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Abstract

In this work we examine the dynamics of one-dimensional systems. We present a continuum
approach to the construction of the non-equilibrium Keldysh functional integral and derive
a relation between the classical and quantum fields of the Keldysh formalism and the
occupation of a state. Using the Keldysh formalism, we give a self-contained presentation
of bosonization and refermionisation of fermionic and bosonic interacting particles. We
derive the first two non-linear corrections to linear bosonization due to the fermionic
spectrum curvature using the functional integral formalism. Using the previous results, we
study the thermal dynamics of one-dimensional systems. We consider both the phonons,
coming from bosonization, and fermionic quasiparticles, coming from refermionisation, in
a single theory. Having them in a single theory is justified by a scale separation between
them. Studying the dynamical structure factor we find three regimes. From higher to
lower energies we have a ballistic and a collisional regimes of fermionic quasiparticles and
a hydrodynamical regime of non-linear phonons. The phase field of the non-linear bosons
satisfies the Kardar-Parisi-Zhang equation, thereby linking the dynamics of one-dimensional
quantum systems to the universality class of surface growth. The time-scale separating
the phononic and fermionic quasiparticle regimes is very long for up-to-date experiments,
meaning that the ballistic regime of fermionic quasiparticles is the only one likely to be
observed. Since this approach has a limited range of validity for weakly interacting bosons,

we derive their dynamical structure factor using a semiclassical approach.
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Introduction

Quantum systems in one dimension are appealing for two main reasons: they exhibit
high correlations and are more likely to be exactly solvable, lending themselves to a
better conceptual understanding [1]. The first breakthrough to the understanding of
one-dimensional systems came in 1950 due to Tomonaga [2|. Tomonaga showed that by
linearising the spectrum of one-dimensional interacting fermions, the fermionic system
could be mapped into a system of non-interacting quantised density waves or phonons.
The interesting aspect of this approach is that the fermionic kinetic and interaction terms
are both mapped into phononic quadratic terms. Unaware of Tomonaga’s work, in 1963
Luttinger rediscovered the mapping between fermions and phonons and attempted to
evaluate the distribution function of the interacting fermions [3], later clarified by Mattis
and Lieb in 1965 [4]. The second breakthrough came in 1985, when Haldane connected the
Tomonaga-Luttinger model to the low energy excitations of one-dimensional interacting
bosonic and fermionic particles [5, 6], opening the road to the study of one-dimensional
quantum systems at low temperatures. The phenomenology behind the success of the
phononic description for one-dimensional systems relies on this fact: particles moving in
one dimension cannot avoid each other as would be possible in higher dimensions. As a
consequence, any amount of interaction between bosonic or fermionic particles leads to a
“domino effect” where a particle pushes the next one in line in a sequence that leads to a
density wave.

After these theoretical discoveries, the interest in one-dimensional quantum systems

was fostered by the advances in experimental techniques [7]. The mainstream experimental



exploration of one-dimensional systems began in the 90s with the advent of nanowires
[8]. Nanowires are hollow tubes whose diameter is comparable to the wavelength of
an electron and, as a consequence, the motion of electrons is confined along the one-
dimensional direction of the tube. Among the quantum wires, the most famous are carbon
nanotubes, that, despite being known since the 50s, become popular in 1991 [9]. Meanwhile,
the quantum Hall effect was discovered in 1980 and its connection to one-dimensional
quantum mechanics was pioneered by Wen ten years later [10]. The quantum Hall effect is
observed in two-dimensional conductors at low temperatures immersed in a magnetic field
perpendicular to the surface. This leads to a quantisation of the Hall conductance and the
appearance of chiral edge states, one-dimensional states that move in only one direction
along the edge of the two-dimensional conductor. More recently cold atoms provided a new
platform for the experimental study of quantum systems [11, 12]. The experimental control
over cold atoms, such as their confinement or their interactions, opened new avenues for
the study of one-dimensional systems of both bosonic and fermionic particles. In these
experiments, a cloud of atoms is confined in two transverse directions, leaving the atoms
free to move only in the longitudinal direction.

Experiments in cold atoms allow the study of the dynamics of one-dimensional quantum
systems using techniques such as the Bragg spectroscopy [7, 11]. On the theoretical side,
the dynamics of quantum systems is best studied using the Keldysh technique for non-
equilibrium systems [13]. This is the subject of the first chapter. We start with the
derivation of the Keldysh technique for the quantum field theory description of systems
out of equilibrium. Despite various approaches having simplified the derivation of the
Keldysh technique over the years, they all relied on the discretisation of the time axis for
operations within the functional integral formalism [13|. In this work we present a novel
derivation of the Keldysh formalism that employs a continuous approach, leading to a
better insight on the role of the non-equilibrium fields. This continuous approach is the

first original contribution of this work.!

1See Ref. [2] in the Publications section at the beginning of this thesis.



Within the non-equilibrium functional integral developed in chapter one, we proceed
to the study of one-dimensional quantum systems. As we saw before, particles in one-
dimension cannot avoid each other. This implies that a local perturbation propagates
further than in higher dimensions, leading to correlations over a longer range. This charac-
teristic manifests itself in the signature behaviour of one-dimensional quantum systems at
zero temperatures: power-law correlation functions [1|. Despite one-dimensional systems
not exhibiting long-range order due to the Mermin-Wagner theorem, the propagation of
perturbations for very long distances generate a power-law behaviour known as quasi-long
range order. In comparison, in higher dimensions, local perturbations propagate in more
directions, weakening the more they travel and generating correlation functions with expo-
nential decay [14]. The power-law behaviour of one-dimensional systems is a consequence
of the low-energy physics being dominated by phonons described by a Gaussian model or
equivalently by a massless bosonic theory. Phonons are fairly successful at describing low
energy properties, becoming the favourite tool to study static or equilibrium properties
of one-dimensional quantum systems [1]. However, they are not sufficient for a proper
description of dynamical or non-equilibrium properties: phonons are often necessary but
only combined with additional degrees of freedom describing higher-energy excitations |[7].
Despite these additions, phonons still sit atop the throne of the static and zero-temperature
dynamics of one-dimensional quantum systems.

As part of the original contributions to this work, in the second chapter we develop a
self-contained pedagogical presentation of the theory of phonons and higher excitations
within the functional integral framework.? We derive the Tomonaga-Luttinger liquid model
of linear phonons starting from interacting fermionic and bosonic particles, a procedure
know as bosonization [1, 15]. In addition, we derive the lowest non-linear correction to
the linear model related to the spectrum curvature. Finally, using the relation between
non-linear phonons and interacting fermions we derive a theory of effective fermionic

quasiparticles, a procedure known as refermionisation [7]. In this way we build a map

2See Ref. [4] in the Publications section at the beginning of this thesis.



between the bosonic and fermionic particles and effective bosonic and fermionic excitations,
that is, phonons and fermionic quasiparticles. Such a map is derived using the Keldysh
formalism of non-equilibrium quantum field theory. The second original contribution to the
second chapter is the calculation of non-linear corrections to the non-interacting phononic
theory using the functional integral formalism. Using the operator formalism with the
assumption that excitations are created over the ground state of the system, it was shown
that a single non-linear correction appears [5]; however, it can be shown that there is an
infinite series of such corrections [16]. In Appendix B, we derive the first two non-linear
corrections in the small momentum asymptotic limit and use these results to check a more
naive approach employed in the second chapter for the derivation of the first correction
within the non-equilibrium functional integral. We conclude the chapter with a paradox
that arises in the thermal dynamics of one-dimensional systems: while the descriptions
of the dynamics using non-linear phonons or fermionic quasiparticles are equivalent at
zero temperature, at finite temperatures they lead to different results, in contrast to the
mapping equivalence derived in the chapter. The solution of this paradox is one of the
topics of the third chapter.

Starting from the non-equilibrium framework developed in the second chapter, in
the third chapter we shed light on the thermal dynamics of one-dimensional quantum
systems. The dynamics of one-dimensional quantum gases has been studied for more
than three decades. The studies developed mainly around the quantum dynamics, leaving
the thermal effects an open investigation [7]. The dynamics at zero temperature is well
captured by phonons, characterising low energies, coupled to a single mobile impurity,
characterising higher energies. Power-laws characterise the dynamics of one-dimensional
quantum systems, but in a different way from the static case. While in the static case
power-laws are associated to long-distance correlation functions, in the dynamical case they
are associated to power-law singularities at the energy and momentum of the prevailing
excitations. As a consequence, the zero temperature dynamics of one-dimensional systems is

permeated by dynamical exponents characterising the singularities. When the temperature



is increased, thermal fluctuations smooth out the singularities, leading to bell-shaped
distributions centred around the prevailing excitations. Then, the quantity of interest moves
from the dynamical exponent to the width and height of the bell-shaped distributions.
The study of the thermal dynamics of one-dimensional quantum systems in the third
chapter represents the main original contribution to this work, part of which has been
published.? As we explained above, phonons are sufficient to describe most of the static
properties of one-dimensional systems as they are the lowest-energy excitations. When
moving to the zero-temperature dynamics, the addition a single mobile impurity coupled
to phonons is necessary to account for higher energies. Finite temperatures require an
additional extension: instead of a single mobile impurity, we will need a thermodynamical
number of them. Using this model of phonons coupled to mobile impurities, we study the
dynamics using the dynamical structure factor, giving the probability per unit time to
excite a density fluctuation by an external source field, a quantity experimentally accessible
through Bragg spectroscopy [7]|. Using the dynamical structure factor we solve the paradox
of one-dimensional thermal dynamics that arises in the second chapter. This in turn leads
to a characterisation of the thermal dynamics in terms of different regimes. One of these
regimes falls into a well known universality class of classical dynamical systems, thereby
bridging a new gap with the dynamics of one-dimensional quantum systems. However,
the most important result is that phonons hardly participate in the thermal dynamics of

one-dimensional quantum system, leaving the throne to another kind of excitation.

3See Ref. [1] in the Publications section at the beginning of this thesis.






Chapter 1

Non-equilibrium quantum field theory

Ink drop falling in water.



An ink drop falls in a glass of water under the action of gravity. Initially, the ink
molecules are just below the surface of water, with momenta pointing downwards. As the
ink falls down, some of the ink molecules collide with the water molecules and change their
momenta. The number of ink molecules with momenta pointing downwards decreases and
number of molecules with different momenta increases. If the ink has the same density of
water, it diffuses into the water until it is homogeneously spread in an equilibrium state
and the number of molecules with momenta pointing downwards is the same as in every
other direction. This example encompasses some of the main features of non-equilibrium
quantum field theory: the time evolution of the average number of particles with certain
momenta, diffusion and equilibration. As we will see in this chapter, the average number
of particles is particularly important as it is directly related to the Green’s function of non-
equilibrium systems. Also, the Green’s function contains information on the fluctuations
that lead to diffusion and on the energy dissipation that leads to equilibration.

Non-equilibrium quantum field theory has its foundations on the closed time contour,
the third in Fig. 1.1. The contour, introduced by Schwinger [17, 18], is used to evaluate
expectation values and replaces the real time axis of the equilibrium theory. The contour
was developed in statistical quantum mechanics by Kadanoff and Baym [19] and its
formulation was made simpler and more transparent by Keldysh [20]|. Keldysh’s formulation
is even more transparent in its functional integral analogue, developed by Kamenev [21].
This formulation, used also in Refs. [13, 14|, accounts for the statistical distribution as an
off-diagonal component of the inverse Green’s function in the discrete time representation.
The Green’s function is calculated by matrix inversion and the continuum limit is eventually
taken. Instead, in this work we adopt a continuum approach: we derive the functional

integral by accounting for the statistical distribution through the boundary conditions



and evaluate the Green’s function as a solution of a differential equation with boundary
conditions derived from those of the functional integral.

The continuum approach developed in this chapter is part of the original contribution
of this thesis (see Ref. |2] in the Publication section at the beginning of this thesis). We
start by reviewing the close time contour and the difference between equilibrium and
non-equilibrium quantum field theory. We use the contour to develop a quantum functional
integral formulation, starting from single-level non-interacting bosons and fermions and

extending the results to many levels and interactions.

1.1 From equilibrium to non-equilibrium

Beginning from the familiar equilibrium quantum field theory, in this section, we discuss
its limitations and set the ground for developing non-equilibrium quantum field theory. We
start from a general interacting and time-dependent system described by the many-body
distribution operator p(t) at time ¢. The distribution p(¢) evolves in time according to the

von Neumann equation,

dup(t) = —i | H(1), p(t)] (1.1)

where H(t) is the Hamiltonian of the system. Eq. (1.1) is solved by,
p(t) = U(t, —o0) pU(—o00, ), (1.2)
where p is the initial condition in the distant past, t — —o0,
Uty t,) = Te e #HO (1.3)

is the time-evolution operator from time ¢, to time ¢, and T is the time-order operator.

The distribution p(t) is used to calculate the expectation values of observables. The
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Figure 1.1: Time contours.

expectation value of an observable, @, at time t is,

A _Tr[@ﬁ(t)] Tr[A(—oo,t)(’A)LAl(t,—oo)[)
OO =" = ) | 4

where Tr denotes the trace over the many-body Hilbert space. In the second equality
we used the periodicity of the trace and, in the denominator, the Hermiticity of the
time-evolution operator, [Z;l(tb, zfa)yr = U(ty, ). In BEq. (1.4), the denominator is just a
normalisation. The meaningful part is the numerator and, with the help of Fig. 1.1-top,
we interpret the expectation value (1.4) by reading the numerator from right to left: from
the distant past the system evolves until time ¢, the observable O is evaluated and the
system evolves back to the distant past.

The expectation value (1.4) simplifies for an equilibrium system. Consider a system
that is non-interacting in the distant past and, as the time passes, interactions are switched
on. If the average is on the ground state of the system, the simplification is based on the
Gell-Mann and Low theorem, which tells intuitively that, if interactions are switched on
slowly enough, the system has time to adapt to the change and remains in its evolving

ground state, that is, in equilibrium (see e.g., Ref. [22]). This is an example of adiabatic

10



process, that is, a process that does not change the occupation of evolving states. Here
comes the trick: the Gell-Mann and Low theorem applied to a system that is in the ground
state, |0), in the distant past and evolves adiabatically to the state Z](—I—oo, —00) |0) in the
distant future tells that the two states are the same representation of the system, that is,

they can only differ by a phase factor 23],
U(+00, —c0) [0) = €@ [0) , a € R. (1.5)

This is the identity that allows the simplification in the equilibrium case. Indeed, the

expectation value can be rewritten as

(O)(#) = (0]U(—o0,1)OU(t, —o0) [0)

= (0] U(—o0, +oo)U (+o0, t) OU(t, —o0) |0) (1.6)

<\z2(+oo HOU(t, —o0) |0)
(0] U (+00, —00) |0)

b

where in the second line we used the composition rule of the evolution operator,
Ulte, ty)U(ty ta) = Ult e, ta) (1.7)

and in the last line we used Eq. (1.5) together with e = (0| (+0c0, —o0) |0), obtained by
applying (0| to the left of Eq. (1.5). With the help of Fig. 1.1-middle, we interpret the
equilibrium expectation value (1.6) by reading the numerator from right to left: from the
distant past the system evolves until time ¢, the observable O is evaluated and the system
evolves to the distant future. So, in equilibrium we drop the complication of evolving back
in time, however, at the price of a non-trivial denominator, (0| (+o0, —oc) |0).

A similar result holds if we consider a system in thermal equilibrium at temperature
T, where the distribution is p(t) = e~H®/T Tn thermal equilibrium, expectation values
are commonly calculated using the Matsubara formalism (see e.g., Refs. [14]), which is

based on the fact that the distribution can be rewritten as an evolution operator with

11



imaginary time, —i/7T. Using this analogy, expectation values are calculated using a
forward evolution in imaginary time, 7 = it and, eventually, analytically continued to the
real time, t.

We have just seen one example of adiabatic process, in which interactions are slowly
switched on and off. Another common example is the presence of time dependent external
potentials. When these potentials change in time slowly enough they are adiabatic.
However, external potential that change quickly enough can push a system into a non-
equilibrium state. The simplest of these potentials are periodic potentials that keep the
system in an non-equilibrium state or impulses that instantaneously push the system into
a non-equilibrium state. For example, the ink dropped in water can be thought as the
instantaneous release of an external potential that confines the ink in a small region of
water.

In a non-equilibrium situation, the presence of non-adiabatic potentials lifts the validity
of the equilibrium simplifications made above: at zero temperature, for example, the
system is not guaranteed to remain in the same evolving state, which means that, even if
interactions are switched on and off slowly, identity (1.5) cannot be used anymore. In a
similar way, the Matsubara formalism loses its validity as it only applies to systems in
thermal equilibrium. So, we need to step back to the general form of expectation value
(1.4), where the system evolves forward until time ¢ and backward again. It is convenient
to extend the evolution to the distant future and back again to the distant past by using

the composition rule (1.7) in Eq. (1.4),

~

Tr [ (— 00, +00) U(+o0, ) OU(L, —oo)ﬁ]

Tr[j)

(0)®) (1.8)

As before, we read the numerator from right to left: from the distant past the system
evolves until time ¢, the observable O is evaluated, the system evolves to the distant future
and back again to the distant past. This is represented in Fig. 1.1-bottom and is called

closed time contour. The close time contour is at the base of non-equilibrium quantum

12



field theory. This contour is the combination of two time branches, forward and backward,
instead of the single forward branch in the equilibrium case. In the next section, we will
manipulate the closed time contour to describe non-equilibrium systems using a single

forward branch.

1.2 Functional Integral

In this section, we derive the non-equilibrium functional integral on the closed time contour
to evaluate expectation value (1.8). For notation clarity we restrict the time interval
between an initial time ¢; and a final time ¢;. The starting point is the partition function
along the closed time contour,

T (U (tisty) U (2, 5]

Z[u] = T : (1.9)

where f is the initial distribution, U, (ty, t,) = Te—i i dtfu(®) (h = 1) is the time-evolution
operators dependent on u®(t), two external sources coupled to the system. The operators
Uy (ty,t;) and U, (t;,t;) are referred to as forward and backward time-evolution operators
[13]. The external sources u™(t) are like external potentials coupled to the system and are
used to generate correlation functions of the quantity coupled to them. Unlike external
potentials, in order to generate correlation functions they need to be different in forward
and backward time-evolution operators. Indeed, if they are the same, u™(¢) = u™(¢), then
Uyt (tiyty) Uy (t;,t;) =1 and,

Zlu]yt e = 1. (1.10)

For this reason, the external sources are kept different during the calculation of correlation
functions and set equal to an external potential, u™ () = u™(¢) = u(t), at the end of the
calculation.

We start by constructing the functional integral representation of Z for a non-interacting

13



single-level system of energy € populated by bosons or fermions. The Hamiltonian is,

~

Hx (1) = (e +u*(t))ala = B*(t)a'a, (1.11)

where @ and a' are bosonic or fermionic creation and annihilation operators, satisfying
the canonical commutation relation [a, @], = 1 for bosons or anti-commutation relation
[a,a']_ =1 for fermions and u®(¢) are external sources coupled to the number operator,
a'a. To derive the functional integral representation of the partition function, we consider

the coherent states of bosons and fermions, ¢ and ¢, respectively associated to @ and a'

through the relations d|¢> = ¢}¢> and <<Z>

al = <E<¢}, where ¢ and ¢ are complex numbers
for bosons or Grassmann number for fermions. Inserting the resolution of identity of
coherent states between the three operators in the numerator of Eq. (1.9) and using the

coherent state representation of the trace, the partition function becomes,

1

2l = gz [ Al o717 aer. o) 4 (o

P

(i )%
(1.12)

6—$;¢;<¢i—}5{u, (ti,ts) |or) e—$f¢f<¢f\iflu+ (ty,t) |07 )

where d[qg, qﬂ = d(Re¢) d(Im¢) /7, ¢ = +1 for bosons and d[gg, gzﬂ = d¢de, ¢ = —1 for
fermions. We used the superscript + and — for initial states acting respectively on forward
and backward time-evolution operators. As opposed to the initial states, ‘¢:r> and ‘@_ >,

the final state,

) f>, acts on both forward and backward time-evolution operators.

The partition function assumes a simpler form for initial states defined by the distribu-

tion,
. bth n
= = 1.13
Y (1.13)
where n is the average occupation of the level,
Tr [a'ap
7 = (ata), = T [a'ap] (1.14)

Tr [p]
Here, n > 0 for bosons and 0 < 7n < 1 for fermions. An example of a state described by
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distribution (1.13) is the thermal state of a non-interacting system, where i = (e @ —¢)~1,

p=e T is the Boltzmann factor, T is the temperature and p is the chemical potential.
Using distribution (1.13) and the identity {¢| pi’ﬁ”(b’ ) = eP%" [13], the integrand in the
o (o

¢; enforces the constraint ¢ = (p¢; . Integration over ¢; in partition function (1.12)

first line of Eq. (1.12) becomes e~ Cgbz_> = =9/ (87 =r9)) and integration over

p
leads to,

Z[u] =(1 — c,o)C/d[d)i,Mde’qﬁf} (1.15)

. €*$i¢i<¢i‘z;[u_ (i ty) |¢f> e*¢_>f¢f<¢f|2;lu+ (ty,t;) |CP¢1>7

where we remove the label — from the initial state. The pre-factor of the integral is the
normalisation of the partition function, Tr [p] = (1 — (p)~°. We express the expectation

value of the time-evolution operator in the functional integral form,

B(ty)=d
N ~ (f;(t )=¢ In it b(t) (10 —
G|ty (b t0) |60) = / = D[, g ik dtsOE-EI90
Blta)=0a

Here, the functional integral measure and the action in the exponent are defined by
splitting the time interval ¢, — ¢, in N smaller intervals 6t = (¢, — t,)/N and taking the

symbolical limit,

. " o (1.16)
/ dt gg(t) (lat - 5) ¢(t) = ]\}EHOO Z 5t |:1¢nnTnl - nggngbn—l )
ta n=1

where ¢g = @q, On = ¢ and E,, = ¢ 4+ u(t; + ndt). Integrating over initial and final fields,

we arrive at,

o~ (t)=9T (t5) B B
2 =1 ¢ [ D[3*,6" P[5 . 67]
¢t (ti)=Cpdp~ (i) (1,17)
% ¢ o7 ae [5 0 (10— B+ (1) o+ ()6~ (1) (10— E= (1) )6~ (1)]

9
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where + and — fields are associated to forward and backward time-evolutions and the
minus sign in front of the second term in the exponent comes from the inversion of the
integration limits. The integration measure has been redefined to contain the additional
integration over the initial and final variables, ¢y, ¢y and ¢k, ¢k, which are ¢~ (t;), ¢~ (¢;)
and ¢"(t;), ¢*(t;) in continuum notation. This partition function is the sum over all the
possible configurations of + and — fields, related only through the boundary conditions at
initial and final times, with a weight that depends on the difference of their actions. The
stationary configurations satisfy ¢*(¢) = ¢~ () and ¢*(t) = ¢~ (t). These configurations
are the most important as, among individual ones, they carry most of the weight of the
partition function!. As a consequence, the quantity ¢*(t) — ¢~ (#) measures how far away

configurations are from the most important ones.

1.3 Bosons

The goal of the remaining derivation is the evaluation of the Green’s function. The
procedure is different for bosons and fermions and we start from bosons. In analogy to
equilibrium quantum field theory [14], we associate stationary configurations, ¢ (t) = ¢~ (t)
and ¢t (t) = ¢~ (t), to classical ones. Motivated by this identification and following Ref.

[13], we define a classical field, ¢°(t), and a quantum field, ¢4(t), as,

$It) = L (o (1) + 6 (1)
pi(t) = L (6*(t) — o (1) .

(1.18)

and the same for the complex conjugates. This transformation is known as Keldysh
rotation [20, 13]. In terms of these new fields, classical configurations are characterised
by ¢9(t) = 0 and, as we will see soon, ¢ (t) satisfies the classical equations of motion.

Moreover, the quantum field ¢9(¢) measures how far away configurations are from classical

1We note that configurations satisfying ¢* = —¢~ and ¢T = —¢~ are stationary, as well. However,
contrary to the previous ones, they may not be stationary for an interacting system [13].
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ones. In terms of classical and quantum fields, the partition function becomes,

apB

2t = e [T D D e oo o) )

e 1 + 7__L d)q(ti):— ¢Cl(ti)

1+2n

where a, 8 = cl,q, u9(t) = (u(t) £ u(t))/2 and we use the conventional sum over
repeated indices. The inverse Green’s function is,
0 i0y — E(t)

(G (1) = . (1.20)
i —E(l) 0

where we redefined E(t) = & — u®(t). The inverse Green’s function depends on the initial
average occupation, n, because, by construction, it is an operator whose domain is the set
of fields, ¢*(t), that satisfy the boundary conditions in Eq. (1.19) and the initial boundary
condition depends on 1. Integration over the quantum fields, ¢4(¢) and ¢9(t), enforces the
classical equations of motion, (i9; — & — u(t))¢(t) = 0 and (—id; — e — u(t))¢'(t) = 0.
This fact originally motivated the name “classical field” [13].

It is worth to pause for a moment and discuss the initial boundary condition in partition
function (1.19). This condition relates the values of the initial classical and quantum
variables, ¢°'(¢;) and ¢9(¢;), and the initial occupation number, 1. Taking the modulus,

the equation reads,
1

- 100, (121)

|69(8:))

Since for bosons . > 0, for a fixed ¢°(¢;) the quantum variable is initially bounded,
0 < |¢4(t;)| < ¢ (t:)] (A more restrictive condition applies to the final state, ¢%(t7) = 0).
When 7 < 1, the level occupation is microscopic and ¢4(¢;) ~ ¢°(¢;). Instead, when 7 >> 1,
the level occupation becomes macroscopic and |¢9(t;)| < |¢9(t;)|. This, as expected [14],
means that the larger the initial occupation of the level, the closer the initial state of the
system is to a classical one. These results are summarised in Fig. 1.2.

