared with the existing

experiments, and we obtain close agreement on the attenuation.
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Preface

Almost all substances on Earth become solid when the temperature is low enough.
The only exception is helium, which remains liquid even at absolute zero.! Although
this property seems exotic, the research of liquid helium is actually connected to
various branches of physics. Helium has two isotopes, *He and *He. Although they
are chemically similar, “He is a boson and *He is a fermion. At low temperatures,
quantum statistics becomes important and the two isotopes behave very differently.
At low temperatures, “He atoms can occupy the same quantum state. The coherence
of these condensed atoms makes the liquid “He a superfluid, which can flow without
viscosity.” This exotic behavior is a manifestation of the quantum nature of the liquid,
and thus superfluidity is considered to be a macroscopic quantum phenomenon and
has been studied for many years since its discovery.

The other isotope, *He, is a fermion and follows the exclusion principle, like the
electron. At low temperatures, electrons in some solids can flow without resistivity,
which is similar to superfluidity and called superconductivity. Since fermions cannot
occupy the same quantum state, superconductivity is generated through a different
but related mechanism. If there is attraction between fermions, two fermions can bind
into a Cooper pair. Cooper pairs are bosons, and thus they can form a condensate. *He
IThis statement is for normal pressures. Helium can become solid at high pressures.

“More precisely, the liquid contains the normal part and the superfluid part. It is the superfluid part
which flows without viscosity.



atoms are fermions and can also become a superfluid through Cooper pairing. Super-
fluid He thus provides an analogue of superconductivity, in a very different system.
Indeed, the *He atom is neutral instead of charged, and the strongest pairing interac-
tion is in the p-wave channel, which makes the order parameter much richer than that
in the conventional superconductors. Therefore, superfluid *He has both similarities
and differences compared to superconductors. Moreover, the normal phase of liquid
3He also shares similarities with electrons in metals, as electrons can move in a metal
like a liquid. These systems are called Fermi liquids. In summary, liquid *He is a
unique system, which provides insights and connections to other condensed matter
systems, but also has its own special properties.

In this thesis we focus on zero sound near the transition temperature. Zero sound
is a collective mode in liquid *He, which has been studied for a long time (see Chap-
ter 2). When the temperature is above but near the superfluid transition temperature
of liquid *He, pair fluctuations become strong and should have an influence on zero
sound (see Chapter 1). We consider two different approaches to this problem. The
tirst approach is based on the conventional kinetic equation. To include the influ-
ence of pair fluctuations, we use the Keldysh method to derive the kinetic equation,
where the leading-order contribution to the self-energy gives rise to the standard
Boltzmann-Landau equation. The pairing interaction gives a subleading contribution,
which becomes singular near the Cooper instability. We then apply the kinetic equa-
tion with corrections from pair fluctuations to the zero sound problem. This approach

can easily be generalized to other quasiparticle transport problems.



In our second approach, we consider a novel way to describe zero sound. The
theory is formulated in terms of an action with fermion fields representing the He
quasiparticles. Using the Hubbard-Stratonovich transformations, we introduce two
boson fields for zero sound and the pair fluctuations. With fermion degrees of free-
dom integrated out, we obtain the collisionless kinetic equation describing zero sound
and the second-order Ginzburg-Landau equation describing pair fluctuations from
the leading-order expansion. We then consider the higher-order terms in the expan-
sion, which give the interactions between zero sound and pair fluctuations. We obtain
diagrams for the self-energy for zero sound phonons that are similar to the diagrams
in the theory of paraconductivity. The corrections, however, are too large and have
strong frequency dependence. We have not understood the cause of the discrepancy
between this result and experiments, but given this approach considers the collective
mode and the pair fluctuations on an equal footing and suggests a connection to the
paraconductivity theory, we think it might be useful for the future. As we shall see,
the pair fluctuations in liquid *He have not been studied well yet. We hope this work

will shed some light on this area.
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CHAPTER 1

Introduction

In our world, there are many different materials and it seems impossible to find
any general principle for these materials from a microscopic point of view. The de-
velopment of condensed matter physics in the last century is thus astonishing. In
particular, although there is still no general principle or theory which can be applied
to all materials, we have a good theory for metals. The simplest model for metals is
the free electron model, which considers a metal to be a box containing independent
electrons. Since the electrons are independent, this model is effectively a one-body
problem, and can be solved easily. The many-body nature of this model appears
only in the Pauli exclusion principle, which implies a Fermi sea as the ground state.
Surprisingly, this simple model works well for many metals [1], considering that the
Coulomb interaction between electrons is strong.

The effectiveness of the free electron model was explained by Landau’s Fermi lig-
uid theory [2]. According to this theory, the strong interaction does not totally destroy
key features of the free electron model. For a Fermi liquid, the Fermi surface exists
and the properties of the original fermions are changed by the interaction. Around
the Fermi surface, Landau argued that the fermions have long lifetime, compared
to their energy, and called them quasiparticles. Therefore, the low-energy behavior
of the Fermi liquid can be described by the “gas” of the quasiparticles around the

Fermi surface. By “gas” we mean the lifetime of the quasiparticles is long, similar to
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free fermions. In a Fermi liquid, the quasiparticles still interact with each other, and
the interaction can be strong and lead to bosonic modes. This picture explains why
the free electron model works well for many metals. Landau’s Fermi liquid theory
and the concept of quasiparticles have become the cornerstone of condensed matter
physics. Among others, the most successful case is plausibly liquid *He.! The 3He
atom contains two protons, two electrons, and one neutron, and the whole atom is
a spin-3 fermion, due to the unpaired neutron. Like its isotope *He, 3He becomes
a liquid only at low temperatures. The Fermi energy of *He is about a few Kelvin.
For temperatures well below T, liquid *He can be described quantitatively by Fermi
liquid theory.

Liquid *He can be made extremely pure at low temperatures. In contrast, it is dif-
ticult to achieve the same level of purity in electronic systems because of the existence
of crystal lattices and relative ease for impurity contamination. On the other hand,
since liquid *He is a Fermi system, it shares some similarities with electronic systems.
In particular, liquid *He can become a superfluid by Cooper pairing [3]. The Fermi
liquid behavior and the Cooper pairing make liquid *He a great model system for
understanding interacting fermions.

In any system with a symmetry-broken phase, the “boundary” between the disor-
dered and ordered phases has interesting properties because of the order parameter
fluctuations. Physical properties show abrupt change at the phase transition tem-
perature. Nonetheless, if we carefully check the neighborhood of the transition tem-

perature, we may see some precursor to the ordered phase. The most well-known

!Indeed, this system is what Landau considered in his original paper [2].



18

example is paraconductivity, in which the resistivity of a material drops below the
normal value right before entering the superconducting state. The order parameter
fluctuations thus “smear” the phase transition. This might be an obstacle for precise

measurement of the transition tempera’cure.2

Therefore, studying order parameter
fluctuations is not just interesting in theory, but it also has practical value. In this
thesis we focus on liquid *He with temperature approaching the superfluid phase
transition from above. In particular, we investigate how the fluctuations change the

kinetic equation for a Fermi liquid. In the following section, we will give a review of

the history on this topic.

1.1. Pair fluctuations in liquid *He

The superfluidity of liquid *He was discovered by Osheroff, Richardson, and Lee
in 1971 [4]. One of the interesting properties of superfluid *He is the angular mo-
mentum of the Cooper pairs. Before the discovery of the superfluid phase, there
were studies about the possible pairing in *He, including p-wave and d-wave pair-
ings; see Vollhardt and Wolfle [3]. In order to check the angular momentum of the
pairing, Emery considered the pair fluctuations due to pairings with different angular
momenta, which can give corrections to transport properties like viscosity above the
transition temperature [5]. He then argued that by measuring the corrections, we can
determine which is the correct pairing. However, the correction due to pair fluctua-
tions is small and can only be observed by checking a narrow range of temperatures
near the transition temperature T.. To the best of the author’s knowledge, the only

relevant experiment was done by Parpia et al. [6], in which they observed unexpected

2 want to thank Man Nguyen, who pointed this out to me.
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behavior around T.. Unfortunately, the experiment suffered from a strange deviation
from the Fermi liquid behavior when the temperature was below 4 mK, and thus there
was no clear conclusion.

The fluctuations do not only change the viscosity. Indeed, the superfluid phase
does not just affect the viscosity, but sound propagation is also influenced [7]. The
experiment by Paulson and Wheatley shows that the attenuation of zero sound is
enhanced near T; [8]. As shown in Figure 1.1, the zero sound attenuation increases by
a few percent from the normal value when the temperature is within about 10% of T..
Since the T? behavior of the zero sound attenuation is the prediction of Fermi liquid
theory, which has been confirmed in liquid *He experimentally [9], the deviation from
the T? scaling is an interesting phenomenon. Based on Emery’s collision integral,
Samalam and Serene proposed a theory to explain the additional attenuation in the
vicinity of T [10]. Their result is consistent with Paulson and Wheatley’s experiment,
as shown in Figure 1.2. A similar study by Pal and Bhattacharyya [11] obtained the
same result.

Another experiment by Lee et al. [12] focused on the zero sound velocity. The
sound frequency used in this experiment is higher than the energy gap at zero tem-
perature (w > 2Ap), and they observed a velocity drop near T. (Figure 1.3). The
observed velocity drop is about 30 ppm. They pointed out this phenomenon might be
related to pair fluctuations, but no conclusion could be made until “more careful and
rigorous experimental and theoretical work is performed.”

The above discussion summarizes the studies on fluctuation phenomena in liquid

SHe up to the point prior to this work. As we can see, there are only a few studies
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Figure 1.1. This figure is taken from Paulson and Wheatley [8]. The
sound frequency used in the experiment was w /27 = 25 MHz, and the
pressure was 30.87bar. The zero sound attenuation is normalized by
the attenuation at T., denoted by ag.. Furthermore, the vertical axis is
normalized by the factor T2, so the Fermi liquid behavior is represented
by the horizontal dashed line.

on the pair fluctuations in liquid *He, and our understanding of them is far from
satisfactory. In particular, although Samalam and Serene’s result is consistent with
the experiment [10], their theory is based on a heuristic collision integral and cannot

explain the velocity drop. On the other hand, the velocity and attenuation are given by

the real and imaginary part of the dispersion relation, respectively. Considering that
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Figure 1.2. This figure is taken from Samalam and Serene [10]. The
circles show the zero sound attenuation data from Paulson and Wheat-
ley [8], normalized by T? and the attenuation measured at Tc. The solid
line is the theoretical result obtained by Samalam and Serene [10].

the pair fluctuations can influence the attenuation, it is almost certain that the velocity
is also affected. From this point of view, the theory is not complete, and thus we want
to perform a more thorough theoretical study. It should be remarked that in contrast,
the fluctuation phenomena in superconductors have been studied extensively [13-20].
As mentioned above, liquid *He shares similarities and differences with electronic

systems, which also motivated us to study the pair fluctuations in liquid *He.
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Figure 1.3. This figure is taken from Lee et al. [12]. The pressure used
in the experiment was 0.6bar, and the transition temperature at this
pressure is about 1 mK. The sound frequency is 113 MHz. Below 1.2mK,
the velocity has a drop about 30 ppm.

1.2. Thesis outline

22

In this thesis we focus on zero sound, which is a important feature of neutral Fermi

liquids. In the next chapter we briefly review Landau’s Fermi liquid theory and the

theory of zero sound. In particular, we develop a perturbation theory for zero sound

attenuation at the end of this chapter, which will be used later. The current theory for

the additional zero sound attenuation observed by Paulson and Wheatley [8] is based

on a collision integral with the transition probability given by Emery [5]. In order to

understand the collision integral more thoroughly, we derive the kinetic theory from

the quantum field theory of interacting fermions, which is described in Chapter 3. In
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Chapter 4 we calculate the sum of ladder diagrams in the particle-particle channel us-
ing the Keldysh method. The sum gives the effective interaction between two particles
with opposite momenta, which diverges at the superfluid phase transition and signi-
ties the Cooper instability. We then calculate the self-energy induced by this effective
interaction, which gives an correction to the quasiparticle dispersion relation and the
collision integral to the kinetic equation. The collision integral has a different form
from the one proposed by Emery [5] using a heuristic approach. In particular, there
is no quantum interference in our collision integral, which is more reasonable since
no phase coherence exists in the normal state. The zero sound attenuation calculated
from our collision integral shows close agreement with the experiment on the temper-
ature dependence. The pressure dependence also follows the tendency observed by
Paulson and Wheatley [8]. Moreover, the correction to the quasiparticle energy leads
to a velocity drop of zero sound.

We study a totally different theory in Chapter 5, where we introduce two boson
tields for the zero sound and the pair fluctuations using the Hubbard-Stratonovich
transformation. Integrating out the fermion fields gives the dynamics and interactions
for the two boson fields. Thus we can study the influence of pair fluctuations on zero

sound using the interactions. We give the conclusion in Chapter 6.
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CHAPTER 2

Fermi Liquid Theory

Landau’s Fermi liquid theory plays a fundamental role in the theory of interacting
fermions. In condensed matter, the interactions between fermions are usually large.
For electrons in metals, both the kinetic energy and the Coulomb interaction are of
the order of 10eV (see textbooks on condensed matter physics, for example, [1, 21]).
Since the interaction energy is as strong as the kinetic energy, the interaction cannot
be considered to be a small perturbation in the free Fermi gas, and thus direct pertur-
bation methods cannot help us understand interacting fermions. For liquid *He, the
interaction between Helium atoms is also not weak, because the interparticle separa-
tion is of the atomic scale and there exists strong repulsion between particles. Landau
proposed a phenomenological theory to describe interacting fermions [2]. This Fermi
liquid theory has been successfully applied to liquid *He, in which the predictions
agree with experiments quantitatively [22, 23].

In this chapter, we review the basic concepts of Fermi liquid theory and the rele-
vant results which will be used later. We begin with the theory of a free Fermi gas,
in which the essential concepts like Fermi surface and low-energy excitations are de-
veloped. Those essential concepts are used in Fermi liquid theory as well. Landau’s
phenomenological theory of Fermi liquids is introduced as an extension of the theory

of the free Fermi gas, with some important additional ingredients and modifications.



25

We discuss zero sound as an important result of Landau’s theory, which also moti-

vated this work and will be studied further in later chapters.

2.1. Free Fermi gas

In this section we consider the free Fermi gas in a 3D box with volume V. The
single-particle states of this system are labeled by momentum p and spin ¢. A nonrel-
ativistic particle in the box has energy eps = p?/2m in the absence of a magnetic field.
To study the Fermi gas, we consider the grand canonical ensemble with temperature

T and chemical potential . The partition function can be written as

Z =Tre PUH-#N) (2.1)
with
H—uN =Y (epr — 1) ¥potpo, (2.2)
pU

where ' and ¢ are the creation and annihilation operators for the fermions.! The

H—uN)

operator e Pl can be diagonalized using the Fock states |{rnp,}), and thus the

partition function becomes

7z — Z eiﬁzpa(epﬂfl/‘)"pa

ree) (2.3)
= H 2 e~ Blepr—t)npr — H (1 + e*ﬁ(epvfﬂ)) )
all po nps=0,1 all po

IFor simplicity, we do not put a hat on a quantum operator, and sometimes the same symbol is used
for both the quantum operator and its expectation value. It should be easy to distinguish them from
the context.
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Note that the Pauli exclusion principle requires that n,, = 0,1 for each state. The
average occupation number in each state can be obtained by taking the variation with

respect to the singe-particle energy €,

___lémz 1
P = B depo  ePlepo—m) 417

(2.4)

Similarly, taking the derivative with respect to the chemical potential y gives the

average number of total particles

N =Y np. (2.5)
po

The average energy can also be expressed in terms of the occupation numbers,

E=(H)=) epohpo- (2.6)
po

Other thermodynamics quantities can be derived from the grand potential (3 =
—TIn Z. In particular, we have the entropy
po
Note that all these quantities can be expressed in terms of the distribution function
npg'.
The distinctive feature of fermions is the Pauli exclusion principle, which deter-
mines the distribution at low temperatures. Consider the free Fermi gas at T = 0.

Using the expression (2.4), the occupation number is np; = 0 for €py — p > 0, while
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npe = 1 for €p; — p < 0. Thus, the surface determined by €, = #(T = 0) in the mo-
mentum space separates the states which are fully occupied and the states which are
empty. This surface is called Fermi surface, and the corresponding energy is called
Fermi energy, denoted by er. For isotropic systems like the free Fermi gas, the Fermi
surface is a sphere, and the radius is called Fermi momentum, denoted by pr. For
the free Fermi gas, we have the relation e = p2/2m, and thus e = u(T = 0). If the
total number of particles N is fixed, then the chemical potential is determined from
the relation (2.5), and thus the Fermi energy is related to the particle number density.
Indeed, since the occupation number n,, = 1 for p < pg and vanishes otherwise, we

immediately obtain

_ N 1 4 5 pp
n_V—Zx(zn)3>< 3PF_3712’ (2.8)
where we have approximated the summation by an integral,
d>p
_v / P (2.9)
; (27)3

and the factor of 2 is from the two degenerate spin states. The Fermi energy can then
be written as
(37%2n)2/3

ep =g . (2.10)

Note that pressure, which depends on the number density, can influence the Fermi
energy. For metals, the order of magnitude of the Fermi energy is usually about 10* K
to 10° K [1], which is much higher than the temperature for normal applications. For

liquid *He, the Fermi energy is a few Kelvin, but we will focus on temperatures near
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the superfluid phase transition, which happens at a few millikelvins. Therefore, we
usually can describe the system by its ground state and low-energy excited states.

The ground state of the free Fermi gas is a filled Fermi sphere. Due to the Pauli
exclusion principle, excited states can only be created by adding particles to the single-
particle states above the Fermi surface, or removing particles from the occupied states
below the Fermi surface (another way to describe this process is adding holes below
the Fermi surface). At a temperature T < €, these processes can only happen within
a thin shell around the Fermi surface with the width determined by the energy scale
T, as shown by the expression (2.4). We remark that although the above argument is
made for an equilibrium state with temperature T, it is obvious that the same argu-
ment applies to any low-energy state with a characteristic energy € < ep. Therefore,
the low-energy excited states, as well as the physical properties of the gas, are thus
determined by the distribution function with distortions around the Fermi surface.

As we have seen above, the two main features of a low-energy free Fermi gas are
the Fermi surface, associated with an energy scale e, and the particles and holes
around the Fermi surface, which determines the physical properties of the gas. In the

next section, we will see the same features appear in a Fermi liquid.

2.2. Quasiparticles

Fermi liquid theory was proposed by Landau [2] to describe interacting fermions.