We proceed and calculate the Green’s function, G*#(¢,t') = —i(¢*(t)¢?(t')), which
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Figure 1.2: Example of a configuration of the modulus of quantum and classical fields,
|¢(t)| and |¢9(¢)|. The smaller |¢9(¢)| the closer is the configuration to a classical one. At
the final time, ¢t = ty, [¢9(t)| = 0. Instead, at t = ¢;, the initial value of the quantum field,
|p9(¢;)], is related to the initial value of the classical field, |¢°(¢;)|, through Eq. (1.21).
For a fixed value of |¢(¢;)], |¢%(t;)| — |¢<(¢;)] for 7 — 0 and |¢9(¢;)| — 0 for i — oo.

satisfies the differential equation,

0 0y — E(t) G, ¢) Gt 1) 5(t—1t) 0
i0; — E(t) 0 Gel(t, t')  GU(t,t) 0 5(t —1t')

n

where we used the matrix representation (1.20) of the inverse Green’s function. The
general solution of this equation is,

G4t 1) = —ict 4O ¢ (b+1)0(t—t) +b0 (' 1)

(c+1)0(E—t)+ch(t —1) d
(1.22)

The constants a, b, ¢ and d are fixed by the boundary conditions in (1.19). For this,
we multiply each boundary condition of the partition function (1.19) by ¢“(¢'), take the
average and use the definition of Green’s function, G**(¢,#') = —i(¢*(t)¢*(t')), to obtain
the boundary conditions of the Green’s function,

Gt t") =0,

(1.23)
G (s, t") = — (14 20)G(t;, 1),
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for o = cl,q. The first boundary condition fixes the constants of G9(¢,t') to ¢ = —1
for « = cl and d = 0 for a = q, where we used the fact that the first and second theta
functions in G (t;,t') are respectively equal to 1 and 0 for ¢; < ¢’ < t;.2 Using G¥(t;,t)
in the second boundary condition, the constants of G%(¢,#') are fixed to a = 1 + 27 for
a =cland b = 0 for « = q. Substituting these values in Eq. (1.22), the Green’s function

becomes,

GE(t,t") GR(t,t
GP(t,t) = (t.7) (t.£) , (1.24)
GA(t, ) 0

where,
GR(t,t') = —if (t — t) EYRR20 7
GA(t, 1) =10 (' —t) el B0 (1.25)
GR(t, 1) = —i(1+2n) e 4FO

The first two Green’s functions in Eq. (1.25) are respectively retarded and advanced
Green’s functions and, as in the equilibrium case, they only carry information on the
spectrum. Retarded and advanced Green’s functions are still undefined at equal times
because the theta function, 6(¢), needs to be regularised at ¢ = 0. Since at equal times
there is no dependence on the external source u(t), we can set it equal to zero. First,

using the Fourier transform, GB4(w) = (w — & 4+ i0%) ™", we have,

dw

GR(t,t) — GA(t,t) = / 5 [GR(w) — G w)] = —i.

P
Second, (¢?(t)¢9(t')) = —(¢%(t') ¢ (¢))T leads to G* (¢,t') = [G* (t,t’)r, where t denotes

complex conjugation and time transposition. It follows that the regularisation is (¢t =

0) = 1/2. In particular, this leads to the useful identity,

GR(t,t) + GA(t,t) = 0.

2To fix the constants we did not consider ¢ = t;,t ¢ because this would lead to equal time Green’s
functions and the theta functions in G9(¢,#') and G'9(¢,#') have not been regularised at equal times,
t =1, yet.
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Unlike retarded and advanced Green’s functions, GX(¢,¢'), known as Keldysh Green’s
function, is characteristic of non-equilibrium quantum field theory. The Keldysh Green’s
function contains information about the distribution function through the average particle
number n and is at the heart of non-equilibrium phenomena as it describes how the
average particle number changes in time. The Keldysh Green’s function is anti-hermitian,
GX(t,1) = — [GX (¢, ¥ )]T, and is related to retarded and advanced ones through the
relation,

GR(tt) = F[GRt,t) - Gt t)] . F=1+2n. (1.26)

Eq. (1.26) is known as Fluctuation-Dissipation theorem as it relates the fluctuations of the
classical field, (¢ ()¢ (t')) = iG¥(¢,t), to its dissipation time through G®(t, ') — G*(t,t').
This will be clear in chapter 3 where fluctuations and dissipation will be derived explicitly.
In thermal equilibrium, 7 = (¢ 7 — 1)~! and,

e—p
F =coth| —— ) . 1.2
co ( o7 > (1.27)

Now that the Green’s function is known, we integrate over the bosonic fields in (1.19)

to obtain the generating function of particle number correlation functions,

1 1
Zu] = — ——
14+ ndet [—1Gﬁ + 1uq]
1 1 1

_ (1.28)
1+ det [—iG; '] det [1 — G o u]

— e—Tr log[1—Goud]

)

where o denotes sum over indices and time convolution and we omitted time and indices.

In the last line we used the identity,

1
1+n

det [-iG,'] =

Y

derived by applying identity (1.10) for u4(¢) = u™(t) — u~(t) = 0 to the first line. Deriving
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(1.28) by ud(t) we generate correlation functions of the particle number. First, using Eq.

(1.19), we note that,

A
dud(t)

= (@ ()6 () + X (1) (1)) = (97 (o™ (t) + &~ (1o (1))

ud=0

The last line in the operator formalism corresponds to,

(T (D)o (1) + 07 ()o™ (1) = (a'(t)a(t) +a(t)a' (t)) = (1+ 2a'(t)a(t)) .

In the second equality, the order of creation and annihilation operators at equal times is

different in forward and backward branches (see Eq. (1.16)). Defining,

A

F(t)=1+2a'(t)a(t), (1.29)

and using the generating function (1.28), by successive derivations over u9(t) we have [13],

(

F n=1

A ) _m - F2_1 n=2
<F(t)>_5[uq(t)]n wizo 2F(F*—1) n=3

1.4 Fermions

The derivation is different for fermions, since they do not have a classical analogue. Instead

of classical and quantum, we use the labels 1 and 2 through the transformation [24, 13|,

o) =L@ O+e®) a0 =L @0 -6
o) =LEHH -6 1), |BO) =5 @0 +60).
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In these new variables, the partition function reads,

¢2(tf):0 _ _ .oty - —17ab a a
Z=(-n [ RN EAA R
#1(ti)=—(1-2n)p2(t;) ( )
1.30
where a,b = 1,2, 0 is the first Pauli matrix and the inverse Green’s function is,
10y — E(t 0
" w = ) . (1.31)

0 i0, — E(t)

n

Again, we redefined E(t) = ¢ — u°(t). The Green’s function, G%®(¢,t') = —i(¢.(t)ds(t')),

satisfies the differential equation,

i0; — E(t) 0 GU(t, ) G2(t, 1) ot —t) 0
0 i0, — E(t) G*'(t,t') G*(t,t) 0 o(t —t)

n

for which the general solution is,

Gb(t,t') = —ieli 4B (a+1)0(t—t)+ab (t' —t) )

¢ (d+1)0(t—t)+do(t — 1)
(1.32)

We fix the constants a, b, ¢ and d using the boundary conditions of the Green’s function,
G*(tp,t) =0,
(1.33)
G'(t;, 1) = —(1 — 20)G*(t;,t) .
obtained from the partition function (1.30) in the same way we did for bosons. The
boundary conditions at ¢t = ¢; fix c = 0 and d = —1 and the ones at t = ¢; fix a = 0 and

b =1 — 2n. Substituting these values in Eq. (1.32), the Green’s function becomes,

GR(t,t') GX(t,t)
0 GA(t, 1)

G(t,t) = : (1.34)
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where,

GR(t,1) = —if (t — ') &I B
GA(t, ) =i0(t' —t) ¢ i e (1.35)
G (1, ¢) = —i (1 — 20) i WEW®
As in the bosonic case, we have retarded, advanced and Keldysh Green’s function. The
regularisation of the theta functions is the same as for bosons. The only difference between

Eqgs. (1.25) and (1.35) is the minus sign in front of 7 in the Keldysh Green’s function. The

fluctuation-dissipation theorem (1.26) holds with,

F=1-2n.

In thermal equilibrium, 7 = (e 7 + 1)~! and,

€K
F =tanh | —— | .
- ( - )
By integrating over the fermionic fields in (1.30), we obtain the generating function of

particle number correlation functions,

Zu] = (1 — 71) det [—iG;" + iuloy |
= (1 —n)det [-iG;"] det [1 — Groy o uf] (1.36)

— 6Tr log[1—Groioud]

In the last line we used the identity,

1
1—n

det [-iG,'] =

Y

derived by applying identity (1.10) for u%(t) = u™(t) — u=(t) = 0 to the first line.
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1.5 Many levels

In the previous pages we derived the Green’s function for systems with a single level. In
this section, we extend the results to systems with many levels. In a system with many
levels, for every level i, we consider the annihilation and creation operators a; and &I,
satisfying commutation or anti-commutation relations [a;, d;r-]i = 0;5. The single-level non-
interacting Hamiltonian H= eala, is replaced by H= d}aijdj where, €5, is a Hermitian
matrix and the average particle number, 7, is replaced by the one-body density matrix
nij = <€dej>, a Hermitian matrix, as well. For clarity, we employ the bold notation for
vectors, @ = (..., G;_1, @;, Gi11, - .. ), and matrices, € and n. To proceed, we diagonalise
the density matrix through a unitary transformation, so that the initial distribution p is
the product of single-level distributions (1.13), derive the partition function and transform
back to the original density matrix. Associating the coherent states vectors ¢ and ¢ to
the operators @ and a', the partition function of bosons and fermions are respectively

(1.19) and (1.30) with bold notation and boundary conditions given by,

@ (ty) =0
(1.37)
¢i(t:) = —(I +2n") "¢ (1),
and,
¢2(tf) =0 (1.38)

$1(t;) = —(I —2n")y(t:) ,
where I is the identity matrix over the many level indices and T denotes transposition.
The procedure to calculate the Green’s function is the same as before with the difference
that the columns on which we apply the boundary conditions are over the many-level

indices, as well. The Green’s function are identical in form to (1.24) for bosons and (1.34)
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for fermions, but now each component is a matrix over the many-level indices given by,

GE(t, 1) = —if (t — t') e )
GA(t, ) =i0 (' —t) e =)

Y

GK(t7t,> = —iefie(tfti) (I _'_ QCﬁT) ei&‘(tlfti) )

The transposition of the many-body density matrix is due to the fact that the order of
creation and annihilation operator in the definitions of Green’s function and one-body
density matrix are exchanged.

In the usual case of momentum indices, k, of a system with diagonal energy matrix,
er0kk, and diagonal one-body density matrix, 70, boundary conditions (1.37) and

(1.38) simplify to,

Pp(ty) =0
(1.39)
oi(t;) = — L)
and,
Gok(ty) =0
(1.40)

G1x(ti) = —(1 — 2np) Pk ()
for each k. Retarded, advanced and Keldysh Green’s functions are diagonal in the

momentum indices, with diagonal elements given by,

GE(t, ) = —i0 (t — ') eI =)
GA(t, 1) =if (' —t) e =)

GE(t, 1) = —i (1 + 2¢7y,) et

for each k.
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1.6 Interactions

In the previous sections we saw the derivation of the non-equilibrium functional integral for
non-interacting fermions and bosons. In this section, we introduce interactions, studying a

single-level bosonic system. Hamiltonian (1.11) now becomes,

A~

H,+(t) = EX(t)a'a + Hi(a',a),

where Hi,(a',a) is the interaction part, containing terms of higher order than quadratic
in @ and a'. In Hyy(a',a), a and a' are normal ordered. If, as in the previous case, we
consider a system that is described by the average number 7 = (afa) at time ¢;, then the

partition function (1.17) is modified by interactions as,

o~ (t)=¢T (t5) N _
2l =1~ p) [ D[3*,6*]D[5, 6]
ot (ti)=pop~ ()
o il at[ar @ (10—Et (1) et (-6~ (10— (1)) (1) (1.41)

x I at [Hinn (6% (0.9 ()~ Hin (6 (01,67 0]

that is, by the additional third line. Applying the Keldysh rotation (1.18), the partition

function reads,

1
147

Z[ul

#(t)=0 o
[, Plat e e

(z’q(ti):_ 1+2% (142)
o 5} 4t {[671]"" W—ut@)6°? }oB 0)—i 1] dt 1Y, (3% (6),6% (1))

Y

where,

Ta o 7cl 1q cl q Al —ha cl — 4
H{y(5°(2), 6°(0) = H (10510 10500) _ g (31000 g0

Since the interaction is odd in the quantum fields, that is, H, — —H/ . for ¢9(t) — —¢9(t)

and ¢(t) — —¢%(t), it follows that H, contains only odd powers of the quantum field.

In particular, there is no term with only classical fields. If we expand the exponential of
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the interaction term in power series, then the Wick’s theorem follows immediately from
the Gaussian form of the non-interacting term. Therefore, the treatment of interactions in
non-equilibrium is analogous to the equilibrium case, with a different interaction term and
the two additional classical and quantum indices.

Using the Wick’s theorem, in the same way of equilibrium quantum field theory, we
have the Dyson equation for the Green’s function [13],

(G'—¥)oG =1, (1.43)

n
where time and matrix indices have been omitted and,

0 x4
Y= ,

R ¥k

is the self-energy. We set u4(t) = 0 since we just need the Green’s function, not higher
correlations. Retarded, advanced and Keldysh components of the self-energy satisfy the
same properties of the respective components of the Green’s function. Using expression
(1.20) for the inverse Green’s function G;*, the Dyson equation (1.43) leads to the three
equations,

(10, — e —u?(t) = %) o GR(t, ) = 6(t — 1),

(10, — e —ul(t) = ) o GA(t,t)) = 5(t — 1), (1.44)

(10, — e —ul(t) = Z®) 0 G¥ (1, t) = T¥ 0 GA(L, 1) .
The first two equations are the usual equations for retarded and advanced Green’s functions
in equilibrium quantum field theory. Instead, the third equation is characteristic of non-
equilibrium quantum field theory. To get a clearer form of the equation, we parametrise

the Keldysh Green’s function as,

GE(t, 1) =GR o F(t,t') — F o GA(t, 1), (1.45)
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where F(t,t') is a Hermitian function. Substituting this parametrisation into the third
equation in (1.44), multiplying it from the right by (i9, — ¢ — u°(t) — £*) and using the

first two equations in (1.44) we arrive to,
— [0, —e —u?(®)) s F] (t, ) = E¥(t,t)) — (SR o F — Fo X4 (,1). (1.46)

Here [ ¢ | denotes commutation and convolution. It can be shown that F' correspond to
the average of,

EF(t,t) =14 24" (ta(t).

This is the interacting analogue of Eq. (1.29) for different times, ¢ and ¢'. Equation (1.46)
is known as kinetic equation as for t = t' it describes the time evolution of the average
number of particles (a'(¢)a(t)). The left hand side of Eq. (1.46) is the kinetic term and
the right hand side is the collision integral. In equilibrium, the kinetic term is zero, leading

to the equilibrium identity,
SRt =SRo F(t,t) — F o XAt 1), (1.47)

having the same structure of the Green’s function, Eq. (1.45). Moreover, when there is no
interaction F' reduces to Eq. (1.27).

The results just derived apply to an initial distribution characterised only by the
average particle number. However, a more common situation is represented by the thermal

distribution of an interacting system,
p=e HIT (1.48)

for which the average particle number is not enough to characterise it, due to the interaction
terms contained in the Hamiltonian. This initial distribution is complicated in the present
form. To simplify it, we follow Keldysh’s trick [20]: we express the interacting distribution

at time ¢t = ¢; in terms of a non-interacting one in the distant past, ¢ — —oo. For this, we
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consider a system that evolves up to time ¢ = ¢; with Hamiltonian,
H(t) =eala+ e Hy (af,a) (1.49)

where 6 — 0 and there are no external sources nor external potentials. This Hamiltonian
describes the adiabatic switching on of interactions discussed in section 1.1. The adiabatic
character comes from the slow increase in time of the interaction term through the pre-
factor e 9(~%) with § — 0F. Using (1.48) and (1.49), in the distant past the distribution
is non interacting,

A —ieata/T ata —ig
pl—oo) = e =T = pta - p =i,

and at t = t; we have again the interacting distribution. It can be shown that the

distribution in the distant past is related to the distribution at time ¢; by [20],
plts) = eTU (1, —00)p(—o0)U (—00, 1) (1.50)

where F' is a constant representing the free energy in the distant past. Using this relation,

we rewrite the partition function (1.9) as,

i = Tr [u (tis ) U (g, 1) eTU(t:, —oo)ﬁ(—ooyj(—oo,ti)}

Tr [e%;{(ti, —00)j(—00) U (o0, ti)}

Tr [ (=00, ti)lUy— (tisty) Uy (tp,t) U(t:, —oo)pf”ﬁ]

Tr [pafa}
T | (—o0ut) Uy (t,—00) ]
B Tr [p?'e] ’

where in the second line we used the periodicity of the trace and in the third line we
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defined the evolution operator U/, (t, —oc) using Eq. (1.3) with Hamiltonian,

eata +e 0t (ata)  t <t
H{(t) =

(e +ut(t))a'a + Hy(al,a) t>t;.

Since the time ¢; can be chosen arbitrarily as long as it is finite, it is always possible to
choose it far enough in the past from the time of any correlation functions that one wants
to calculate. So, for every practical proposes we can neglect the switching on of interactions
and we end up with the partition function (1.42) with ¢; — —oo. It is also convenient to let
t; — o0o. Analogous derivations hold for fermions and many-level systems. In conclusion,
we can treat initial thermal distributions of an interacting systems by considering the
respective non-interacting distributions in the distant past.

In this chapter we saw how to derive the non-equilibrium functional integral for bosons
and fermions by accounting for the initial distribution through the boundary conditions
of the functional integral and without resorting to a discrete representation to find the
Green’s function. Using this approach, not only is the derivation shorter and simpler than
the discrete approach but highlights the properties of the classical configurations. Indeed,
we showed how a state with a smaller quantum field is more classical and we connected
the classical field, the quantum field and the occupation of a state in a single equation.
The equation shows that for a higher occupation of a state, the amplitude of the quantum
field is smaller, corresponding to a more classical state. Moreover, within this approach it
is easy to extend the procedure to many-level systems with non-diagonal density matrices.
The approach can be applied to the study of the quench dynamics using free effective
theories, such as the Luttinger liquid model or linear optics models, by accounting for the

state before the quench through the boundary conditions of the functional integral.

30



Chapter 2

One-dimensional systems

In one dimension, systems of bosonic and fermionic particles behave differently than in
higher dimensions, as particles constrained to move on a line cannot avoid each other.
As a consequence, fermions, even in absence of interactions, cannot go past each other
because of the Pauli exclusion principle and, similarly, for bosons with local repulsive
interactions |1, 6]. These systems are dominated by collisions and, for times longer than
the time between two consecutive collisions, are in a hydrodynamic regime. Since longer
times translate into lower energies, at low enough energies we expect these systems to be

described by the hydrodynamic Hamiltonian of a liquid [25],
N 1 . 9 R N
H= [ dzx §mn(m)v(x) + eo[n] — pn(zx)| ,

where n(z) and v(x) are the density and velocity operators of the liquid, m is the mass
contained in a unit volume of liquid, eg[n] is the ground state energy per unit length
and p is the chemical potential. The first and second terms in the square brackets are
respectively the kinetic and internal energies of the liquid.

The ground state of the liquid corresponds to v = 0 and n = n, where n is the constant
homogeneous density determined by epy[n] = p and the prime symbol, /, denotes derivative
with respect to the argument. The low energy physics is associated with small variations

of velocity, 0, and density, p, over the ground state values, v = 0 and n = n. Expressing
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the density as n = n + p, the Hamiltonian becomes,

H= /dx {— (n+ p)o* + eo(n + p) — u(nﬂﬂ,

and expanding over the small variations, p and v, we have,

. 1 1
H ~ Lley(n) — pn] + /dx {5 (mnv + —,0 ) + T;ﬁfﬂ + 6p 1 (2.1)

"

where k = 1/n?ej[n] is the compressibility of the liquid [26], o = ef[n] and we neglected
higher order terms. It is common to express the hydrodynamic Hamiltonian in terms of

the phase fields §(xz,t) and ¢(z,t), related to density and velocity as [5, 6, 1, 7],

1 ~
plx,t) = —0,0(x,t),
7; (2.2)
t -
1) = - 0u0(a,1).
Substituting Eqgs. (2.2) in Hamiltonian (2.1) we obtain,
H = Lleg(n) — pn)
o |5 (K(0.0) + - (0,6) 0,0 0,0 >
b e | (KGO0 + 007 ) + 00,0 + (0.0
where we defined the speed of sound, ¢, and the Luttinger parameter, K, as [1],
1
c= ,
VEmn (2.4)

Kﬁ//-fn3
r Vom

The quadratic part of Eq. (2.3), the term in parenthesis, is the Tomonaga-Luttinger liquid
Hamiltonian describing linear waves in one dimension [1, 2, 3, 5, 6]. The cubic terms
are the non-linear part of the Hamiltonian and they will be useful to the dynamics of

one-dimensional systems, as will be shown at the end of this chapter and in the following

'Here we follow the convention of Refs. [5, 6]. The convention of Refs. [1, 7] is obtained by the
substitutions ¢ — 0 and 8 — —¢ in our equations.
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Figure 2.1: Occupation of states for free fermions at zero temperature, 7' = 0, and finite
temperature, 7' > 0. The Fermi sea is represented by the grey regions and the Fermi
surface is constituted by two separate points, p = +pr. The temperature leads to a
smearing of the average occupation of states around the Fermi surface. The circles and
arrows represent particle-hole excitations.
one. In this chapter, we will see how the low energy physics of bosons and fermions with
local repulsive interactions in one dimension is described by hydrodynamics Hamiltonian
(2.3) and how to map it into an effective theory of free fermionic quasiparticles.

The first original part of the chapter is a self-contained and coherent derivation of
hydrodynamics and fermionic quasiparticles using the Keldysh functional integral. The

second original part, together with Appendix B, is the derivation of non-linear terms of

the hydrodynamic theory within the functional integral formalism.

2.1 Fermion hydrodynamics

In this section we derive the hydrodynamic theory for interacting fermions. Since hydro-
dynamics is a theory of low energy excitations, it is instructive to study the low energy
excitations of free fermions at zero and finite temperatures. At zero temperature, 7' = 0,
fermions occupy all the states below the Fermi surface, as shown in Fig. 2.1-left. The
Fermi surface in one dimension is constituted by two separate points in momentum space,
p = *pr, a central fact for one dimensional hydrodynamics, as we will see soon. Fermions

inside the Fermi sea, the grey region in Fig. 2.1-left, are frozen due to the Pauli exclusion
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principle. However, they can jump across the Fermi points to the unfilled region above,
as shown by the the circles and arrows in Fig. 2.1-left. This process is referred to as
particle-hole excitation. The hight of the jump is the energy of the excitation and it
becomes clear that low energy particle-hole excitations are fermions just below a Fermi
point jumping slightly above it. Then, low energy particle-hole excitations must be centred
around and be close to the Fermi points. At temperatures much smaller than the Fermi

PE

7=, where m is the mass of fermions, the average occupation of the

energy, ' < ep =
states is smeared around the Fermi points, as shown in Fig. 2.1-right. However, the above
argument still holds. Then, given that particle-hole excitations can be arbitrarily close to
the Fermi surface, they constitute the lowest energy excitations of the system, suggesting
that they could be good candidates for the hydrodynamical description.