The original theory was applied to an isotropic liquid with short-range interactions,

such as liquid *He. Landau’s original argument is phenomenological, which means

2For long-range interactions, such as Coulomb interaction, a modified version of Fermi liquid theory
was proposed by Silin [24].
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it relies on some assumptions based on general observations, like symmetries and
the absence of phase transitions, and no calculation based on microscopic details is
involved. The basic idea of Landau’s theory is the following assumption: When the
interaction is turned on slowly, there is a one-to-one correspondence® between the
low-energy states of the free Fermi gas, and of the interacting fermions. In order to un-
derstand this assumption, we consider the simplest state created by adding a particle
above the Fermi surface. In the absence of interactions, the particle moves individ-
ually. After gradually turning on the interaction, the motion of the particle must
influence other particles and induce the motion of a group of particles. We can think

of the group of particles as a single entity called quasiparticle.*

According to the
one-to-one correspondence, a state near the Fermi surface with one additional parti-
cle becomes a state with one additional quasiparticle. If the interaction has translation
invariance and spin-rotation invariance, the quasiparticle state has the same momen-
tum p and spin ¢ as the noninteracting single-particle state, and thus it can be labeled
by the same po. As a result, the quasiparticles also obey the Pauli exclusion princi-
ple. Similarly, the multi-particle low-energy states correspond to multi-quasiparticles
states in the presence of the interaction, and they can be described by the distribu-

tion function of quasiparticles, np,. The ground state of the interacting system can be

thought of as a sphere in momentum space of occupied states, with the radius given

3This idea is termed the principle of adiabatic continuity by Anderson [25], who argues that this
principle is important for developing new theories.

4Similar ideas are used for other collective motions. For example, a phonon involves the motion of
many particles on a lattice.
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by the same Fermi momentum as the noninteracting gas, as a result of the one-to-one
correspondence.’

The above argument seems to imply that the interacting state is nothing but a free
gas of quasiparticles. This viewpoint is incorrect because there is interaction between
quasiparticles, resulting from the interaction between particles. We thus need to con-
sider the lifetime of quasiparticles. If the quasiparticles decay fast, it is not reasonable
to use them to describe the physical properties of the system. Consider the simplest

decay process, in which a quasiparticle collides with another one, and then they are

scattered into new states. The lifetime can be estimated by

1
—~ /d3p2 Loy W(1,2;1,2') x 6(e1 + €2 — ey — ey)

X [7111’12(1 — 1’11/)(1 — TZZ/) — (1 — Tll)(l - 1’12)1’11/1’12/] , (211)

where we have used the momentum conservation law, so the momentum py is given
by py = p1 + p2 — pr- The function W(1,2;1/,2') is the transition probability, which
is assumed to be smooth around the Fermi surface, and 7; is the occupation number
for the state i. At low temperatures, a quasiparticle near the Fermi surface can only
be scattered into a state near the Fermi surface, because of energy conservation and
Pauli exclusion principle, which is enforced by the § function and the occupation
numbers in the square brackets in (2.11). These requirements thus restrict the two
momentum integrals in (2.11) to a thin shell around the Fermi surface, and we have

1/t ~ (e — ep)?/er from dimensional analysis. Similar arguments can be made for

3If the Fermi momentum was changed, a quasiparticle would have momentum different from the
corresponding particle added before the interaction was switched on.
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higher-order processes, in which more quasiparticle-quasihole pairs are generated,
and the decay rate is proportional to (¢ — ep)” with n > 2, which can be neglected if
the quasiparticle energy € is close to the Fermi energy. Therefore, for a quasiparticle
near the Fermi surface, the lifetime is inversely proportional to (e — eg)? to leading
order. Since the quasiparticle energy is (e — er), the quasiparticle state is a well-defined
excitation.®

The same argument gives the decay rate due to finite temperatures. At temper-
ature T < €p, only the quasiparticles within a thin shell around the Fermi surface,
with the width being approximately T, can be excited. Because of the energy conser-
vation law and Pauli exclusion principle, only these thermal quasiparticles can con-
tribute to the scattering processes, and thus the decay rate due to thermal agitation is
1/7 ~ T?/eg. In conclusion, we have shown that at low temperatures, the low-energy
states described by the quasiparticles have long enough lifetime, compared to their
excitation energies. Thus the states composed of quasiparticles are well-defined states
and can be used to describe the low-energy properties of the system.

In this section, we discuss the results which can be obtained from the one-to-
one correspondence between low-energy states, including the quasiparticles and their
lifetime. We call a system of interacting fermions satisfying these results a Fermi
liquid. In the next section, we describe a Fermi liquid more quantitatively using the

quasiparticle distribution function.

This is similar to an underdamped oscillator. If the dissipation rate, 1/7, is much smaller than the
frequency of the oscillator, then the oscillation is very close to a perfect oscillator for the time t < .
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2.3. Energy functional and Fermi liquid parameters

We have argued that the low-energy states of a Fermi liquid can be described by
the distribution of quasiparticles. To understand the thermodynamic and transport
properties of a Fermi liquid, we need the energy of the low-energy states. Since those
states are described by the quasiparticle distribution function 7., the energy is a
functional of the distribution. The absolute value of the energy is not important, and
thus we can characterize the energy of a Fermi liquid by expanding the energy func-
tional around the ground state distribution ngg = O(pr — p). The energy functional

thus has the form”’

1
E=Eo+) eloni+ ==Y fiadnion,, (2.12)
1 2V 1,2

where Ej is the ground state energy, and 6n = n — n° represents the deviation from the
ground state distribution. The linear term represents the energy increase by adding
(removing) one quasiparticle to (from) the ground state, where the energy €V is the
renormalized single-particle energy, including interaction between particles, not sim-
ply p?/2m for the free gas. The coefficient fi, in the second-order term is called
Landau function. The second-order term is normalized by the volume V because the
energy 0E and the number dn are extensive quantities in thermodynamics, and the
Landau function f;, which characterizes the strength of interaction between quasi-

particles, should be an intensive quantity. The energy relative to the ground state

Note that we use the shorthand notation i = (pio;) for the subscripts.
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energy is denoted by 6E = E — Ey. The above expression can be written as
SE = uéN + 2 1)ém +57 Z f126n16n57, (2.13)

where SN = Y, 0ny is the change of total number of quasiparticles.® In the following,
we will assume the total number of particles is conserved, and thus we have N = 0.

The last term in (2.13) is essential, because its order of magnitude is the same as
the first term. This can be seen as follows. Assume the variation 7, is restricted to a

thin shell around the Fermi surface of thickness A. Thus (e; — i) ~ A and

2
on NAxNé—NA—. (2.14)
Z( — W)om
1 H M
As for the second term, we have
L Y fi20n16n F N2A2 (2.15)
V L 1,20M1013 NOW ' a2 .

where N(0) is the density of states at Fermi energy and F ~ N(0)f represents the
order of magnitude of the dimensionless Landau function. Recall that N(0) ~ k3 /e,

k3 ~ N/V and e ~ u at low temperatures. Thus we have

AZ
v Z fr20n16ny ~ F x N7 (2.16)

The dimensionless parameter F should be of order N?, and thus the second term is

as important as the first term.” On the other hand, for higher-order terms in én, the

8Note that the chemical potential approximately equals the Fermi energy at low temperatures, y ~ €r.

%In fact, the parameter F can be much larger than one for liquid *He, so the second term cannot be
neglected in this case.
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same argument shows that their magnitude is N(A2/u) x (A/u)" with n > 1. Since
A/ < 1, the higher-order terms are much smaller than the first two terms and can
be neglected in the expansion (2.12).

We now discuss the expansion coefficients € and fi,. Since the deviation from
equilibrium is restricted to a thin shell around the Fermi surface, i.e., (5np ~QOaspis
far from the Fermi surface, we only need to consider the angular dependence of the
expansion coefficients. For a system with rotational symmetry, like liquid *He, the

coefficient egg can be parameterized by

egg —er = vp(p — pr) (2.17)

with a single parameter, called Fermi velocity vg. Note that in the non-interacting
case, the Fermi velocity is given by vp = pp/m, where m is the particle mass. For a
Fermi liquid, we can define the effective mass by

« _ PE
me= (2.18)

The effective mass, as well as the Fermi velocity, contains the influence from the
interaction.

The presence of the interaction means that the total energy of the system is not
just the sum of the energies of individual particles, Y ; (¢ — )ény. The last term in

(2.13) also contributes to the energy. We can see this effect by considering

_OE 1
€1 — U= (5_1’11 = (61 — y) —+ V ;fllzénz, (2.19)
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which is the energy increase due to an additional quasiparticle. Note that in addition
to the energy of the quasiparticle itself (the first term), the interaction with other
quasiparticles contributes to the energy. The quasiparticle interaction is given by the
Landau function f12 = fpe /0, Which can be split into the spin-symmetric and spin-

antisymmetric part under the assumption of spin-rotation invariance
Yy

f=f+flod, (2.20)

where 0,0’ = +1 represents the spin-up and spin-down components. For a system
having rotational symmetry, the Landau function depends only on p - p/, or the angle
between the momenta p and p’. When the distribution dn is symmetric in o, the
antisymmetric part of the interaction does not contribute. In this case, the interaction

term becomes!®

d3
/ o )2f;p,(5n (2.21)

where the factor of 2 comes from the two spin species, and the distribution én, =
Onp o for either spin 0. At low temperatures and assuming the external perturbation
is weak compared to the Fermi energy, the variation dn is peaked at Fermi surface

and we can simplify the integral,

d’p A0y /
/( 3 2lew e = | —L2N(O)f(p P )vy s (2.22)

lae;

where we have assumed the variation

onp = 6(ep)vp (2.23)

10We have used & vip=/[ 3 7‘;3 in the continuum limit.
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and N(0) is the single-spin density of states at the Fermi energy. Motivated by the

above expression, we define the Landau parameters F} and F by
F(p-p') =2N(0)f*(p-p') = ) _FP(p-P),
]
Fi(p-p') =2N(0)f*(p-p') = ) F'P(p-P')-
]
We can also expand the function

1/13/ = ZVZ/PZ/(p/ : R) ’
l/

where k is some given direction, and the interaction energy becomes

dQy Fsv ~
P S(4 . B Ny — 171 .
1 2NO)f (B p)v ;ZZHPz(p k).

This expression will be used later.

2.4. Basic properties of Fermi liquids

(2.24)

(2.25)

(2.26)

(2.27)

We have introduced the energy functional, which is characterized by Fermi liquid

parameters, including the Fermi velocity (or the effective mass) and the Landau pa-

rameters. Physical properties of a Fermi liquid are controlled by these parameters. In

this section, we discuss some equilibrium properties of a Fermi liquid which will be

used later. We will not cover all important equilibrium properties. More details can

be found in the references [22, 23].

We first consider the equilibrium distribution at finite temperatures. The entropy

of the Fermi liquid, according to the one-to-one correspondence, should have the



37

expression as the free Fermi gas:

S=—Y [mInn + (1 —n)In(l—ny)]. (2.28)
1

From the first law of thermodynamics, we have 6E = TéS + udN. The variance in the

total energy is given by the expression (2.19):

SE =) (e1—p)ony. (2.29)
1

Note that the above expression implicitly contains the constraint /N = 0. With the
fixed temperature T and the chemical potential y, the equilibrium state requires that
the free energy is a minimum, and thus we have 0 = 6Q) = éE — TJS for any variation
in the distribution. Hence we obtain

1
eq __
R (2.30)

Although the expression is the same as the free Fermi gas, we should remember
that the energy ep, = €ps[0n] depends on the distribution itself. The above simple
expression is actually a complicated nonlinear equation.

Since the variation of the distribution Jn is restricted to a thin shell around the
Fermi surface, the calculations in Fermi liquid theory can be simplified by assuming
on ~ 6(e). The energy integral then gives the density of states at the Fermi energy,

N(0), as seen at the end of the last section. The single-spin density of states can be
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derived as follows.

(27)3 P e
_/ Pp 5(p—ple))
(27)3 |VP€(I)> e—ep (2.31)
drp 1
 (2m)3 T up
_mp
- 2m2

This expression is again similar to the non-interacting case, with the bare mass re-
placed with the effective mass.

Since the basic properties of a Fermi liquid are different from the free Fermi gas
only by some renormalized parameters, we might think that a Fermi liquid contains
no new physics compared to its non-interacting counterpart. This statement is not
true, and we will see that the kinetic equation for quasiparticles shows that Fermi
liquids support a unique collective mode, called zero sound, which does not exist in the free

Fermi gas.

2.5. Kinetic equation

The above discussion assumes that the whole liquid is uniform in both space and
time. In other words, the distribution function and other physical properties do not
have spatial variance. As a macroscopic system, the distribution of the liquid can
vary over space and time. Indeed, we can imagine that the liquid is partitioned into
many subsystems in space, and the size of each partition is still much larger than the

Fermi wavelength. Thus each partition can be described by the Fermi liquid theory



39

developed before and has its own distribution function. The distribution function
then has spatial dependence, with the length scale of variation much larger than the
Fermi wavelength. In the same way, the distribution can change over time, so long as
the variation is slow compared to the Fermi frequency. In summary, we can consider
the distribution to be a function of macroscopic position and time, npg(r, t), when the
variation is slow compared to the microscopic scales.

Since the quasiparticle energy depends on the distribution function, we also have'!

EPU(I‘, t) = €fF+ UF<]? - PF) + / fpglp/azdnpzo/(r, t) . (2.32)
p

Note that the Landau f function is the same as before, which is true for short-range
interactions.'? The quasiparticle velocity is given by Vpe, and in the presence of the
spatial dependence of the quasiparticle distribution, the energy gradient gives rise to

a force. Therefore, the nonequilibrium distribution follows the kinetic equation'

on

where I[n] is the collision integral.
The kinetic equation is nonlinear, because the quasiparticle energy depends on
the distribution and the collision integral I[n] is also nonlinear. For distributions near

equilibrium, we can linearize the kinetic equation around the equilibrium distribution.

3
= [

and the summation convention over spin indices is used.

HEor simplicity, we define

12The long-range case has to be treated carefully. See the paper by Silin [24].

B1n the following, we will drop the momentum variables and the spin variables when they are not
necessary. The dependence on these variables should be seen easily from the context.
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Let n = n®1 + on, where n®1 is the global equilibrium distribution given in (2.30). The

linearization gives

a(.f—: + Vion - vpp 4+ Vpn®l - (=V,de) = I[on]. (2.34)

We make two remarks here. First, the quasiparticle energy in equilibrium is given by
1
epr = V(P = PE) + 5 L fpopror (Mgl = Mpror) (2.35)
P/O-/

where the equilibrium distribution follows the Fermi-Dirac distribution, nf,?f = N ((—:;?7).

The Landau f function has weak dependence on the radial component of p and p’
around the Fermi surface, and thus the derivative of the second term with respect to p
can be assumed to vanish. Thus we have Vpe®d ~ Ve’ = vgp. Second, the collision
integral vanishes in equilibrium, namely I[n®l] = 0, so it is tempting to expand the
collision integral around the global equilibrium. However, the best way to make the
expansion is actually around the local equilibrium, instead of the global equilibrium. We
will discuss this point in more details in the last section.

We can use the kinetic equation to study transport phenomena in Fermi liquids.
For example, conservation laws can be derived from the kinetic equation. For more
details, see Baym and Pethick [22]. In the next section, we focus on zero sound, which

is the central topic of this thesis.

2.6. Zero sound

The linearized kinetic equation (2.34) specifies how the disturbance of the distribu-

tion propagates in space. In the seminal paper by Landau from 1957 [26], he showed
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that the disturbance propagates as a wave, when the quasiparticle relaxation time is
much longer than the period of the oscillation. Landau called this wave zero sound,
because it is a sound wave which can propagate at absolute zero temperature. The
normal sound exists in the long-wavelength and low-frequency limit, which means
that the quasiparticle relaxation rate is short compared to the frequency of the sound.
In this case the local equilibrium can be established within each cycle of the oscil-
lation. Since normal sound is a wave in the hydrodynamic limit, all of its physical
properties can be described by macroscopic parameters in hydrodynamics. For exam-
ple, the velocity of normal sound is determined by the compressibility of the liquid.
In particular, the attenuation of normal sound is proportional to the viscosity, and
thus proportional to the mean free path of quasiparticles. We have shown that the
lifetime of quasiparticles is inversely proportional to T? in Section 2.2 Thus the mean
free path of quasiparticles and the normal sound attenuation are proportional to 1/T?.
Therefore, normal sound is hard to propagate at low temperatures. Another way to
understand this is comparing the sound frequency and the quasiparticle relaxation
rate. When the sound frequency is higher than the relaxation rate, there is not enough
time to establish local equilibrium. Hence the nature of the sound wave, if it exists, must
be changed.

Consider the limit where the quasiparticle relaxation rate is much smaller than
the frequency. To leading order we can neglect the collision integral and have the

collisionless kinetic equation

aon
Tpa + Vdnpy - vpp + Vpnf,% - (=Videps) = 0. (2.36)
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We can understand the propagation of sound waves in the collisionless regime as
follows. If we disturb the liquid locally in this case, the nonequilibrium quasiparticles
will give rise to a nonzero V.d€p,, through the Landau interaction. This term is
the force due to the quasiparticles in the neighborhood. The force then drives other
quasiparticles out of equilibrium, and the disturbance is able to propagate in the
liquid. The Landau interaction term in the energy functional (2.12) plays the role of
the potential energy in an elastic wave, which generates the restoring force and makes
the wave propagate.

The linearized equation (2.36) can be considered to be the wave equation of zero
sound, which has infinitely many components specified by p. In accordance with
the assumption that the nonequilibrium disturbance is restricted around the Fermi

surface, we consider the ansatz'*

onp!
Mpy = —@vfw. (2.37)
At low temperatures, the function —dn®l/ aef,‘}, is approximately a delta function
peaked at the Fermi energy. Hence the disturbance is nonzero only near the Fermi
surface. The function v, represents the variation of the distribution at different po-
sitions on the Fermi surface. Schematically, it can be thought of as a distortion of

the Fermi surface. Using the Fourier component dn(r,t) = on(k, w)e!® ™=« and the

ansatz (2.37), we can reduce the linearized kinetic equation to

1 on®d
((U — VE - k)l/pg + Vp- kv /Z/fPU/P/U/aeTqu’/U/ =0. (238)
plo plo’

l4Note the similarity between this ansatz and the expression (2.23).
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Note that we have used the notation vg = vpp. In the following, we assume that there
is no spin dependence in the problem. Thus we have én,s = Jonp = dnp and the

above equation can be reduced to the

VF'k Fl/l/

VIS_(U—VF 221/+1 l’(P k) O (239)

where we have used the calculation at the end of Section 2.3. Define s = w/vgk and

Qs . p-k .
Qu(s) = T;PI(P'R)#PN(P'R)- (2.40)

Equation (2.39) can be expanded in terms of spherical harmonics:

vy
2l +1

(5)Fim— =0. (2.41)

The equation (2.41) gives rise to a set of equations for each mode, which are coupled
together through the Landau parameters. Recall that the function vp and its compo-
nent v; represent the distortion of the Fermi surface. We assume that the modes with
high angular momentum I are negligible, and keep only the modes with | = 0,1, 2.
The dispersion relation of the wave can be obtained from the parameter s, which is
the eigenvalue given by the above eigenvalue problem (2.41). Even with the above
approximation, the eigenvalue problem can be solved only by numerical methods in
general. When the first few Landau parameters are large, the solution s = w/vgk is
also large, and an asymptotic expression can be obtained in this case. The zero sound

velocity is given by ¢y = vgs, and the difference from the normal sound velocity can
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be expressed as
d—cf 41+4F5/5

= +O(v3E/c3), 2.42

where ¢ = (14 F5)(1+ F}/3)v%/3 is the square of the normal sound velocity. For a
detailed analysis, the reader can refer to the review articles by Abrikosov and Khalat-
nikov [27], and Baym and Pethick [22]. For liquid 3He, the first Landau parameter Fj
is much larger than unity [23] and thus the above expression can be applied.