To check this intuitive picture, it is useful to study the spectrum of particle-hole
excitations. For the moment, we use the operator formalism of second quantisation,
as it leads to a better insight. Although the particle-hole excitation spectrum of free
fermions is known [7], it is useful to review its calculation in light of the results of the
next chapter. We start from the zero temperature case and later extend the results to
small temperatures. The spectrum of particle-hole excitations can be studied using the
dynamical structure factor, that gives the probability per unit time to excite a density
fluctuation of momentum ¢ and energy w by an external source. This quantity is accessible
through Bragg spectroscopy [27] and was recently measured for an array of one-dimensional

Bose gases [28]. The dynamical structure factor is defined as the Fourier transform of the

density-density correlation |29, 7],

S(q,w) :/0 dx /_OO dt (n(x,t)n(0,0)) e "a= et (2.5)

where n(z,t) is the density operator, L is the system size and (...) = (0|...|0) denotes
the expectation value over the ground state, |0). Inserting the completeness relation

>_;17){Jl = 1, where j labels the energy eigenstates, between the densities in Eq. (2.5),
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we obtain,

w) :/0 dx/_oo at S0l 01) (710, 0 0},

Making the time dependence of the density explicit, n(x,t) = eimﬁ(x)e*im, we have,

L oo
:/ dl’/ dt —’L(E E())t O‘n }j><]‘n ‘O lqm-l—iwt7
0 —00 j

where E; is the energy of the state |j) and Ej is the energy of the ground state. Integrating

over time we find,
S(q,w —27r/ de(O!n )|5)(5]7(0)|0)e " 6(w — E; + Ep).
0

In terms of the Fourier transform of the fermionic creation and annihilation operators of
AT A : A _ 1 N g 1 N A Ligqr
momentum k, ¢; and ¢, the density reads f(z) = 7 > €' = 7>, ¢ 6re” and the

dynamical structure factor becomes,

2 . PN ~
w) = TN S (0lel el (Gl e

J gk

Here, 6,1 +4Cx |0) is the ground state plus a particle excited from momentum k to momentum
k + q, as pictured in Fig. 2.2, that is, a particle-hole excitation. Due to the orthogonality

of these excited states, the only non-zero contribution comes from |j) = éL +qék‘0> =

é,t:, g O O>, which also imposes ¢ = ¢ and k = k’. Then,

M)

2m

A At oA ]? mw g
TCk+qC;T€+qu|0>‘ 5(k_7+§) y

9 P 2
S(q,w):%Z‘ Tck+ch+qck|0>‘ 5(w—
k

m
~ dk‘o
ol

where we approximated the sum by the integral and we used the fact that the energy of
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pr k+q p

Figure 2.2: Particle-hole excitation close to the right Fermi point, pg, given by a fermion
with momentum k& below the Fermi point excited to a state with momentum £ + ¢ above
the Fermi point. The momentum of the particle-hole excitation, ¢, is represented by the
thick line. The dashed line is the linearisation of the spectrum around the Fermi point.

the ground state plus a particle excited from momentum k to momentum £k — ¢ is,

k 2 k2 2k
Ej:Eo—f—ﬂ——:Eo—f—M.
2m 2m 2m

In order for CL +qCk |0) to be different from zero, because of the Pauli exclusion principle, ¢y
has to annihilate a particle inside the Fermi sea, that is, |k| < kg, and cz +q has to create
a particle outside the Fermi sea, that is, |k + g| > kr. In other words, in the case of the
right Fermi point, pr, the momentum ¢ of the particle-hole excitation is represented by the
thick line in Fig. 2.2 that can move left or right but has to be pinned to the Fermi point.
Considering only positive ¢, for ¢ < 2kg the restriction on k becomes kr — ¢ < k < kp and

the result is symmetric for negative ¢q. Finally, integrating over k£ we obtain,

q (2.7)
q

— + L
w(q) = vrq oy

where vgp = pp/m is the Fermi velocity. The dynamical structure factor at zero temperature
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2kr q

Figure 2.3: Dynamical structure factor, S(q,w), of free fermions at a low temperature,
T < ep. For ¢ > T/vg, S(q,w) is given by the zero temperature result (2.7) and the
grey colour represents the region where S(q,w) is non-zero. The grey region is centred
around w = vpq and is bounded above and below by w = w,(q) and w = w_(q), the
energies corresponding to the extremal particle-hole excitations shown in the insets. For
q < T/vp, S(q,w) is given by the small temperature result (2.8) and the grey colour
represents qualitatively the width (2.9) of bell-shaped distribution centred around w = vgq.
The small temperature result is magnified in the right picture.

as a function of w is a box centred around vgq, of height m/q and width,

Particle-hole excitations with momentum ¢ and energy w are present in the system where
the dynamical structure factor is non-zero, that is, the grey region in Fig. 2.3-right (ignore
q < T /vp for the moment). For each momentum, the dynamical structure factor is bound
in energy above and below. The upper bound, w = w,(q), corresponds to a particle
picked from the Fermi surface, kp, and moved to kr + ¢ and the lower bound, w = w_(q),
corresponds to a particle picked from kr — ¢ and moved to the Fermi surface, kr, as shown
in the insets of Fig. 2.3-right. Higher and lower bounds correspond to the thick line pinned
to the Fermi surface in Fig. 2.2 moved completely to the right or left. Moving the thick
line from right to left creates all the intermediate particle-hole excitations between higher
and lower bounds, the grey region in Fig. 2.3. The peculiarity of one-dimensional systems

is the absence of low energy excitations away from ¢ = 0 and ¢ = 2kp. This absence is
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related to the presence of the lower bound, which in turn is related to the Fermi surface in
one dimension consisting just of two separate points. In higher dimensions, Fermi surfaces
are continuous, for example, a circle in two dimensions, allowing one to play with angles
to create excitations with arbitrary low energy for any momentum [1].

Now, we have a look at how the result is modified by temperature. At temperatures
smaller than the Fermi energy, 7' < ef, the average over the ground state in Eq. (2.5)
is replaced by the thermal average ) . e*Ei/TM e ‘z>, and for ¢ < T'/vp the dynamical

structure factor becomes,?

2 _ 2 _2 _ 2
5(q,w)=@np Up mw = vrq) = 4 ng | vp mw = vrg) =4
q 2q 2q

m 1 (2.8)
44 cosh? (m(w — qu)) '

Q

2Tq

As a function of w, the dynamical structure factor has the shape of a bell centred around

w = vpq, of height m/4q and width linear in ¢,

T

mur

dwr(q) ~ q (2.9)

The width at finite temperatures is equal to the one at zero temperature with one power
of ¢ replaced by the thermal momentum, 7'/vg. The width of the dynamical structure
factor is represented by the grey region in Fig. 2.3-left. The thermal momentum scale,
T /vg, separates a thermal region for ¢ < T'/vp from a quantum region for ¢ > T /v as
shown in 2.3-left. The important observation is that both at zero and finite temperature
the widths dw(q) and dwr(q) are small compared to the mean value vgg in the small
momentum and small energy limits, ¢ < kp, w < ep and 7' < ep. In turn, this means that
in this limit excitations have approximately fixed velocity vg, like the speed of sound, ¢, of

hydrodynamic wave excitation in Eq. (2.4). In the next two subsections we will see how

ZNote that to satisfy the f-sum rule, [ dwwS(q,w) o ¢*/2m, (see e.g., Ref. [29]), one needs to consider
the full expression, the first line of Eq. (2.8). This is because the full expression correctly accounts for the
detailed balance at negative w.
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the physics of low energy excitations around the Fermi points leads to the hydrodynamic
theory with speed of sound ¢ = vp for free fermions and a modified speed of sound in

presence of interactions.

2.1.1 Bosonization

We are ready to derive the hydrodynamic theory for interacting fermions, a procedure
known as bosonization |1, 7|. Bosonization of interacting fermions was first derived by
Haldane using the operator formalism of second quantisation [5, 6]. Complementary to the
operator approach, a functional integral approach was suggested in Ref. [30], elaborated in
Ref. [31] and presented in a clear picture in Refs. [15, 32, 33]. This approach is known as
functional bosonization and relies on the Hubbard-Stratonovich transformations. All these
approaches are based on equilibrium physics and an extension to non-equilibrium was
obtained in Ref. [34] using the Keldysh technique. An appealing aspect of bosonization
is that the initial theory of interacting fermions is reformulated as a non-interacting
theory that is completely solvable. However, the non-interacting theory is a low-energy
approximation to which refinements can be added. One of such refinement is the inclusion
of non-linear corrections. A non-linear correction was derived in Ref. [5] using the operator
formalism and the assumption that the excitations of the system are created above the
ground state. In this chapter we will derive the functional bosonization using the Keldysh
technique and, in the spirit of Ref. [16], a double Hubbard-Stratonovich transformation
approach, that results in a procedure a bit different from those mentioned above. The
advantage of this procedure is that we are able to derive non-linear semiclassical corrections
within the functional integral. The result is an infinite series of terms where higher non-
linear terms are less important. We find that that the most important non-linear correction
coincides with the one calculated in Ref. [5]. This correction is derived using the Keldysh
formalism. However, due to the complication of the Keldysh indices and not to interrupt
the flow of the chapter, we derive rigorously more terms using the Matsubara formalism

in Appendix B.
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Low-energy physics being restricted around the two Fermi points for free fermions is
at the base of bosonization. The addition of weak local interactions between fermions
smears the average occupation around the Fermi points, in addition to the smearing due
to the temperature. However, the Fermi points, +pg, are not modified by the presence of
interactions as a consequence of the Luttinger’s theorem [35, 36, 37|. The Hamiltonian of

a system of interacting fermionic particles is,

= [arile) |22 — x| o)+ § [ anis’ s 0@V - )
(2.10)
where 9 () is the fermionic field operator, m the mass of fermions, V(z — #') a local
density-density interaction and the colons denotes normal order of operators. In the

functional integral representation, the partition function corresponding to Hamiltonian

(2.10) is,

Y

_ if_,dt|[dzy(z,t) iat-‘rﬁ-‘ré‘p Y(z,t)— % [ dada’ P(a,t)(z,t)V (e—a’ )b’ )b’ t)
z= [ Dbule pasien e £ :

(2.11)
where 9 and v are the Grassmann fields corresponding to zﬂ and 1@*, = denotes the closed
time contour introduced in the previous chapter (see Fig. 1.1-bottom) and the thermal

distribution in the infinite past has an average occupation,

n(p) = oo (2.12)

where £(p) = p?/2m is the free fermionic spectrum. Here and in the following we include
the normalisation factor of the partition function in the integration measure and use the
fact that Z = 1 in absence of quantum sources (see Eq. (1.10)). Now, we use the fact that,
at low energies, the physics is constrained around the Fermi points in order to simplify

the interaction term in partition function (2.11), that in momentum space reads,

1

—5 /dkdk/;i_i V(Q)(k — q, )0 (k, ) (K + q, )0k, t). (2.13)
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Figure 2.4: Relevant processes to the interaction term (2.13).

Here, quantities in real space and momentum space are related by,

Vig) = /dx V(x)e e,
wiht) = [ dovie e,

where we considered a system of infinite length. The density-density interaction term
(2.13) is represented by two particle-hole excitations: two particles with momentum & and
k' are annihilated and two with momentum k& — ¢ and &’ + ¢ are created. At small energies,
this leads to the three processes depicted in Fig. 2.4. All the three processes have small
total momentum and energy; however, while single particle-hole excitations in the first two
processes have small momenta, ¢ &~ 0, the ones in the third process have large momenta,
q ~ +2kp, as particles move to opposite Fermi points. It is then convenient to split the
fermion fields in the relevant parts, close to the Fermi points, and irrelevant ones, away
from them,

dk .
vt = [ S vk et

) /2 Jk ) . /2 QL .
— elkpz/ _w(kF + k7t>€1k:p + elkpa:/ _w(_kF + k7t)€1kx + ..

q0/2 2 —qo/2 2

= T (2, t) + e (2, t) + ..,
(2.14)
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where we introduced the momentum cut-off ¢y around the Fermi points to delimit the
relevant from the irrelevant parts, represented by the dots. Since ¢, and 1_ are only
constituted by positive or negative momenta, they move respectively to the right or to the
left; for this reason we call them right and left movers. Substituting decomposition (2.14)

into partition function (2.11) we have,

Zh = [ Dl ] 100G 00

(2.15)
X 6_% f;» dr %(T)wn(r)g,m/%/(T)wn/(r) ,
where n = 1, r = (z,t), dr = dzdt and we defined the bare Green’s functions,
92
G;l(r) =10, + nivp0, + ==, (2.16)

2m

and the interaction matrix,

g4 G2
Gy = )
g2 ga
ga = V(O) )

g2 = V(0) = V(2kr) .
We also integrated over the fields far away from the Fermi points, represented by the dots
in decomposition (2.14), as they contribute only through the quadratic free propagator to
the normalisation of the partition function. We added external source fields, u, (r) and
u_(r), coupled to the densities of right and left movers, ¢ (7). (r) and ¥_(r)_(r), to
keep track of what these quantities become after bosonization. Now, we decouple the

interaction term using a Hubbard-Stratonovich transformation,
i -1
Z[U] _ /Dgi€2 f: dr OnG, On! Z+[Q+ + U+]Z_[Q_ + u_] :

where,

Zifo) = [ DLy vttt ioei e
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is the non-interacting part of the partition function. Here and in the following we often
omit the r dependence of the fields. We make the shift o — o0 — v and the partition

function becomes,

/Dgiesz en=un)g, (e =t) 7 16,17 [0] . (2.17)

The presence of the inverse interaction term is problematic when the interaction is zero,
in the case of free fermions. To avoid this, in the spirit of Ref. [16], we make a second

Hubbard-Stratonovich transformation,
. 1.1 v _ 1 ! ~ ~
_ /Dxielfﬁ dr [ 2Xn )2 Inn' X ~ 37 X n} Z. [X-i—]Z— [X—] , (2.18)

where x. are called right and left chiral fields, prime denotes a position derivative, ' = 0,

and Zn is the functional Fourier transform of Z,,

~ i r=x" o
Zifo) = [ Dol=mz g,

The reason for having 0, acting on x is that, as we will see in the next subsection, the final
result will be local in position space.> After a Keldysh rotation, the partition function

reads,

= [ D PR Gyl 2, 1302 (),
Zifo) = [ Doyt 2502, ), (2.19)
7,0, = /D[¢n7¢n}eif_°°mdr15%[[Gn ["-e]ut
where [G;l}ab (z,t) = %G, (x,t) is the inverse Green’s function and gf’ = 6*°¢' 4 of® g,
For brevity, we omit the classical and quantum indices in the integration measure and

we introduce the covariant-like notation g, = af‘ﬁ 0?. The functional integrals in the first

two lines do not have boundary conditions, while the one in the last line have boundary

3The derivative also contributes to the normalisation of the partition function, that we include in the
integration measure.
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conditions that in momentum space are given by Eqgs. (1.40), that adapted to Eq. (2.19)

read,

Ya(p,t — 00) =0
with average occupation, n(p), given by Eq. (2.12). To avoid loaded formulas, the boundary

conditions are implied in the integration symbol. We evaluate Z,[p,| by integrating over

right and left movers,
det(—iG, " +ioy)
det(—iG; 1)

_ Trlog(—iGy ' +ioy)~Trlog(~iGy ) (2.20)

Zn[@n] =

_ eTr log(1-Gro0y)
- 9

where the compact notation means,

o =0y (r)d*(r —1').
G, =[G ()8 (r — 1),

n

G, = Gf]b(r —r').

Here G, is the right or left movers Green’s function and o denotes convolution with respect

to position and time. Substituting result (2.20) into the second line of Eq. (2.19), we have,
Zﬁ {XT)] _ /Dgneifdr %X%agna—l—Trlog(l—Gnogn) ' (221>
The trace of the logarithm can be expanded in the usual way [14], leading to the n-particle

vertices for the field p,),

1
—Trlog(l — G, 0 0,;) = Tr(G, 0 0,) + §Tr(Gn 00,0G,00,)+...

1
= Z ﬁ / drl PN drn Pz;?oﬂl (Tl) e 77“”)@31 (1”1) e Q;‘n (Tn) )

n>1

(2.22)
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Figure 2.5: Diagrammatic representation of series (2.22). The wavy lines represent the
fields p,’s and the solid lines the fermionic Green’s functions, G,’s. The fermionic loops
I, are given by Eq. (2.23).

The interaction vertex is,

Lol (ry, .y m) = agi’all Gz/l‘” (r1 — 7‘2)0222’“/2 G‘;IQC‘?’ (ro —rg)--- ng% Gg&,m (rn —11),

(2.23)
where 099 = §, 10" + 04,q07% . Series (2.22) is represented by means of the Feynman
diagrams in Fig. 2.5. The wavy lines represent the fields o,’s and the solid lines the free
fermion Green functions, G)’s. The first term of the series, known as tadpole diagram,
is ~ [ drgf(r) and just contributes to the homogeneous density of the system. We omit
it by measuring the density from its constant homogeneous value. The second term of
the series, know as polarisation diagram, contributes to the free propagator of g, and is
the leading contribution in the bosonization procedure. The rest of the terms, n > 3, are
the non-linear diagrams, generating interactions between the fields g,’s. Although the
series of diagrams is infinite, in the limit of low energies non-linear corrections become

smaller compared to the polarisation diagram, as we will see in the following. We proceed

by considering the lowest approximation, that is, the polarisation diagram.
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\\ 5(29) = Urp

Figure 2.6: Linearisation of the spectrum, e(p) = vpp + p*/2m, around the right Fermi
point. The dashed line represents the linearised spectrum, €(p) = vgp, and ¢qq is the cut-off
introduced in the decomposition of the fermionic field into left and right movers, Eq. (2.14).

2.1.2 Linear spectrum

The lower the energy, the smaller the relevant region around the Fermi points. This
means that we may choose a smaller cut-off, ¢o. The spectrum with the cut-off around
the right Fermi point is represented in Fig. 2.6. The dashed line in the figure represents
the linearised spectrum around the right Fermi point and it is clear that the smaller the
cut-off, the smaller the contribution of the curvature. Then, in the limit ¢y < muvg, in
first approximation we may neglect the curvature. To do so, we consider the fermionic

spectrum with momentum centred around the right or left Fermi points, +pp,

2

=(p) = 5 —er — =(p) =

(p—npe)® PR P’
2m om UEP om

The linear approximation amounts to neglecting the quadratic term,

eq(p) = nUrp .

In the case of linear spectrum, Dzyaloshinski and Larkin proved that in equilibrium only
the first two diagram in Fig. 2.5 are non-zero, that is, I, , = 0 for n > 3 in Eqgs. (2.22)

and (2.23) [38]. This statement goes by the name of the Dzyaloshinski-Larkin theorem
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and we prove it in Appendix B within the Matsubara technique. In the non-equilibrium
case, an infinite series of non-linear terms in the quantum field is present, leading to an
expansion in noise cumulants [34]. However, we neglect these terms because, as we will see
in the next chapter, we will just consider small deviations from equilibrium. Taking the

linear spectrum approximation and using the Dzyaloshinski-Larkin theorem, Eq. (2.21)

becomes,
Zﬁ [Xn] = /Dgnei / dr %Xizagro;_% ] drdr’ @%(T‘)H%B(T—r’)gg(r’)
L o drdr’ $xa ()2 1] (1) ) ;
/detill,
where,
0 T2 (r
iI37 (r) = T (r, —r) = () : (2.24)

i () AIT(r)
is the polarisation function of free fermions and,
i (2, t) = [T} (—2,—t)]"
R K K A
=G, (2, 0)G, (—z,—t) + G, (2, 1)G, (=2, —1),
iHS(x, t) = G?(x, t)fo(—x, —t) + Gl,}(x, t)Gﬁ‘(—x, —t) + Gﬁ(x, t)G}}(—:r, —t)

where in the last line we used,

G?(m, t)GS(—x, —t) =0,
(2.25)

A A
G, (2, t)G) (=2, —t) =0,

since their support is of null dimension. The polarisation function is easier to calculate in

the Fourier representation,

for dqdw (o' igr—iw
o) = [ 5252 ehq.w)e i,
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that gives,

271 27 %)_(na(qvw)%[Hgl]aﬁ(q’w)xnﬁ(q’w) (226)

A p—— ,
7 [Xn] Tot I,

where,

I} (q,w) = [} (q,w)]”

. [ dkde
= —1/ 5o [G?(/{ +q,e+ w)GS(k‘, g) + fo(k +q,e+ w)G?(kz, e)]

:i/%(F(Sn(k»—F(€n(/€+q»/g—iGS(kJrq,eer)G?(k,g),

H?(q,w) = —i/ %g—i [G?(/{: +q,e+ w)G?(/{, £)
—(GHk+q e +w) = Gplk+q,c+w)) (Gl (ke) — Gy (k,e))]
— i [ S (Pleylh+ Q) F(ey(k) ~ 1
X i (Gr(k+qe +w) — Gk +qe +w)) (G(k,e) — Go(k,€)) .
Here we used the fluctuation-dissipation theorem to express the Keldysh component in

terms of retarded and advanced ones,

Gr(k,e) = F(e) (G (k,e) — Go(k,e))

= F(g,(k)) (G} (k,e) — Gy (k,e)) .
We also used the fact that Egs. (2.25) imply,
9 am i GR(k, e) =
- o (k+q,e+w)G(k,e) =0,
9 n GA(k,e) = 0
% 17( +Q76+w) n(ag)_ :

Using the thermal equilibrium average occupation, F(¢) = tanh (35 ), and integrating over

e, the retarded component of the polarisation function becomes,

1 dk UF/{? + Vrq 'UFk
Mg w) = ——— [ Sl ann (pZEE R oy (2B
7 (4:w) w —neq +10 / 27 [ o (77 2T ) o (7] 2T >]

_n_a
Tw —neq+i0’
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and the Keldysh component,

k k
I (¢ w) = —i0(w — nurq) /dk [1 — tanh (n”F—J“”Fq> tanh (TIUF )]

2T 2T
= —id(w — nupq) coth (%) /dk‘ {tanh (W) — tanh (%)]
_ o vrq _
= —2igcoth < 2T) 6(w — nurq) ,

where in the second line we used the identity,
1 — tanh(a) tanh(b) = coth (a — b) [tanh(a) — tanh(b)] . (2.27)

Summarising, retarded, advanced and Keldysh Green’s functions are,
TRA _n q
0 (4:) Tw—nupq 10’
Hg(q, w) = —2iq coth (%) d(w — nurq),

o) ([ (g.w) — (. ) |

- th(
CO 2T

where the last identity is a statement of the fluctuation-dissipation theorem. Now that
we know the explicit form of the polarisation function, Eq. (2.24), we can invert it and
substitute it in Eq. (2.26). We invert it using the boundary conditions of the functional
integral seen in Chap. 1 and write,

— aB — « W —NUrq
[Hn1<Q7w)] = 1_[rjl(q7("})o-1ﬁ = 7771'70'1/8

Y

with boundary conditions,

Xa(q,t — o0) =0,

x5 g,t—=—00)

Xp(q,t = —00) = =

Note that these boundary conditions do not correspond to those of free fermions as here the

1

mass curvature, m~, is not present. However, we may as well have started with fermions
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that had no mass curvature, m~! — 0, in the infinite past and increased it adiabatically

with time. Substituting the inverse Green’s function in Eq. (2.26) we have,

&

d _ _
© 84 1% (¢:w) Dy 1 (0:0)Xna (q:w)
)

1y

VA - -
n[Xn] Tt ill i, €

N

where we defined the propagator of the chiral fields without the contribution ~ g,,/ from

the density-density interactions of fermions (see first line of Eq. (2.19)) as,

Da,%(q?C‘)) - pngl(q,w) = gq(w — T]’qu) .

Fourier transforming back to position and time, the partition function becomes,

1

Z ul = —eide %X?](T)D&»},(T)Xna(” , 228
ol /det il ( )

where,
Dyy(r) = %&c(& +nurds) | (2.29)

Finally, substituting Eqs. (2.28) into the first line in Eq. (2.19), we find the bosonized

partition function of fermions with linear spectrum,
Z[u) = / Dyt O [0 a2 une] (2.30)
where the chiral fields propagator is,

_ L gy
0n(r) + =5 -0; (2.31)

D,y (r) = 8yy D

nm

The first thing that we note is that the exponent of partition function (2.30) is quadratic
in y+. As hinted at the beginning of the section, this is a major advantage of bosonization:
we started with a system of interacting electrons and we ended up with a quadratic

low-energy theory that allows for exact analytical results. Thanks to the external source
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u, we can relate the right and left chiral fields with right and left movers by comparing

Egs. (2.15) and (2.30), to obtain the correspondence,?

— 1
Ypthy — %axxn )

(2.32)

This means that %&rxi has the meaning of density of right and left movers. Partition

function (2.30) is not the usual form found in literature [1|. The usual form corresponds to

the expression in parenthesis of Eq. (2.3) and, to obtain it, we make the transformation,

Xi:9i¢7

and find the Tomonaga-Luttinger liquid partition function,

T

, g <02 19,0, || 6. 20,0° || o
i[dr _

a 1 cK 52 29 40
Zu] = / DODge ¢ AN x0s0 Uga

where we defined,

= (e 5) - (32)
¢ \/<UF+27r or/)
UF+ 3—4 -2

2
94 92 7
UF+27‘(‘+27T

K =

(2.33)

(2.34)

(2.35)

Note that ¢ ~ vp and K ~ 1 because the initial fermions are weakly interacting. We also

defined the new source fields coupled to 6 and ¢ in terms of the ones coupled to x4 as,

'LL+Z‘:'LL,

u67¢ = 2

4Note that in this definition we dropped the Keldysh indices by writing the fields in the closed time
contour of Fig. 1.1 in order to meet the standard definitions found in literature [5, 6, 1, 7]. We also
removed a factor 2 multiplying 0. x5 /27 that appears Keldysh formalism (See also Ref. [13]). We will

refer again to this footnote, for example for the fields 6 and ¢.
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Relation (2.32) is now updated to,*

- - 1
Yy + PP — ;851:9-

Foths D —0u.

(2.36)

The first line is the sum of the densities of right and left movers. Remembering that we
are measuring the non-homogeneous part of the density from its homogeneous part, the
sum of the densities of right and left movers and, therefore, %819 measures the density
fluctuations (in the low energy limit). The term ¢*9; (£0,6,) in partition function (2.34)
is the term of the Legendre transform that relates the Lagrangian and the Hamiltonian,
such as pz in L = p& — H in quantum mechanics. Then, in the same way p is conjugate
to x, we deduce that ¢ is the phase conjugate to the density %8959. We conclude that we
have obtained the hydrodynamic formalism given by the Luttinger liquid Hamiltonian, Eq.
(2.3), without the non-linear corrections and the constant energy term.5 Therefore, the
the parameter ¢ and K in Eq. (2.35) are the speed of sound and the Luttinger parameter.
From the second line of Eq. (2.36) and Eq. (2.2) we also find that the low-energy velocity

field in terms of right and left movers is v = Z (Y400, — _tp_).

2.1.3 Non-linear corrections

In the last subsection we derived linear bosonization, corresponding to the first two
diagrams of Fig. 2.5. The first diagram was omitted by measuring the density from
its homogeneous value and the second diagram led to a quadratic low-energy theory of
hydrodynamic excitations. As part of the original contributions of this work, in this
sub-section we derive the first non-linear correction to linear bosonization, the three-leg
diagram in Fig. 2.5, within the Keldysh functional integral. We show that perturbation
theory in the spectrum curvature works well to derive the three-leg correction. We check

this result using a more rigorous approach based on the Matsubara formalism, derived in

SFor the comparison, note that there is an additional factor 2 multiplying the Lagrangian in the
Keldysh formalism.
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Appendix B, where we also derive the four-leg correction and formulate a conjecture for
all other terms.