As shown in the expression (2.42), the velocity difference between zero sound and
normal sound is small if Fj is large. The more distinctive feature of zero sound is its
attenuation. Consider a plain wave propagating along the x direction and thus the
spatial dependence is ¢/**. To include the attenuation, the wave number k must have

an imaginary part, and thus the attenuation coefficient « is defined by the expression
k= % St (2.43)

As mentioned at the beginning of this section, the attenuation of zero sound scales
as T2, while the attenuation of first sound is proportional to 1/T?. Experimentally,
this behavior has been shown by Abel, Anderson, and Wheatley [9]. As shown in the
upper part of Figure 2.1, the attenuation of zero sound and normal sound are qualita-
tively different. We can see from the log scales of the plot that the sound attenuation
scales as 1/T? in the high-temperature regime, and as T? in the low-temperature
regime. The lower part of Figure 2.1 gives the zero sound velocity. The velocity dif-
ference is consistent with the expression (2.42), where the Landau parameter F; can

be measured from the compressibility [23], and the parameter F; can be assumed
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to be small.” Moreover, we can see the crossover between normal sound and zero
sound happens at the same temperature for both the velocity and the attenuation.
The crossover temperature, which is roughly determined by the condition wt ~ 1,
depends on the sound frequency.

Zero sound exists in the collisionless regime. In the presence of quasiparticle
collisions, the zero sound attenuation behaves as T2, distinct from the normal sound.
In the above discussion, we ignored the collision integral in the kinetic equation, and
only discussed the attenuation qualitatively at the beginning of this section. In the
next section, we will give a detailed derivation of zero sound attenuation based on

the collision integral.

2.7. Collision integral and zero sound attenuation

In this section, we will discuss the collision integral in detail. In particular, we will
derive an expression for the zero sound attenuation using perturbation methods [28,
29]. Consider the linearized kinetic equation (2.34). Using the Fourier component
on(r,t) = on(k,w)e!®T=«H the equation can be written as

on®
detd

1 .
(Cd — VE - k)éi’l + VE - kv Z fpa-,plglénpla-/ = 11[57’1] . (244)

plo—/
Note that the collision integral acquires an imaginary prefactor, which signifies that

the dispersion relation given in (2.43) will have nonvanishing attenuation. We remark

that although we formally write the linearized collision integral here as a functional

5The precise value of F; is still unknown, but most experiments give a value less than unity. See
the plot given by Halperin’s group in http://spindry.phys.northwestern.edu/3HeCalculator/F2s_
plot.html.


http://spindry.phys.northwestern.edu/3He Calculator/F2s_plot.html
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of the deviation from global equilibrium én, and in the following in terms of its
component vp, the most natural expansion variable for the collision integral is the
deviation from local equilibrium. This point will be discussed in detail in the next
section.

Since the collision integral should give rise to a relaxation time which is much
longer than the period of zero sound, the collision integral can be considered to be of
order 1/wT, compared to the terms in the left-hand side. Using the ansatz (2.37) and

integrating over the ener eeq, we have
g g gY €p

(w—vg-k)vp — V- S(p pvy = z/deeql 5] - (2.45)

Assume that the distribution v and the solution s = w/vpk can be expanded in the

asymptotic series
v = 0 + (D 4o (2.46)

s=sy+s1+---, (2.47)

where the ratio of the (i + 1)-th term to the i-th term is of the order 1/wT, which is
small for zero sound. Plugging the above asymptotic expansion into equation (2.45)

and keeping only terms to the first order, we obtain

(so—c059 (0) —cosB/ 4PPS p- f)) (O) =0, (2.48)
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which is the collisionless kinetic equation, and

e 1y
(sp — cos 9) () 4 swg ) — cosQ/ i ——F(p- p’)vlg}) = i%, (2.49)

which is the equation for the first-order correction. Note that the angle 0 is given
by cos® = p-k. The zeroth-order equation has been solved in the previous sec-
tion. To solve for the first-order correction, we multiply the zeroth-order equation by

1)/ cos® and the first-order equation by v(?)/ cos6, and then integrate both equa-
tions over ()p. Since the Landau f function is symmetric in the two momentum

variables, the difference between the two equations gives

de p
ka 47 cosf

d0p (vy ))2
47w cosO

51 = (2.50)

This expression gives the leading-order correction to the collisionless kinetic equation.
The magnitude of this leading-order correction can be estimated by assuming that the
collision integral gives rise to a time scale T for quasiparticle relaxation. Then from

dimensional analysis, we can see

11 1
~ oS —— 2.51
°1 vpk T Sowr (2:51)

This is indeed consistent with our initial assumption that the perturbation series is

based on the parameter 1/wT, which is small in the collisionless regime.
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We now study the relation between the correction s; given in (2.50) and the zero

sound attenuation wg. From the definition (2.43), we have

w w .&0Co -X0C0
= ; ~ 1—i—) =5sp(1 — Z— 2.52
vpk(w) UF(% + ing) UF( w ) = 5ol ). (2:52)

S

where ¢ is the zero sound velocity, and sy = co/vF is the zeroth-order solution. Since
the expression (2.50) is purely imaginary and the attenuation coefficient has to be
real, the leading-order contribution to the attenuation is obtained from the relation
—1ispuoco/w = s, or

wo = ilk, (2.53)
50

where k = w/ ¢y is the wave number.®

2.7.1. Simplification of the expression (2.50)

The correction s; directly gives the zero sound attenuation to leading order in 1/wr.
In the following we simplify the expression given in Eq. (2.50) for later use. For the

denominator, we first write the zeroth-order equation (2.48) as

0)
vy dQp
p 0 sia  al, (0)
058 5 +/ —Ppep )vp, ] . (2.54)

Multiplying both sides by véo) and integrating over ()p, we obtain the denominator

d&(v}(ﬁm)z_l (VI(O))2< N Fls ) (255)

47 cosf  so 5t (20+1) 21+1
16Note that the wave number k here is the real part of the complex wave number k(w) given in the

dispersion relation (2.43). We use the same symbol for both since they are closely related. The meaning
of the symbol should be clear from the context.
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For the numerator in (2.50), we have to take care of the collision integral. We lin-

earize every term in the kinetic equation by the deviation from the global equilibrium,
on;, =n; — nF(efq) . (2.56)

This quantity, however, is not the most natural way to express the collision integral,
which contains a delta function to ensure energy conservation. The conserved energy
involves the quasiparticle energies including the Landau interaction energy due to the
nonequilibrium local distribution. More precisely, the collision integral contains a delta

function together with the occupation numbers,
o(e1 + €2 — €3 — €) [nana(l — m) (1 — np) — mna(1 = n3)(1 - ma)], (2.57)
where the quasiparticle energy is
e~—e0+12f~(n~—no) (2.58)
i— € V & i,j\1tj i/ .
J

The quasiparticle energy can be separated into two parts: €; = efq + b€;, where the
tirst part is given by the equilibrium distribution, as shown in (2.35), and the second

part is given by the deviation from the equilibrium,
1
561' = V Zfl,]dn] . (2.59)
]

Since the energies in the delta function are the quasiparticle energies €; including
the contribution from local nonequilibrium quasiparticles, it is better to linearize the

collision integral using the deviation from the local equilibrium, which is given by
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nF(Gi),

on; = n; — 1’[1:(61') . (2.60)

With the identity

S(e1+ e — €3 — ey) [np(e3)np(es) (1 — np(er) (1 — np(ez))
(2.61)

—ng(er)np(e2)(1 - ng(es)) (1 —ng(es))] =0,
the collision integral is proportional to /7 to leading order.
There are thus two ways to linearize the theory: One is using the deviation from
the global equilibrium, given by (2.56), and the other one is using the deviation from
the local equilibrium,'” given by (2.60). These two ways must be related in the linear

response regime. Consider

on; = n; — ng(€;)

n; — 1’11:(€?q + (561')

on (2.62)
~ eq F
~n;— TlF(ei ) — gfq&ei
aTlF
=on — gfqéei .
Following the definition of vp given in (2.37), we define a function i by
aTZF
Ofiy = —=—15, (2.63)
P aep P

This description is somewhat misleading. The “local equilibrium” here means the Fermi-Dirac dis-
tribution determined by the local quasiparticle energy, which however includes nonequilibrium contri-
butions.
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and to the leading order in dep the above relation is reduced to
Yp = vp + 5615 , (2.64)

where all the momenta are restricted to the Fermi surface. Using (2.59) and the result

at the end of Section 23, we have
. R P’ FS A Al 2.65
Yp Vp 477 (I | )VIA’/ / ( ’ )

or with spherical harmonics,

S

1MZV(1+224)' (2.66)

This simple relation between én and 71 will be used later.

Using the above relation between 1 and v, the zeroth-order equation (2.54) can be

written as 0 0
Va P
P p
=P 2.67
cos 6 sg (2.67)

and thus the collision integral (2.50) becomes

{/deqﬁ }é

P
v
Z“21—#1( 21+1>

1>0

(2.68)

1= (vék)
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where we have used the result (2.55). Inserting the above result into the expres-

sion (2.53), the zero sound attenuation can be expressed as

A0, .
[0 facp o]

(VI(O)) FS
gzzﬂ <1+2z+1>

(2.69)

w3

For a collision integral with the form

1:/ W(1,2;3,4)é(e1 + €2 — €3 — €4)6(p1+ P2 — P3 — Pa)
P2,P3,P4

X [(1=n1)(1 —np)nzng —mnp(1 —n3) (1 —ny)], (2.70)

the linear approximation can be written as

d3
[ IB/ p2 / (pll P2, P3, P4)5(€1 —+ €) — €3 — €4)

< (wy) + vy — v - ¢1g°4>) < [np(en)np(ea) (1 - np(es)) (1 - np(es))],

2.71)
where we have used n; = ng(€;) + 67; (see (2.62)) and
N L:
onp = e, = p = prr(ep) (1 —np(ep))Pp (2.72)

from the definition (2.63). These results will be used later.
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2.8. Summary

In this chapter, we have reviewed Landau’s Fermi liquid theory, and introduced
the theory of zero sound. The existence of zero sound relies on the Landau interac-
tion, which can be characterized by the Fermi liquid parameters. Zero sound attenu-
ation follows the T? scaling,'® which is qualitatively different from the 1/T? behavior
of normal sound. This T? scaling has been verified experimentally [9]. The reader
can find more details about the experiments in [23]. The theory of zero sound thus
demonstrates that for liquid *He, Landau’s Fermi liquid theory is indeed an effective

theory for the low-energy behavior.

8There is a so-called quantum correction to this T2 behavior, which is not important when the sound
frequency is low compared to the temperature, or more precisely when w/27nT < 1. See Landau’s

paper [26].
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CHAPTER 3

Microscopic Description of Fermi Liquids

Landau’s Fermi liquid theory has been successfully applied to normal-state lig-
uid 3He. In this thesis, we want to understand the influence of pair fluctuations for
normal liquid *He near the superfluid transition. As seen in the last chapter, Landau
obtained the Fermi liquid theory from adiabatic continuity, which does not allow any
phase transition by assumption. In order to describe the superfluid transition and the
pair fluctuations, we need a more microscopic description, which can accommodate
the pairing interaction, as well as the Fermi liquid theory.

Microscopic descriptions for Fermi liquids have been studied for a long time, ini-
tiated by Landau himself [30]. Landau derived the relations between the f,; o/, func-
tion and the two-particle scattering amplitude using Feynman diagrams. His ap-
proach was followed by other researchers and the field theory of interacting fermions
was advanced a lot in the 1960s [31, 32]. In the 1970s, quantum and statistical field
theories underwent important progress, driven by Wilson’s renormalization group
(RG). RG is the appropriate tool for analyzing low-energy effective theories, includ-
ing Landau’s Fermi liquid theory for interacting fermions. The RG analysis of Fermi
liquid theory started in the 1990s. For a pedagogical introduction to the early re-
sults, the reader can refer to the lectures by Polchinski [33] and the review article by
Shankar [34]. The results of the RG analysis confirm that the Fermi liquid state is

indeed a stable state in the long-wavelength limit, while the pairing interaction is a
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(marginally) relevant perturbation, leading to the BCS transition. Another approach to
formulate the Fermi liquid theory makes use of quasiclassical methods, which were
developed in the community of superconductivity and superfluid *He [35-37], and
later shown to be closely related to the RG idea [38].

In this chapter we introduce the idea of quasiclassical methods, and then derive
the kinetic equation using the Keldysh method. The result is identified with Landau’s
kinetic equation with subleading corrections. We will consider the correction from

pair fluctuations in liquid *He in later chapters.

3.1. Low-energy effective theory for Fermi liquids

In principle, the bare mass and the interaction between two bare *He particles can
be measured experimentally, and we can build a field theory using these parameters,
with some microscopic cutoff Ay on the atomic scale. It is, however, almost impossi-
ble to analytically calculate macroscopic quantities from the theory with microscopic
parameters. Instead of directly working with the microscopic theory, we transform
it into a low-energy effective theory. This reduction can be performed in two equiv-
alent approaches. The first one, developed and widely used in the community of
superconductors and superfluids, is based on diagrams [35-37]. Consider a formal
microscopic theory formulated in Feynman diagrams. We can separate each fermion
propagator into a low and high energy part by some low-energy scale A < ep. A
diagram with n internal lines becomes 2" diagrams with low-energy and high-energy
lines. The perturbation expansion can thus be reorganized as diagrams with the ver-

tices containing only high-energy lines, and the low-energy propagators. Assuming
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there are no singularities in these vertices, the perturbation expansion of the self-energy
can be organized according to the number of low-energy lines and loops. As realized
by Landau himself [2], the leading-order contribution must contain the two-particle
vertex. This approach is called the quasiclassical method, where the perturbation
expansion relies on the low-energy scale A < er.

Equivalently, we can obtain the low-energy theory by integrating out the high-
energy degrees of freedom. This approach is based on Wilson’s RG [38]. Obviously,
the difference between the two approaches is formal, and the essence of the two meth-
ods is the same. From the viewpoint of RG, the action depends on the energy scale
on which the theory is defined. In particular, the low-energy action for interacting

fermions can be written as [38]

S0 = GG DI g [ T gr-ared
’ p P Py ’ p—q/27p'+q/2¥p' —q/2¥p+q/2

+O0[(y*p)’], (3.1)

where the 1 and ¢* are the fermion fields, the subscripts include all possible indices,
and the superscript A means the integrals have a ultraviolet cutoff. The function G
and T'? are the propagator and the two-particle interaction at the energy scale A.
The three-particle and higher-order interactions contribute only subleading terms
to the self-energy. Consider the self-energy from a two-particle vertex, which has one
internal line and one loop, as shown in Figure 3.1. Assume the two-particle interaction

has weak energy dependence when its variables are near the Fermi surface. Then the
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FA

Figure 3.1. The self-energy diagram with one internal line, correspond-
ing to mean-field contribution. Note that the vertex I'* is of order s.

self-energy can be estimated by

Zw/Ade/AdCP LIS (3.2)

e—é‘p

since both integrals are restricted to the low-energy scale. On the other hand, the
same estimate for the self-energy diagram from a three-particle vertex gives A?, since
the diagram has two internal lines and two loops. In the same way, higher-order in-
teractions have subleading contributions to the self-energy, assuming they have weak
energy dependence near the Fermi surface. In the limit A/eg — 0, we can neglect the
higher-order interactions in the effective action (3.1).

The above analysis shows that the theory can be expanded in terms of the small
parameter A/eg. The energy scale A is determined by the low-energy processes, like
the transition temperature Tc. In the following, we call the small parameter s.

Higher-order processes in terms of the two-particle vertex also give subleading
contributions. For, example, consider the diagram shown in Figure 3.2, which cor-
responds to normal collisions of quasiparticles. This diagram contains an additional
phase-space factor from the constraint p”/ = p + p” — p’, and has order of magnitude

s2.
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p
—- - -
Figure 3.2. The diagram for collisions.

The above discussion gives a brief summary of the idea of quasiclassical methods.
More details are given in the references [35-38]. We focus on the low-energy theory

in the following.

3.2. Quantum kinetic equation

In order to describe nonequilibrium phenomena, we use the Keldysh method to
formulate the field theory [39]. For a detailed introduction to the Keldysh method,
the reader can refer to the excellent article by Kita [40]. The contour-ordered Green

function is defined by

G(1%,2") = —i(Tep(17)y' (2%)), (3.3)

where the expression (i) represents ¥ (x;, t;) with x including the spatial and spin
variables, and the superscripts a,b represent the forward and backward branches of
the Keldysh contour (see Figure 3.3), indexed by 1 and 2 respectively. Similar to the

Green functions in the equilibrium theory, the contour-ordered Green function also
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N
(
-

N

t2

Figure 3.3. The Keldysh contour. Time coordinates shown on the upper
(lower) branch with Keldysh index 1 (2).

satisfies the Dyson equation,

(iaa? —K1)G(1%,2") —/ (17,39 G(3,2")d3" = 6(1%,2"), (3.4)
1 C

where Kj represents the single-particle Hamiltonian, K; = V2/2m — u, operating on
the first variable 1, and X is the self-energy given by interactions. The contour delta

function is defined as

(

S(t—+t), a=b=1
S ) =S st —¥), a=b=2" (3.5)

0, a#b

\

The minus sign in this definition is due to the Heaviside step function in the anti-
time-ordered Green function GT. Note that the notation 3¢ represents the summation
over all dummy variables, including a time integral along the Keldysh contour.
Although the contour Dyson equation (3.4) is mathematically elegant, it is hard
to be used for practical calculations and interpretation. We can distinguish the time

variables in the forward and backward branches, and define the matrix Green function
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G%(1,2) = G(1%,2"). Using the definition of contour-ordering, it is easy to see

G11 G12 GT G<
[G™] = = |, (3.6)
GZl GZZ G> GT

where the time-ordered, anti-time-ordered, lesser, and greater Green functions are defined

by

G'(1,2) = —i[0(t1 — ) (p(1)p"(2)) — 6(t2 — 1) (" (2)p(1))], (3.7)
GT(1,2) = —i[6(t2 — 1) (p(1)$'(2)) - 6(t1 — 2) (" (2)9(1))], (3.8)
G=(1,2) =i(y"(2)yp(1), (3.9)
G7(1,2) = —i(p(1)y'(2)), (3.10)
respectively. The matrix self-energy can be defined in the same way. From the above

definition, it is obvious that under complex conjugation the Green functions have the

following relations

G”(1,2)* = =G> (2,1), (3.11)

G<(1,2)* = -G<(2,1), (3.12)

and

G'(1,2)* = —=GT(2,1). (3.13)
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It is less obvious that the self-energies satisfy the same relations

¥21(1,2)* = —x21(2,1), (3.14)
»12(1,2)* = —x12(2,1), (3.15)
»H(1,2) = —x22(2,1). (3.16)

See Kita [40] for more details about these relations.