The non-linear part of series (2.22), given by the sum with n > 3, that we denote as
M,[05], can be reformulated using the knowledge of the polarisation diagram. We split

linear and non-linear parts of Trlog(l — G, 0 g,) in (2.21),

ZlXy] = / Doye' | 47X ena—g [ drar’ 05 (NI (r—1") o) (')~ Myleg]

We express the non-linear term, M, [o7], in terms of the functional Fourier transform field,

5
IXha

X', by substituting g with —irm and moving Mn[—iﬂ'ﬁ] in front of the integral,

277 [XW] _ e_Mn[—iﬂ'&] /DQneifdr %X’nag%_% de’dr’ Q%(T)H?;ﬁ(r—r’)gg(r’)

— My [—ir=—3—] | 1 -1
nl 17"5X;7a]elfdr X7 Do nXna

_ _ir—9% 1 ., _
My lng%a}dj dr %X%DO!;XWQ 7

- 1 -1 | -1
— elfd’l‘ §X%D0,nxna |:6_1j dr §X%D0,nx"lae

where in the second line we integrated over g, and used the linear bosonization results (2.28)

and (2.29) and in the third line we multiplied and divided by e'/ 9" 23 Do yxne Expanding

: o : : (dr 1®D~ 1y, o i [driyeD-l
the first term in a Taylor series in —irm 5;; and inserting 1 = '/ " 2 DoyXna g1 dr 35 Doy Xne
[e%

between each derivative, we obtain the shift —iw& — —Uaan{ — iﬂ%, where we defined,
Oy = O + nup0,

that leads to,

Z [xn] = €ide %XgD&;X"“*Mn[*nanxﬁfiwﬁ]
nAnl — .
Inserting this result in the first line of Eq. (2.19) and using Eq. (2.31) we find,

2] = /DXieifdr [%X?‘,D;;/X,,/a—%axxf;una]—Z,,Mn[—nanxf‘]—iwﬁ] (2.37)
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Figure 2.7: Example of contraction of two legs of the five-loop caused by the term
5i, inside M, in partition function (2.37). The contraction gives a correction to the
n
semiclassical three-loop shown in Fig. 2.5.

~Y

This partition function contains two contributions in the exponent: the first term is the
linear contribution found previously and the second term is the non-linear contribution.
The derivative in the argument of M, generates contractions between pairs of legs. For
example, as shown in Fig. 2.7, the derivative acting on a five-leg vertex contracts two legs
leading to a correction to the three-leg vertex. Neglecting the derivative in the argument
of M, amounts to a semiclassical approximation [39]. In other words, we are considering
just the first term in powers of ¢/me < 1 for each n-loop diagram. This means that we
consider n-loops where there are no contractions inside the bosonic loop, such as the one

in Fig. 2.7. Because our endpoint is an equation for the classical field, X;"]l, we neglect

)

Xy,

the term ~ and consider the first non-linear correction, the three-leg vertex, whose

additional term to the action is,

SuilXy] = g/drldr?drz’arg’f?“(rhT2a7’3)877)(2‘1(Tl)anx?(m)an)(?(m)' (2.38)

More specifically, since we are interested in the semiclassical equation for X%I, we need the

product of two classical fields and one quantum field,

Sulxy] = g/d’/’ldTQd?”gFgl’%lq(Tl,Tg, T3)(977)(;1(rl)anxfyl(rg)ﬁnxg(rg), (2.39)
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where the vertex is,

L5571, 72,75) = Gl = 1) Gy (2 = 13) Gl (s = 71)
+ Gy (r1 = 12) Gy (ra = 13) Gy (rs — 1)

+ GA(ry = 12) G (s — 73) G (rg — 1) .

To calculate the vertex we Fourier transform,

dQ1dQ> TS5 Q1, Q2) (w1 — neq) X (Q1)(wa — neg2) x5 (Q2)

X (w1 + w2 —ne(qr + q2))xp(—Q1 — Q2)
where we use the shorthand notation @; = (¢;,w;) and,

dk de

Py '(Qu Q) = / 5o (LG K + QUG K + Q1+ Q2)

+ G (K)G (K + Q)G (K + Q1+ Qo)

+Gp (K)GA (K + Q)GE (K + Q1 + Q)] -

Integrating over ¢ we have,

FClClq(Ql, QQ) _

[ tanh(e, (k + q1)/2T)
(w1 — ey(k 4+ q1) + &y (k)] [wa —en(k + @1 + q2) + e, (k + q1)]
+

tanh(e,(k)/2T)

(w1 — en(k+ q1) + ey (k)][wr + w2 — ey (k + @1 + q2) + &,(k)]
tanh(e,(k + ¢ + ¢2)/27)

[wo —ey(k 4+ q1 + q2) + &y(k + @1)][wr + w2 — ,(k + @1 + @) + £, (k)]

+

Y

where £, (k) = nck + k*/2m. We split the first term using the identity 1/ab = (1/a +
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1/b)/(a+b) and get

Fgl,zlq(Ql,QQ) =
_ 1/% [ tanh(e, (k + ¢1)/2T) — tanh(e,(k)/2T)
21 w1 — en(k + q1) + ey (k)][wr + w2 — ey(k + q1 + g2) + €,(k)]
B tanh(e, (k 4+ ¢1 + ¢2)/2T) — tanh(e, (k + ¢1)/2T)
[wo —e5(k + a1 + q2) + &y(k + @)l[wr + w2 — &y(k + @1 + ga2) + &, (F)]

We expand the integral up to the second power in the small spectrum curvature, m=1,

which, as we saw previously, is equivalent to a small momentum expansion, ¢ < kr. This
expansion is convergent term by term and the first two are calculated more rigorously in
Appendix B using the Matsubara formalism. As the vertices are symmetric for the exchange
of external legs, we consider only their symmetrised part. The zero order symmetrised
term in 1/m is zero, consistent with the Dzyaloshinski-Larkin theorem. Up to the third

order we have,

; + ¢2) -
pelel | _ in ql(JQ(Ch + 0 (m3) .
3.1 (Ql Q2) 2rm (wl _ 7]CCI1)(W2 — ncq2)(w1 + wo — nc(lh + Q2)> ( )

This result is already symmetric and does not need symmetrisation. We also multiplied by
a factor 3, as there are three ways of choosing the quantum field in Eq. (2.38). We note

the absence of the second order term in m~!. Then, Eq. (2.39) becomes,

1Smlxy] ~ ﬁ /dQ1dQ2 01X (Q1)g2x5) (Q2) (@1 + @)X (—Q1 — Q) -

Taking the Fourier transform we have,

1

Sulxy) = =5 [ dr () 3. (2:40)

and adding this term to the quadratic part of the action in partition function (2.30), we
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have,

. 1 o 1 e 1,
Z[u) = / Dy expi / dr {ﬁannnl’Xn/a -5 06) - o una} .

Moreover, in 6 — ¢ representation the non-linear term (2.40) becomes,

sult®, o) == [ ar {[(0900)" + (0)°] 9°(0) + 20767 () } - (2a)

For the chiral fields, x4, and the phase fields, § and ¢, the mass curvature, m~!, is the
parameter that control the interaction. Then, as discussed in the last subsection, we

1 as a parameter that is zero in the infinite past and is adiabatically switched

consider m~
on with time.

The three-leg correction, being proportional to the mass curvature, is smaller and
smaller the closer we are to the Fermi points or the smaller the cut-off, qg, is, as can
be understood by Fig. 2.6. This fact, however, does not exclude the presence of higher
non-linear terms, such as the four-leg diagram in Fig. 2.5. To exclude them, we have
to show that higher non-linear terms are smaller than the three-leg term in the mass

curvature. We do this in Appendix B and show that, calling fnm the symmetrised n-leg

vertex, we have I'y = O(m™), Ty = O(m™2) and I's = O(m™*). Moreover, the first

1 1 -2

non-zero terms in powers of m~!, respectively proportional to m™t, m~2 and m™3, are

temperature independent. These results prompt the following conjecture:

1. Iy = O(m~"2) for m~! — 0;

2. fn does not depend on temperature at the lowest order in m~", that is, m~ (2.

Moreover, this conjecture is supported by a dimensional analysis of the n-loop: if momenta
and energies are rescaled by movr and mv3 and made dimensionless, the n-loop behaves
as Iy ~ (mv2)~(=2)_ Within this conjecture, successive terms of series (2.22), given by
fermionic loops with an increasing number of phononic external legs as in Fig. 2.5, are

smaller and smaller in the spectrum curvature or closer to the Fermi points, justifying the
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dropping of loops with more than three legs for small momenta.

2.2 Boson hydrodynamics

In the previous section we derived a low-energy hydrodynamic description of weakly inter-
acting fermionic particles in one dimension using the technique of functional bosonization.
In this section, we derive the low-energy hydrodynamic description of bosonic particles
with repulsive contact interaction in the limits of weak and strong interaction.

The Lagrangian of the system is,
_ o _ [ . 1 2 g, _ 2
Lip,el = [ de @10+ 500+ ) o = S(99)7] (2.42)

where ¢(z,t) is the bosonic particle field, m is the mass of the particle, 1 the chemical
potential and g the interaction strength of the density-density interaction. The system
described by Lagrangian (2.42) is homogeneous as it is not subject to any external potential.
Then, we consider the mean homogeneous density of the system, n, and distinguish two

cases 40, 29]:
1. Weak interaction or high density, mg < n;
2. Strong interaction or low density, mg > n (Tonks-Girardeau gas);®

We start from the simpler case of weak interaction.

2.2.1 Weak interactions

For weak interactions or high density, it is useful to introduce the healing length, £ = %/;mﬁ’
the characteristic length of the interacting system. The number of particles within a
healing length is n& = %1 /mig o y/n and increases with density. At high densities, there are

many particles in a healing length, satisfying the criterion for the applicability of the mean

6Reintroducing h, the left and right terms in the inequalities read An and mg/h. Setting A =1, n and
mg have the dimensions of a momentum.
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field theory [29]. Then, the dominant contribution to the functional integral is the mean
field solution ¢ = @ = \/n and minimisation of the energy H [, ¢] = [ dx @idwp — L [@, ¢
gives the condition,

w=gn. (2.43)

Now we consider small fluctuations of the bosonic field, o, around its mean value, /n. To

do this, we write the bosonic field using the phase-density representation,

p(z,t) = /n+ p(z, 1) (2.44)

where p and ¢ are small density and phase fluctuations. Substituting phase-density

representation (2.44) in Lagrangian (2.42) we find,

1 1 (0.p)°

where we omitted constant and boundary terms. The last term is called quantum pressure
and accounts for quantum effects. As we consider small density fluctuations, p, that
is, fluctuations with size greater than the healing length, the quantum pressure can be
neglected [29]. Comparing this hydrodynamic Lagrangian with Hamiltonian (2.1), the

2 and, as one would expect, it is harder to

compressibility of the system is k = 1/gn
compress the system when the repulsion is stronger or the density is higher. Expressing

the density in term of the phase 0, as p = %(‘9969, the Lagrangian becomes,

L) = [ do |~ 10.000 - 1 0.0 - (007 - 506 (0.0

where the first three terms are the linear part and the last term the non-linear part.

Integrating by parts we have,

T
0 <32 19,0, 0
L6, ¢ :/dxl KT —/dx [Lawe (aqu)?} , (2.46)
*\o ) \tao. <o |\ o o
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where,

ng
c= D
V m
2.47
K_[|n 247
x \mg’

are the speed of sound and the Luttinger parameter. Finally, we consider the action
S10,0] = [_dtL [0, ¢] and perform a Keldysh rotation to find the hydrodynamic action:
the linear part is the same as the fermionic one, Eq. (2.34); however, the non-linear part

does not contain the term cubic in 9,6, present in the fermionic case, Eq. (2.41).

2.2.2 Strong interactions

In the case of strong interaction or low density, the system becomes a Tonks-Girardeau

gas of hard-core bosons [41, 42|. The partition function can be written as

7 = /’D[QD, SO]eifdtdac [@(iaﬁﬁag_i_“)@_g@z@z]
= /’D[@, go]eif dtdz [@(iat-&-ﬁ@%-‘ru)np] /,D[f_, f]ei [ dtdz [§§§+§¢2+g¢2] 7

where in the second line we introduced the field £ through a Hubbard-Stratonovich

transformation. The last term in the limit mg > n becomes,

/D[f, g]eifdtdw[§£_§+£¢@+fsw] ~ /D[f, ﬂeifdtdm [epp+E00] _

= §(Re(?))5(Im(p?))

=0(¢")d(¢%),
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which imposes the constraint p(z)p(z) = @¢(x)@(z) = 0, that is, two bosons cannot be at

the same position.” The partition function simplifies to
4= / D[, ]8(§2)0(ip?)e! e [P0+ zmoten)e] (2.48)

The constraint means that the boson fields anti-commute at the same position, [¢(x), p(z)]-
2¢0(z)p(z) = 0, and commute at different positions, [p(z), p(z')]+ =0, = # 2’. The anti-
commutation property suggests to change the bosonic complex fields ¢(z) and ¢(z) to
the fermionic Grassmann fields 1 (z) and 1 (x). Through the anti-commutativity of the
fermions, the constraint ¢(z)p(x) = () (x) = 0 is automatically satisfied. However,
the change of variables must respect the commutativity [p(z),¢(z")] = 0 for x # 2.
In other words, moving a boson through other bosons must not produce any change of
sign. However, moving a fermion through an odd number of fermions produces a minus
sign. This minus sign can be compensated by a phase factor through a Jordan-Wigner

transformation [14],

o(x) = h(x)e™ e WEWIL) (2.49)

The integral at the exponent, [*_dy¢(y)¥(y) = [*_dy > jeparticles 0(Y — ¥5), counts the

number of particles at the left of position x. Therefore, the minus sign coming from moving
a fermion through an odd number of fermions is compensated by the one coming from
the phase factor. Substituting Eq. (2.49) into partition function (2.48) and using the

Grassmann variable identities, ¢? = 9> = 0, we obtain

7 _ /D[@E7 ¢]€ifdtdx [ (10 + 55 02 +1) ¥

"Note that, alternatively, the interaction term can be split as [ Doe'/ 914 [#50°+e2¢] which, in the
limit mg > n, would lead to the constraint @(z)p(z) = 0. However, this imposes that the density is zero
or, in other words, that there are no particles in the system. Having no particles in the system implies
that no two bosons are at the same position, but the constraint that two bosons cannot be at the same
position does not imply that there are no particles in the system. Therefore, for a more general constraint
we need the weaker condition, that is, two bosons cannot be at the same position.

61



This shows that a system of strongly-interacting or hard-core bosons can be mapped to a
system of free fermions. As a consequence, the chemical potential corresponds to the ground
state energy of a system of fermions with density n, that is, u = (7n)?/2m = ep. It follows
that the Tonks-Girardeau gas of hard-core bosons is mapped into the Tomonaga-Luttinger

liquid with,

m (2.50)

2.3 Refermionisation

In this chapter we have derived the low energy hydrodynamic theory, Eq. (2.3), starting
from interacting fermionic and bosonic particles. In the case of weakly interacting fermions,
the speed of sound, ¢, and the Luttinger parameter, K, are given by Egs. (2.35) and
the coefficient characterising the cubic density non-linearity is « = 72/m. In the case
of weakly interacting bosons, ¢ and K are given by Egs. (2.47) and a = 0. Instead, we
saw that strongly interacting bosons behave like free fermions, leading to ¢ and K given
by Egs. (2.50) and o = 7?/m. Corresponding to the quadratic part of hydrodynamic
Hamiltonian (2.3) are action (2.34) for fermions and the quadratic part of action (2.46)
for bosons. These actions are not diagonal and it would be interesting to know what the
excitations of the systems are by diagonalising them. First, we rescale the phase fields 6
and ¢ to the effective phase fields 6 and ¢ as § = VK 6 and ¢ = ¢ / V'K and the quadratic

part of the action becomes,

T
o 6° g2 190, D WK fo Upa
Sol6”, 6] = / dr || - )
qba %81‘,81’ 7%0325 qba #Eaxqba Upa

This action is equal in form to the hydrodynamic action of non-interacting fermions with
a renormalised Fermi velocity ¢ and a rescaled coupling to the source fields. Since the

action of non-interacting fermions is diagonal in the chiral fields representation, the action
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is diagonalised by a transformation to the effective chiral fields Y+ = 6 + ¢,

~a 1 ~a ~ 2\/? ~o ~a 2 ~o e
SO[XW] = /d?" [_ D0717 na - Taz<x+ + X_)ut‘)a - Wal()(-i- - X—)u(boz )

where,

Dy (r) = ga’c(at +ncdy) (2.51)

is the inverse propagator (2.29) with a renormalised sound velocity, ¢. Now we turn to the
non-linear part of the action.

The non-linear terms are different for fermions and bosons. We start with fermions. In
terms of the rescaled fields 6 and ¢, the non-linear part of the fermionic hydrodynamic

action, Eq. (2.41), becomes,

Snl[éau an] — _L dr { |:K(9~/cl) (élcl) \/_qu + \/%é’dgg’dgg’q} 7

m™m

and in terms of the effective chiral fields, x4, we have,

S 1 cl\2
Suldpl = —5—— [ dr(x, X)X
1 1 , 1 o (2.52)
/c ~lcl ~/c o4
gﬂm\/_(l_K )/dr [( )* +2X5 Xn]an’
where 7 is the opposite of 7 and we defined the effective mass,
4V K 3
m=ma——m ~m (1 — §5K2> (2.53)

where we expanded the Luttinger parameter in the weak interaction limit, K =1+ 0K
with 0K < 1.
In the case of weakly interacting bosons, the non-linear part in Eq. (2.46) does not

have the density-cube term, ~ 6’3, present in the fermionic one, Eq. (2.41). Rescaling the
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fields, Eq. (2.46) becomes,

Snl [éa’ éa] /cl elq + 29/Cl¢/01¢/q}

and in terms of Y+ we have,

o 1 C
Sulxg) = T [y
1 (2.54)
/cl clorell o
sﬁm\/— dr [(X5)? + 245 %] X
where we defined the effective mass,
4
m = gmx/?, (2.55)

and we remind that for weakly interacting bosons K > 1.

In the non-linear actions (2.52) and (2.54) the first line describes interactions between
effective chiral fields moving in the same directions, either n = +1 or n = —1; instead, the
second line describes mixed interactions between right, n = 41, and left, n = —1, effective
chiral fields. Since the interaction time between chiral fields moving in opposite directions
is negligible compared to that of those moving in the same direction, we neglect the second
lines of Eqgs. (2.52) and (2.54). Then, the hydrodynamic partition functions for fermionic

and bosonic particles have the same form,

Z[u) = / Dt 4 [3 D0 =i (051) X1 - 220 (R 430 00 = I 0K —Xon] (9 5

Integrating over the quantum component of right and left chiral field we obtain, as seen in

Chap. 1, the equations of motion for the classical component,

~cl __ n ~cl
(Or +necde) Xy, = _2_m*(X’7)2’ (2.57)

where we omitted the source fields. This equation of motion will be important in the next
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chapter.

Partition function (2.56) looks like the partition function of bosonized free fermions
with effective mass m* and a different coupling to density and phase source fields ug and
ug. Comparing the transformation between fermionic fields and chiral fields, Eq. (2.32),

we transform to the effective fermionic fields 1Z and 1 as,*

1

%8@2” — 1/37,1577 .

Then, the effective chiral fields partition function, Eq. (2.56), corresponds to the effective

fermions partition function,

Z[u] = /D[lziﬂzi} eif@ dr [%(r)éﬁl(r)lzn(r)—\/?(lﬁu/ﬂ-i-d;—l/;—)uea—\/%(1/;+¢+—¢—¢7)uw] . (2.58)

where the Green’s functions is,

_ 2

G (r) = 0, + icO, + 2 (2.59)

n 2m* )

which leads to the spectrum,
2

en(k) = nck + el

(2.60)

The coupling to the source fields tells us that density and phase in terms of the effective
fermions are VK (@/:)JF@EJF + @Z_zﬁ_) and (@ZJF@EJF — @Z_@E_) /VK. These relations together with
Eqgs. (2.58) and (2.59) are known as refermionisation. We do not prove it rigorously here
and we refer to Refs. [43, 44, 45| for a rigorous derivation. As in the case of bosonization,
for which the non-linearity of the spectrum must be small, £ < muvp, for refermionisation
to be possible the condition & < m*c must hold. An additional condition in the case of
weakly interacting bosons requires p < pg, where pg = (m/m*)me = 3me/VK is the
Ginzburg momentum [46, 47]. As K > 1 for weakly interacting bosons, this condition
is restrictive. We leave the discussion of the Ginzburg momentum to Sec. 3.8. Finally,

we note that fermionic quasiparticles are lighter than the initial particles, m* < m, for
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Figure 2.8: Schematic summary of the main results of the chapter. Left and right columns
refer to bosonic and fermionic statistics and top and bottom rows to particles and effective
excitations. The equation references give the relation between the parameters of the
related theories.

interacting fermions and heavier, m* > m, for weakly interacting bosons.

2.4 A paradox in one-dimensional dynamics

In this chapter we derived the low-energy hydrodynamic and the fermionic quasiparticle
theories for interacting fermionic and bosonic particles. The relations between these
theories are depicted in Fig. 2.8 with the help of Feynman diagrams. We started from
fermions, the top-right box in Fig. 2.8. The fermionic theory is characterised by the
propagator and the local density-density interaction term, represented by the straight line

and the cross diagrams. The propagator depends on the Fermi velocity, vg, and mass,
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m, and the interaction terms correspond to scattering with strengths g» and g, between
two fermions. Using functional bosonization, we showed that the low-energy particle-hole
excitations around the two Fermi points give rise to phononic excitations. The theory of
phononic excitations is characterised by the two diagrams in the bottom-left box in Fig.
2.8. The wiggly line is the phonon propagator that depends on the speed of sound, ¢, and
the Luttinger parameter, K. The three-leg diagram represents the non-linear contribution
that comes from the mass curvature, m, of the fermionic spectrum and corresponds to the
three-loop of Fig. 2.5. This non-linear term, as suggested by the diagram, corresponds to
the processes of splitting a phonon into two or recombining two into one. Additional non-
linear terms with more legs are present, but can be neglected for small momenta, p < muvg.
Then, we considered bosonic particles with contact interactions, the top-left box in Fig.
2.8. The bosonic theory is characterised by the propagator and the contact density-density
interaction term, represented by the straight line and the cross diagrams. The propagator
depends on the density, n, and mass, m, and the interaction term corresponds to the
scattering with strength g between two bosons. We considered the two limits of weak and
strong interactions. In the case of weak interactions, g < ™, a the hydrodynamic theory
was derived in terms of density and phase fluctuations over the average values. In the
case of strong interactions, g > ™, bosons become impenetrable, a feature that allows the
mapping to free fermions and, in turn, to the hydrodynamic theory with K = 1. Finally,
we mapped the non-linear hydrodynamic theory to free fermionic quasiparticles with an
effective Fermi velocity ¢ and an effective mass m*, the bottom-right box in Fig. 2.8. The
mapping requires the additional low-momentum condition p < m*c and in the case of
weakly interacting bosons the additional condition p < pg ~ 1/ VK.

Non-linear phonons and free fermionic quasiparticles are equally good at describing
static properties [7|. However, this is not the case for dynamical ones. In fact, to realise
this, it is sufficient to compare the dynamical structure factor, S(q,w), calculated using
the two representations. We have already calculated S(¢,w) using free fermions and the

result is represented in Fig. 2.3. In the case of fermionic quasiparticles, Fermi velocity,
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vr, and mass, m, are replaced by ¢ and m* but the width depends on ¢ in the same way:
dw(q) ~ ¢*> at T = 0 and dwr(q) ~ q at T > 0. Using phonons, we start deriving the
dynamical structure factor using the quadratic approximation. We do not need to do
the calculation explicitly, we just need to know that the density structure factor is non-
zero where the spectrum of particle-holes excitations is non-zero. Because the quadratic
phonons approximation corresponds to fermions with linearised spectrum, there is no
spectrum curvature and particle-hole excitations can only satisfy the relation w = cq. It
follows that the density structure factor is a straight line with slope ¢ and no width in
the ¢ — w plane of Fig. 2.3. This result is in clear contrast with the one derived using
fermionic quasiparticles. But we know that, when there are no interactions between
fermions, particles and quasiparticles coincide, giving the correct result. Then, we may add
the three-leg term to the quadratic phonons. With this term, the calculation of the width
of the dynamical structure factor is not straightforward as it involves a self-consistent
approach to avoid a resonant behaviour. We do not give the explicit calculation here and
refer to Refs. [48, 49]. The resulting width is dw(q) ~ ¢* at T = 0 and dwz(q) ~ ¢*/? at
T > 0. Now, fermionic quasiparticles and phonons give the same result at T' = 0 but differ
at T' > 0: even with the three-leg correction, the two representations lead to different
thermal dynamics in the small-momentum limit, where the three-leg approximation should
hold better. This leads to an apparent paradox: which one is the correct representation
to describe the thermal dynamics of one-dimensional systems, non-linear phonons or free

fermionic quasiparticles? We will answer this question in the next chapter.
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Chapter 3

Thermal dynamics of one-dimensional

systems

In this chapter we explore the thermal dynamics of non-linear phonons and fermionic
quasiparticles and solve the apparent paradox raised in last chapter. We approach the
problem by introducing a system of phononic and fermionic excitations that interact with
each other. Phonons and fermions will represent long wavelength fluctuations and local
excitations respectively, so that there is a scale separation assuring that they represent
different entities of the system. We introduce fermionic quasiparticles using the concept
of a depleton, developed in Ref. [50] to describe the dynamic of a single impurity in a
one-dimensional system. A depleton is a quasiparticle constituted by an impurity together
with the depletion cloud that it induces to the liquid. The peculiarity of the depleton
approach is the ability to account for the changes induced by an impurity to the liquid.
As we will see in detail in the chapter, a local excitation of the liquid can be modelled by
a massless impurity, such that the depleton is just the depletion cloud characterising the
excitation of the system. The advantage of this approach is that we can define the position
of the excitation through the position of the massless impurity. This will allow us to
second-quantise the system of a single depleton into a system of many depletons interacting

with the phonons following the standard rules of second-quantisation. The depletons will
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represent the fermionic quasiparticles derived in the previous chapter. Following Ref. [50],
we will dedicate the first two sections of this chapter to the introduction of the single
depleton theory. Then, we will proceed to the original part of this thesis (see Ref. [1] in
the Publication section at the beginning of this thesis): we will extend the single depleton
to a many-depleton picture and study the dynamics of phonons and depletons using the

dynamical structure factor.