Using the components defined above, the Dyson equation can be written as

<i£ —Ky)G! —/ [E1GH — 21262 = 6(1,2), (3.17)

1

. d 12 11,12 12~227

(za—tl—K1>G —/[z G2 - x12G22] =, (3.18)

. J 21 2111 _ §22~217 _

(Zatl Ki)G* - [ [2¥6" - x26M] — o, (3.19)

(ia% — K1) G2 - / [E2G12 - 52G6%2] = —§(1,2), (3.20)
1

where the symbol | represents convolutions for all intermediate variables, including
spins, with the standard time integral from —oo to co. The operators id; — Kj in the
above equations are applied to the first variable of the Green functions. We can also
consider the equations where the operators are applied to the second variable of the
Green functions. This can be obtained by taking the complex conjugate of the above
equations. In particular, for the (1,2)-component we have

_.d 12 1y12 _ ~12922] _
( i K2)G /[G »12 G252 = . (3.21)
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To get the quantum kinetic equation, we focus on the lesser Green function G< =
G12, which is closely related to the occupation numbers in single-particle states [41].
Taking the difference between (3.18) and (3.21), we obtain

( Z(atl + 8t2) 5 (V2 v1)>c

o / [Gllzlz . G12222 o leGlz 4 212G22 =0. (322)

We have not made any approximation so far, and the above equation is exact. To
connect this equation with the kinetic theory, we want to express it in terms of the
position and momentum variables. Indeed, the distribution function in the classical
kinetic theory depends on both position and momentum of particles. When the sys-
tem is homogeneous in both space and time, all Green functions depend only on the
differences r; — r; and t; — t», and it is natural to describe the system in Fourier space,
that is, in the momentum (and energy) variables. For a Fermi liquid, the characteristic
scale is given by the Fermi momentum and Fermi energy. If the system is influenced
by a long-wavelength and low-energy perturbation, compared to the Fermi momen-
tum and Fermi energy, then we should still be able to describe the system by momen-
tum variables locally, assuming the momenta are near the Fermi surface.! This idea
can be formulated mathematically by the Wigner transformation as follows. Consider
the mixed spatial coordinates R = (r; +12)/2, r = r; — 1p, and the mixed temporal co-
ordinates T = (t; + t2)/2, t = t; — tp. More compactly, we write X = (T,R), x = (¢,r).

For a homogeneous system, the Green functions G(1,2) = G(X + x/2,X — x/2) are

INote that we used the same argument for the phenomenological kinetic equation, see Section 2.5.
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independent of X, and the Fourier transform of x gives the momentum variables.
Similarly, we can take the Fourier transform with respect to the relative coordinate x

for an inhomogeneous system,

G(X,p) = / dxe PG(X+ 2, X~ 7), (3.23)
where p = (¢, p) is the corresponding Fourier variable, and px = —et + p - r is the

inner product between p and x. Assuming that the center-of-mass coordinate X varies
on a length scale much larger than the Fermi wavelength, we see that the coordinate
X and the momentum p have similar meaning as the variables r and p in the classical
kinetic theory.

Derivatives can be expressed in the mixed coordinates,

92 = E336}1(2 x+ aifzax
) ’ ’ (3.24)
= Eax + 0.
In particular, we have
V3 —-V3=-2Vg-V;. (3.25)

Using the Wigner representation of the Green functions, the first term in (3.22) can be

written as

(il +30) + 5 (V3= V3))62 Y5 ar 4 BLvg) g (26)
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The second term contains convolutions, whose spatial-temporal part in the mixed

coordinates is given by the Moyal product [42]
i
(A@B)(X,p) = exp | 5 (9435 — 919%) | A(X, p) B(X, p), (327)

where

%9y, = —070¢ + IR0y, (3.28)

and the superscripts A and B of the differential operators refers to the functions that
are being differentiated. We will focus on the system in the absence of magnetic
tield, so the spin structure is trivial and have been dropped from our expressions.
Since we are interested in the long-wavelength behavior, we keep only the zeroth and

tirst-order terms in the expansion of Moyal product,

(A®B) ~ AB + % [0xAd,B — 9,AdxB]

. (3.29)
i
= AB + E{A’B}PB’
where in the second line we have used the definition
{A,B}pg = [aanpB — apABXB} . (3.30)

Using (3.26), (3.29) and the relations G!' + G?2 = G!2 + G?!, £l 4+ ¥2 = »12 4 321

the equation (3.22) can be written as

(a1 + % . VR)[-iG"]

_ [Gzlzlz _ G12221} _ %{G“ G2, 512 g+ %{211 — %2 G2}pg =0. (3.31)
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The first term in this equation has the form of the drift term in the classical kinetic
equation, and thus the whole equation can be thought of as the kinetic equation for a
quantum system.

To understand the meaning of the terms with the self-energy in (3.31), we write
the drift term in the above equation as a Poisson bracket

2
(0r+ 2. V) [-iG?) = {e - 2, —iG"}pp. (3:32)

Thus the drift term and the last bracket can be combined into a single term

fe— 2 = = G2y, (3.33)

The first bracket in this equation gives the drift term, including the force generated
by the interaction and external field. The second bracket in the left-hand side is a
quantum correction, which does not have a classical correspondence. The two terms

in the right-hand side correspond to the collision integral, as we will see later.

3.3. Quasiparticle approximation

The key feature of Landau’s Fermi liquid theory is that the low-energy states of
the system can be described by a collection of quasiparticles, as discussed in the
last chapter. In particular, the lifetime of the quasiparticles is long enough and the

quasiparticle distribution function 7, is valid for describing phenomena happening
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on shorter time scales, like the zero sound oscillation. To obtain the Landau’s kinetic
equation (2.33) from the quantum kinetic equation (3.34), we need to express the
quasiparticle distribution using the Green function. From the definition of the lesser

Green function G< = G2 and the Wigner transformation, we have

1y (R, T) = / Pre PTG (x,1)]| = /_ O;de[—iG<(R,T;p,e)]. (3.35)

t1=tp

In Fermi liquids, we can assume that the spectral function is approximately a peak
near the Fermi surface, A ~ 271d(e — €p), characterizing the quasiparticles. This is the

quasiparticle approximation. The lesser Green function can be written as [40]

—iG™ = A(X,p)9(X,p), (3.36)

where A is the nonequilibrium spectral function and satisfies

® de
N EA(X, p) =1 (3.37)

The function ¢(X, p) reduces to Fermi-Dirac distribution function in equilibrium. Us-
ing the quasiparticle approximation and (3.35), we have

(X, p) R p . (3.38)

€=€P

Note that the quasiparticle energy €, can depend on space and time. Performing the
integration over € on the kinetic equation (3.34), we obtain an equation for 1, (R, T).

Due to the delta peak contained in the —iG<, all functions are evaluated at € = €p
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after taking the differentiation given by the Poisson bracket. The first bracket gives
(0 + v - Or)n — O | __ - 9pn + dpRex!| __ - ORM = dePRex!! [eze, 0, (3.39)
where we have used the identity (211 — £22)/2 = ReZ!l. Note that

/ de 3rRe=19e(—iG<) ~ 9r9Rex!!

/deae(—iG<) —0, (3.40)
€:€p

since the spectral function A vanishes as € — £oo.

The second term in the left-hand side of (3.34) is
. %{G“ _ Gzzlzlz}PB_ (3.41)
Note that G — G? = GR 4+ GA = 2%¢GR and

o0 / /
ReGR = PV. / de Al€,p) (3.42)

—00 27T € —¢€'

Because the spectral function A is approximately a delta function around the Fermi
surface and the self-energy depends weakly on the energy variable € according to the

quasiclassical method, the main contribution of the € integral is from the ReGR. Since

PV/ Zm_e, —0, (3.43)

the second bracket is approximately zero after the € integration.
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For the right-hand side, note that G?' = G = —iA(1 — ¢)? and thus we obtain

512 21
—ixe| (=) =25 n (3.44)
after the € integration. Hence from (3.39) and (3.44), we have
(3¢ + v Or)np — IRReT|__ - Opnp +0pReX!| - gy — 0cReZ | _ dpmp

12 iy21
= =i (L—np) —iZ%[ __ np. (3.45)

This equation has the form similar to Landau’s kinetic equation (2.33). The leading-
order contribution of the self-energy gives rise to the Landau interaction, which can

be described by Landau’s f function.

3.4. Summary

We have discussed how to describe Landau’s Fermi liquid theory in terms of quan-
tum field theory. The description relies on a reorganization of the perturbation series,
leading to a low-energy effective theory. We can then derive the quantum kinetic
equation from the effective theory. Finally, a kinetic equation for the quasiparticle
distribution function is obtained. We will use the kinetic equation (3.45) to study the

corrections from pair fluctuations.

2This can be seen from the relation A(X, p) =i(GR - GA) =i(G> — G%).
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CHAPTER 4

Pair-Fluctuations Corrections to Kinetic Equation and Zero Sound

In the previous chapters, we reviewed the theories for describing Fermi liquids.
The goal of this thesis is to study the influence of pair fluctuations on a Fermi liquid.
We focus on liquid 3He and the zero sound in it, since they are best understood [23].
In this chapter we first calculate the vertex function for the Cooper instability, and
then consider its contribution to the self-energy. Using the result from the previous
chapter, we can obtain the corrections to Landau’s kinetic equation, and thus we can
calculate the zero sound properties. We then compare our result with the existing

experimental and theoretical work.

4.1. Cooper pair fluctuations

The Cooper instability is due to the attractive interaction between quasiparticles
with opposite momenta on the Fermi surface [31]. Since the liquid *He is a p-wave

superfluid, we consider the pairing interaction in the p-wave channel [3],

o, 1
Vapro(p ') =3VP P’ X S8up~ 815/ (4.1)

where the coupling constant is negative, V < 0, and g = icoy is the matrix for the
spin-triplet structure, with o = (0’x,0'y, 02). Note that the pairing interaction V is
determined by the interaction T in the effective action (3.1), where two incoming

particles have almost opposite momenta on the Fermi surface, i.e., the momenta are
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p+q/2 and —p + q/2 with |q| < pg. The vertex function in the Cooper channel is

given by this Bethe-Salpeter equation:

q—p g—p q-p a—7r q-p q—7p" q—p

The vertex I', as shown in the diagrammatic equation, describes two fermions with al-

most opposite momenta. When the temperature is above but near T, the dynamics of
two particles is near a bound state. In other words, the two particles are like a Cooper
pair with long but finite lifetime, which is Cooper pair fluctuations. We calculate the
vertex I near T in the following, which characterizes the Cooper pair fluctuations.!

From the Feynman rule of the Keldysh method [40], the above diagrammatic equa-

tion is translated to

e s, 1'50) = iVapas(p, p) B

+ Y iVapap (P EG (0" G (g — )T (P P0), (43)

where the superscripts 4, b, ¢, d are the Keldysh indices, the matrix 3 is the Pauli ma-
trix in Keldysh space, and the summation includes all dummy indices. The equation

can be simplified by the ansatz

a a ]-
ot s(pp'50) =T%(p,p'sq) % 28up gl (4.4)

11f we consider the two incoming particles and the two outgoing particles to be Cooper pairs, then the
vertex given above is like the pair-pair propagator.
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which separates the spin part from the orbital part. The equation can thus be reduced

to

311V ucl-vch Zp . f)”G”C(p”)G”C(q _ p”)FCb(P”, p/’_ q)] =p- p’&”b (4.5)

From rotation symmetry, the vertex function can be decomposed into

= Y plreiIp; (4.6)
A=||,L

with the projections PH = §;4; and Pif = d;j — 4;4;- In the quasiclassical approximation,
the vertex function I' can be assumed to depend only on the direction of fermion
momenta, but not fermion energies. Then the summation over p” = (¢, p”) can be

reduced to the following expression. For convenience, we define

G)ix = Zﬁ"G“" "G (g —p")pK- (4.7)

Integrating out the frequency €”, we have

1m_ Np+ng—p—1 12
= 4,
(66)" =i || 7P it (G6), 49
(GG)12 = —27T/P(5(w —€p — eq,p)npnq,pﬁiﬁk, (4.9)
(GG)?! = —27r/ 5(c — €p — eq—p)ipiiq_pPiPk, (4.10)
_ ”p+”q p—1 21
= i / o it (GO, (4.11)

where we have changed the dummy variable p” — p in the integrals for simplicity,

and 7, = 1 — np. The distribution function 7y can be a nonequilibrium distribution.
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We also decompose the (GG)* into the parallel (||) and the perpendicular (L)
components, (GG)i¥ = Ya—, 1 (GG)%Pj. Thus the above equation (4.5) can be de-

composed and written as

1 vac ac ab
[3 — 4~ (GG)f ]r =15 (4.12)
for A =||, L. Define
1 np +n —1
L.GLE——'/ p T 'q-p , 413
ik 3iV ! p W —€p—€q p—i—zoppk (4.13)

and decompose it to Lg =) LGLP/\ using the same decomposition. In equilibrium

(see Appendix A), we have

.N(0 T W
LSt = 1% (9 +E2g?—is =

: T) ) (4.14)

with the reduced temperature @ = T/T. — 1 and the length scales (;‘ﬁ = %Cg and

ﬁi = %(;‘(2), where C(z) = Zg( 2) TF2 is the s-wave coherence length. This equilibrium

expression is the same as the result obtained from the Matsubara method [20]. The
above matrix equation can be written as L I'y = I with
1§ - (GOP  —(GO)E

L, = . (4.15)
-GG —L§" - (GG
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The inverse gives the vertex function

T, =L’
1 —L%L _ (GG)E\l (GG)}\Z (4.16)
- LGL|2 ’
B o - (cop

where we have used the identity
(GG)Y — (GG)F' = LF" + (LFh)*, (4.17)

which can be seen from (4.8)—(4.11) and (4.13). The factor 1/ |L§L|2 gives a singularity

at the reduced temperature ¢ = 0, signifying the onset of the phase transition.

4.2. Self-energy and the collision Integral

In this section, we consider the right-hand side of the kinetic equation (3.45). We
will see that the two terms in the right-hand side give rise to the collision integral with
the transition probability determined by the pair fluctuations. For the left-hand side
of the kinetic equation (3.45), we keep only the self-energy from Landau interaction.

Thus for the left-hand side we have the standard expression
LHS = 3 + £ . Vrn — Vrep - Vpn, (4.18)
where m* is the quasiparticle mass, and

1
€p = €g —+ V Z fpa,p’aénp’a’ (419)

plo-/
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Figure 4.1. The fluctuation-induced self-energy, which is obtained from
connecting an incoming and an outgoing line of the vertex I. On the
right-hand side, the vertex I is expanded as a series of ladder diagrams,
as defined in (4.2) (we neglect the label V in the small squares here).
Note that the vertex I' not only contains the high-energy contribution,

but also includes the low-energy propagators in the particle-particle

channel. The magnitude of the vertex T is of order s2.

with the Landau function f,, .. For the right-hand side, we consider 12 and 2!
by connecting an incoming and an outgoing lines of the vertex I' obtained in the
previous section, as shown in Figure 4.1. Note that the vertex I' is obtained from
summing over scattering processes in the Cooper channel, as shown in the Bethe-
Salpeter equation (4.2). The order of magnitude of this diagram is discussed at the
end of this section.

The self-energy is given by
=P(p Zraﬁ 1s(p, P 9)Gis(q — p) (4.20)
and

= (p Zfa;a 250, P:9)GE3 (g — p) .- (4.21)
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Note that the vertex and the Green functions are nonequilibrium. From Section 4.1,

the T'!2 sector of the vertex without spin dependence is given by

1
12 12p) 4
s = A§| X |L(A3L|2pl(GG) P p] (4.22)

with (GG)| = ZIJ(GG)”P|| and (GG)| = 3 Zz](GG)z]P . Using the original expres-

sion of (GG)'?, we have

5(60 — €p// — €q_p//)ﬂ(€p//)1’l(w — €p//)

(GO)2 = —2n/

p

"

NI—=
~~
—_

I
~~
2o

I
=
SN—

N
SN—

~
>

Il

I_

(4.23)
To compare the result with Emery’s expression [5], we take §q as the z direction,

and write the expression in terms of spherical harmonics. Using

AN Al A 4 ANk A
piPyp} = (p- @) (B~ &) = = Yio(P) Yio(p) (4.24)

and

piPER} = (b B) — (P~ )P @) = = [Yn(B)Yi () + Vi 1(B)Yi 1 ()|, (425)
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we have

;mccf%ﬂm——an/
P

5(“‘7 — €pr — €q—p”)f(€p”)f(w - ep”)

"

471\2 NS Nk (Al
) Yo (P") Y1, (P") Y10 (P) Y1 (D), A =|
% ( 3 ) 10 10 , (426)

2 . .
%(477[) [Y11Y11 + Yl,—lyl*,—l] [Y11Y11 + Yl,—1Y1*,_1]/ A=1

where the spherical harmonics in the second component has the same momentum

variables as the first component. For the denominator |L$L|?, we consider only the

singular part, which is obtained from its equilibrium value, given by the expres-
sion (4.14). For the self-energy, the incoming momentum must equal the outgoing

momentum, p = p’. Thus using Y11 (p)Y7;(P) = Y1,-1(P)Y; _;(p) we have

p (GG)lszp] = /p” 5(w — €p// — €q_P//)1’l(€P//>Tl(w — €P//)

_7'[Y /ly* A//Y Ay*f\/ A:
x(3)m@>m@)w@>mm H'%y)

2 A * (A A * (A
2(4%) Yll(PH)Yn(P//)Yll(P)Yn(P)z A=1

Note the similarity between the expressions, except for the factor of 2 in the L com-

ponent. We can define

GL LTISL’ m=0
Lot = (4.28)

LY, m=+1
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The factor of 2 in the A =_L component is thus naturally split for the two m = +1

modes. Thus we have

1 .

A:H/
47T\2 1 X . 2
=2 ()" [ 00 = e = cqpr) e ) Flo = o) K| e Vim0 Yin )
(4.29)
Including the spin part, the full vertex is
1
L 6P '30) = T (P P59) X 58ap - 8hs (4.30)

where the vector g, given by g; = io;0y, represents the spin-triplet component. As-

suming the spectral function can be approximated by a delta peak, we have

G2l(qg—p) = —2mid(w — € —eq—p) (1 — n(w — €)) 0 - (4.31)

oo’

Plugging (4.30) and (4.31) into (4.20) and integrating out the frequency w, we have

Zg(%/(p) = i/q/P// W(EPH + €q7P//, q)i’l(é'p//)n(equ//) (1 — Tl(ep// —+ €q7p// — 6))

X 5(€p// -+ Gq_p// — € — €q_p) X 5p¢z)/ (432)
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with
2
Wiw,q) = 37(% ) )y LGL o i ()Yin (")
" (4.33)
2 1 N * All ?
The factor of 3 in front of the above expression comes from the spin part:
1 " 3
581 8yp = 55047, (4.34)

where the factor of 3 is related to the spin multiplicity 25 4+ 1 with S = 1. For spin
singlet (S = 0), we have 3 (ioy) (—ioy) = 3, corresponding to 25 + 1 = 1. Note that the
spin structure is trivial, and so we neglect the d,, in the following equations.

The calculation for X! is the same. We obtain
Zi}y(p) = — /q /p” W(GP// —+ €q_p//, q)(l — H(EP//))(l — n(eq_pu))n(epu + €q_p// — 6)
X O(€pr + €q_pr — € — €q—p) X Ouy . (4.35)
Recall that the right-hand side of the kinetic equation (3.45) is

RHS = —izlz{ezep —iz?t| (4.36)
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Inserting the above results into this expression, the right-hand side has the form of

collision integral,

RHS = /q/p’ W(ep’ + €q—p/ q) [n(ep/)”(eq—p’) (1 - ”(ep/ +€q—p — eP)) (1 - ”(GP))

— (1= n(epy)) (1 —nleq—p))n(ep +€q-p = GP)n(GP)] d(ep +€q-p' —€p —€qp)-

(4.37)

The transition probability W is given in Eq. (4.33).