3.1 The depleton

In this section we consider a single impurity immersed in a liquid with Hamiltonian (2.1).
The Hamiltonian of the liquid consists of a static part, given by the first term, and a
dynamical part, given by the second term. We will start by considering a static liquid
and later extend the results to the dynamics. The Lagrangian of the static liquid in

thermodynamic equilibrium is the Legendre transform of the first term of Hamiltonian
(2.1),
Lo(w) = [ do u(myn — ea(m)] (3.1)

The Lagrangian does not depend explicitly on the density, n, because in thermodynamic
equilibrium n is related to p through 0d,e¢[n] = u, as we saw at the beginning of Chap.
2. Now, we introduce an impurity of mass M at coordinate X (t), moving with velocity
0, X =V with respect to the liquid. To do so, we perform a Galilean transformation to a
reference frame moving with velocity V' with respect to the liquid, as shown in Fig. 3.1.
Denoting with prime the quantities in the moving reference frame, the energy of the liquid

transforms as e)(n, V) = eg(n) + inV?, leading to the new Lagrangian,

Ly, V) = / da [ (n, V)n — éh(n, V)] |
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Figure 3.1: Galilean transformation from the fixed reference frame, where the liquid is
static (top), to the reference frame moving with velocity V', where the particle is still
(bottom). The height represents the density profile. The impurity generates a depletion of
the liquid in its vicinity and the impurity together with the depletion cloud is the depleton.

where the chemical potential, ¢/, in the moving frame is related to u as,

W (n, V) = p(n) + %MVQ | (3.2)

In the moving frame, we immerse the impurity in the liquid. The impurity causes a
depletion of the liquid in its vicinity that we call depletion cloud, as shown in Fig. 3.1.
We account for this depletion using the number Ny of particles expelled from the liquid
by the impurity. Moreover, the impurity experiences the flow of the fluid given by the

supercurrent,

J =-nV. (3.3)

The total Lagrangian of the system is now the Lagrangian of the liquid, L, plus the

Lagrangian of the depletion cloud,

Li(n. V) = (n,V)Np — Ep, (3.4)
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where EJ, is the energy of the impurity in the moving frame and the Lagrangian depends
on n and V' through p/'.

We take advantage of the system being in thermodynamic equilibrium. To this end, we
note that the right hand side of Lagrangian (3.1) coincides with minus the grand canonical

thermodynamical potential of the liquid, Qq(u),

Lo(p) = —Q0(p) -

Due to the Galilean invariance of the static liquid, in the moving frame we have the same
equality, Li(u/, V) = —=Qu(1, j'), where we used relation (3.3) between V' and j’. Then,
the addition of the impurity Lagrangian, L), to the liquid Lagrangian, Lj, is seen as the
change of the grand canonical potential of the liquid due to the presence of the impurity,

QL' 7)) — Qo 5") + Qp (i, 57), and we obtain the relation,

L (W' 5') = = (W', 5) (3:5)

As a consequence of the Galilean transformation, this equality relates the dynamics of the
depletion of the liquid, the left hand side, with its thermodynamics, the right hand side.
This relation is useful because we can study the change induced to the depletion cloud,
dQy (i, '), by a change of the state of the liquid, dj’ and dg/,

dQp (i, j") = Ndp' + @ dj’,

(3.6)
N:(%/Qf), <I):3]/Q§3

Here, N is the response to a variation of the chemical potential p/ and is related by Egs.
(3.4) and (3.5) to the number of depleted particles as N = —Ng4. The response ¢ to a
change of the superfluid current, j’, is the superfluid phase and has no analogy in classical

thermodynamics. We are in the situation where we have linked the dynamics of the

depletion cloud to its thermodynamics in terms of the independent equilibrium parameters,
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(' and j'; characterising the liquid. Instead, the parameters characterising the depletion
cloud, N and ®, depend on ' and j’. Since our final goal is to consider the effect of the
liquid dynamics on the depletion cloud, instead of i/ and j’, it is convenient to consider N
and ¢ as independent variables. This is achieved through a Legendre transformation to a
new thermodynamic potential,

Hp(®,N) = Qpy — ' — w/'N,

(3.7)
dHp(®, N) = —j'd® — j/dN .

After this transformation, the independent variables N and ® describe the state of the
local depletion cloud around the impurity which may or may not be in equilibrium with
imposed j’ and y'. In this way, by considering fluctuations of j and y’, in the next section,
we will be able to introduce the dynamics of the liquid. Putting Egs. (3.4), (3.5) and (3.7)
together, we find the Lagrangian,

1
L = 5Mv2 — j'® — i/ N — Hp(®, N), (3.8)

and performing a Galilean transformation back to the liquid reference frame by means of

Egs. (3.2) and (3.3), we obtain,
1
Lp = 5(M —mN)V?+nV® — pu(n)N — Hp(®, N). (3.9)

This Lagrangian describes the impurity together with the induced depletion cloud, that is,
a dressed impurity called depleton [50|. The depleton is shown by the dashed circle in Fig.
3.1.

In this chapter we will be interested, not in a single depleton, but in many of them.
The standard procedure to go from a single to many depletons is second quantisation, for

which it is convenient to recast Lagrangian (3.9) in a suitable form. First, we need the
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momentum of the depleton,

OL
P=S"—(M—mN . 1
5y ( mN)V +n (3.10)

Here, M — mN, is the mass of the depleton, that is, the mass of the impurity minus the
mass of the depleted particles and n® is the supercurrent momentum induced to the liquid
by the impurity. Inverting Eq. (3.10) we find the velocity of the depleton in terms of its

momentuin,
P—nd

8tX:V=V(P,<I>,N):m,

(3.11)

and substituting it into Eq. (3.9), the depleton Lagrangian takes the standard form,

Lp =PV —-H, (3.12)
with Hamiltonian,
1(P—nd)?
HP,&,N)= ————— N+ Hp(®,N). 1

The Hamiltonian of the depleton depends on the impurity momentum and mass and on
the depletion cloud phase and number of expelled particles.

When the impurity is initially immersed in the liquid, the depletion cloud is out of
equilibrium. After some time, the cloud equilibrates to the values ® = ®¢(P,n) and

N = Ny(P,n), for which the Hamiltonian becomes,

E(P,n) = H(P,®(P,n), No(P,n)). (3.14)

Here, E(P,n) is the dispersion relation of the dressed impurity at equilibrium. The

equilibrium values ®4(P,n) and Ny(P,n) are an extremum of the Hamiltonian, that is,

74



they satisfy the following equations,

0= —3¢H =nV — 6¢Hd,
) (3.15)
0= —(9NH = —u— §mV2 — 8NHd,

where we used Eq. (3.11) for the velocity of the depleton. By differentiating both sides of
Eq. (3.14) by P and N and using Eqs. (3.13) and (3.15), we find the equivalent equations
for the equilibrium values ®¢(P,n) and Ny(P,n),
0 E(P.m) = Vo(Pom) = 5ot
) (3.16)
O,E(P,n) = %Na —Vy(P,n)dy ,
that has to be solved for fixed P.

We conclude this section by connecting the depleton to the fermionic quasiparticles
derived at the end of the last section. Those fermionic quasiparticles are excitations of
the system associated to a depletion cloud without an external impurity. However, the
concept of impurity turns out to be useful as it defines the position and velocity of the
depleton. Having no impurity amounts to setting its mass to zero, M = 0. Given this
connection, the equilibrium spectrum of the depleton is identified by Eq. (2.60) with,

P2

E,(P,n) =nc(n)P + )

(3.17)

In the case of bosons, this spectrum would correspond, in the low energy limit, to localised
excitations in the superfluid, such as grey solitons in Bose-Einstein condensates [51, 52].
The depleton picture equally applies to a foreign particle, for example an atom in a different

hyperfine state considered in Refs. |53, 50].
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3.2 Depleton-Phonon coupling

In the previous section, the liquid we considered was static, that is, we just considered the
first term of Hamiltonian (2.1), constant in time and space. In this section, we introduce
the dynamics of the liquid, that, in the case where no depleton was present, amounted to
the second term of Hamiltonian (2.1). However, in presence of the depleton, the liquid and
the depleton interact, giving rise to an additional term in the Lagrangian of our system.
To find this interaction term, we consider a liquid that can fluctuate, which means that

the density and velocity of the liquid considered in last section are modified as,

n—-n+p, (3.18)

V->V+o,

where, following the definitions in Eq. (2.2), p = 29,0 and v = +-0,¢ are the density
and velocity phononic fluctuations. The fluctuations due to phonons have a size that
is much larger compared to the depleton. As a consequence, the depleton experiences
phonons as a temporary change of the liquid density and velocity, as shown in Fig. 3.2.
However, in our formalism, as we see from Eq. (3.9), the depleton experiences the density
and velocity of the liquid indirectly, through the chemical potential, u/, and supercurrent,
j'. Then, we have to find the change to y’ and j’ due to the density, p, and velocity,

v, of phonons. For the change to the chemical potential due to phonons, we need the

Lagrangian corresponding to the second term of Hamiltonian (2.1),

Lpn[p,v] = /dx [—patcb - %m(n +p)v? —eo(n+p) + p(n + p)] - /dx [um — eo(n)]

= /dx [—(n + )0t + ndpp — %m(n + p)v? —eg(n + p) + eo(n) + up] :

From the factor multiplying (n 4 p), we deduce that the chemical potential changes as,

1
= — O — %(chb)?,
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Figure 3.2: Depleton experiencing a phonon through a change of density and velocity of
the liquid.

where we used the relation between velocity and phase, v = %(%qb. In the reference frame

moving with velocity V', we have,

, m._ 1 ,  m 1 9 m_. do
I ,u—|—2V — o — O 2m(3x¢) +2(V maxd)) u—|—2V +dt’ (3.19)
where we defined the total time derivative,
d

dt
The change induced by phonons to the supercurrent is found using substitution (3.18),

1do

J =V - <n n 10309) (v - iam) =V -, (3.20)
T m wdt

where we expressed density and velocity through the phase fields, § and ¢, and in the last
equality we used the continuity equation in the form 9;,0/m = —(n + p)v, following from
the gauge invariance of the system [50]. Dynamic Eqgs. (3.19) and (3.20) replace static
Egs. (3.2) and (3.3) for the chemical potential and supercurrent. Substituting Eqs. (3.19)
and (3.20) into Lagrangian (3.8) we obtain Lagrangian (3.9) and the additional interaction

term between depleton and liquid,

1. d d

This Lagrangian provides the dynamics of the depletion cloud through the collective
coordinates ® and N. It also shows that the canonical momenta correspond respectively to

the liquid density and velocity phases, 0(X,t) and ¢(X,t), at the position of the impurity,
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X(t). It is convenient to express the interaction term, Eq. (3.21), in the effective chiral

field representation, that follows from Eq. (2.33) and the relations at page 62,

0— VK % ’
1+ - (3.22)
6= Xr—Xo
VE 2
Then, Eq. (3.21) becomes,
- d _
Lon-l Ay X] = Ay T5(X,1), (323)
where we defined the chiral collective variables of the depletion cloud,
1 K 1
. (Lp s _N) | 20
2\ VK

With the interaction term between depleton and liquid, Eq. (3.23), we have completed the
derivation of the Lagrangian of the system. In the following section we will extend the

system of a single depleton to a system of many depletons.

3.3 Many depletons

Putting together the Lagrangians of phonons, depletons and the interaction term, the

partition function in the closed time contour representation is,
Z = / DieDALDXDP ¢ f= 4 {E, Lo K+ Lo X P AT+ Lonp[Xn.An X1} (3.25)

The phononic Lagrangian before the Keldysh rotation is derived by Eq. (2.56),

. 1 _ N 1 ~
LPh,n[Xn] = /d:r {_Xn (7761&81" + Caﬁ) Xn — (8ann)3 ) (3.26)

47 127mm*
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where we dropped the source terms. The depleton Lagrangian in terms of Ay is derived

from Egs. (3.12) and (3.13),
Lp[X,P,Ay] = PO,X — H[P, A4],

where H[P, A.] is Hamiltonian (3.13) in terms of A..

As we saw in the previous section through Eq. (3.23), the presence of phonons affect the
depletion cloud. Assuming that the change due to phonons is small, we expand H(P, Ay)
around the equilibrium values of the depletion cloud, Ag 4+, obtained by Egs. (3.16) and
(3.24), as,

H(P, Ao+ +0As) = E(P) + 21 A, T, L (P) 6, (3.27)

where the matrix F;nl,(P) is the Hessian,

FZL(P) T3L(P) 1 [ R.H OnonH

T\ oy onH & H
Ar=Ao +

(3.28)

evaluated at constant P (see also Ref. [50]) and characterises the scattering rate of phonons
by a moving impurity. Expanding the interaction term, Eq. (3.23), around the equilibrium
values of the depletion cloud, Ag 4, and integrating over Ay in partition function (3.25),

we obtain the effective Lagrangian of a depleton coupled to the bath of phonons,

d _ 1 [/d. d _
LD+Lph_D — PatX—E(P)—i‘AomEXW(X, t)+— (Exn(X, t)) an/(P) (_X??’<X7 t)) .

8T dt
(3.29)
Using the results obtained in Appendix C, Ay, (P) can be shown to be independent of
P at small momenta, so that the third term on the right hand side of Eq. (3.29) is a
total derivative and can be omitted. The full time derivative of phononic fields can be

evaluated with the help of the equation of motion of the impurity, 9, X = V(P), leading
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Figure 3.3: Conservation of momentum and energy for the scattering of a right moving
depleton and a left moving phonon. The curved line represents the depleton spectrum and
the straight line represents the phonon spectrum. The conservation of momentum and
energy amounts to connecting two points of the depleton spectrum with two straight lines
of the phonon spectrum and the only way of doing it is by having ¢ = —q.

to dx+(X,t)/dt = (0, + V(P)0:) x+. Then, Eq. (3.29) becomes,
1
Lp+ Lpy-p = POX —E(P)+ 3. (& + V(P)@w) X Ly (P) (at + V(P)@m) X > (3.30)

Considering a right moving impurity, V' (P) = ¢+ P/m, and evaluating the last term of Eq.

(3.30) with the help of the linear equations of motion of phonons, d;X+ = Fc0, X+, we find

d _ d _ P\, . i
—X+F++(P)EX+ = (%) o X+ T4 (P)0u X+

dt
d d d d P P
—x. I  (P)—%s = —x T, (P)—x_=|— ) 2+ — V., (P)O,\_
X +( )th+ FTRG ( )th <m*) < C+m*)3x>{+ +—(P)daX
2c - -
~ —*PazX+F+—(P)axX—,
m
d d P\’
—x_I__(P)—x_ = (2c+ — v.T__(P)O,Y_ ~ 4?0, x_T__(P)O,x_
X ( >th (c+m*) 0xX (P)0.X c“ 0 X (P)0xX-

(3.31)
where we have simplified the expression leaving only the leading terms in P < m*c, the low
momentum condition for the validity of refermionisation seen in Sec. 2.3. The first term,
coupling right moving phonons, is quadratic and can be neglected in the small momentum
limit. The second term, coupling phonons with different chiralities, has been approximated
in the small momentum limit. The third term, corresponding to the scattering of a

depleton moving to the right with a phonon moving to the left, does not contribute to
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dynamical quantities because the corresponding scattering process is suppressed by the
conservation of energy and momentum. The conservation of momentum and energy can
be approached graphically with the help of Fig. 3.3. The curved line represents the right
moving depleton spectrum and the straight red lines represent the left moving phononic
spectrum. The scattering process is allowed by momentum and energy conservation if we
can connect two points of the depleton spectrum by two straight lines of the phononic
spectrum. It is easy to realise that the only way of doing it is to come back to the original
point with the second straight line, that is ¢’ = —¢ in Fig. 3.3, which means that depleton
and phonons do not change their states and as a consequence do not contribute to the
dynamics. Since only vertices proportional to I'y _(P) and I'_ (P) are left, we denote
I'y_(P)=T_,(P)=T(P). This vertex, introduced in Refs. [53, 51, 50], is the amplitude
of the process where a phonon scatters against a depleton and changes its chirality, that is a
backscattering process. Since we are dealing with small momenta, P, we may expand I'(P)
around P = 0. Using the definition I'"'(P) = [0x, Or_ H]r,—», ., Hamiltonian (3.13), Eq.
(3.24) and the equations for the equilibrium values, ®o(P,n) and Ny(P,n), in Appendix C

we show that, for small momenta,

I'(P)~TyP, P < m'c, (3.32)
where,
- _ ! nde) Oy L (ndm_(y_noe
Fo = 0PI (P)] =0 = 4nc ((1 * c 8n> i "on ) |me \m* on ! con '
(3.33)

Substituting Eq. (3.32) into Eq. (3.30) we find,

1 I . -
Lp + Lepp — PO,X — E(P) + %m—fﬁ V(X )X (X, 1), (3.34)

valid for a right moving depleton. In the case of a left moving depleton, the second line of

Eq. (3.31) gets and additional minus sign, which causes the last term of Eq. (3.34) to
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change sign.

We have derived the partition function for a system with a single depleton, describing a
quasiparticle excitation, interacting with phonons in the small momentum limit, P < m*c.
The total Lagrangian of the system is given by the sum of Egs. (3.26) and (3.34). Now, we
extend the Lagrangian of a single depleton to the Lagrangian of many depletons with the
standard rules for second-quantising a single particle Lagrangian, as explained, for example,

in Ref. [14]. It follows that Lp and Lpy,_p get replaced by the fermionic Lagrangians,

Le, = / de &, [10, — Ey(—i0,)] (3.35)

and,

1 el . L 4
Lrvsy = % [ do g2 00.0,000 (3P )n) (3.36)

where Q,Zn and v, are the fermionic quasiparticle fields introduced in Sec. 2.3 and we
dropped the tildes. We defined ? as the symmetric version of the momentum operator,
@E?zﬁ = % [(@ﬂ/?) - (8x¢)}, in order for it to be Hermitian. Then, the respective term
in Eq. (3.36) is explicitly given by 1/_)(?)21# = —1[(0%) ¥ — 2 (8,0) (0.0) + ¥ (820)].
In order to go from a single depleton to many depletons we assumed that depletons are
dilute, so that we can neglect collisions between themselves. This assumption will be
justified when we will see that depletons describe excitations with higher energy than
phonons, which means that at low energies there are only few of them. In Lagrangians
(3.35) and (3.36), we refer to the quasiparticles as fermions to distinguish them from
the single depleton ones. However, in the following we will use the terms fermions and
Depletons interchangeably. We are now ready to derive the Feynman rules of the system

that we will use to calculate dynamical quantities in the following sections.
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3.4 Feynman rules

For the calculations that follow, it is useful to write the Feynman rules in momentum-energy

space and in the Keldysh formalism. The action of the whole system is,

S = / dt Y " (Lpny + Ley + Lenrs) | (3.37)

n

with Lpy,,, Lr, and Lpy r, defined respectively by Egs. (3.26), (3.35) and (3.36). Denoting
with the superscripts £ the fields in upper and lower time branches, as explained in Chap.

1, we perform a Keldysh rotation for real bosonic fields,

X=X X
and for fermionic fields,
T
\/i )
&i _ 1 F o

The Keldysh rotation of phononic Lagrangian (3.26) leads to the Lagrangian in Eq. (2.56)

without source fields,

~Ic\2 ~
Xy )X (3.38)

1 -
LPh,n = /d&? |:§X17D0,717X77a - n

2mrm*

where the phononic propagator, defined in Eq. (2.51), in momentum space reads,
- 1
DO,i(Q7w) = i;@(w Feq) .

Inverting it, we define the Feynman diagram for the right and left phononic propagators

as black and red wiggly lines,

Q7ﬂ05 nK "R
- D3 (q,w) D3 (q,w
AN = DY (g, w) = f( ) Dilaw) : (3.39)
D (g, w) 0
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and,

ANNNNNN - = D (q,w) = . (3.40)

Retarded and advanced propagators are defined as,

- - T T
DR(q. :[DA , } T
i(q w) i(q w) q(CU:{:CQ—FlO)
and the Keldysh one as,
DE(Q7 w) = FPh:I:(q>APh:|:(q7w) ) (341>
where,
2
. - .
Appi(q,w) = DX(q,w) — Di(q,w) = :F71(5 (wFcq) , (3.42)

and Fpp+(q) is the distribution function, that in equilibrium is given by,

Fpu+(q) = coth (:I:%) . (3.43)

The Keldysh rotation of fermionic Lagrangian (3.35) leads to the Lagrangian in Eq.

(2.58) without source fields,

where the fermionic propagator, defined in Eq. (2.16), in momentum space reads,

G;1<k78> =c—¢gy(k),

where we used Eq. (2.60) for the spectrum,

2
Ei(k) = tck +

) 3.44
2m* ( )
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Inverting é; ! we define the Feynman diagram for the right and left fermionic quasiparticle

propagators as black and red straight double lines,

k,ba ~ ~
’ . GR(k,e) GX¥(k,e
P = G?(k,e) = +(kse) ~+( ) , (3.45)
0 Gi(ke)
and,
k,ba - GR(k,e) GX(k,e)
P = G®(k,e) = , (3.46)

0 G2 (k, )

where retarded and advanced propagators are defined as,

. ~ t 1
R _ A _
Gi(kvg) - |:Gi(k75):| - e — €i(l€) +i0 )
and the Keldysh one as,
é’i(k‘, E) = Fpi(k‘)AFi(k, 8) . (347)
Here,
Apy(k,e) = GR(k,e) — Gh(k,e) = —2mid (e — e (k)) , (3.48)

and Fgy (k) is the distribution function, that in equilibrium is given by,

Fys (k) = tanh (&égf;)) . (3.49)

The interaction term between fermions and phonons, Eq. (3.36), after a Keldysh

rotation reads,
1 ¢ i o - =
LPh-Fﬂ? = n/d:ﬂ %%Ff)%%axhaxxé <¢a( P )2¢b> .

Focusing only on right moving fermions, the interaction Lagrangian leads to the following

vertex,
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=195 (K, ki d',q)

q,p kb
= Lo K228k 4 g — K — )
8r m* P

where we have introduced the Keldysh tensors, 'yg%,

10 01
vaa = 733 = , ’Yglz = 7321 = : (3.50)
01 10

With the Feynman rules laid down, we are ready to calculate dynamical quantities.

3.5 Depletons dynamics

In this section we study the depleton contribution to the dynamics of the system. As
we did in Sec. 2.1, we study the dynamics by means of the dynamical structure factor
defined in Eq. (2.5). The definition given in Eq. (2.5) can be extended to a system in the

thermodynamic limit,

S(q,w) = /_oo dx /_00 dt (n(z,t)n(0,0)) e 1=t (3.51)

where we removed the hat from the density, n(x,t), as now, instead of the operator
formalism, we are dealing with the functional formalism. To calculate the fermionic
contribution to the dynamical structure factor, we observe that we can decompose the

density at each position and time into modes with different momenta as,

n(x,t) = \/E/ % [Fri(x,k,t) + Frp_(z,k,t)] . (3.52)
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Here Fri(x,k,t) are the fermionic density of states of right and left movers as a function of
momentum k at position = and time ¢. The factor v/K, where K is the Luttinger parameter,
comes from the definition of the density in terms of fermionic quasiparticles, /K ({1, +
Y_1_): this is the term multiplying the density source field, uy, in partition function
(2.58). The reason for which we use decomposition (3.52) is because the time evolution
of Fry(z, k,t) satisfy a linear differential equation, as we will see in this section. Instead,
the time evolution of n(x,t) is non-linear because it is the sum of many Fry(z,k,t)’s with
different time evolutions for every momentum k. We also note that, since we are studying
the dynamics of the system, only the variations of the density over the homogenous
part (static liquid) are relevant; so, the fact that in the last chapter we discarded the
homogenous parts in the derivation of the phononic and fermionic actions is not a problem.
Focusing only on right moving fermions, Fr(x, k,t) satisfies the extension of kinetic
equation (1.46) to a system dependent on position, which, in the Wigner approximation,

reads [13],
[10; + v(k)0y] Fry(z, k,t) = Iz, k, 1), (3.53)

where the velocity of excitations with momentum £ is,

(3.54)

obtained by differentiating spectrum (3.44) by k, and I°°"(x, k,t) is the collision integral,

Iz, k,t) = i2¥(x, k, t) + 2ImER(z, k, t) Fop (2, k, ) .

FF+(x7 k) t)
T(z, Kk, t)

(3.55)
=i¥¥(z, k, t) —

defined in terms of the retarded and Keldysh fermionic self-energies, ¥® and X¥. In kinetic
equation (3.53) we also omitted the external source field that was present in Eq. (1.46). In

the second line we used the relation between the lifetime, 7, and the retarded self-energy
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[13],
1
T(z, k, t)

= —2Im%R (2, k,1). (3.56)
In order to calculate the dynamical structure factor, Eq. (3.51), we need to determine the
solution of Eq. (3.53), which requires the knowledge of the self-energy,

R oOyK

Eab —
0 x4

We proceed by calculating the self-energy.

3.5.1 Self-energy and lifetime

We calculate the fermion self-energy at the lowest order in perturbation theory in the
interaction term. At the lowest order, the fermion self-energy is depicted in Fig. 3.4 and

reads,

—ix(k) = / 4 ry (k+q—dq, kq,q)iGY(k+q— ¢)ND2(q)
(2m)? (27)? 7 Y i
x T® (k.k+q—q5q.¢)iDY(q)
1 F6202 / d2q d2¢
(8m)* (m*)* ) (2m)* (27)?

x g6+ g~ ) D2 (DY @) |

(3.57)

=i (q9q)° 2k +q—¢)"

where the factor 1/2 coming from the second order perturbation theory is cancelled by
the factor 2 due to the symmetry by exchange of the vertices. In order to have a compact
notation, we use only the momentum variable in the argument of functions, leaving the
energy variable implicit and omitting the the position and time dependence. Also, the
integration measure in energy and momentum is denoted as d?q = dgdw and similarly for

the other variables. The retarded component is given by,

88



Figure 3.4: Fermion self-energy at second order in perturbation theory.

SR (k) = B (k)

1 F6202 d?q d2¢
(81 (m*)? / (2m)% (27)?

x [GR(k+q—q) (DX(d)D5(q) — (DX(¢) — DA(¢)) (DY (q) — D}(q))) +

+GY(k+q— ) (DX(¢)Dq) + D2(¢)DX(9))] -

(4d)? (2k +q—¢)"

Taking the imaginary part of the retarded self-energy, as needed in collision integral (3.55),

and using representations (3.41) and (3.47) for the Keldysh propagators, we have,

1 F/262 d2q dzq/ ) A
AImER (k) = — 0 / K (g (k+ K *(k+q—q —F
um ( ) (87‘()2 (m*)z (27T)2 (2%)2 (QQ) ( ) ( q—4q )

X Api (K)Apn_(q") Apny (0) Fi (kK5 q,4')
(3.58)

where the delta function, §%(...), imposes momentum and energy conservation and we

defined,

Fg(k, K q, q') = FPh—(q/)FPh+(Q) -1+ FF+(k5/) (Fpny(q) — th_(q’)) .

Here we imposed the mass shell condition on the external energy since the quantities of

interest in which Im¥% (k) appears are always multiplied by Apy (k) ~ 0 (¢ — e4(k)) [13].
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Substituting in Eq. (3.58) the explicit values of Apy (k) and Apps(q) from Eqs. (3.48) and

(3.42) and integrating over dw, dw’, de’, we find,

. G Y : :
2ilm¥ R (k) = 557 (7?1*)2 /dqdq dk'd(er (k) +c(q — ¢') — e (K))

xo(k+q—q — k)

x qq (k + k')4 Fi(k, K q,q).
By integrating over dk’, making the shift ¢ = ¢ — ¢ and integrating over dg, we find,

1 T2

2k +q
dm*c

2k 2k
x]-"?(k,kJrq;qllJr +q} +q),

Adm*c |77 dm*e

where in the last line we renamed the dummy variable ¢ to q. At the lowest order in small

momenta, k,q¢ < m*c, we have,

72
QImER(k)zL Lo -
1287 (2m*)

2k +
/dq ¢ (2k + q)° FR (/f k+4q;q.q q) : (3.59)

4dm*c

The last argument of Ff is the momentum of the left-moving phonon in the scattering
process which is small due to the conservation of energy and momentum. The reason can
be understood using the graphical depiction of momentum and energy conservation in Fig.
3.5. From the picture we see that the momentum of the left-moving phonon would be
zero in the case of a linear dispersion, m*~! = 0, and the addition of a weak non-linearity,
q, k < m*c, makes it parametrically small. We evaluate the self-energy at equilibrium,
as non-equilibrium terms would be smaller corrections to kinetic equation (3.53). At
equilibrium we use the fluctuation-dissipation theorem in the form of Eqgs. (3.43) and

(3.49), for which we have,

/

FR(k,K:q,q) = {coth (%) + coth (%)} {tanh (%) ~ coth <%)} . (3.60)
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Figure 3.5: Kinematics of the scattering process described by the diagram in Fig. 3.6. The
black thick line represents the spectrum of right moving fermions and the black and red thin
lines the spectrum of right and left moving phonons. Given the weak non-linearity m*~!
of the fermionic spectrum, the momentum ¢’ of the left-moving phonon is parametrically
small with respect to q.

In the limit k, ¢ < m*c, the terms with the divergent factor coth (cq’/2T") dominate as a

consequence of the conservation of energy and momentum. Substituting Eq. (3.60) into

Eq. (3.59), and using the definition of lifetime, Eq. (3.56), we finally find,

(k) 2w m*2cb

128 (m*02)2 2

1 1 771)° (ck) ™ Ty <103w3 T

— ) = k? k* 61
2T 1920 (m*C2)2) +0( ) ) <36 )

where,

I(y) = /_+OO dz x (x + 2y)* [coth (z) — tanh (z + y)] .

o0

Now we turn to, the Keldysh component of the self-energy, which is given by,

YE(k) = 22 (k)

1 F6202 d?q d%¢
 (8n)% (m*)? / (27)% (27)?

x [GR(k+q—¢) (D2(¢)D5(q) — (DX(¢) — DA(¢)) (DY (q) — D1(q))) +
—D¥(¢) (GR(k+q—d)— Gk +q—q)) (DE(q) — D}(q) +

+D5(q) (GR(k+q—4q) = Gk +q—d)) (DX(d) — DX())]

(ad)? (2k +q—¢)"
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The calculation proceeds in the same way as for the retarded self-energy, with the difference

that F gets replaced by,

]:é{(ka K:q,q") = Feo(K) (Fen(¢) Fpuy (@) — 1) — Feu—(q') + Fpni(q),
and results in,
K () = / dg M (k, ) Fes (2,5 + ,1), (3.62)
where we expanded to first order in Fyy (z,k + ¢,t) and defined,

1 Try° 4 cq ck
M(k,q) = o8 7 q(2k +q) <Coth (ﬁ) + tanh o7 ) )

Before moving on to the kinetic equation, we discuss the zero temperature case. The
lifetime of excitations in the system of nonlinear interacting fermions was investigated
in Refs. [54, 55]. Their result for a non-thermal particle scales as k® where k& is the
momentum of the quasiparticle above Fermi surface. Substituting the zero temperature

limit of the distribution functions,
E
tanh (ﬁ) — sgn(F),

w
coth (ﬁ) — sgn(w),
into Eq. (3.60), we find,
1 Tic q(2k +q)
=— dgdq' 6 | ¢ — —— ) qd'(2k 4
(k) 256mm* / e (q e ) 14k +)

x [sgn(—cq’) {sgn(cq) — sgn(ck + cq)} + {sgn(ck + cq)sgn(cq) — 1}] ,

where, as before, we considered the lowest approximation in small momentum, ¢, k << m*c.
We have also conveniently rearranged the distribution functions such that the expressions in
curly brackets are non-zero only when —k < ¢ < 0. Since sgn(—cq’) = sgn (—(2k + ¢q)q) =1

in that region, the value of the expression in square brackets gives a factor —4 and the
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decay rate becomes,

) Iic? /0 Qo CCk+a)? TGRS

~128mm2 )T o T 14336mm8

consistent with the result of Refs. [54, 55|. In the case of thermal quasiparticles the
temperature dependence T7 in Eq. (3.61) originates from the fact that the energy of the
left moving phonon cq’ is controlled by the first power of temperature T, in contrast to

the second power of the incoming momentum in Refs. [54, 55].

3.5.2 Kinetic equations for fermions

Inserting results (3.61) and (3.62) into collision integral (3.55), we find,

FF+(I7 k7t)

ICOH(.T, k}t) — /dq M(k’,Q)FFJr(Qj, k + Q7t) - T(k)

Inserting this collision integral into Eq. (3.53), we have the kinetic equation for right

moving fermions,

Fry (@, k,t)

=7 (3.63)

[lat +U(k)8x] FF-i-(m’k?t) = /qu(k7Q)FF+(:U7k + Q7t) -

The first term on the right hand side describes the growth of Fg, since M(k, q) is positive
for small momenta k and ¢. This term comes from the process of a right moving phonon
giving an additional momentum to a right moving fermion by backscattering into a left
moving phonon. This process favours the population of fermionic modes with higher
energy. Instead, the second term is negative and describes the relaxation to equilibrium,
Fry(k) — tanh (%) This term comes from the process where a right fermion loses
momentum by colliding against a left moving phonon, causing it to backscatter and to
become a right moving phonon. This process favours the population of fermionic modes

with lower energy, thereby leading to relaxation. Here, by neglecting the first term, we

consider the scattering time approximation, that amounts to neglecting terms populating
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higher energy modes and leads to an underestimation for the decay time, 7 [13]. In other
words, it means that in this approximation fermions need at least a time 7 to equilibrate.
We proceed to study the system in a state slightly out of equilibrium. This amounts

to writing,

Fry(z,k,t) = tanh (€;$)> + fri(z, kyt), (3.64)

where fpy(x,k) is a small variation from the homogeneous equilibrium distribution,
tanh (%—?) Moreover, since we are considering small momenta, we keep only the lowest
momentum term of the decay time in Eq. (3.61), that is,
1 7 Ty
— = (3.65)
T 128 (m*CQ) c?
Within these approximations and using the fact that, as seen in Sec. 1.6, right hand
sides of kinetic equation kinetic equation (3.63) are identically zero for the equilibrium

distribution, tanh (%), the kinetic equation reduces to,

k,t
[10; + v(k)0y] fry(z, kyt) = —M.
This differential equation is solved by,
fo(x, k,t) = e T foy (z — w(k)t b, t = 0), (3.66)

where the modulus in the exponent comes from the time-reversed solution.

Now that we know the time evolution of the density of states, Eqs. (3.64) and (3.66),
we proceed to the calculation of the dynamical structure factor, Eq. (3.51). First, we note
that apart for the static limit, w = 0, the equilibrium part of the density of states, Eq.
(3.64), does not contribute. Second, right and left moving fermions are independent and
give the same contribution, but in different regions: right moving fermions contribute to

g > 0 and left moving fermions to ¢ < 0. Then, using decomposition (3.52), the dynamical
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structure factor for ¢ > 0 becomes,

dk dk}/ / —iqxr+iw
S(q,w) :K/%g/dxdt (fro(x, b t) fry (0, K, 0)) e et (3.67)

Since the second term in the average is independent of time and position, the average

satisfies the same kinetic equation of fr,, Eq. (3.66), which leads to,

<fF+(I’ ka t)fF+(Ov k,v 0)> = 6_‘“/7— <fF+(x - U<k)t7 k? t= O)fF+(O7 k/’ 0)> ’

Substituting this into the dynamical structure factor, shifting x — z+v(k)t and integrating

over t we find,

dk A’ 971 o
S(g,w) = K/gg T T o) /dx e (2,6, 0) f (0,1, 0)) =9 . (3.68)

What remains to be done is to determine the initial condition, (fr, (z,k,0) fr. (0, £’,0)).
Given that fermions with different momenta do not interact, only the k = k' component

of the average survives,

<fF+(x7 k, O)fF+<Oa k/> O)) X <fF+(x7 k, 0)fF+(O7 k, 0)> 27T5(k - k/) )

where the factor 27 is there because the integration measure in momentum space has 27 at
the denominator. Since the range of simultaneous fluctuations is of the order of the particle
size and the particles are treated as infinitesimally small, the average is proportional to

d(z). This locality condition gives,

<fF+(x7 k? O)fF+(07 klv O>> =27 <(fF+(07 kv O))2> 5(k - k”)é(l‘) :

Inserting this expression into Eq. (3.68) and integrating over k&’ and x, we have,

7_71

dk 2 2
S(0.0) = K [ 5 o (e 0.1 0F)
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Finally, we use the fluctuation-dissipation theorem for the fluctuations of a thermodynamic

ensemble of statistically independent particles [56],

((£(0,k,0))*) = T [0une (e (k) = 1)],_q
1
B 4 cosh? <5+2¥€ )
1

~ 4 cosh? (%) ’

k<< m® e,

where np(e) = (1 — tanh(e/27))/2 is the fermionic density of states and p is the chemical
potential, which is zero in our case as we measure the energy from the Fermi surface.

Putting everything together, the dynamical structure factor reads,

_ o m'/7q
o / Am COSh2 (57) [m*/7q]? + [k — m*(w = cq) /q]?

where we used Eq. (3.54) for v(k). The integrand is the product of an inverse hyperbolic
cosine squared, which has the shape of a bell centred at k& = 0 with width 7'/c, and a
Lorentzian, centred at k = m*(w — ¢q)/q with width m*/7q. A comparison between the
widths of cosh™ and the Lorentzian sets the momentum scale q. = m*c/T'r, which we call
collision momentum for a reason that will be clear soon.

For ¢ > ¢, the Lorentzian is narrower than cosh™? and can be approximated by a delta

function,
m*/Tq

P T e e (’“ L C‘”) |

Then, integrating over k, the dynamical structure factor becomes,

Km* 1
49 cosn? <2Tq (w— cq))
KT 1 1

(3.69)
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where we defined the characteristic width,

Swr(q) = g (3.70)

m*c

For a fixed ¢, the dynamical structure factor, as a function of w, has the shape of a bell
centred around w = cq with height K4—Tg* and width dwr(q). In absence of interactions
between fermions, g2, g4 = 0, the effective mass, m*, and the velocity, ¢, becomes the mass
of the original fermions, m, and the Fermi velocity, vp, K = 1 and Eq. (3.69) reduces to
the dynamical structure factor of free fermions, Eq. (2.8). Since m* and ¢ are the effective
mass and the Fermi velocity of the fermionic quasiparticles, we conclude that Eq. (3.69)
describes the dynamics of free fermionic quasiparticles [7|.! This result is consistent with
generalisation of the Bose-Fermi mapping to arbitrary interaction strength [58, 7].

For ¢ < qe, the cosh™? is narrower that the Lorentzian and can be approximated by a

delta function,
1 4T

cosh? (%) ~ c

d(k) .
Integrating over k, the dynamical structure factor becomes,

KT 71
S(gw) = ——

TeT 24 (w—ocq)? (871)

In this case, for a fixed ¢, the Lorentzian, as a function of w, has constant height %%T and
constant width 7~!. Both height and width depend on the relaxation time of fermions,
7, which, in turn, follows from the collisions of fermions against phonons. Therefore, the
Lorentzian shape of the dynamical structure factor is associated to fermions experiencing
the scattering against phonons, contrary to cosh™2 that is associated to the free motion of
fermions. Then, the collision momentum, q., separates a regime where fermions move freely

from a regime where they experience collisions against phonons, justifying its name. We

conclude that the dynamics of fermions is characterised by two time scales: the collision

'Width (3.70) first appeared in Ref. [57] without derivation.
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time, 1/cq., and the relaxation time, 7. This means that, when fermions are weakly
perturbed, it will take at least a time 1/cq. for them to scatter against phonons and will

take at least a time 7 to reach equilibrium.

3.6 Phonons dynamics

In this section we study the phononic contribution to the dynamics of the system. To
calculate the dynamical structure factor using phonons, we see from partition function

(2.56) that the density in terms of phonons is,

n(z,t) = @( 0u X (1, 1) + X (2, 1)) . (3.72)

As in the case of fermions, left and right moving phonons do not interact with each other
and phonons moving to the right and to the left contribute respectively to positive and
negative momenta in the dynamical structure factor. Then, focusing only on positive

momenta, we substitute decomposition (3.72) into Eq. (3.51) and obtain,

S(q,w) = ? dx/ dt (0, X ()0, X5 (0,0)) e~ it (3.73)

To calculate the average of the classical fields we need to know the equation of motion
of X§(z,t) in the presence of fermions. Without fermions, we saw that the equation of
motion is given by Eq. (2.57). In order to see how fermions modify the motion of phonons,
we consider the partition function of the full system, with action given by Eq. (3.37), and
integrate over the fermionic fields. This leads to additional terms to phononic Lagrangian

(3.38), that now reads,

1 — 1 s
Lpn,y = / dz {2 Xy (D, —ﬂmHR) Xna = SXHTEXG — 5— (E*RE . (3.74)
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Figure 3.6: Phonon self-energy at second order in perturbation theory.

where HE and Hf are the retarded and Keldysh components of the phononic self-energy.
Since the real part of the retarded self-energy gives just a small correction to the phonic
spectrum, we neglect it in first approximation. We consider only its imaginary part because
it is related to dissipation and therefore to the relaxation from a non-equilibrium to an

equilibrium state. In the next section, we proceed to calculate the self-energy.

3.6.1 Self-energy and diffusion

As we did for fermions, we consider the phonon self-energy in energy-momentum space at

the lowest order in perturbation theory, which is depicted in Fig. 3.6 and reads,

. d2k d2k:/ de / / . ef I\ ’}/6 /
—IHaﬁ<Q) = — er‘a,y(k,k,Q‘i‘k—k,Q)lG_i_ (]C)I_D_ (q+k5—k)
x T4 (k. K q.q + k — K)iGS (k)

T A / Pk K 4
= +k—K)Y(k+K
o e ) ey ey T E T

x e GLR)DP (g + k= K sG]

(3.75)

where the minus sign in the first line is given by the fermionic loop and the factor 1/2
coming from the second order perturbation theory is cancelled by the factor 2 due to the

symmetry by exchange of the vertices. The retarded component is given by,
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IT(q) = Tqa(q)

1 F/2C2 d2q d2q/ . 4
(87T)2 (7;*)2 / (271')2 (271')2 q2<q + k - k )2 (k + k/)

x [DE(q+k = k) (GH(K)GE (k) + GE(K)GL (k) +

+D(g + k= ) (GE(K)GE(k) = (GE(K) = GR(K)) (GE(k) — GR(K)))] -

As we did for fermions, we use representations (3.47) and (3.41) for the Keldysh propagators

and, taking the imaginary part of the retarded self-energy, as needed in Lagrangian (3.74),

we obtain,

12 2 2 27/
mIT(g) = Foc/dk; 42k

A2d ?(d)? (k k/452 E—k —d
= o7 ] TV RS )
X Apn—(¢)Apt (K)Apy (k) F5, (0, ¢ k. K)

(3.76)

where the delta function, §(...), imposes momentum and energy conservation and we

defined,
Fon(k,K50,4') = Fou(¢) (Fry (k) = Fey (k) + Fey (K) Fey (k) — 1.

As before, we imposed the mass shell condition on the external energy since the quantities
of interest in which ImII%(q) appears are always multiplied by Apy(q) ~ 6(w — cq) [13].
Substituting in Eq. (3.76) the explicit values Aps (k) and Appy(q) from Egs. (3.42) and

(3.48) and integrating over dw, dw’, de’, we find,

R _ 1 F/0_262 'dd’ §(c / c — e /
il q) = o [ kb Sela + )+ 4(6) — 1K)

Xo(qg+k—kK —¢)

X ¢*q (k+K) FX (q,q5 k. K) .
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Integrating over d¢’, making the change of variables k — (k + £')/2 , k' — (k — k')/2 and

integrating over dk’, the integral reduces to,
ImIl*(q) =
1 Ve
= — s—L—¢ / dk k°
(16m)" 32 (m*)

ok 1 1 1 1
.FR 2k — _
X Ph (q7+4m*c (1—}—%%)72 [ q<1+4n]§*c>]72

At the lowest order in k, g < m*c, we have,

,2

Il (g) = _51;7# (222*)36]3/011C e <q’ 451120; : 7 o ;L q) ‘ (3:77)
Here the second argument of Fi represents the momentum of the left-moving boson
in the scattering process. As in the case of fermions, discussed at p. 90 and Fig. 3.7,
the momentum is parametrically small and can be understood with the help of Fig.
3.7, depicting the momentum and energy conservation for the process in Fig. 3.6. At
equilibrium we use the fluctuation-dissipation theorem in the form of Eqgs. (3.43) and

(3.49), for which we have,

f§h<Qﬂq/; k, k’) — |:C0th (%) — coth <%>:| [tanh (%) _tanh (%)] ‘

(3.78)
In the limit k,qg < m*c, the terms with the divergent factor coth (%) dominate as a
consequence of the conservation of energy and momentum and, substituting Eq. (3.78)

into Eq. (3.77), the expression simplifies to,

1 TTr)? c k+q c k—q
T :———02/dkk4t (=) ann (21
i) = =5 256 (2 M\er 2 Wilar 2 )]
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K—k ¢ 4

Figure 3.7: Kinematics of the scattering process described by the diagram in Fig. 3.6. The
black thick line represents the spectrum of right moving fermions and the black and red thin
lines the spectrum of right and left moving phonons. Given the weak non-linearity m*~!
of the fermionic spectrum, the momentum ¢’ of the left-moving phonon is parametrically
small with respect to q.

which leads to,?

3
il (g) = = [D+0(¢?)] - (3.79)
where we defined the diffusion coefficient,
B 73 T5F62

= W e (3.80)

As we will see in the rest of this section, this coefficient describes the diffusion of phonons

due to the scattering against fermions.

2Both domains of integration are in the range |k|, |q| < T'qo/c, where qq is the momentum cut-off in
Fig. 2.6. Since the integrand converges to zero exponentially for |k|,|q| > T'qo/c, the integrals can be well
approximated by extending the domain of integration to the entire real axis.
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The Keldysh component is given by,

1 T [ A%k 42k , a

x [Di(q+k —K) (GE(K)GE(k) — (GR(K) — GE(K)) (GE(k) — G2(R))) +
—GE(K) (DEqg+k—FK)—DXqg+k—K)) (GE(k) — GE(K))) +

+GE(k) (DX(qg+k— k) — Di(q+k —K)) (GE(K) — GR(K))]

The calculation proceeds in the same way as for the retarded self-energy, with the difference

that F, gets replaced by,
Fonk k' q,q) = Fouo(q') (Fes () Frp (k) — 1) — Fey (K') + Fry (k)

and leads to the result,

%(q) = —%i [D +o (qQ)} q° coth (%)

= coth (%) (I1%(q) ~ 11 (q)) .

(3.81)

consistent with the fluctuation-dissipation theorem for the self-energy, Eq. (1.47). Now
that we have calculated the polarisation, we proceed to the calculation of the equations of

motions of phonons in the presence of fermions and the dynamical structure factor.

3.6.2 Phonon effective action

As we evaluated the polarisation in momentum-energy space, we take the Fourier transform
of action Spy, + = fdt Lpy 4+, where Lpy, 4 is given by Eq. (3.74), and substitute results
(3.79) and (3.81) at the lowest order in g,

1 dwdg 1., . - . . C -
Sphy = — / & [Xn (q(w —cq) + 1q3D) Xna + X+ (21Dq3 coth (_q)) Xi]

or | 2r2r oT
1 1 ~Icl\2 ~
— g [ dtdz (X)X,

103



Taking the Fourier transform back to position-time space, we have,?

1
v

Dl2T . ..., =T? (8,X% () — By X2 (2))?
+is | = (0XD)" + /d et +
2| (9:X3) 2 C T inh? (7L (z — a')]
1
- —(>~<’f)%~<’ﬁ} ,
2m*

In the semiclassical limit, the last term in the second line is zero [13] and the remaining
quadratic term in the quantum field can be split by means of a Hubbard-Stratonovich

transformation in the field &,

1 1
Spny = - /dtdx DXL {((at +cd,) — DOZ) X — &+ %(awﬁf} :

where £ is a real Gaussian random field with second momentum given by,

(@) = 4n 2 L6 (@ - o) (3.82)

C

Finally, the integration over the quantum field gives the semiclassical equation of motion,

UDe:

2
(0 + cOp) X5 = — 2m*) + DI2x + €. (3.83)

This is the equation of motion of phonons in the presence of a thermal bath of fermionic
quasiparticles. The left hand side describes the motion of a phonon with velocity ¢. In
the right hand side we have three terms. The first is the nonlinearity of phonons derived
in last chapter. The second term, proportional to the second space derivative, represents
the diffusion of phonons due to the presence of fermions, justifying the identification of
D with the diffusion coefficient made before. The third term represents the noise that
phonons experience due to the presence of fermions. Diffusion and noise are related by

the fluctuation-dissipation theorem in the form of Eq. (3.82): the diffusion represents the

3See Ref. [13] for the Fourier transform of the term ~ (x%1)2.
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dissipation and the noise represents the fluctuations.

The kinetic equation of phonons, Eq. (3.83), can be identified with the celebrated
Kardar-Parisi-Zhang (KPZ) equation for the dynamics of interface growth [59, 60, 61].
Therefore, we connected the low temperature semiclassical dynamics of one-dimensional
systems to the Kardar-Parisi-Zhang universality class. The connection between one-
dimensional quantum gases and the KPZ equation was first conjectured and verified
numerically in Ref. [62] using the Gross-Pitaevskii equation. Examples of processes
modelled using the KPZ equation include particle deposition on a surface, turbulent liquid
crystals, crystal growth on a thin film, facet boundaries, bacteria colony growth, paper
wetting, crack formation and burning fronts.* All these processes are said to belong to
the KPZ universality class. Recently it was shown that particles forming coffee-rings,
through their deposition on the edge of the rings, provide the first easily-tuned example
and one of the few direct tests of the KPZ equation [64]. Given our result, one-dimensional
atomic gases, having high versatility and experimental control, may represent in the future
another easily-tuned direct test of the KPZ equation.