The transition probability proposed by Emery [5, 10] using a heuristic argument is

2
1 N * A
Z O+ ‘:2 qz W Yim (p)Ylm(pH) . (4.38)

m 8T

WEmery (¢, q) = 67'((%)2

In comparison with Emery’s heuristic result, our collision integral has a smaller pref-
actor and no interference terms. Although the expressions of us and Emery seem
similar, they have different origins. Emery’s collision integral was obtained from
application of Fermi’s golden rule, while our expression is obtained from the self-
energy given by the diagram in Figure 4.1. The golden rule can be associated to a
diagram with two vertices, similar to the second-order diagram which gives rise to
the collision integral in a perturbation expansion in terms of high-energy vertices [35].
Our vertex I has summed over all repeated scattering in the particle-particle channel,
and thus calculating the second-order diagram using the effective vertex I', as done
by Emery, doubly counts the ladder diagrams. The double counting may explain

why Emery’s expression has a prefactor twice larger than our result. More seriously,
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Emery’s expression contains the interference terms between different modes of fluc-
tuations, which suggest different modes are added coherently. This is not reasonable
since there is no phase coherence above the transition temperature, and incoherent pair
fluctuations should not be added in this manner.? In contrast, our theory naturally
generates the transition probability without interference terms, consistent with the
nature of incoherent fluctuations. Although our expression (4.33) seems similar to
Emery’s (4.38), we emphasize that they are fundamentally different and show the

importance of the microscopic theory.

4.2.1. Magnitude of the correction

The magnitude of the self-energy can be estimated as follows. From the expressions
(4.32), the integral over Cooper pair momentum [ d®q gives rise to a dimensional
factor 1/&3, and the integral [ pr N(0) [ deyr together with a delta function gives a
factor N(0). Recall that the transition probability (4.33) has magnitude W ~ 1/N(0)>.
The overall magnitude for 212 is thus given by

1 T

212 ~ — C ,
N(0)55  N(0)&Te

(4.39)

where the transition temperature T gives an estimate of the typical energy scale when

the temperature is near T.. The dimensionless parameter W is a small number,
0+¢

as shown in Figure 4.2. The parameter W is O(s?), and the self-energy -2 is
o0lc
O(s®) because T. is of order s. The estimate also applies to other self-energies, and thus

the parameter controls all phenomena related to pair fluctuations. The smallness of this

2This observation was pointed by Prof. Jim Sauls.
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Figure 4.2. This figure shows the dimensionless parameter W. The
0*¢

value varies with the pressure. At low pressures, the value is on the
order of 1073, and monotonically increases to about 1072 at high pres-
sures.
parameter makes all corrections due to pair fluctuations small. Indeed, the increase of

zero sound attenuation near the superfluid transition is only a few percent in Paulson

and Wheatley’s experiment [8], as we shall see in the next section.

4.3. Zero sound attenuation from pair fluctuations

In this section, we calculate the zero sound attenuation caused by pair fluctuations.
The estimate at the end of the last section shows that the magnitude of the collision
integral is controlled by a small parameter, which means that the overall relaxation
time is still much longer than the period of zero sound oscillation. Thus we can use

the perturbation method developed in Section 2.7 to calculate the attenuation.
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For the two incoming particles (and thus the two outgoing particles) comprising
a pair fluctuation, their momenta are roughly opposite, that is, we can assume the
total momentum q = 0, except for the q> dependence in the transition probability
W (see (4.33)). Hence the two particles have the same energy, and the collision inte-

gral (2.71) becomes

a3 a3
oo, =~ [ s | G en ) (o) + 95, v %)

X 5(261 — 263)711:(61)2(1 — I’ZF(€3))2 . (4.40)

By carrying out the energy integral [ des, we obtain

3
51}’1 = _AB/ (zdn.q)g;N(O)/dQ

P (0) (0) (0)
47-(3 W(2€1,q) <1P131 +1P*P1 IPP3 P b )

< onp(en)?(1 - np(en)?, (441

where we have changed the integral variable from p; to q = p2 + p1. The 1/]1(50) can be

expanded as

— Y ¢n(p k), (4.42)

where k is the propagation direction of zero sound. We neglect the components with
I > 3, and the | = 0,1 components vanish because of particle number conservation

and momentum conservation, so

(vs) +9, — s =% ) =29 [Papr - K) — Pa(ps K)] . (440)
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Recall that the numerator in the first-order solution (2.69) is

d0,
Num = / i U dep, Olp, [‘l’lg?)]}llfé?)- (4.44)

Inserting the above expression for 1, into this formula, we have

0, Bg [ dQy,
Num = —N(0) x 23" / de, / 2yl / ( ‘7)3 2 W(2e1,q)
[Pz(f) f() — P2(153 . lA()} X %Tlp(el)z (1 — Tlp(el))z . (4.45)

The angular variables §, p3, and p; can then be integrated out easily.> We obtain

277z qu ) ) 2
Num = tol* +2 x 475|t1| 2| np(en)? (1 — ne(er)?,
(4.46)
where
by = ! m = 0,=£1 (4.47)

R
is the singular part of the Cooper instability.
The remaining integrals [ de; and [ dq cannot be done analytically, and we also
need some renormalization procedure to account for the short-wavelength contribu-
tion. Samalam and Serene considered a approximation with a cutoff procedure [10].
We repeat their analysis with our result above for comparison. We also consider an-

other approach which does not require a cutoff.

3Note that the spherical harmonics in the expression (4.33) is defined with respect to the direction §,
while the expansion of lpéo) is defined relative to the propagation direction of zero sound, k.



85

4.3.1. Samalam and Serene’s analysis

Samalam and Serene considered the approximation [10]

Brg(e1)(1 —np(er)) = —ng(0). (4.48)

This approximation, together with a cutoff in the g integral, leads to an analytic ex-

pression. The €; integral is given by
*© 4T T
/ dey |tm|* = — 7 - (4.49)

The g integral has ultraviolet divergence in 3D space. To regularize the integral,
we add a cutoff on the upper limit, which has an physical meaning that the pair
fluctuations is only meaningful on the length scale larger than the coherence length
o, and thus it is meaningless to include the modes with wave number q 2 ¢, 1

Therefore, the g integral is given by

2 2

q 1 /xc X
d = dx——
/ Tora P 8,0 Tora

= i [xc — \/l_9arctan %] ,

where the dimensionless variable is x = g1, and a cutoff x. has been added. Recall

(4.50)

that ég = ﬁ = %(,‘% and Czﬂ = Ci = %@%, where ¢ is the coherence length for s-wave

pairing. We obtain the numerator

3 3
_ 1 <o>zl\ﬁ i\ﬁ L Xc
Num = 5m*PF4(%> =\ 9 —|—275 3 ><(:8(xC \/Earctan\/@), (4.51)
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where we have used N(0) = m*pg/27t>. Note that although the parameter x. depends

on the length scale ¢,,, only one parameter x. goes into the final expression. This is

because 19 and §; 1 are of the same order, and the cutoff should not be considered

to be a hard upper limit. Instead, it is just a parameter to exclude unphysical modes.
The denominator of (2.69) is

( (0))2

Vv
214+1

(1+ il ) (4.52)

Denom = 2 71

1>0

which can be reduced to a simple expression since we assume v; = 0 for [ > 2. From

the equation for zero sound (2.41), we can obtain

350
=" 4.
1 1 +F15/3V0 ( 53)
and
2 2
15 Sop— 51 (4.50)

2T A+E/3)A+E/5)

See the article by Baym and Pethick for more details [22]. The hydrodynamic sound
velocity is given by [2]

s7 = %(1 +F)(1+F;/3), (4.55)

where s1 = ¢1/vg, and as discussed in (2.42),

S

41+ FE5/5 4 F? F.
2 2 2 2 _ 1 2
S-drsap o onlts) (1 s) (46)
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Thus we have v, = 2. Inserting these relations into the denominator, we have

3s3 4 I3
Denom = v3(1+ F) + V(Z)H_—O + 51/(2) (1 + —2>

Fs/3 5
3y (1 F; 4, F Fs
—_— "0 (Z1+F)(1+2L 20 (14 1) (1422 (4.57)
1+Pf/3(3( * 0>< + 3)+50+15( + 3)( + 5>
m
:31/3%25%,

where we have used the relation m*/m =1+ F; /3 [2].
Inserting the numerator (4.51) and denominator (4.57) into the formula of zero
sound attenuation (2.69), we obtain

1 1 F5\2 224
S = gEW_PF(l + €> X 6_8 X [xc — \/Earctan(xc/\/@)] , (4.58)

where we have used the relation (2.66) and v, = 2vp, and the number 2.24 is from
3 3

%[%\/g +2x %\/g } ~ 2.24. Except that the constant in our expression is 2.24

while the corresponding constant in Samalam and Serene is 3.08 [10], the result is

the same, even though the transition probability we used is different. In this sense,

Emery’s heuristic transition probability does capture some physics.

4.3.2. Analysis without cutoff

The above calculation is based on the approximation (4.48). Note that without the
approximation, the occupation factor ng(e1)(1 — ng(e1)) has exponential decay when

|Be1| > 1, which makes the whole integral convergent, without the need to introduce
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a cutoff. The g integral in (4.46) can be done first by

1 imO—ix — 0 +ix
/ qdq|twl® = v v , (4.59)
1m *
where x = 27te1 /8T. The occupation factor can be written as
ne(e1)(1 — ng(er)) = cosh (e /2T) /4
(4.60)

= sech?(2x /) /4.

The final result is the similar to the previous result, with the factor x. — V¥ arctan \’;—%
replaced by a function

2/ dx 2 “irlw x sech(2x/77) . 4.61)

This integral cannot be done analytically, but it is convergent for any ¢. The function
O, derived from the integral (4.59), includes contribution from short wavelengths,
while fluctuations are relevant only in the long-wavelength region g < 1/¢, as dis-
cussed earlier. The short-wavelength contribution is insensitive to the reduced temper-
ature ¢, and thus the unphysical short-wavelength contribution can be compensated
by a constant counter term, which is independent of ¢. Thus the expression becomes

s =T (14 F—) 2;4@(19) St (4.62)
0

The constant du, which represents the short-wavelength contribution, can be ob-
tained by fitting experimental values of a. As shown in Figure 4.3, both expres-

sions (4.58) and (4.62) can fit the experimental data. For the expression (4.58) with
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Figure 4.3. The blue curve is obtained from the equation (4.58), with x.
and F; as the fitting parameters. The red curve is for (4.62), with da
and F; as the fitting parameters. See the main text for more information.
The data points are taken from Paulson and Wheatley’s article [8].

the cutoff, the least square fit gives x. ~ 0.236 and F; ~ 3.25, while for the cutoff-free
expression (4.62), the fit gives dae ~ —0.215 and F; ~ 1.39. The cutoff-free theory
tits the data better than the theory with the cutoff, especially in the region near T..
Moreover, the value F; = 1.39 obtained from the cutoff-free theory is close to current

experimental results.*

“We do not have a precise value for F;, but at high pressures the value F§ ~ 1 is possible. See the sum-
mary plot given by Halperin’s group in http://spindry.phys.northwestern.edu/3HeCalculator/
F2s_plot.html, as well as the book by Dobbs [23].


http://spindry.phys.northwestern.edu/3He Calculator/F2s_plot.html
http://spindry.phys.northwestern.edu/3He Calculator/F2s_plot.html
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Figure 4.4. This figure gives pressure dependence of the magnitude of
the excess attenuation, described by the prefactor (4.63). The pressure
ranges from 0 to 34 bar. See the text.

The magnitude of the excess attenuation is controlled by the prefactor in the ex-

pression (4.58) (or (4.62)),

A I S | <1 F_ZS)22.24 (4.63)

Ozgﬁmpp 5) &

This quantity is independent of the reduced temperature ¢, and its pressure depen-
dence is given in Figure 4.4. Over the pressure range from 0 to 34 bars, the zero sound
attenuation at T = T, ranges from 150 m~ ! to 250 m—!, which are obtained from data

titting and extrapolation [43]. Thus the excess attenuation is a few percent of the total
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attenuation. The Figure 4.4 shows that at high pressures the excess attenuation tends

to be larger, which is consistent with the report by Paulson and Wheatley [8].

4.4. Corrections to Fermi velocity and Landau parameters

The Cooper pair fluctuations not only generate a collision integral, but also modify
the parameters of the Fermi liquid. To see the change of parameters, we focus on the

left-hand side of equation (3.45), and neglect the right-hand side. Thus we have

(3¢ +vp - VR)np — VRRE!| __ - Vprp + VpReXl| __ - Vrrp

—0eMe|_ Oimp =0. (464)

The real part of the self-energy X! determines the Fermi velocity (or equivalently,
the effective mass), and the Landau parameters. As can be shown by the quasiclas-
sical method [35], the dominating contribution to these parameters comes from the
molecular field, i.e., the mean-field contribution. When the temperature is near T,
the contribution from the diagram in Figure 4.1, which contains the effect of Cooper
pair fluctuations, becomes strong. In this section we calculate the corrections from
the fluctuation self-energy by considering the equation (4.64). We first separate the
equation into two parts. The first part comes from the molecular field, giving the

Landau’s kinetic equation with the standard parameters. The second part is given by
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the fluctuation self-energy. Thus the equation can be written as

(1-9 imzﬂuc‘ )at”p (vp+ VpReZghe| . ) - VRrp

€= E

— Vr(dep + ReZph | ) Vpnp =0, (4.65)

€= €

where the velocity vp = p/m* = apeg and the energy from the nonequilibrium distri-
bution is given by

dep = Z fpo,p'orONpe (4.66)
p 'o!

Note that the coefficient of the time derivative term is also modified. Assume the
nonequilibrium is not strong and the kinetic equation can be linearized. To the leading

order, we have

(1 — 0ePReLf |20 ,)0dmp + (vp + VpReZt oL e,) " VROnp

— Vr(dep + RedZfi | ) - Vpnpl =0, (4.67)

€= €

Note that the for the first two terms, the self-energy X!l is evaluated with the equi-
librium distribution, while for the last term, the small deviation (SZ%I}JC due to the
nonequilibrium distribution én is considered. We drop the subscript “fluc” in the

following.
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Recall that Rex!! = (21! — ¥22) /2. Using

= (p) = Y Taps(p pi9)Gps(q — p) (4.68)
q
=#(p Zraﬁ (PP )GE(q - p) (4.69)

and

e e (S
rllz;pi A o A—pp; (4.70)

LGL GG (12)
2=y p-2 éL 2) Pfj‘ﬁ; (4.71)
T L3

and G''*(p) = —G?*(p), we obtain

»i 222 —(GG)3' = (GG)}?
S LT i oo

LGL L%L = .
2/ Z LG—L,zP piliamG (g —p). @72)

We will evaluate this quantity in equilibrium for the time derivative and the Fermi

velocity, and in nonequilibrium for the Landau parameters.”

4.4.1. Fermi velocity and the time derivative

The self-energy term for the Fermi velocity and the time derivative in (4.67) is calcu-

lated in equilibrium. The relevant expressions can be found in Section 4.1. Recall that

SRecall that the Landau interaction modifies the quasiparticle energy by ée ~ Fén, which is propor-
tional to the nonequilibrium distribution én.
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in equilibrium

N(O 1 37
_"%[(Z B 8%)“ Wé g%( zk+207irik)], (4.73)

and using (GG)(q) = (GG)?'(—q), we have

(GG)12

12 n_  _NO1 1 YR (5. 0 0a.a.
(GG)ij + (GG)ij = —n—F 3 [251] 2% 16 X 5 T2 ((51] + Zqzq])]
N(O) . (4.74)

3 [2(p|‘+ 1]) 2><5><7§( )C (PH'—’_PU#)}'

The above expression can be separated into the two components A =||, L. For the first

term in the expression (4.72) we have

(GG + (GG} = —n@ -

2
2357 (4.75)

with gﬁ = %6(2) and Ci = %é‘%. For the second term in (4.72), we have

. N(0
— LSV + (L§h)* = —2i g )(19 + 4%, (4.76)
and the denominator is
N(0)2 Tw 2
LR = % (0+ 87+ (57)°] (4.77)

which contains the singular part. Using the relation G!! = GR + G2, the time-ordered

Green function can be written as

1 .
GH(g—p) = Pm +ind(w — € —eq-p)[2n(w —€) —1]. (4.78)
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11 (€9
flucle=

From the equation (4.67), the correction is VpReX ..~ We can write the derivative
P
as vpoe,. Plugging these expressions into (4.72) for ReZ}l and taking the derivative

give the result

X
arctan Nz xg’ — Ox.

bvp _ 47174 1 [ n
o 20 NOTEG L ow20nE 48
2 <3 arctan\’}—% 5% +30x )} (4.79)
7€(3) \/1—9 x‘cL + 219x§ + 92
1 X
_5975 % 1072 X — [ X — \/l_9arCta1’1—C 12
N(O)Tcgg[ ¢ \/1_9]

where we have taken €, = 0. This correction is always negative, so the fluctuations
reduce the Fermi velocity.
The correction to the constant in front of the time derivative (see (4.67)) can be

calculated in a similar way. The result is

47174 1 arctan 7% X3 — O,

) X +
210 N(0)Te3 [ Nz Oxt +20%x2 + 93

T2 <3 arctan \’;—% 5x§ 1 30x,

-~ 72(3) VO XA 4202+ 192)} (4.50)

and the time derivative becomes (1 + 6)d;. The result of the Fermi velocity and the
time constant is shown in Figure 4.5, using the cutoff x. = 0.236, which is a reason-
able estimate obtained from the Paulson and Wheatley’s data [8]; see the result from

Section 4.3.
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Figure 4.5. Corrections to the Fermi velocity and the constant in front of
the time derivative. Panel (a) gives 1 + évp/vp, using the formula (4.79)
with different pressures, and Panel (b) gives 1 + J, with the correction ¢
given by (4.80). These curves are calculated with the cutoff x. = 0.236.

4.4.2. Landau parameters

The corrections to Landau parameters depend on the nonequilibrium distribution.
From the expressions in (4.8)—(4.11) and (4.13), we see that the real part of >11 (4.72)
depends on the distribution function in a complicated way. To simplify the calcula-
tion, we keep the denominator the same as its equilibrium value, LT ~ (8 + &34% —
imTw/ 8T)_1, which gives the singular contribution as ¢ — 0. This is the same as what
we do in the calculation of the collision integral, and is justified for linear response.
Moreover, we assume that the nonequilibrium affects the system mainly through the
explicit dependence of the distribution function (i.e. through the G!2 and G?! lines in
the diagrams), and the implicit dependence involved in the quasiparticle energy ¢p

has little influence on the ladder diagrams.
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The self-energy has dependence on the distribution function through different
Green functions in the expression (4.72). As can be seen in the last diagram in Fig-
ure 4.1, the dependence on the distribution can be from the three internal lines. In the
following, we use the symbols po =g —p, p3 = p/, s =g — p, and p; = p. We will
see the energy shift due to nonequilibrium distribution comes from the distribution
of the particle 2,3 and 4. From the energy shift, we can obtain the correction to the
Landau parameters.