Now we discuss the effect of each term in the KPZ equation, Eq. (3.83), on the kinetics
of the chiral phase, )211, with the help of Fig. 3.8. Starting from the left hand side, the
second term leads the chiral phase to drift to the right with velocity ¢. On the right hand
side, the first term tells us that )Z*ji increases in the regions where the curvature is higher.
This term being slope dependent, the time evolution of Y at some position = depends
on the values in its vicinity, adding the attribute of locality to the KPZ equation. The
second term on the right hand side provides diffusion, leading to a smoothening of peaks
and wells. The third term provides noise, randomly and locally increasing or decreasing
the value of y<.

The KPZ equation governs the dynamics of the right moving chiral field, )ZE:. The
same equation, with a minus sign in front of ¢, governs the dynamics of the left moving

chiral field, Y. As is seen from partition function (2.56), the dynamics of the density is

4See Ref. [63] and references therein.
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Figure 3.8: Cartoon explaining the effect of each term in the KPZ equation, Eq. (3.83).
Note that the slope of x¢ has been exaggerated in order to better understand its kinetics.
The arrows show the time evolution of )Zil due to the various terms in the KPZ equation.

proportional to the gradient of Y 4+ y?. Therefore, the important quantity for the study
of density-density correlations is the slope of )Zil and Y, as can be also seen from Eq.
(3.73).

Now the we know the time evolution of )Zil, we can calculate the dynamical structure
factor, Eq. (3.73). The dynamical structure factor of a system obeying the KPZ equation
was obtained in Ref. [65]. Since the derivation is laborious, we omit it here and give just
the result. The dynamical structure factor was found in terms of the universal function
f (s), called polynuclear function, describing the scaling limit of the polynuclear growth
model, a model for layer-by-layer growth through deposition from ambient atmosphere.
The equation satisfied by the polynuclear function, f (s), has only been solved numerical
and leads to a function with the shape of a bell centred at s = 0 and with unitary width

and height. In terms of this function, the dynamical structure factor reads,

TK 1 cf w—cq
Slq,w) = —— , 3.84
(g ) c2r 5wph(q)f <5wph(q)) ( )
where,
2T 3
dwpn(q) = q2 (3.85)
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Given the unitary width and height of the polynuclear function, the dynamical structure

TK_ 1
¢ 27 dwpn(q)”

factor is centred at w = cq, has width dwpy(q) ~ q% and height

It is interesting to note that the dynamical structure factor does not depend on D,
characterising diffusion and noise and, therefore, on the relaxation mechanism. This is a
consequence of f (s) being a universal function in the scaling limit, that is, valid in the
limit of very large distances or small momenta. With this in mind, we study the dynamical
structure factor of KPZ equation (3.83) without either the non-linearity or the diffusion
and noise. We start from the equation without non-linear term. Then, KPZ equation
(3.83) reduces to,

(& + 0, — D@i) )Zf& =¢£.

We Fourier transform it, find the expression of )ZSFI in terms of &, substitute it in Eq. (3.73)
and evaluate the average with respect to & using Eq. (3.82) to find that the dynamical
structure factor is proportional to a Lorentzian with width ~ DT'q?.

We turn to the KPZ equation without diffusion and noise,

ccl

0 X .
{at + (c—l— Qmj) az} Y. =0, (3.86)

First, to have an equation for the density of right movers, p; ~ 9,x% = X'¢!, we differentiate

Eq. (3.86) by 0.,

1
{at + (c + %x’;l) ax} V=0, (3.87)

From this equation, we see that the non-linearity can be restated in terms of a sound
velocity dependent on phononic fluctuations of the liquid. Indeed, the presence of a phonon
changes the density and velocity of the background liquid as n — n+ p and 0 — 0 + v, as

shown in Fig. 3.2. Then, the sound velocity in presence of a phonon is,

c(n) = cn+p)+v

~ c(n) 4+ Ohe(n)p + v (3.88)
1

m*

~c(n)+—xX, .
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where in the second line we expanded to the first order in small density fluctuations, p,
and in the third line we used Eq. (3.22) together with Eq. (C.6) and we neglected the left
chiral field, x_, for a reason explained later. Using Eq. (3.88), we interpret Eq. (3.87) as
the equation of a phonon, )N(’f outside the square brackets, traveling on a region of the
liquid where another phonon is present, Y’ ! inside the brackets. In this way, the first
phonon experiences a static background liquid plus the small variations due to the second
phonon: the first phonon travels over the second phonon and, as a consequence, travels
with a modified sound velocity. In light of this interplay of two phonons, we neglected
X" in the last line of Eq. (3.88) because the overlapping time for two phonons moving
in different directions, ~ ¢7!, is much shorter than for two moving in the same direction,
~m*.

Now we derive the width of the dynamical structure factor due to the non-linearity,
m*~1, following the argument of Refs. [66, 67]. If the non-linearity is not present, than Eq.
(3.87) tells that all phonons move with the same velocity, which means that only excitations
with momentum ¢ and energy w, satisfying w = cq, can be created. Consequently, the
dynamical structure factor is non-zero only on the line w = ¢q. The presence of the
non-linearity smears this line to an extent dw(q) = dc(q) g, where dc(q) is the deviation
of the velocity fluctuations at a certain point and time due to phonons with wavelength
larger than ¢—*. Only phonons larger than ¢! contribute to the fluctuations of a phonon
with wavelength ¢~! because it experiences a modified velocity only when traveling over a
larger phonon and the effect of smaller phonons is averaged out. Then, using Eq. (3.88),

the square of the velocity fluctuations is,

e 2T
6 (q) = <|3x U, t)?) = *2/ 5. T "coth (QT) eyl 0 (3.89)

where in the second equality we took the Fourier transform and used the Keldysh propagator

for (|0, x < (x,t)|?), Egs. (3.41) and (3.43), and in the third equality we considered just the
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first term of the asymptotic expansion of coth at small momenta, since ¢ < T'/c. Using

Eq. (3.89), we find the width,

ow(q) = dc(q) g =

that coincides with the characteristic width of the KPZ equation, Eq. (3.85).
From the widths of the KPZ equation without non-linear term or without diffusion and

3/2 dominates over the first

noise it becomes clear that the second one, that scales like ~ ¢
one, that scales like ~ ¢*, at small momenta. Therefore, as KPZ equation (3.84) is valid
in the scaling limit, namely at small momenta, there is no contribution from dissipation
and noise. From a different point of view, smaller momenta are related to processes closer
to equilibrium, so that dissipation and noise, characterising the equilibration process, play
a marginal role. So, it seems that fermions do not influence the dynamics of phonons.
However, they control the region of validity of the phononic contribution to the dynamical
structure factor: after a time 7 fermions reach equilibrium and they do not contribute
anymore, leaving the dynamics to phonons. Then, phonons contribute to the dynamics

for times longer than 7 or energies smaller than 7.

This is consistent with the fact
that the height of the phonon contribution to the dynamical structure factor, Eq. (3.84),
scales like ~ ¢~%/2, dominating at small momenta over the constant height of the fermion
contribution, Eq. (3.71), in the collisional regime. In the next section we will see that 77
is very small, justifying the scaling limit approximation. Now that we have both fermionic

and phononic contributions to the dynamical structure factor, in the next section we put

them together to build the whole picture.

3.7 Dynamical Structure Factor at small temperatures

In this section we put together the results found in this chapter in the graphical form of Fig.
3.9. We build the picture from right to left, starting from higher and proceeding towards

lower momenta. When a weak density perturbation is applied to the system, before time
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T/c q

Figure 3.9: Dynamical structure factor as a function of momentum ¢ and energy w. The
grey areas represent qualitatively the widths of the bell-shaped distributions at fixed ¢
as a function of w. At momenta lower than 7'/c and energies lower than T, there are
three regimes distinguished by the colours: from right to left we have ballistic fermionic
quasiparticles (Ballistic), fermionic quasiparticles colliding against phonons (Collisional)
and non-linear phonons on a thermal bath of fermionic quasiparticles (Hydro KPZ).

T~ the dynamics is dominated by quantum effects. The dynamics at these short times is
reviewed in Ref. [7]. In this work we studied the thermal dynamics of one-dimensional
systems, characterising times larger than 7~!: after a time 7!, the density perturbation
propagates trough the systems by means of effective thermal excitations.

The excitations that dominate the dynamics at shorter times after 7! are free fermionic
quasiparticles with effective mass m* moving with average velocity ¢. These fermions
propagate ballistically until a time 1/cq., when they start to collide against phonons. We
call the regime ballistic between times T~! and 1/cq.. In this regime, corresponding to
energies cq. < w < T and momenta q. < g < T'/c, the dynamical structure factor is given
by Eq. (3.69) and is characterised by width (3.70), linear in ¢. The ballistic regime is
represented in white colour in Fig. 3.9.

At times longer than 1/cq. the fermionic quasiparticles start to collide with phonons

until they reach equilibrium after a time 7, defining the collisional regime. In this regime,
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corresponding to energies 77! < w < ¢q. and momenta (c7)"! < ¢ < ., the dynamical
structure factor is given by Eq. (3.71) and has a constant width 77!, as shown in the light
blue region in Fig. 3.9.

Finally, after time 7, fermions equilibrate and the dynamics is given by non-linear
phonons in the thermal bath of fermions, defining a hydrodynamical KPZ regime. In

! and momenta 0 < ¢ < (c7)7!, the

this regime, corresponding to energies 0 < w < 7~
dynamical structure factor is given by Eq. (3.84) and has a width given by Eq. (3.85) and
proportional to ¢*/2, as shown in the blue region in Fig. 3.9. As we saw in the previous
section, this width arise from a two-phonon semiclassical dynamics.

The most important quantity characterising the dynamics in Fig. 3.9 is the relaxation
time of fermions, 7, given by Eq. (3.65), because it controls the boundary between the
regions where the dynamics is due to phonons or fermions. Since 77! is proportional to
the seventh power of temperature, at small temperatures it is very small, meaning that the
greatest part of thermal dynamics is dominated by fermionic quasiparticles. Besides, 77!
is proportional to the inverse square of the effective mass, m*~2, and as a consequence to
the inverse square of the mass of the original particles, m~2. Then, in the case where the
original particles are fermions with linear spectrum, m~ — 0, the relaxation time becomes
infinite, meaning that the thermal dynamics is govern just by depletons. But for fermions
with linear spectrum the width of the dynamical structure factor, Eq. (3.70), tends to zero.
This is consistent with the fact that fermions with linear spectrum can be exactly mapped
into non-interacting phonons, that, as previously seen in this chapter, leads to the support
of the dynamical structure factor being given by the single line, w = cq, with no width.
So, as expected, fermions with linear spectrum and non-interacting phonons give the same

result. Lastly, 77! is proportional to the square of the backscattering parameter, I'?. The
backscattering parameter, [}, characterises the rate of backscattering between fermions
and phonons. Since both fermions and phonons represent excitations of the original system,

if we start with an integrable model, the excitations do not interact with each others,

leading to I'j) = 0. These integrable models include models solvable by Bethe ansatz, such
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as the Lieb-Liniger and Yang-Yang models describing bosons with contact interaction at
zero and finite temperature [42, 68, 69]. It is instructive to evaluate the explicit value of
Iy for a system of bosons with contact repulsion, described by Lagrangian (2.42), with
the addition of a weak three-body interaction, —%(@90)3, that breaks the integrability of
the system. First we check the integrable case, a = 0, for which we should find I'j; = 0.
Substituting the mean-field chemical potential, p(n), and sound velocity, ¢(n), Eqs. (2.43)
and (2.47), into Eq. (3.33) and using Eq. (C.6), we find,

1
If=——+. 3.90
O 16me2n (3:90)
Contrary to our expectations, this parameter is not zero. This, however, is a spurious

artefact of the mean-field approximation for the chemical potential, u(n), in Eq. (2.43)

[70, 71]. In the non-integrable case, Eqgs. (2.43) and (2.47) become,

(. @) = gn+ Sn?,

2
e(n. a) /gn+0m [gn (1_1__).

Using these expression and subtracting the spurious mean-field offset, Eq. (3.90), we

obtain,

1 an
I~ —— )
0 48 m2ct

up to the first order in . Using this value of the backscattering parameter, we estimate
the relaxation time, 7, for the experiment of Ref. [28]. Using a = 121n(4/3)ha’w, [72, 73],
where a is the scattering length and w, is the frequency of transverse confinement used to

create a one-dimensional system, we can recast Eq. (3.65) into dimensionless form,

h A me2\ 2 kgT 7
rme® K3 \ hw, mc?

where the numerical factor A = 977 (In(4/3))? /2'5 ~ 0.07 and we reintroduced the Planck

and Boltzmann constants. For the experiment in Ref. [28], K ~ 10, mc*/h ~ 5.5 kHz and
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wy ~ 66 kHz, which results in 7 of the order of tens of seconds even for kgT/mc* = 1.
Because of the 77 dependence, decreasing the temperature will result in even longer
relaxation times. Since for these experimental parameters we have 7 ~ 1/c¢q., the collisional
regime would require times of the order of 7, making the fermionic ballistic result the only
one likely to be observed. In conclusion, we have shown that the hydrodynamic description
of one-dimensional bosons is only valid for times longer than 7. The latter diverges as
one approaches the integrable point, and a non-hydrodynamic behaviour due to fermionic

quasiparticles prevails.

3.8 Weakly-interacting bosons

In the previous section we saw the importance of the ballistic regime in the thermal
dynamics of one-dimensional systems. However, we have not discussed the limitations
imposed to weakly interacting bosons by the small momentum approximation on the

fermionic quasiparticle spectrum mentioned in Sec. 2.3,

3
< = ——mc,
4 X PG Vi

where pg is the Ginzburg momentum [46, 47, 74]. This section constitutes the last original
part of this work. The Ginzburg momentum is found by comparing the value of the

momentum for which the quadratic spectrum,

2

p
€(p)=cp+—2 -, < pa,
m

crosses over to the Bogoliubov spectrum,

P2 p°
ep)=cp\/1+ ——= =c¢ , > .
(p)=cp\[1+ s Rt 5 P>
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The two energies match at momentum,

m*

where we used Eq. (2.55) for the value of the effective mass.

Since K > 1 for weakly interacting bosons, the region of validity of the fermionic
quasiparticle description in Fig. 3.9 is very limited in the momentum axis. Therefore, for
the complementary region,

T
me K qg <K E ) (391)

3

Pc = \/—?
we need a different approach. Since we are dealing with weakly interacting gases, we can
use a semiclassical approach. The validity of the semiclassical approximation relies on
having a macroscopic number of particles in a healing length, n{ = %\/ng ~ K >1,
the same requirement seen in Sec. 3.8 for the validity of the mean-field theory [29]. For
weakly interacting bosons we have mg < n and the condition n& > 1 is satisfied. We use
a semiclassical approach by dividing the one-dimensional systems in regions of length Ax
such that,

E<Ar<qgt.

as shown in Fig. 3.10. We refer to this approximation as local density approximation.
This is because each region of length Az is uncorrelated from the others since they are
further apart than the correlation length, £. Moreover, we know that in each region of
length Az there are enough particles to use the semiclassical description and that the
regions are small enough compared to variation of the external field probing the response
to a perturbation with momentum gq.

Within the local density approximation we calculate the dynamical structure factor,

S(g) = [ dadt (p(a. p(0,0)) 10 (392)
where p(z) is the density fluctuation over the homogeneous value, n, and the integral is
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Figure 3.10: Local Density approximation. p(x) is the density fluctuation at position x
over the homogeneous value, n.

understood as a sum over the different regions of length Az, [dax ~ Az . Now we use
the result derived previously for which for times shorter 7, independent density excitations

move ballistically,

(0, + v(k)d,) f(z,k,t) =0 (3.93)

where f(z, k,t) is the density of states with rapidity, &, at position x and time ¢, satisfying

the condition,

p(x,t) = /dk flz, k,t). (3.94)

Here we decomposed the density in term of the rapidities or pseudo-momenta of the
Lieb-Liniger model of bosons with contact repulsive interactions [42, 68]. We choose these
rapidities because they label independent excitations that we need for the ballistic regime.
In the case of weakly interacting bosons, these excitations with different rapidities take the
place of the fermionic quasi-particles with different momenta given by Eq. (3.91). We will
come back to these excitations later. Substituting decomposition (3.94) into Eq. (3.92)

and using the solution of Eq. (3.93),
fla,k,t) = f(x —v(k)t, k,t = 0),

we have,

S(g,w) = / dk / dadt (f(z — v(k)t, k, 0)p(0, 0)) e=ilam=)
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Making the shift x — x + vt and integrating over time, we find,

S(q,w) = 27T/dk d(w —v(k)q) /dx (f(x,k,0)p(0,0)) e~

Now we use the local density approximation to evaluate the last integral,

S(q,w) ~ 2w / dkd(w —v(k)q) Ax Z (f(zs,k,0)p(xg = 0,0)) e "% | (3.95)

)

where the index ¢ labels the regions of length Az. First we note that, since the regions are

uncorrelated, the average is,

(f(ro=0,k,0)p(zo = 0,0)) ds 0 -

Substituting this expression into Eq. (3.95) and summing over ¢, we find,

S(gw) = 2 / Aks(w — v(k)a) (F(0,k,0)(Azp(0,0))) .

where Azp(0,0) is the total number of particles in the region Az. Since each region Az
contains a macroscopic number of particles, we use thermodynamics to evaluate the average.
To use thermodynamics, we assume a weak density perturbation such that each region can
be considered in thermodynamical equilibrium. Then, we use the fluctuation-dissipation

theorem [56],

(f(0,k,0)(Azp(0,0))) = T9,.f(k), (3.96)

where f(k) is the equilibrium density of states with rapidity & and is independent of space

because we are considering a small perturbation over a homogenous system. Then, we

S(gw) = Ly, (9) |

q q

have,
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where we defined the velocity distribution,

o) = [ Ak 50600~ o). £(0) = 8,7 (). (3.97)

Thus, we found that the dynamical structure factor of weakly interacting bosons in
the semiclassical approximation has hight proportional to ¢~! and shape given by the
thermodynamical velocity distribution, b(v = w/q), that depends just on the ratio between
energy and momentum w/q. This result is similar to the case of fermionic-quasiparticles,

! and the shape is given by a cosh™>

Eq. (3.69), where the height is proportional to ¢~
distribution dependent only on the ratio w/q. To complete the study, in the following part

of the section we examine the velocity distribution, b(v).

3.8.1 Velocity distribution

To evaluate the velocity distribution, Eq. (3.97), we employ the Yang-Yang model,
describing the thermodynamics of the Lieb-Liniger model of bosons with a repulsive
contact interaction [69]. The Hamiltonian of the Lieb-Liniger model in terms of first

quantisation is given by [42, 68|,

X 72
H:—%ZaiiJrgZé(xi—xj).

The thermodynamics of this model was solved exactly by Yang and Yang using the Bethe

ansatz, leading to the integral equation for the spectrum [69],

K2 T [ mg
e(h) = —p+———= | dq
(k) = = Y T =)

2m w
5Note that the relation with the parameters in the original paper by Lieb-Liniger is obtained by the
substitutions g — ¢/m and H — H/2m.

5 log (1+ 65(‘I)/T) (3.98)
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where k£ and ¢ are rapidities. The density of states in terms of the rapidities is found using

the relation,®

- 0,e(k)
k)= — a 3.99
which leads to the equation,
. 1 1 [ mg -
k) (1+eWT)y = — —/ d 1
(k) (14 e) = o~ + — B A f(q) (3.100)

Differentiating with respect to the chemical potential, 1, and using Eq. (3.99), we derive
the integral equation for 9, f(k) = f.(k) in Eq. (3.97),

2

1 1 [ mg
k) = —o(k)?es®)/T ——/ d . 3.101
Julk) = —o(k)"e™™ ™ + T YT P fuld) (3.101)

To evaluate b(v) using Eq. (3.97) we also need the velocity of the excitations, v(k), as a

function of the rapidity, k, given by,

_OE(k) _ 9E(K) (9p(k)\ ™
v(k) = (k) ~ ok ( T ) , (3.102)

where E(k) and p(k) are the energy and momentum of an excitation with rapidity k. As
we will see later, f,(k), depends strongly on the temperature in the small temperature
limit, 7' < p, so that we can neglect the small temperature corrections to the velocity [75].

Therefore, for the calculation of v(k) we use the zero temperature limit, 7' — 0, of Egs.

(3.98) and (3.100) for the spectrum and density of states,

k21 ko mg
kY= —pu+—+ — d ,
e(k) = —n 2m+7r/ko q(mg)2+(k_q>25(Q)
and,
_ 1 1 [ho mg =
k)= — 4~ d k< kg

6Here, f(k) correspond to p(k) in Ref. [69].
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where ky is the rapidity such that (kg) = 0 at zero temperature. The energy, E(k), is

related to the spectrum e(k) as [68, 76],

(k) = e(0) —e(k), k[ < ko (3109

e(k) —e(0), [k > ko,

and the momentum, p(k), is related to the density of states, f(k), as [68, 76],

(3.104)

k—mn+2 ffzo dg arctanh (%) f(q), k| < ko,
p(k) = )

k —k
~k+ [ dg [7T — 2arctanh <‘§n—g> f(q)] |k > ko,
Since E(k) and p(k) are even functions of k, we focus only on positive rapidities. The
solutions of the spectrum and density of states equations in the weakly interacting limit,
g — 0, is found in Appendix D and reads,
L 3
(k2 —k*)2 , k <k

" 6m2yg

e(k) = (3.105)

N k> k.

and,
_ L k2 —k2, k<k
Flky =g 2 v (3.106)
0, k> ko
where,
ko = 2/mgn = 2mc,
N (3.107)
_ ko
B=am-

Using Eqgs. (3.105) and (3.106) into Eqs. (3.103) and (3.104) we find |76],

3
2

L (k2 —K»? | k<k

6m2g

Lk VR =R, k> k.

E(k) =
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and,

2
) = 2n<arccos%—% 1—’;—8), |k| < ko,

VR = kg, k[ > ko,

Using these expressions for the energy and momentum of excitations in Eq. (3.102), we

p

find the relation between the velocity and the rapidity,

%’ k < kg
v(k) =
1 [ 2k2—k2 k k2 1
%( ; 0)—5—2—%7 k> ko
Inverting the relation we find,
2mu , v<c

k(v) =

Zu(l++/1+8(c/v)?), v>c.

This expression for the velocity is continuous but not differentiable at v = ¢. This is due
to solutions (3.105) and (3.106) being more accurate further away from v = ¢. However,
using Eqgs. (3.104) and (3.100) it can be shown that at zero temperature the corrections
are exponentially small in the weakly interacting limit. Using this relation in Eq. (3.97),

we have,

b(v) = |0uk(v)| fu(k(v))
2m f,(2mv), v <

[p (14 gt ) e (e viTsE) 0

The non-differentiability of k(v) at v = ¢ manifests itself in a discontinuity for b(v) at

v = ¢. However this is just an artefact of the approximate analytical solution for k(v).
What remains to be done is to evaluate f,(k) using Eq. (3.101). As Eq. (3.101) cannot

be solved analytically, we resort to a numerical evaluation. To do so, it is convenient to use

dimensionless quantities: k = kox, ¢ = koy, v = 2mu/ki, X = mg/kq, e(x) = 2me(kox) /K2,
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Figure 3.11: Numerical solution of A/(z) from Egs. (3.108) for different values of ¢ and A
satisfying condition (3.109). The dashed line is the approximate analytical solution for
t =0, Eq. (3.111). The numerics was implemented in Wolfram Mathematica®.

t =2mT/kj, h(x) = f(kox) and W' (z) = ki f.(kox)/2m. We rescaled the quantities using
the zero temperature “Fermi rapidity” ko because we are in the limit 7" < p. In terms of

these dimensionless quantities, Eqgs. (3.98), (3.100) and (3.101) become,

6(5{7) = —V + .7)2 — %f_oooo dy m IOg (1 + ee(y)/t)
i}
2rh(x) (1+e) =142 [7 dy o=y DY) (3.108)
i}
W (x) = 2h(z)?e” ™/t + omt [70 dy Wi_y)z W(y).
Here the arrows indicate the order in which the equations have to be solved numerically
because the equation for h(z) depends on e(x) and the equation for h'(x) depends on e(x)

and h(x). We need to solve these equations in the parameter range,
p<T<p,

3
C = —
N

which in dimensionless form becomes,

1.6V <2 <1, (3.109)

121



A logh! A logh!

max max

46 | 44}

45| 4.0 t

- - - - — A A A —>
-18 —-1.7 —-1.6 —-15 —14 logt —68 —6.6 —64 —6.2 logA\

Figure 3.12: Dependence of the height of the peak, h! . in Fig. (3.11) on ¢ and A. The

max’

plots are logarithmic in both axis. The linear interpolation of the left and right data
plots give logh! . = 3.84 — 0.44 logt and logh! . = —4.23 — 1.27 log A. This means

max max

that 1/, (t,\) ~ t7%4\7127 in the parameter range given by Eq. (3.109). The fits were

max

obtained using Wolfram Mathematica®.

where we used the identities A\K = 7/2 and v = 1/2 for weakly interacting bosons. The
numerical solution of A/(z) is plotted in Fig. 3.11 for different values of ¢ and A satisfying
condition (3.109). A/(z) has a peak at x ~ 1, corresponding to k ~ ky = 2mc, and a
non-zero region for x < 1. An asymptotic analysis of Egs. (3.108) shows that for z > 1
the function has a Gaussian decay, h'(z) ~ e~* . The left plot in Fig. 3.11 shows h/(z) at
fixed A as for different temperatures, t. The temperature just modifies the peak at x ~ 1
and as the temperature becomes smaller the peak becomes higher. Therefore, for 2t < 1
or T < u, the temperature affects just a region close to the peak. This is supported
by the calculation of f,(k) at zero temperature, in the weakly interacting limit. Indeed,
differentiating Eq. (3.106) with respect to p and using Eq. (3.107) for the relation between

w and ko, we have,

= : ) k S kO
Fullk) = VR (3.110)
0, k> kg,
which in dimensionless form becomes,
L1 , <1
B (z) = AV (3.111)
0, x>1.
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This function, plotted as the dashed line in Fig. 3.11, fits the numerical solution outside a
region of width (7'/c)® around the peak at k &~ ky or a region of width t* around the peak
at x ~ 1. However, we were not able to evaluate the exponent a > 0 due to the widths
of the peaks being too close together. The right plot in Fig. 3.11 shows h/(z) at fixed ¢
for different interaction strengths, A. The non-zero region for x < 1 scales as ~ A™! as
can be shown by comparing the plot with Eq. (3.111) and the peak increases faster than
~ A7 as )\ decreases. The numerical solution allowed us to determine the dependence of
the height of the peak, h/ .., on ¢t and A\. The dependence of h] . on ¢t and A is shown

in Fig. 3.12 and reads h/, (t,\) ~ t%¥ X727 The power-law dependence may not be
close to a simple fraction due to the chosen values of ¢ and A in the numerical simulation:
due to a dramatic increase of the computational time, we were not able to choose smaller
values of A in order for condition (3.109) to be well satisfied. Therefore, the exponents

of t and A may not be close to a simple fraction because they are not far enough from

the cross-over values, 1.6 /A ~ 2t = 1. Apart from this limitation, the exponents of ¢ and

/
max

A seem to suggest that b/ . (t,\) ~ t~"/2 \7>/4, The dependence on temperature can be
explained by looking at the power-law divergence of h'(x) at zero temperature at = ~ 1 in
Eq. (3.111), B/(x) ~ 272, As can be seen in Fig. 3.11-left, by comparing the blue and
dashed lines, the effect of the temperature seems to smooth out the divergence, replacing
x with ¢. In other words, in Eq. (3.110), close to k ~ ko, the rapidity, k, in the divergence,
fu(k) ~ k=172 is replaced by the thermal momentum, 7'/c, such that f,(k = ko) ~ T~1/2.
The dependence on lambda instead can be split in two contributions: one coming from Eq.
(3.111) at zero temperature, ~ A~!, and one coming from the smoothening of the peak,
4

~ A7!/% Then, in terms of the interaction, g, the peak scales like, f,,(k =~ ko) ~ g~>/4.