Consider the first term in the right-hand side of (4.72). The real part of the time-
order Green function (4.78) has no explicit dependence on the distribution function,

and thus we only need to consider

(GG)3 +(GG)? = 2 /p

X [np/anp/ + (1 - T’lp/)(l — anp/)]ﬁ;ﬁ;’ (4.81)

from (4.9) and (4.10). Let ny = n®I(ey) + ony. Recall that we want the first-order

variation 0X. Consider

—6((GG)*' + (GG)lz)i]. = 27r/ 5w — €3 —€4)
p/

X [ = 0ng — dng + 2n36ny + 2n46n3] ﬁ;ﬁ; , (4.82)
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where the subscripts 3 and 4 represent p’ and q — p’, and the superscript “eq” has

been dropped. After integrating the energy w, we have

d_wl —(5((GG)12]'1 + (GG)iljz) ReGll
27t 2 |LSE|2
X D, (4.83
2/ |LGL = €3+ €4,q)|? P —— (483)

where the external energy is €, and the energy €, = €4 is for the internal fermion
line in Figure 4.1.
For the second term in the right-hand side of (4.72), the variation én can happen

in both (GG) terms and JmG!!. From (4.13), the variation gives

Oy + 0Ny
L§hy - 1§ty =2i [ Py 4.84
sy — 1§ =21 [ ST 480)

Recall that

iImG (g —p) = ind(w — € — e2)[2n(g — p) — 1]. (4.85)

The w integral gives

dw 1 (5<<L$L> i

)
aw 1 TmGL
27 2 |L%L|2 )lJm

(22 — 1) (6n3 +6ng) )
X . (4.86
2/ ’LGLCU_€+€2/q)‘2 €+€2_€3_€4P,P] ( )

For the JmG!1,

i6ImGH (g — p) = ind(w — € — €3) x 20n;, . (4.87)
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In equilibrium,
. .N(O
— L§" + (L§")* = —2z—§ Lo+, (4.88)
Thus the w integral gives

dwl —L%L + (LgL)*i(sijn _ 1
22 |L§HP 2|L§M (w = € +e2,q)?

X 201y X ;agpgp;. (4.89)

Note that the p’ integral has been done in this case. After the integration over q, the
sum of (4.83), (4.86) and (4.89) gives the correction to the Landau parameters. The

detail of the calculation can be found in Appendix B. The results are the following.

_arctan X<
6Fy = —4.617 x 1073 — v ]
N()GT.L 8 xg+ 0
1 r 3 X Ux
3136 x 107 2——— | x. — —v/¥arctan —=~ + — - 4.90
+ NO)T.E X 2\/_arc an 7 + 202 1 19)} (4.90)
1 r X
45975 x 10 2——— |x. — VO arctan —<
N(O)ET L ﬁ}
and
1 3 X Ox
SFS =1211x1072———_|x. — >v/®arctan —< + ¢
: N(0)Te& [xe = gVoarctan 5+ 357 9] won
1 X '
~1.792 x 107! x. — V®arctan =< | .
N(0)&3Te [ ‘ ﬁ]

The result is shown in Figure 4.6 at different pressures, using x. = 0.236. Note that
the Landau parameters in the normal state are Fj ~ 100 and F} ~ 10, and thus the
corrections from our result give F°/F’ < 10~ for both i = 0,1, which is much

smaller than the corrections to Fermi velocity and the time constant (see Figure 4.5).
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Figure 4.6. The figure (a) and (b) show the corrections to the Landau
parameters Fy and F; at different pressures. Note that the corrections
depend on the reduced temperature. The corrections are larger when
the temperature is closer to the transition temperature. The curves are
given by Equation (4.90) and (4.91). The cutoff is fixed at x. = 0.236.

As shown in Figure 4.5 and 4.6, most Fermi liquid parameters have infrared di-
vergence at ¢ = 0. The perturbative calculation based on the normal-state fermion
propagators is not valid when ¢ is too close to 0, because the correction would be large
and strongly modify the normal-state propagator. Nonetheless, if the temperature is

not too close to T, the corrections are small and the perturbation method is valid.

4.4.3. Relation between the effective mass and the Landau parameter F}

In Landau’s Fermi liquid theory [2], there is a relation between the effective mass and

the Landau parameter F} for a Fermi liquid with Galilean invariance,

m* FS
=1+ ?1 (4.92)

This relation does not hold for the corrections from pair fluctuations. Indeed, the

Fermi velocity correction is negative and thus gives a higher effective mass, while the
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p+k —= < P

Figure 4.7. The diagrammatic representation of the right-hand side of
the Ward identity.

F} correction is negative. The inconsistency means the above relation holds only for
the standard Landau interaction. The relation (4.92) can be derived from the Ward

identity [31, 44]. The Ward identity from gauge invariance has the form [44]

(p+k) —Z(p) =i TGP )G(p — k) (w - %ﬂ;_k)) (4.93)
p/

where X is the self-energy for the fermion, and I'(p, p’; k) is the two-particle vertex,
with the momentum transfer k. Let w = 0 and consider the limit k — 0. We have

0x(p) _ P 2 w:O,k—>Op/
o = z;{FG } ot (4.94)

The right-hand side of the Ward identity can be represented in a diagram, shown in
Figure 4.7. This identity is exact, without any approximation. We can see left-hand
side of the identity is related to the Fermi velocity, and the right-hand side is related
to the interaction. To derive the relation (4.92), we need further assumptions.

The key assumption is that the vertex I' has no energy dependence. This assump-
tion is reasonable under quasiclassical approximation and for the vertex obtained
from the particle-hole channel with small momentum transfer. Using this assump-

tion, we only need to sum (or integrate) the product G(p')G(p’ — k) over different



102

frequencies, which gives the factor

v-k
10(C ) —————. 4.
l(ép)w—V'k ( 95)
The delta function 6(g,) restricts the fermion momenta to the Fermi surface. The
k — 0 limit after w = 0 of the vertex gives the forward scattering amplitude [30],
parameterized by A;. Using the relation

F 1

+ —
A 7
21 +1 1— 574

1

(4.96)

the relation (4.92) can be obtained.

The above assumption is not valid for the pair fluctuations. The vertex resulted
from pair fluctuations depends on the total momentum and frequency of the incoming
particles, = p + p’ = (w, q), and it has the form (see Section 4.1)

1

N~—=— -/ —. 497
8 +3g* — i &

The assumption of dropping the frequency dependence is no longer correct. Indeed,
the calculation given in the previous section includes the frequency dependence, and
it does give nontrivial result. Furthermore, the vertex from pair fluctuations is calcu-
lated in the particle-particle channel, and it only gives significant contribution when
the total momentum g of the two incoming particles is small. This means that the
two fermion momenta p and p’ in the Ward identity (see the diagram in Figure 4.7)
are almost opposite, p’ ~ —p, while for the Landau interaction, the two incoming

particles can have arbitrary momenta on the Fermi surface. The corrections obtained
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in the previous section is calculated under the restriction of small total momentum g.
Since this restriction put strong correlation between p and p/, the result cannot be the

same as the Landau interaction.

4.5. Velocity drop of zero sound

As formerly discussed, the self-energy contributes not only to the collision inte-
gral, but also to the quasiparticle energy. In the last section, we show that the Fermi
velocity, the time derivative, and the interaction between quasiparticles in the kinetic
equation are changed by the fluctuations. A direct result of these corrections is the
velocity change of zero sound. Using the corrections obtained in the previous section,

the kinetic equation becomes

dQy
(1+0)w —vp - Kvp — (vp k) [ ——=F(p-p')vy =0, (4.98)

where the Fermi velocity and Landau parameters are corrected by pair fluctuations.
Note that the coefficient of the time derivative also gets a correction, given by the
expression (4.80). We retain only the first three spherical harmonics, and the zero

sound velocity is given by [22]

2 S S S
2 1 F. . 4. K E;
0141+ )+ (14 21+ 22y, 4.99

Although we do not have a precise value for F5, most data indicate |F5| < 1.° Since the
Landau parameter F5 is always much smaller than Fj and we do not have a precise

value for it, we ignore the F; term in the formula (4.99) for simplicity. Note that the

6See the graph in http://spindry.phys.northwestern.edu/3HeCalculator/F2s_plot.html.
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Figure 4.8. The figure shows the deviation of zero sound velocity rela-
tive to its normal value, dcy/cp, at different pressures. The curves are
calculated with the fixed cutoff x. = 0.236.

above formula is derived from the original kinetic equation, in which the coefficient
of the frequency w is unity, i.e. § = 0. To correctly include the influence of pair fluctu-
ations, the result needs to be divided by the factor 1 + & since this factor effectively reduces
the frequency. The zero sound velocity difference between the value from corrected
Fermi liquid parameters and the value from the standard parameters is shown in Fig-
ure 4.8, normalized by the value obtained from the standard parameters. The curves
in this figure are calculated at a low pressure, and using the cutoff x. = 0.236, which
is obtained from the best fit in Figure 4.3.

The experiment done by Lee et al. [12] showed that there is a velocity drop as ¢ <
0.2 by the amount about 30 ppm, as shown in Figure 1.3. The velocity drop appears

in our theory, but our theory predicts a much larger decrease. A possible explanation
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is that the frequency used in the experiment is higher than the gap energy [12], which
means the pair-breaking effect is strong. The high-frequency zero sound used in the
experiment may reduce the magnitude of the pair fluctuations in the normal state,
leading to a smaller velocity drop.” With the assumption of the fixed cutoff, our
theory shows that the zero sound velocity drop is larger at higher pressures, consistent
with the pressure dependence of the parameter 1/N(0)&3T. (see Figure 4.2). Thus
the velocity drop should be more observable at high pressures. We cannot draw a

conclusion here, and more studies are needed in order to solve the discrepancy.

4.6. Summary

In this chapter, we consider the self-energy derived from pair fluctuations. We find
that the self-energy gives rise to the collision integral which has substantial difference
from the one proposed by Emery [5]. Our result is based on microscopic calculation,
and thus gives a solid foundation to the fluctuation-induced collision integral. In
particular, our transition probability (Eq. (4.33)) does not contain interference terms,
consistent with the fact that no phase coherence exists above T.. We derive zero
sound attenuation using our collision integral, and find the result fits the experimental
data well. Furthermore, we propose a better renormalization procedure for the zero
sound attenuation, which is free of the cutoff, and gives a better value for the Landau

S
parameter F5.

7 Another unknown factor is the cutoff. The cutoff x. = 0.236 is obtained from the data for zero sound
attenuation, measured at pressure p = 30.87bar [8], while the experiment done by Lee et al. was at
pressure p = 0.6 bar. The cutoff for velocity does not need to be the same as the cutoff for the attenuation, and
it can have pressure dependence. Nevertheless, the cutoff should be still of the same order of magnitude,
and thus the influence of the cutoff should be less important.
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Based on the same self-energy, we calculate the corrections to the Fermi liquid
parameters. These corrections lead to a velocity drop of zero sound when the temper-
ature is near T.. The velocity drop was observed by Lee et al. [12], but the magnitude
of the drop in our theory is much larger than the experimental data. As discussed
at the end of Section 4.5, we do not understand the cause of the discrepancy, and
more studies are necessary. In particular, experiments at different pressures are im-
portant, since the influence of pair fluctuations is strongly pressure-dependent (see
Figure 4.2). We believe the pressure dependence is a key to understand the physics of

pair fluctuations near T..
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CHAPTER 5

Bosonic Field Theory for Zero Sound and Pair Fluctuations

In the previous chapters we study the Fermi liquid by fermionic operators. Since
both the zero sound and pair fluctuations are bosonic, we want to explore the pos-
sibility of expressing the theory in terms of boson fields. This approach provides an
alternative formulation of the interaction between zero sound and pair fluctuations.
In this chapter we develop a bosonic field theory for zero sound and pair fluctua-
tions using functional integrals. Although the numerical result does not agree with
the experimental observation, this theory contains the theoretical structure similar to
the theory of paraconductivity in superconductors [20]. Since the pair fluctuations
in superconductors have been studied extensively [13-19], our bosonic theory might
provide a connection to the well-developed fluctuation theory, and make the theory

for zero sound with pair fluctuations more complete.

5.1. Functional integral for the Fermi liquid

We start from a Hamiltonian which includes interactions in the particle-hole chan-
nel and particle-particle channel. The particle-hole channel represents the Landau
interaction, which should describe the zero sound, while the particle-particle channel
represents the Cooper pairing, which is p-wave for >He. The Hamiltonian contains
three parts:

H = Hy+ Hy + He, (5.1)
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with
2
Ho = / Px yix)| - o Y i), (5.2)
Hy, Z YroPp-tioSpopo Vo Py ko' (5.3)
pp’k
and o
3A V; V

He = =5 [ &[0 (gugit" (00 [p0stg(0)] 54)

The fields ¥ and ¥ are fermion operators. We have used the summation convention
for the spin indices. From the non-interacting Hamiltonian Hj, the fermion field have
dimension [¢(x)] = 1/ V2.! The Landau interaction H; is given by the interaction in
the particle-hole channel, where the momentum transfer is small compared to the Fermi
momentum, k < pg. Thus the summation ) is restricted to a thin shell around the
Fermi surface. Note the Landau interaction Hj, is expressed in terms of the Fourier

components of the fields

+ e—lp X

Z lI)P \/— ll) 2 LP (5.5)

and the Fourier components are dimensionless, [p] = 1. The coupling function has
dimension [fps,p/er] = EV. This form is consistent with the convention used by Baym
and Pethick [22]. For the pairing interaction Hc, we define g, = io,0y and % = 3 — %
The ¥ and ¢ are two-component spinors, multiplied by the Pauli matrices. This form

gives the p-wave and spin-triplet pairing. The coupling constant also has dimension

A] = EV.

IWe use the symbol V to denote the dimension of volume, and the symbol E to denote the dimension
of energy.
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For simplicity, we consider the equilibrium field theory. The thermodynamics of
the system can be described by the partition function Z = Tre PH, which can be
studied by the imaginary-time formalism. As mentioned at the beginning of this
chapter, we want to have a bosonic field theory to describe the zero sound and pair
fluctuations. To this end, we use the functional integral representation of the partition

function [45]

Z=[ o Dllep(=sld4)), 56)

with the Euclidean action

S1g,9] = [ e[ L e (0dctp(x) + HG ) (0], 67

P

where the fields ¥(7) and (7) are Grassmann numbers, and depend on the imagi-

nary time 7. The action can be written as S = Sp + Sp, + Sc with

p _
So= [ v L dip(1)[0c + 3] (7). (5.8)
P

SL = ZV/ at Z wptf 1/7p+qa( )fpgp/g/lpp/a/( )lpp qa/( T), 5.9)

p.p'q

and

31 (B 3 [
SC——? ; dr/dx[lp(x

In the following, we will integrate out the fermion fields ¢ and ¥, in favor of some

<~ x4

Vi - t Vz‘
T)gaz P00 [9x TIgi o

(x,r)} . (5.10)

boson fields.
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We remark that the above action can be obtained from the low-energy effective
action (3.1). As restricted to the Fermi surface, the interaction I'* can be divided
into two distinct classes [38]: The normal scattering in which two incoming particles
have an angle Z(p1,p2) # 7, and the Cooper scattering in which the two particles
have opposite momenta. The Landau interaction S, comes from the normal scattering
restricted to the forward direction, i.e. the momentum transfer k ~ 0. Scatterings with
finite momentum transfer give normal collisions, which we do not want to study here.
The Cooper interaction Sc comes from the scattering with opposite momenta, and we
restrict it to the p-wave channel only. In summary, the action S is the low-energy

effective action for the relevant physics.

5.2. Bosonic action for zero sound and Cooper pairs

The above action is a functional of fields i and ¢, representing the fermions. Since
our goal is to study the zero sound and Cooper pair fluctuations, we want to ex-
press the action in terms of relevant degrees of freedom. In the following, we use the
Hubbard-Stratonovich transformation to express the original action in terms of rele-
vant boson fields. This procedure integrates out the fermion degrees of freedom in the
particle-hole and particle-particle channel, and at the end we will see the collisionless
kinetic equation and the GL equation emerge naturally.

For the pairing interaction Sc, we introduce an complex field A,; which satisfies

[ pladjesp| - % [t [ @x Auix T)%Am-(x,r)} _1, (5.11)
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with a properly normalized measure D[AA]. Note that [A(x, T)] = E. By shifting the
dummy variable A,;, we can get
4 <~

v, o1 v,
/ DlAAexp [~ 5 / dt / Px(Asi + 3058055 P) 35 (Aui + 315! i

)| =1
(5.12)

Inserting this identity into the (5.6), the quartic term (5.10) is canceled and we have

<—) x4

clAn ) = 3 [ dr [ Px[3AuA+ Bsag A+ Aupsiziiv]. (13

The fermion field i and ¢ are quadratic in all terms. For later use, we express this ac-

tion in the momentum space. Using ¢(x,7) = ¥, \T—xl[Jp( ), P(x,T) = L, \/IEXIPP( T)
and A(x,T) =Yg "% A(q, T), we have

1 B
SclAA,iy] = o5 [ drv Y Aq,1)A(q7)
3 ﬁdTZ[_ (g P=P)ig () A(p +p',7)
2 Jo ,% 8u 2pr Ve “i\P TP

Au(p+p, T)wp(T)gl%lpp’(T)] . (5.14)

For the Landau interaction (5.9), consider a new field np(q, T) satisfying

[ Dlexp [~ [l T inp(a,) + iGp(0pea(0)]
PPq

X f [ (=0, T) + i (T _q()]| = 1. (5:15)
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After inserting this identity into (5.6), we have

] 1 (f .
Suln §9] = 57 [ dr 1 mp(@ )y (—a,7)
pp'a

+ il[_Jp(T)l/Jp+q(T)fS’p/np/(—q,T) +np(q, T)f;p,ilﬁpf(r)lpp/,q(r) . (5.16)

To simplify the expression, we introduce the notation

1
(PP(q/T) = VZfIS)’p/np’(q/T)/ (5].7)
p/

and have

il ) =3 [ ar X [mpla Op(~a,7)
P9
+ i (D) Ppra(T)bp(—a,T) + Pp(q, Tifhp(T)pp—q(T)| . (5:18)

Note the dimensions are [1,(q, T)] = 1 and [¢pp(q, T)] = E.

The action S = Sy + Sc + S, is quadratic in the fermion fields now, in favor of
the auxiliary fields A and n, and thus we can integrate out the fermion fields ex-
actly. Since the action contains combinations the particle-particle pair 1 in addi-
tional to the particle-hole pair 1, we need the Nambu spinor to write them in a
single matrix. Moreover, the anti-commutativity of the Grassmann numbers requires

the anti-symmetry of the involved matrix. We give the details in the appendix. For
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the particle-hole structure, we define

o 1 [ipn—2¢C 0
Go'(pp) = o Boo'Opp s (5.19)
0 —ipn + ép
. Pp(P — P’ Pn — Pn) 0
spp) =" o Soot,  (5.20)
0 —¢p (P' — P, Py — Pn)
and
- 0 (pipl)lA . + // + !/
A(P, p/) = / ) 8u 2pF NI(P P/ Pn pn) ) (5.21)
S RLA L (p + D', pu + 1)) 0
with
¢p(p— P, 7) —TZe KT (p — P km), (5.22)
Au(x,T) =TY.Y eV T Au(q, qm), (5.23)
am q
and
Ai(x,T) = Tzze*iq'xe“q"ﬂflm-(q,qm) ) (5.24)
m 9

Note that the functions 60, (ﬁ, and A are dimensionless. The result can be written as

S = —%Trln(—gol +ip+ A)
2/ dTZ”p q T (Pp —q,T / dTVEAzxz q, T)Aui(q,7), (5.25)

which contains the fields 7y (¢p is linear on 71, see the definition (5.17)) and A,;.
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5.3. Expansion around the equilibrium state

The bosonic action (5.25) describes the thermodynamics in terms of the distribu-
tion function np and the order parameter A,;. If we neglect the fluctuations of the
fields np and A,;, the equilibrium distribution can be determined by minimizing the
action (5.25). Indeed, if we assume the order parameter A,; = 0, and take the variation

with respect to ¢p, we have

oS i

— ~ —Tr — — +Np. 5.26
OPp —ipu+Cptigp T (5:26)
In equilibrium, the variation must vanish and we have
1 1
in® ~ Tr - (5.27)

= o= 0 P 11
which indeed gives the equilibrium distribution in Fermi liquids (2.30). The presence
of the imaginary unit i is a common feature in the imaginary time formalism (see, for
example, [46, 47]).

We will expand the bosonic action around this equilibrium state. The order pa-
rameter vanishes in equilibrium for T > T, so the field A,; in (5.25) has already
described the fluctuations. Let n = n®l 4 én. The equilibrium value ¢®1 can be ab-
sorbed into the single-particle Green function Gy. We assume the deviation dn and
the pair fluctuations A,; are small, so we can expand the TrIn to leading orders. We

tirst decompose the logarithm as follows:

Trin(—G, ! +idp + A) = Trin(—Gy 1) + Trin(1 — Go(idp + A)). (5.28)
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Note that if there is no nonequilibrium én and the pair fluctuations A, the above
expression becomes Tr ln(—QAO_ 1), which gives the equilibrium properties. We will

neglect this part in the following expressions.

Using the expansion log(1 — x) = — Y2 ; x"/n, we have
1 N WIS 1. &1 5,0~ ~p
—5Tr In(1— Go(idp + A)) = 5 Tr Y. E[go(us(p + A)|". (5.29)
n=1

Recall that the trace Tr contains summations over spin, particle-hole, and momen-
tum indices. Using this expansion with the last two quadratic terms in the bosonic

action (5.25), we obtain

SZETrngz[go(lfsqb—i-A)] +§/0 drgénp(q,f)wp(—qﬁ)
1 /B _
- /O dTV§A(q,r>A<q,r>- (5.30)

Note that we have dropped all linear terms in dn and A, since the expansion is around
the equilibrium. The quadratic terms in this expansion give rise to the linearized
collisionless kinetic equation and the TDGL equation to the second order.” Hence the
non-interacting part of the bosonic action correctly describe the zero sound and the
Cooper pair fluctuations independently. The higher-order terms give the interactions
between these fluctuations. We focus on the interaction between the zero sound and

pair fluctuations, and neglect other contributions.

Note that there is no cross term like Adn because the trace over particle-hole space vanishes.
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5.3.1. Collisionless kinetic equation

The quadratic action containing second-order én or d¢ is

st = ; > (Goidf)? + 5 / dTZ(Snp 0, 7)0¢p(—q, 7). (5.31)

Evaluating the trace of spin and particle-hole indices, the above expression becomes

sg’_—TZZZQO )Go(p + k) (k) (—k) + = TZZ(SHP )opp(—k), (5.32)

where Go(p) = 1/(ipn — Cp). Evaluating the summation over Matsubara frequency

ipn, we obtain

-k
sngZ{ZnF Cp) _Vp 0 (k)3 (—K) + 5 Zzsnp )8 (— )}. (5.33)

Recall that 6¢p = + Yp fp,p'11p. Because the matrix f, , is invertible, d¢p contains the
same information as énp. We can get the equation of motion by taking the variation

with respect to d¢p (—k), which gives

"
Snp (k) + Zn{:(g’;p)w"f—k(s%(k) ~0. (5.34)

VP'

This is just the linearized kinetic equation, describing zero sound. Therefore, the

nonequilibrium distribution Jn indeed follows the dynamics of zero sound.

5.3.2. Second-order TDGL equation

The quadratic terms in A,; give rise to the time-dependent Ginzburg-Landau equation

to the second order. As long as the temperature is not too close to the critical point,
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the fluctuations can be well described by this gaussian form.> The quadratic part is

p=lnl@ars L [Pavya
S¢ = 2Tr2(QOA) o1 )o dTV;A(q,T)A(q,T). (5.35)
The trace term gives
1 5~ ) o
§Tr (GoA)? ZZQO )8uPiAwi(q)[=G0(9 — P)1g5PiApi(7), (5.36)
293

where we have summed over the particle-hole indices. Using ), a g;g = 206,p, we have

%Tr (GoA)? TZZQO 0)[=G0(q — p)1p;jAsj(4) - (5.37)

The remaining p integral can be done with small g expansion, as shown in Appen-

dix A. The result is

VvV _ 7T ~ A
st TY Aula) [0 + Tlinls,+ 2oy +200)] Au0), 6.38)
where ‘:0 = ZgSZ)TZ is the s-wave coherence length. This action S4 is the p-wave GL

functional to the second order.

5.3.3. Fluctuation propagator

For the later use, we consider the average (A,;i(q)Ag;(q')) here, which is the correla-

tion function of pair fluctuations, or the fluctuation propagator. From the action (5.38),

3The critical region can be estimated by the Ginzburg criterion. See Coleman [48], for example. For
liquid *He, the critical region has the size of the order of 10712 around T, which is not accessible
experimentally.
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we immediately have

- N(O)VT\ -1 T .1
Al g ) = (MDY 0+ Ty 54 283020542049 0p0up-
(5.39)
Recall the definitions introduce in the Section 4.1. We have
(Aui(0)Agi(4)) = Y Ga(@)P3(&)0y50up, (5.40)

A=||,L

where Pl--(g) is the projection along the direction parallel and perpendicular to §,

and
7| Gm| 2 2]}
G4 (q) N(O)VT[ﬂJr T+ A (5.41)
with
282 ) =
&2 = 50 ”. (5.42)
15 2=

5.4. Interactions between zero sound and pair fluctuations

We have shown that the second-order terms give rise to the description of zero
sound and pair fluctuations. To see how the pair fluctuations influence zero sound,
we need the interactions between them, which come from the higher-order terms in
the expansion (5.30). We assume the fluctuations are weak, and thus consider only the

4

leading-order terms. We also ignore all self-interacting terms.” For n = 3, the only

4The higher-order terms in A,; are not important, as the temperature of interest is not within the
critical region. The zero sound is described well by the linear approximation.
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interaction term is

SG) = 2Ty Go(p)Go(p +Kk)Go(q — p)pp (k) PiAai(q + k) pjAai(q)
=2iT°) G(p)Go(p + 9 —4)G0(a" — p)dp(a — ') PiAui(9) P Auj(q),

while for n = 4, there are two distinct interactions,

SED =2T*Y"Go(p)Go(p + K)Go(q' — p)Golg — 4"+ p)

X Pp(K)pp(—k+q — 4" )piAni(9)PjAnj(q"), (5.44)

and

S =Ty Go(p)Go(p +k)Go(q' — p)Golq — p — k)

X Pp(k)p—p(—k+q—q)piAui(9)PjAs(q'), (5.45)

where Go(p) = 1/ (ipn — Cp) is the fermion propagator, and the summation is over all
momenta, with the restriction g,k < p. Together with the terms obtained from the

last section, the approximate action is

S=57+ 55 +50) 45l 4 g42) (5.46)

Recall that the partition function is given by Z = [exp(—S). To get the effect of

pair fluctuations, we consider the functional integration over A,;. Using the cumulant
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A(g+k)
p+k
q—p - ¢(k)
p
A(g)

A(q)
q—q +p
¢(—k+q—1q)
(b) Diagrammatic representation of $(*1).
Alq)
g—p—k p+k
Pp(—k+q—4) - = (k)
q —p P
A(q')
(42),

(c) Diagrammatic representation of S

Figure 5.1. The three interaction terms (5.43), (5.44), and (5.45) can be
represented by the above diagrams. The direction of the momentum
flow for ¢ is considered to be outward.
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expansion, we have

(e V) = e~ (V)3 ((V2)=(V)2) 4 (5.47)

where (-) represents the average over the pair fluctuations, with the weight exp(—S3').
When taking the average over the fluctuations, we consider the zero sound as a weak
external perturbation. Thus we consider only the terms quadratic in ¢p, and ignore
higher-order terms. The linear term in ¢ is not important, because it gives a driving
term in the equation of motion, which does not change the dispersion relation of zero
sound. In the following, we consider the contribution from the three interaction terms
in the action (5.46). We find the leading order contributions are given by diagrams

similar to the ones in the paraconductivity theory.

5.4.1. DOS contribution

We first consider the 4th-order terms, because they are simpler than the 3rd-order
term. These terms are quadratic in ¢ in the first-order cumulant expansion. Using the

expression (5.44), we have

(SUDy =2T*Y"Go(p)Go(p +k)Go(q' — p)Go(a — 4+ p)
X Pp(K)pp(—k +q — q")pip; % (Aui(9) Auj(q))
= 2T4ZQO(P)ZQO(P +k)Go(q — P)‘Pp( )‘Pp jRe 3ZQA

(5.48)
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Figure 5.2. The DOS diagram. This diagram can be obtained by con-
necting the A and A fields in the diagram 5.1(b).

where we have used the average (5.40), and summed over the delta symbols. This
expression has the same structure as the DOS contribution in the theory of paracon-
ductivity [20], as shown in Figure 5.2, and thus we also denote it by DOS.

Define

AP =2T2 x T Go(p)*Go(p +k)Go(q — p). (5.49)
ipn

The expression is reduced to

SPOS = (SD) = TY Y ATP¢p(k)pp(—K)pip; x 3Y_GA(9)P}(4).  (550)
A

kg p

The singular contribution is from the g, = 0 mode, so we take only this part. We also

ignore the dependence of q in A]I:,)OS, because it is smooth at q = 0. Thus we have

LIAP)(a) = ;W [o+8¢] P@

N(0 T/ 277) 319+g2 RiCY

_ (o)T§32 2[ \/ﬁatan(\/l—g)}é X (\/91_/53+\/3%3), (5.51)



where we have used the same regularization scheme as in the (4.50).

below (4.51). Let

3 Xc 1 2
C(¥) =55 [xc - \/@atan(ﬁ)] x (mg + J%3)'
We get
GDOS _ TZZ ADOSg (k )ﬁcmﬁw)
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See the text

(5.52)

(5.53)

Note that the dimensionless parameter 1/N(0)T.¢} is a small number, as shown in

Figure 4.2.

5.4.2. MT contribution

The $(#2) term also has the AA¢¢ structure, and thus the calculation is similar to the

DOS contribution. Using the expression (5.45), we have

(SWHy = T*Y " Go(p)Go(p +K)Go(q' — p)Go(q — p — K)pp (k) p—p(—

= T*Y Go(p)Go(p +K)Go(9 — P)Go(q — p — K)pp (k) p—p(—K) i

(5.54)

This expression is similar to the MT contribution in paraconductivity [20], as shown

in Figure 5.3. Define
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Figure 5.3. The MT diagram. This diagram can be obtained from the
diagram 5.1(c).

Apt =T2x TY Go(p)Go(p +k)Ga(q — p)Go(q — p — k). (5.55)
1Pn

The above expression is reduced to
SMT = (s42)) = Tkzpywp(kw_p(—kwj x 3;g£<q)P§<q)- (5.56)
A

Similarly, we consider only the g, = 0 mode, and ignore the q-dependence in AII\,/IT.

Integration over q gives the factor

_ 3 Xc 1 2
C(9) = 52 [xc — ﬁatan(ﬁ)] X (\/%3 + \/%3), (5.57)

which is the same as in the DOS case, and

MT __ MT . 1 MT
S —T;§/\p Pp(k)p—p( k)—N(o)ngC (9). (5.58)

5.4.3. AL contribution

The contribution from S®) is different from the DOS and MT terms, because S©) has

the structure AA¢. In order to get the quadratic term in ¢, we have to consider the
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next order in the cumulant expansion.

[S®12 = 24T% Y Go(p)Go(p +K)Go(q — p)bp (k) PiAni(q + k) pjAni(4)

x 20T° Y Go(p")Go(P' +K)Go(q" — p) by (K') P Api1 (4" + K') Py Apm(q')-

(5.59)

There are two A and two A fields, and thus there are two different ways to contract
them. One of them leads to a disconnected diagram, and it will be canceled in the

cumulant expansion.” The only contribution is

([S¥]2) — (B2 = —2T5 3" Go(p)Go(p + k)Go(q — p)pp (k) Pip;
x 2T°Y " Go(p')Go(p' +K)Go(q" — p')pp (K ) P15 (5.60)
X (Ani(q+K)Apu(q'))(Anj(q) Ap(q +K)).

Recall that (A,i(q)Agj(q')) = X1 G4(9)P; ( )34,4'0ap- Since the fluctuation propagator
is diagonal in momentum variables, we have ¢’ = g+ k and k' = g — g’ = —k required

by the Kronecker deltas. The previous expression becomes

([S®]2) — (SN2 = —2T3Y " Go(p)Go(p + k)Go(q — p)¢p (k) pib;
x 2T° Y Go(p")Go(p' = K)Go(q + Kk — p)bp (—K)PiPm  (5.61)
XBZQA g+k)P) (q+Kk) ZQA P)lv(él)-

This expression can be represented by the diagram in Figure 5.4, which is similar to

the AL diagram in the paraconductivity theory.

SRecall that the second-order term has the form (V2) — (V)2. The disconnected diagram is canceled by
the (V)2 term.
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p—k p

Figure 5.4. The AL diagram, which comes from the second-order con-
tribution of the vertex given in the diagram 5.1(a).

The singular contribution is from the fluctuation propagator G4, within small re-
gions around the most singular modes g = 0 and g4 = —k. As before, for the discrete
Matsubara sum Ziqm, we take only the most singular modes g, = 0, —k;,. For the inte-
gral over the momentum q, we pick a cutoff to restrict the integral around q = 0, —k.
Moreover, the fermion propagators Go(p)Go(p + k)Go(q — p) are smooth at g = 0, —k,
so we can set g to these values, since the both q and k are much smaller than the
Fermi momentum. For g = 0, the first and second summations over p have the form
Y- Go(p)Go(p + k)Go(—p) after appropriate change of variables and approximations.
Similarly, for g = —k, both have the form Y Go(p)Go(p — k)Go(—p). Let

Apt(k) =2T x T} Go(p)Go(p + k)Go(—p)- (5.62)
1Pn
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Then we have

(1S)12) — (52 =
~TLLY Ao (6)gp (k) pip % Ap-(K) by (—k)Piph x 3Y(q = (0,3))
P p
+ARH (k) o (k) pipj x AGH(—k)pr (=) PP % 33 (9 = (—km, —k + q))], (5.63)
q

where the expressions (¢ = (0,q)) and (g = (—ku, —k + q)) are the fluctuation

propagators Y, G4 (q + k)P, (m) Yo Qﬁ/(q)Pﬁ/(Q) around the two most singular

modes,

: 1 1 AMa L L\pN (A
(N(O)VT) 19—|—7'(|km|/(8’]“)_|_§/2\(q+k)2 X l9+§alc—lzpim(q+k)P'l (q) (5.64)

J

and

q=(—km —k+q):

( - )2 o . PA(Q)P} (—K). (5.65)
NOWVT) 6+ 8¢ 8-+ rlknl/(T) + & (q — k2 ™ VA= &

The momentum q is the small deviation from the most singular momenta q = 0, —k.
Since the most singular modes are now given by @ = 0, we will restricted the
integration to a small region around q, and also assume q + k ~ £k in the above

expressions. For convenience, we drop the bar on top of q in the following. Thus the
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> (9=1(0,9q):
q
3 2 1 1 .
k)P; (q), (5.66
; <N(0)VT> & + 7t|km|/ (8T) +§§k2 9+ 2%,q? P (KR (@), 666
Y (9= (—km —k+q)):
q
3 2 1 1 .
X ’ k). (5.67
;<N(O)VT) 9+Eq " O+ mtlkm|/ (8T )+§2 K2 zm(q) ( ). (5.67)
Let
1 1
KM k) = , 5.68
(k) 19+n|km|/(8T)+§§k2 7tlkm|/ (8T) 4 ¢3Kk? (5.68)
which has weak ¢-dependence. Converting the summation )} q = V f 3 and inte-
grating the momentum q, we get the same factor
3 x 1 2
C(9) = — |x. — VBatan(—%) | x + (5.69)
2m? [ Nz ] (\/m3 \/ﬁ3>
as before. Putting the results back to the expression (5.63), we obtain
([s®)]2) — =-T?)" Z [ApE(R)ALH (k) 4+ Ag™ (k) AQH (—k) ] dp (k) by (—K)
k pp
3 v Ny DA Ty A L @
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Recall that the second order cumulant expansion (5.47) has an additional —% factor.
We define
1
AL _ _ 1 (3)12y _ /c(3)\2
5 5 (([5 [7) = () ) (5.71)

5.5. Zero sound equation with corrections

In the previous section, we showed that the leading order corrections from pair
fluctuations are given in SAL, SPOS, and SMT. Together with the non-interacting action

for zero sound (see Section 5.3.1), we have the effective action
§9 = S + AL 4 gPOS | gMT (5.72)

where all terms are quadratic in ¢. As done in Section 5.3.1, we take the variation with
respect to the field ¢p(—k), and obtain a linear equation for én. This linear equation
describes the original zero sound with the corrections from SAL GDOS and SMT. We
can then use the equation to study zero sound near the superfluid phase transition.

Taking the variation, we obtain

vp-k

onp (k) + 2nx(&p) o

T p (k) + (AL) + (DOS) + (MT) =0, (5.73)
Vp .

where (AL), (DOS), and (MT) are contributions from taking the variation of the ex-
pressions (5.71), (5.53), and (5.58).

Using the ansatz on, (k) = —ng(Gp)vp(k), we have

1
Ppk) = 7 gf;,pﬁ”p'(k) ~NQ©) [ =1 (- P )vp(k), (5.74)
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and thus
/ / v-k S(a . A
= (G )vp () + 205 (8p) D N(O) [ (B (8

+ (AL) + (DOS) + (MT) = 0. (5.75)

Since the function —ng(p) is peaked at the Fermi energy, we integrate over the &p
variable and thus all momenta are restricted to the Fermi surface. After some standard

expansion, the equation becomes

14 s Vv
! TR =0, 76
T IZ/QII () 5pr 7 + (AL)i + (DOS); + (MT); =0 (5.76)

where the term (AL); and the other similar terms are obtained by integrating out &p

and applying [+ P;(p - k) to get the I-th component. The Q) function is defined b
pplying Jp Li\P & p y

1
Qll/(s)z/ %”Pl(u) Y pou). (5.77)

u-—s=s

See Chapter 2 for more details.

The correction (AL) from (5.71) is

(AL) = +T Y [AgH(k)ALH (k) + A" (k) ALH (—K) ] ¢pr (K)
P/

5 )2KC(19)1<A’(1<)

NI Y AV PN
. (N(O)VT & piP; (K)pip-p’. (5.78)

The factor A2, which comes from the fermion loop, gives

—np(Cp)ikm

AL _
Ao () = 2T

(5.79)
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in the g, = 0 and q — 0 limit. Therefore

— 1 (8p)ikm % — 11 (Gp )ik
(ikyy —v-k)2 " (ikyy — v/ - k)2

(AL) = +T) _4T?

x 2N(0) /P PE (k)

3NV o A
. (W> C—SC(ﬁ)K (k)3 piPjj (k)pjp - . (5.80)

Note that /\}‘?L(k))tﬁ,L(k) and AQL(—k)/\?,L(—k) are the same and lead to the factor 2.

Integrating —np(¢p) out and applying |. b Pi(p - k), we obtain

vy 3 ’ /A
(AL)Z = +4S _Ql ik\S EQZ’]m FZ/ZZ’—l—l N(O)gch(ﬁ)K/\ (k)Pi/]\' (k)ékmr
(5.81)
where
P(p-k) P . 5.82
(s / /(P - G_p k) o Pibk (5.82)

The contributions from SP95 and SMT are simpler. After taking the variation, we

have
1
(DOS) = [APDOS(k) + AEOS(—k)} fl’p(k)mc(ﬁ) (5.83)
and
1
(MT) = [AI\_Ag (k) + AMT (—k)} ¢_p(k)mcw). (5.84)
The fermion loops give
DOS 2 15(8p)ikm
Ap (k) =2T°————— (5.85)

(iky — v - k)3
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and
M () =2 G — vﬁglf)ip(i;clj; V7 (586)
After some algebra, we obtain for the DOS part
(DOS); = —25312;4:(19) Y QpP3(s) il vy, (5.87)
N(0)T¢; T 2I' +1
where
0R%(s) = | R P, 559)
and for the MT part
(MT), = 25" — T TR )TCO ZZQ”, (21,1—1?14/, (5.89)
where
M) = || 500 s a0 (5:90)

Recall that the dimensionless variable s = w/vgk for zero sound without pair
fluctuations is about 5-10, depending on the pressure. The () functions for the three

corrections scale as

1
5_3/

1

1
QAL<S) ~ — s_4/

82/ QDOS(S) ~

OMT(s) ~ (5.91)

when the variable s is large. Using this approximation, we immediately see that the
corrections (AL);, (DOS);, and (MT); are of order s’, while the normal term from
particle-hole bubble scales as 1/s (see the second term in the equation (5.76)). Al-

though the corrections contain a small parameter 1/N(0)T.¢3, numerical calculations
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show that they are not small compared to the normal particle-hole bubble contribu-
tion. The corrections thus strongly distort the zero sound equation, which is inconsis-

tent with the experiments [8, 12].

5.6. Summary

In this chapter, we construct a bosonic theory for zero sound and pair fluctua-
tions using the Hubbard-Stratonovich transformation. By considering the coupling
between the bosonics fields, we obtain the zero sound equation with corrections from
pair fluctuations. The corrections all have the factor

C(8) ~ |x — VPatan (%)] , (5.92)

which also appears in the result obtained in Chapter 4. The corrections are, how-
ever, not small in magnitude, and thus strongly change the zero sound equation. In
addition, the corrections have strong frequency dependence. This result is different
from the result obtained using kinetic equation (see Chapter 4), and also inconsistent
with the experimental observation, where the deviation from the normal behavior is
small [8, 12]. The inconsistency implies that the theory proposed in this chapter is
incomplete. On the other hand, our approach does generate the three standard di-
agrams considered in paraconductivity [20] and the factor (5.92). In summary, this
approach might capture some physics of the pair fluctuations, but further investiga-

tion is needed in order to fully understand the problem and solve the discrepancy.
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CHAPTER 6

Conclusion

Fermi liquid theory is a cornerstone of condensed matter physics, and zero sound
is a unique feature of a neutral Fermi liquid. We study how Cooper pairing, another
important mechanism in physics, can influence zero sound propagation. We consider
two very different approaches to construct the theory. The first approach is based
on the kinetic equation, described in Chapter 3 and 4. Since the standard descrip-
tion of zero sound is based on Landau’s kinetic equation [26], this approach is quite
natural and reliable. We include the self-energy induced by the pairing interaction
in the standard Boltzmann-Landau equation. This self-energy gives the pair fluctu-
ation correction to the standard Fermi liquid behavior, including the quasiparticle
energy and the collision integral. We have shown in Chapter 4 that the calculated
zero sound attenuation based on this theory is in close agreement with Paulson and
Wheatley’s experiment [8]. We also calculate the fluctuation correction to zero sound
velocity. Although the magnitude of the velocity correction is inconsistent with the
high-frequency experiment by Lee et al. [12], the theory shows that the pair fluctua-
tions do suppress the zero sound velocity. Additional experiments at lower frequen-
cies would be important to test the theory.

The second approach is formulated in terms of functional integrals. We notice
that the zero sound can be described by a boson field introduced by the Hubbard-

Stratonovich transformation. After integrating out the fermion fields, the mean-field
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approximation gives the collisionless zero sound equation. In the presence of pairing
interaction, we can use an additional Hubbard-Stratonovich transformation to intro-
duce a field for the pair fluctuations. The zero sound field and the pair fluctuation
tield interact, and we obtain diagrams similar to the AL, DOS, and MT diagrams in
the theory of paraconductivity after averaging over the fluctuations. The v/8 behavior
also appears, as in the first approach. Unfortunately, the magnitude of the corrections
is large and we do not know the cause and how to solve this problem.

In summary, we have studied zero sound and pair fluctuations using two different
approaches. The first one follows the standard kinetic equation viewpoint, and gen-
erates results in close agreement with experiments on the attenuation. In our second
approach, we tried a more novel method to formulate the problem. The result is not
satisfying, but the structure of the theory shares some similarities with the conven-
tional theory of paraconductivity. This work is the first try to study zero sound with
pair fluctuations from the viewpoint of conventional paraconductivity theory. More the-
oretical and experimental studies are needed to reconcile the inconsistency between
the theoretical prediction and the experimental observation, as well as the connection
between the two approaches. The first approach is ready to be applied to other transport
properties. Furthermore, we can consider the presence of external perturbations, for
example, impurities and magnetic field. Pair fluctuations in liquid *He have not been

extensively studied. We hope this work can motivate more research on this topic.
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APPENDIX A

Fluctuation Propagator in Equilibrium

The pair fluctuations are described by the effective vertex in the Cooper channel,
or the fluctuation propagator, as shown in Section 4.1. In this appendix we evaluate
the key factor (4.13) in equilibrium. In particular, we show how to introduce the
transition temperature T¢ into the theory by renormalization. Using the equilibrium

distribution f(¢) = and the quasiparticle energy {q—p ~ {p — Vv - q, the integral

ﬁ¢+1

in (4.13) becomes

fgp +f(lp—v-q) -1 A
w+v-q—20p+i0 PiPx- (A1)

Changing the variable {p — cfp + (w +v-q)/2 and using the approximation N(¢p) ~

N(0), we have

w—+v-q w—v-q 1
0) [ dzp /ﬁf bt _);Cf (f‘j(f = " e (A2)

Expanding the numerator and keeping only the leading terms in w and g, the fac-

tor (4.13) becomes

)2

_ / ez (v
1§ = o~ iN(O) [ dgy /p 2f(Gp) ~1H ) + 3 @)™ o (g

ik T 3y —20p +10

We calculate the integrals for f'(p) and f”(&p) first, since they are convergent

integrals. Using 1/ (x +i0) = PV.1 —iné(x), the integral with f’(¢p) can be obtained
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immediately,

f/ Cp _ lw
/ o 5z, + 0 = BT (B4

where the even function f'(z) = —f(z)(1 — f(z))/T has been used. The integral with
f"(&p) can be done with the identity

@) 70(3)
/ €—2§—|—10 T rT)? (8.5

The angular part gives

%(V -q)*pipr = 115 viq” (O + 20:Gx) (A.6)

The remaining algebra is simple and using the definition of projection P |, we can
get the coherence length & |, which is given below Equation (4.14).

The subtle part comes from the integral with (2f(p) —1)/&p, which has ultravio-

let divergence. This problem can fixed by renormalization, absorbing the infinity into

a measurable quantity. We know the fluctuation propagator has a pole at temperature

T. for the ¢ = 0 mode, so L$T (g = 0; T = T.) = 0. This requires

2f(Gp) —
_+ N /ép 2gp+zo

where the factor % in front of N(0) comes from the angular integral. Note that the

=0, (A.7)

integral in this condition is divergent, which means a ultraviolet cutoff is needed.!
The cutoff (related to the divergence) and the unknown interaction V' are absorbed

into the measurable quantity T.. This condition allows us to eliminate the divergence

I This is called regularization in field theory. There are other ways to regularize the integral, but a
cutoff is enough in this case.
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in the integral. Inserting the condition into (A.3), we obtain

T
[2f(Zp) - 19
/dgp —2¢, TC ~ —/dgpgp aé(]; ‘:p

Thus the transition temperature T. appears in our theory, in place of the unknown

(T—TC):— ——“=_9. (A8

interaction V.
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APPENDIX B

Calculation of Landau Parameter Correction

In this appendix we derive the expressions (4.90) and (4.91) from (4.83), and (4.86),
and (4.89). The expression (4.83) is symmetric under exchange of p’ and q — p’, so the

expression can be reduced to

2ny — 1)dns 1 o
| e LLL B ——— i} (B.1)
q/p |[L3(w =€3+€4,q)|> €etes—e1—e

Moreover, we approximate
LSY(w = e3+€4,q) = LS (w =0,q) . (B.2)

We first integrate the energy €, and the momentum q (separated as §q and ¢). The

integral has a pole and we need to take the principal value.

1 1
e3+tes—€1—€ €y +Eq_p —€p—€qp
1
2y —V -q—26p+Vv-q

(B.3)

~
~

Change the variable

ey = €y +ep— (Vv—V')-q/2, (B.4)
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so the denominator becomes Zep/. We assume

OMeq

57’lp/ = Vp/

B aeP/

and 0npq = —n'(€p4q)Vp 50 long as g < pp. We neglect the distribution function

vy in the following for simplicity. The numerator can be expanded around q = 0,

p

and we have

1 ! q9 1" / /
. [ desse; [~ @nte) =1 (es) = 2f = 1f" (v = ¥)(v =¥

+an'n" (v + V) (v—V') + 200" (v+ V) (v + v')}] pip;, (B.5)

where all n’s and their derivatives are equilibrium distributions with the variable €3,
and the first (second) vector q is multiplied by the first (second) velocity vector. Note
that we have neglected the terms linear in q since they vanish after the ¢ integration.
Recall that we have a 1/|L§T|? factor. Since the two components A =||, L have dif-
ferent coherence lengths, we need to calculate them separately, by decomposing the
integral (B.5) using Pl?. The rest is the radial q integral, which can be done with a
cutoff gc. The final expression is a p’ integral. The Landau interaction energy can be

written as
dQy
bep = / 4—; Zl: FP(p-p')vy - (B.6)
Comparing the result with the above expression, we obtain the first two terms in (4.90)

and the first term in (4.91).
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The integral (4.86) does not contribute to the leading order. The expansion gives

[ [ deszer[ = 1'en) — fe[ - (v v)-a/2) = 5[ - (v-¥) a2

(B.7)
where each term is either odd in €3 or odd in q, so the whole integral vanishes.
The expression (4.89) is
N(0) 2,2
1 5 (0+38397) 1DA 5t
= X 20fy X p;P5p;. B.8
2|L%L(w:€—|—€2,q)|2 f2 Pi 1]79] (B.8)

Note that there is no p’ integration for this term, which has been done in obtaining
the expression N(0)(8 + ¢34°). Obviously, no p - p’ term can appear from this term.

Integration over q gives

N(0) 2,2
1 5 (0+339°) nx
= 20fr X =, B.9
2|LSMw = e +€2,q) 2 f2 3 (8.9)
with n = land n, = 2.
Ignoring the 7, /3 factor temporarily, the above expression (B.9) equals
N(0) (9 + &4
9°)
° > B [ f'(eq-p)]v-p- (B.10)

ILSH(w =€+ 6,9)

Using the identity

dQ‘/
/ T [4”§Ylm(?)Yz%(?’)}g(ﬁ’) = g(p) (B.11)
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for an arbitrary function ¢ defined on a sphere, the above expression can be written

as

dQy Néo (8 + &2¢°)
4 |LSM(w = e+ e,

il Cap)] X (47 DY PV () |v-p - (B12
The addition theorem gives (21 +1)P;(p - p’) = 4w L, Yim(P) Y}, (p'). We have

N(0)
/}5’ ; |LGL 3(,(] (_ j_ﬁ 6‘2,)(1)’2 [ o f/(eq—P)] X (21 + 1)(_1)lpl(p ’ f’/)l/p/ ’ (B-13)

where the factor (—1) comes from changing —p’ — p'.
Approximate f'(eq—p) = f'(€p) since q only reduces the singularity. As before, we
approximate w = € + € ~ 0 in the denominator. The g integral gives

q%dq 1 1

B.14
272 N0 (9 4 g2g2)  2n2M0 3 -

[xc V¥ arctan (7)]

Together with —f'(ep) = —f'(0) = 1/4T in equilibrium, we have
3 Xc 1 N
—————— |x, — VUarctan (— 21 +1)(—=1)'P(p - 5 - B.15
/15’;87T2N(0)€§\T [xc \/_arc an(\/@)] X ( + )( ) I(P p)vp ( )

2 . 47174
I

Using é + the final result gives the last term in (4.90) and the last term in
I

(4.91).
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APPENDIX C

Derivation of the Bosonic Action

In this appendix, we derive the bosonic action (5.25). The derivation contains two
steps. We first show that a Grassmann gaussian integral is given by the determinant

of the involved matrix. Then we apply this result to the action quadratic in fermion

fields to derive the bosonic action.

C.1. Gaussian integral of Grassmann numbers

In this appendix we prove the formula

/ d6, - - - doy e~ M — det(M)?, (C1)

where 6;’s are Grassmann numbers, and M is a matrix with normal numbers. Grass-
mann numbers satisfy [d0 6 = 1 and [df 1 = 0. Therefore the relevant terms in
the expansion of the exponential must be a product of the form 6; - - - 0. Otherwise
the integration [ df; - - - dfy gives zero. This means that the number N must be even,

because the exponent is quadratic in 6;. The only term giving contribution is the

%-order term

N
2

' [ _ %ZeiMijej] : (C2)
L]

'\f|2| —_

Note that the matrix M can be separated into symmetric and anti-symmetric parts.

Only the anti-symmetric part contributes to 6;M;;6;, since Grassmann numbers are
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anti-commutative. Hence we assume the matrix M is anti-symmetric. Since there are
N /2 brackets and we choose a different one in each bracket to get all 8;’s, these terms

give

61020 ) sgn(p)Mpmpp)Mp@ppea) - Mpv-mpv) - (C3)

(—1/2)N/2
Ny
2" ﬁESN

where Sy is the symmetric group of order N. The rest is the integral

/del---deNel---eN. (C.4)

Now recall that a pair of Grassmann numbers “moves” as normal numbers, for ex-

ample (6162)(0304) = (6364)(6162). Thus we have

Nz

01605 - - -On_10Nn = (91\],191\]) s (9192) = (—1) (9N9N71) ce (9291) . (C.5)

The minus sign in (C.3) is canceled and the integral gives

Y sen(p)Mpa)p@Mp@)pa)  Mpn-1)p(N) -

1
dipy - - .dlI)Ne_jgiMijej —
/ 2% (%)' peESN
(C.6)

The right-hand side of the above equation is called Pfaffian for an anti-symmetric

matrix, which has the property Pf(M) = det(M)%. Therefore, we have
/ 4o, - - - doye~ M — det(M)? (C7)

for an anti-symmetric matrix with even N.
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C.2. Anti-symmetry in Nambu space

We want to use the formula (C.7) to integrate out the fermion fields. To this end,
we have to show that the action can be written in the form of 6;M;;0, and the matrix
M is anti-symmetric.

Define the Nambu spinor

Ypr
¥p = II_JN (C8)
Ppt
Py
and
Yy = (l/_]pT ’abpi Ppt 1Pp¢> . (C.9)
Recall that the y-related part in the action S is
$¥ =5y +5¢ +s¢ (C.10)
with
so= [ e L 7p(0) e+ 514 ()
2/ dTZ [9c + 5] 9p () + i (1) [0 — £5] Gp (7] (C.11)

2 / dTZ + CP} lpp( ) + ll)fp(T) [ar - égp] II_J*P(T)]'

1 - ) / . / =
=5 [ 4t ¥ Fo(igp(p — B0y (1) — 9p(Digy (' —p, Dy, (C12)
pp
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and

=3 /1 E B P P e B (o)

+ t/ﬂp(ﬂ&t%flm(p 7, D9p(1)] . (C13)

In terms of the spinors (C.8) and (C.9), we have

1P, e R o
P E/0 Aty ¥p(T) =Gy H(p, T)0p p + i + Al¥ i (T) (C.14)
P
with
0t + Cp )0y 0
—Go'(p7) = ( d , (C.15)
0 (aT - Cp)ém‘f’
_ // 0
5= ¢p(p— P’ 7) , 16
0 _4)]9/( 7 )
N 0 . (p—p") y ,
A= ] o Pp.T) (C.17)
8a(zpF)A ip+p,7) 0

The full action is

S=S¥42 /dTZnP 0 T)bp(—q T /dTVZA 4 7)A(q 7). (C18)

For the anti-symmetry and the convenience of calculation, we transform the ex-

pression (C.14) to the frequency domain. Define

= TZe_ip"Ttpn and ¢ = TZe+ip"T1/3n. (C.19)
n n
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Using these definitions, the quadratic term becomes

S = Y (T¥) [ = Go e p) +i(p, 1) + Alp.p) | (TEy),  (C20)

nn’

where the matrices G, fﬁ, and A have been defined in (5.19)—(5.21). We intentionally
keep the combinations TY and T'Y, because they are the dimensionless variables used
in functional integration.

In order to use the Gaussian integral formula (C.7), we write ¥, = ‘I’g?l with

N 0

I ~ o~
T . Therefore the matrix in the middle of (C.20) becomes 71 (—Go +i¢p + A).
I 0

Since the matrix 7} exchanges the first and second rows in the particle-hole space, it’s
easy to see from the expressions (5.19)—(5.21) that the matrix 7 (—Go + i+ A) is anti-
symmetric under p < p’, ¢ < ¢/, and particle <+ hole. (Note that g, and g/ are
symmetric in the spin space.)

The transformation from the time domain to the frequency domain, i.e. () —
Ty, is unitary, as shown by the Fourier expansion in (C.19). Thus the Jacobian for

the functional integral is identity. Using the formula (C.7), we have

N|—

| Dlgyle s’ = det{~Gy " + i+ A]
1 (C.21)

= exp [E Trln(—éal +ip + A)],

— Tr(M)

where the last equality follows from the identity det(eM) = for any matrix M.

Together with other terms independent of ¢ and 1, we obtain the bosonic action (5.25).
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