We showed that for weakly interacting bosons, the dynamical structure factor for

Sta.) ~ 20 (%))

qa \q

pe K g T/e,

has the same ballistic scaling obtained with fermionic quasiparticles, Eq. (3.69). They both

1

have a peak at w = cq, their height scales like ¢~ and the rest of the expression is only

123



a function of the combination w/q. Since b(w/q) depends on w/q, the width of the both
peaks scales linearly in ¢. The main difference from the case of fermionic quasiparticles is
the non-zero region for w < ¢q, corresponding to x < 1 in Fig. 3.11. We also note that
the profile of the dynamical structure factor just derived seems to be the extension of
that found numerically in Ref. [77] in the opposite limit, T'/c < pg, using the the integral

equations from the Bethe ansatz solution.
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Conclusions

In this thesis we explored the world of non-equilibrium one-dimensional quantum systems,
in particular their thermal dynamics. We started with a pedagogical derivation of the
non-equilibrium formalism of many-body quantum field theory using the Keldysh technique.
The Keldysh formulation has been successfully improved over the years, moving from
its initial operator form to the functional integral form. However, the derivation of the
non-equilibrium functional integral was still based on the discretised time. In this work we
developed a continuum approach, which results in a simpler derivation that leads to new
insights on the relation between the classical and quantum fields of the non-equilibrium
formalism.” The approach is set in the framework of differential equations, where the
boundary conditions account for the initial distribution. Using the boundary conditions,
we showed how a state with a smaller quantum field is more classical and we connected
the classical field, the quantum field and the occupation of a state in a single equation.
This equation shows that, consistently with statistical quantum mechanics, for a higher
occupation of a state, the amplitude of the quantum field is smaller, corresponding to
a more classical state. Finally, we generalised the continuum formalism to arbitrary
non-interacting density matrices, suggesting possible applications to the quench dynamics
of free effective theories.

Using the non-equilibrium quantum field theory developed in the first chapter, in
the second chapter we gave a self-contained pedagogical presentation of the physics of

one-dimensional quantum systems. This presentation constitutes the first original part of

"See Ref. [2] in the Publications section at the beginning of this thesis.
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the second chapter.® We started with the derivation of the Tomonaga-Luttinger liquid for
a system of interacting fermions. First, we considered the linear spectrum approximation,
that amounts to neglecting the spectrum curvature. This is a good approximation at
low energies, where there are mainly small particle-hole excitations around the two
Fermi points. As a correction to this approximation, we calculated the first non-linear
contribution arising from the spectrum curvature, corresponding to the interaction between
three phonons. We checked the result obtained within the Keldysh formalism with a more
rigorous approach based on the Matsubara formalism developed in Appendix B. Within
the Matsubara formalism we evaluated the low-energy asymptotic contribution of the
three- and four-phonon interactions to the action and some properties of the five-phonon
interaction. With these results we conjectured the asymptotic curvature and temperature
dependence of n-phonon interaction terms. The study of the curvature corrections within
the Keldysh and Matsubara formalisms constitutes the second original part of the second
chapter.® Then, we moved to interacting bosonic particles. We derived bosonization in the
weak and strong interaction limits. In the weak interaction limit, we used the standard
mean-field approach to derive the effective phononic action. In the strong interacting
limit we decoupled the interaction term with a Hubbard-Stratonovich transformation and
showed how a system of bosons with infinite repulsive interaction can be restated as a
system of free fermions. Finally, we used the relation between non-linear phonons and
interacting fermions to refermionise the system, that is, to derive an approximate theory of
fermionic quasiparticles. The contents of the second chapter culminated in a map between
fermionic and bosonic particles and bosonic and fermionic excitations, that is, phonons and
fermionic quasiparticles. In particular, we noticed that the description of one-dimensional
quantum systems in term of phonons and fermionic quasiparticles should be equivalent.
However, studying the dynamical structure factor we saw that the equivalence applies
only to static and zero-temperature dynamical properties and leads to different results for

thermal dynamical properties, raising an apparent paradox.

8See Ref. [4] in the Publications section at the beginning of this thesis.
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To solve the paradox, in the third chapter we studied the thermal dynamics of one-
dimensional quantum systems. The third chapter represents the main contribution
to this thesis.” We approached the study by observing that phonons and fermionic
quasiparticles correspond respectively to excitations with long and short wavelengths.
This observation allowed us to treat them on different grounds and construct a theory
in which both excitations are present. To derive the interaction between phonons and
fermionic quasiparticles, we used the depleton approach developed in Ref. [50] for the
description of an impurity and the depletion cloud that the impurity induces in the liquid.
The depleton approach was particularly useful in our case as we associated the depletion
cloud localised around the impurity to the short-wavelength excitations of the system and
used a massless impurity just to define the position and momentum of the excitations. We
integrated over the depletion cloud in the partition function to define the effective, dressed,
point-like impurity, because the fermionic quasiparticles derived in the second chapter are
point-like excitations. Therefore, we obtained an effective theory of interacting phonons
and fermionic quasiparticles. Within this theory, we proceeded with the calculation of the
dynamical structure factor at low temperatures. As we are dealing with low temperatures
and low energies, we considered small density variations for the density-density correlations
in the dynamical structure factor. In this way, we found three regimes for the thermal
dynamics of one-dimensional quantum systems. At higher energies or shorter times we have
a ballistic regime, in which the dynamics are dominated by the free motion of fermionic
quasiparticles. At lower energies or longer times we have a collisional regime, in which the
fermionic quasiparticles experience collisions with phonons. Finally, at the lowest energies
and longest times, we have a hydrodynamical regime, where the dynamics are governed by
long wave-length non-linear phonons experiencing collisions with fermions. We found that
the chiral phase fields described by the phonons satisfy the Kardar-Parisi-Zhang equation,
thereby linking the low-energy thermal dynamics of one-dimensional quantum systems to

the universality class of the dynamics of surface growth. This result could provide the base

9See Ref. [1] in the Publications section at the beginning of this thesis.
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for future experimental tests of the Kardar-Parisi-Zhang dynamics. The most important
result of this work is the determination of the time, 7, that separates the regime dominated
by fermionic quasiparticles from the regime dominated by phonons. The time separating
the regime of free and colliding fermions is of the same order of 7, meaning that the regime
of colliding fermions is short with respect to the other two. Time 7 is the relaxation
time of fermionic quasiparticles: the dynamics is govern by fermionic quasiparticles until
they relax to an equilibrium state after time 7, leaving the dynamics to phonons. There
are three important parameters on which 7 depends: temperature, particle mass and
backscattering parameter. 7 is inversely proportional to the seventh power of temperature,
meaning that at low temperatures 7 is an extremely long time. 7 is proportional to the
quasiparticle mass, which implies that in the case of linear fermions, 7 is infinite. Finally, 7
depends on the scattering rate between phonons and fermionic quasiparticles. As phonons
and fermionic quasiparticles represent excitations of the system, for integrable models
where all excitations are non-interacting, there is no scattering and 7 is infinite. Therefore,
one needs a term that breaks the integrability of the system, such as a density cubed
interaction in the case of bosonic particles. All these dependences suggest that 7 is a very
long time compared to other time scales characterising a one-dimensional system. Indeed,
calculating the value of 7 for a typical cold atom experiment with interacting bosons,
we saw that 7 is too long to be experimentally reached yet, meaning that the regime of
ballistic fermionic quasiparticles is the only one likely to be observed.

The approach based on phonons and fermionic quasiparticles has a limited range of
validity in energy and momentum for weakly interacting bosons. The limitation arises
because the spectrum of weakly interacting bosons is not quadratic for momenta greater
than the Ginzburg momentum, pg, and, therefore, cannot be mapped to the quadratic
spectrum of fermionic quasiparticles. To derive the dynamical structure factor of weakly
interacting bosons we used a semiclassical approach based on a local density approximation.
As a result we saw that the dynamical structure factor of weakly interacting bosons has the

same ballistic scaling as the one obtained using fermionic quasiparticles. As a consequence
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the ballistic regime can be extended to momenta greater than pg.'°

We conclude by proposing future research directions originating from this work. In our
approach we used the impurity defining the depleton just as a tool to define the position
of an excitation. However, the extension to the case of real impurities is straightforward.
This allows us to extend this treatment, for example, to two-component one-dimensional
quantum gases with a majority atomic species, modelling the atoms of the majority and
minority species, respectively, as phonons of the host gas and dilute depletons. Other
interesting directions include the study of mixtures where the minority species have
different statistics, such as in Bose-Fermi and Fermi-Fermi mixtures or the addition of
spin degrees of freedom, that would lead to the study of spin-wave dynamics in quantum

gases with impurities.

10See Ref. [3] in the Publications section at the beginning of this thesis.
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Appendix A

Hubbard-Stratonovich transformation

with boundary conditions

Hubbard-Stratonovich transformation for the complex bosonic field, 6*(¢),

Z[6] = el 40 @2 @00 @)

- / D[, ple= b 48 Oln= o] (1908 ()48 001707 (467 (D1 0 ()

det [X-1
1 ¢q(tf): _ tf I _1 ap / / Y af oy af
_ / DIo, dle Ji] dt e @) [571 (t4)67 (#)+0% (£) 077 6P (1) +6° ()0 08 (t)
1 + ’Fl ¢q(ti):_ ¢7C1(t7j) ’

1+2n

Hubbard-Stratonovich transformation for the real bosonic field, X*(t),

Z[Q] — 3 j,f dt X ()58 (¢,t) X B (')

V,V]e LT aeve ) [orston] ()Y A (1) + X (00T YA (1)

W/

Ya(t B N
/ f ) l( DD_/’ Y]efé fttif dt Ya(t) [2_1] B(t7tl)Yﬁ(t/)+Xa(t)O'?BY’e(t) ‘
Y=— (t

1+2n

\/1—|—n
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Hubbard-Stratonovich transformation for the Grassmann field, £*(t),

2[0] = o3 I e @zt angw)
= det [Z7'] / Dle, s~ I a0 )@ O e

tr)=0 a —
(1— ) /Q( s) Dlc,<le Sl deer (0[5 71]" @)et ()+E (e 0+ (087 (1)
s1(ti)=—(1-2n)s2(t:)
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Appendix B

n-loop reduction formula

In this section we derive a reduction formula for the symmetrised fermionic n-loop by
adapting the zero temperature derivation of Refs. [78, 79| to finite temperatures, T, using
the Matsubara formalism. The fermionic n-loop is shown in Fig. B.1 and is defined as

(compare it with the analogous expression (2.23) in the Keldysh formalism),

E,

where (); = (wj, ;) are phononic momentum and Matsubara energy variables and P; =
(€j,pj) = Q1+ ...+ Q; and K = (E,, k) are fermionic ones. The Matsubara Green’s

function is defined as,
1

A =i

and e(k) = vpk + k*/2m is the right mover spectrum. Here we limit the study to right
movers as the results for left movers are symmetric. The sum over fermionic energies

Ey = 7i(20 + 1)T is easily evaluated by means of the residue theorem and yields,

dk & =l
[n(Pl,,Pn):/%ZTLZHf—(k),
i=1  j=177"

i

133



Figure B.1: n-loop.

where,

n; = np(—ie; +e(k +p;)),

is the occupation factor of a state with momentum p; and energy ¢; and,

fij(k) = (i — e(k +p;)) — (ie; — e(k +py))

pi_pjk
- )

= (ie; = e(pi)) — (ie; — e(py)) -

The n-loop can be rewritten as,

[n(Pl,...,Pn):/d—i 4n niﬁ(%)ﬁ(k—l&) :

where p;; = p; — p; and,

Ay = ]%[(iei —e(py)) — (ie; — (py))] -
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The last product in the n-loop (B.1) can be expressed as a sum using a partial fraction

expansion,
n n

1 1 i 1
H(k—Ai]) :Z k— Ay U (Az‘j—Am)
j=1 n=1

J=1 1
J#i J#i n#i,j

Then, the n-loop (B.1) becomes,

In(Pl,..-,Pn)Zi:(pU %k—HAJ) ﬁ( )

i1 n:l
i#j "
where,
g _ @(Aw B Am) _ ipjn(-imp_ijpinejn + pz;f;‘zn
2

Using the symmetries f = fi and A;; = Aj;, we expressed the sum using the difference

of occupation factors,

~(m fdkni—n;\ 77 (1
Li(P,...,B,) = Z <ij %k_Aij) }_[1 (TE) '

The term in the first parenthesis coincides with the two-loop,

L(P, P;) Z/ G(K + P)G(K + P;)

B.2
dk n; — (B.2)

:Ej %k—Azj’

shown in Fig. B.2. Making the shift K — K — P;, we obtain,

L(PP) = =3 Y [ SEGUK + P = P)GIK) = B(P, - P,,0) = L(P. - P,).
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The two-loop depends only on the differences p;; = p; —p, and €;; = €, —€; as a consequence

of energy and momentum conservations. Finally, the reduction formula becomes,

I(Pi,...,P,) = zn: I(Py) f[ (in) . (B.3)

ij=1 n=1 74
>j nij

B.1 Two-loop

We rewrite the two-loop (B.2) as,

m /oo tanh (—E(Z;p")> — tanh (—E(k;;pj)>

dk
TPij

L(P, P)) = — . ,
—00 17

In this form, a shift of the variable k& cannot be taken separately for the two hyperbolic
tangents, as only their difference is convergent at k — 4o00. To allow the shift to be taken

for the two terms separately, we integrate by parts,

k + p; k A
M [ aktog (k — Ay) [ KA p)/m ve £ (k£ py)/m
87T pij cosh? (—E(k;p i)) cosh? <—E(k;p j))
2 2

]2(Pi7 PJ) =

Now the two terms converge separately and we make the shifts & — k — p; in the first one

and k — k — p; in the second one to obtain,

L(P,) = " dklog(k_pi_Aij> ve + k/m
AR 871-sz] k — p; — Az] COSh2 (%)
m 4kl €ij — %(k/‘— %)} vp + k/m (B-4)
= 0 L . ,
8mT'psj & €&; — 22(k+ B2) cosh? (kaJr;;f/Qm)

where we defined €;; = ie;; — vpp;;, where the double index from now on denotes the

difference, for example €;; = €, — €;. At zero temperature,

1 2
T=0 4T cosh? (—UFH;;?/ 2m> 2m
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Figure B.2: Two-loop.

The zeros of the argument of the delta function are at k = 0 and k = —2muvp = —2kp,
but only the first zero is in the integration interval, |k| < k¢ (ko is the momentum cut-off

around the Fermi point, see Chap. 2). Integrating over k, the two-loop simplifies to,

~ D3
m €ij + om

Iro(Py) = 5 log -
TPij gl,j _ 2z‘j

m

Noting that I, is even in m, an expansion in powers of m™! at zero temperature reads,

m =1/ 05 \" L pi 11 -
Lo(Py) = L) _Llpy = +O(m™
n odd

The dynamical condition for the convergence of the series is p?j < mé;;. Instead, in the
static limit, ¢, — 0, we have €; — —cp;; and the condition for convergence becomes
Ipi;|l = |¢; + ... + ¢j—1| < muvp = kg, which means that the phononic momenta must be
small compared to the Fermi momentum, as seen in Chap. 2. At finite temperatures, the
two-loop gets an additional term dependent on 7" in the second term of the expansion in

1 pi T2 N N
Lpl + 2W20—3(20Pij —&;)| +O0(m™).

L pi;
L(P;)=—=2 i)
:(P) = 5 &y 2Amm? &,

Note that we did not expand in 7.

137



B.2 Three-loop and four-loop

The three-loop, the first in Fig. B.3, is given in terms of ¢; and w;, by,

[3(Q1,Q2) = I3(PL =0, = Q1, Ps = Q1 + Q2)

_ @ la(Q1) + q212(@2) — (1 + q2) 2(Q1 + Qo)
i(Q1€2 - 9261) + Q1C]2(Q1 + qQ)/Qm '

n-loops are symmetric by exchange of external legs. Therefore, we symmetrise by taking
the circular permutations of @1, @2 and @3, which amount to summing I's(Q;, Q) and

['3(Q2,@1). The symmetric part of the three loop is,

f3(Ql> Q2) =T'3(Q1,Q2) +T'3(Q2, Q1)

_ 01+ @) @ 2(Q1) + @212(@2) — (@1 + ¢2) [2(Q1 + @)
2m (@162 — @261)* + (@121 + g2)/2m)?

An m~!' — 0 power expansion reads,

= 1 q1g2q3
F3(Q17Q2) = 4—T
T WiwaWws
PR 1 laws (4, &, &
8rm3 T U (qoin — uén)? | 2an@ews 3 \&P | @3 &3
4,7 (q4f & | ¢ 2 T2 q1iss + 01GqoWs + 123
3 E\o Tw w3 IR
1 2 3 1%¥2%3
+0(m™),

where ©; = iw; — vpg; and Q3 = —Q; — Q2. We note that at the first order in m™!, the
three-loop does not depend on temperature. Moreover, there is no term independent of m,
which leads to lim,,-1_,q f3 = 0, consistent with the Dzyaloshinski-Larking theorem (see

page 47). Similarly, the symmetrised four-loop, the second in Fig. B.3, is,

I qe@q | 1+ ¢ L + q3 L& +q3
47Tm2 @1(:}2(:}3(214 (:Jl —+ (I}Q (ZJl + (113 (:)2 -+ (I)g

f4(@17 Q2,Qs) = +0(m™).

1

As for the three-loop, at the first order in m™", the three-loop does not depend on

temperature and it is consistent with the Dzyaloshinski-Larking theorem, lim,,-1_q f4 =0.
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1 1

Figure B.3: Three-loop, four-loop and five-loop.

However, I'y = O(m~2) goes to zero faster than I's = O(m™) for m™ — 0. Moreover, it
can be checked that the five-loop, the third in Fig. B.3, is I's = O(m™3) for m™* — 0
and at the lowest order, m =3, f5 does not depend on temperature.! This suggests the

following n-loop conjecture:

1. Iy = O(m~"2) for m~! — 0;

2. fn does not depend on temperature at the lowest order in m ™1, that is, m~ ("2,

Moreover, this conjecture is supported by a dimensional analysis of the n-loop: if momenta
and energies are rescaled by mvp and mvi and made dimensionless, the n-loop (B.3)
behaves as I, ~ (mo2)~ ™2 _ Within this conjecture, successive terms of the series (2.22),
given by fermionic loops with an increasing number of phononic external legs as in Fig. 2.5,
are smaller and smaller in the spectrum curvature or closer to the Fermi points, justifying

the dropping of loops with more than three legs, as we did in Chap. 2.

!The symmetrisation was done numerically and took too long for loops with more than five legs.
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Appendix C

Backscattering amplitude

The backscattering amplitude I'(P) = I'; _(P) =T'_, (P), corresponds to the off-diagonal
terms of the inverse of matrix 3.28. In Ref. [50] it is shown that, using Eqs. (3.7), (3.6)

and (3.13), the backscattering parameter takes the form,

L (ONo(P1) Naéo(P,n)jL@No(P’”))? (C.1)

NP)Z_E( or oP on

where Ny(P,n) and ®y(P,n) are the equilibrium values defined by Eqgs. (3.16) and we
omit the dependence of I'(P) on n. For small momenta, P < m*c, we may expand I'(P)

in Taylor series around P = 0 and consider only the first two terms.
['(P) ~ T+ Ty P.
To determine the coefficients I'g and I'f;, we expand Ny and @, in Taylor series, as well,
No(P,n) = No(n) + Nj(n)P + NY(n)P* + ...,

Do(P,n) = o(n) + 4(n) P + &5(n) P* + ...,
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and substituting them in Eq. (C.1) we obtain,

Iy = —% <<I>0(n)N6(n) — No(n)®p(n) + 8]\(;L7§n)) , (C.2)

and
Iy = —% (2@0(71)]\76'(71) — 2Ny(n)®g(n) + %fin)) . (C.3)

The equilibrium values Ny(P,n) and ®y(P,n) are obtained by inverting Egs. (3.16),

Vo(P,n)P 4+ nd, E(P,n)
¢ = Vi(P,n) ’ (C.4)

1

m

P

= (P n)No(P ).
n n

N()(P, n) =
(I)()(P, n) =
For the values of Vj(P,n) and 0,E(P,n) we use the quadratic dispersion of fermionic

quasiparticles, Eq. (3.17),

and for the lowest order coefficients in Eqs. (C.4) we find,

. )
No(n) = - (H%a_;) - VK,

2

" (C.5)
Bo(n) = (1m0 T
0 2n con VK
Here used the expression for effective mass m* in terms of n, ¢ and K,

1 c 0 1 n dec
—(cVK)= ———— 1+ —— C.6
(V) 2m ;—Z( +c@n)’ (C.6)

me K ou

obtained by performing a transformation to the effective chiral fields, Y, in hydrodynamic
Hamiltonian (2.1) and using the mean field relation ej[n] = p (See also Refs. [80, 7]).

In the last term we used the thermodynamic relation K = 7n/mc. For the first order
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coefficients in Egs. (C.4) we find,
N :4;(; (n? 8(;7: N (1 N %%» ’
b (o (1 28))
Substituting Eqgs. (C.5) and (C.7) in Eq. (C.2), the expression for I'y simplifies to,
ry=—"" (1 = (ﬁ@>2> Lo
dmen con c
Using Eqs. (C.5) and (C.6), we have,

ONo = —0n K = 0, |70 = | (1 _ @) |
me mnc con

which, together with Eq. (C.6), leads to I'y vanishing identically,

(C.7)

FOIO.

Substituting Eqgs. (C.5) and (C.7) in Eq. (C.3), the expression for I'{; simplifies to,

(C.8)

0
n

oL (e N | L (nomt [ nde

 dnc con n@n mec \m* On cOon ’
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Appendix D

Solutions of the Lieb-Liniger equations

in the weakly interacting limit

In this section we solve the integral equations for spectrum and density of states of the
Lieb-Liniger model in the weakly interacting limit, ¢ — 0. At zero temperature, Eqs.

(3.98) and (3.100) reduce to,

k2 1 ko
() = =it gt [ A e eta). (D.1)
and,
_ 1 1 [ko _
FR) = o+ / @, KSR (D.2)

with o(k) = 0 for k¥* > k2. In the weakly interacting limit we can approximate the

Lorentzian kernel of the integral equations,

1 mg mg
—— ~ (k) + —P
7 (mg)? + k? (k) + s

1
ﬁ )

where P denotes the principal value operator. In this limit, the two integral equations

][ <q€£qf)<>2dq “ s ( - ;_m> |
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and,

© flo) 1
f%m—kﬂm_'2mf

where f is a principle value integral. Integrating both sides by k we have,

" c(q) 1 K
dg = — | pk — — D.3
f 2y i) (D.3)
and,
-
© fla) k

EAS Vi P D.4
=k Ty (D.4)

where the integration constant is zero as (k) and f(k) are even functions, so that the right
hand sides must be odd. These two equations are Cauchy or singular integral equations
and can be solved with the methods described in Refs. [81, 82]. We start from the equation

of the density of states, as it is simpler.

D.1 Density of states

Cauchy integral equation (D.4) can be solved by considering the respective Riemann

problem. By defining the quantity,

w(z) = ; md

ko 4 — %

Y

where z is a complex variable. w(z) has a branch cut for —ky < z < k. In terms of w(z),
the principal value integral in Eq. (D.4) is,
o fla)

k
2 ——dg=w,(k)+w_(k)=——, |k| <k D.5
= ) e ==k < (D.5)

where wy (k) = w(z — k £1i07) are the values above and below the branch cut and we

used the Plemelj formula [81].

o = P Fmio(k). (D.6)
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Then, the density of states is obtained by,

fk) = : , (D.7)

where we used the Plemelj formula, Eq. (D.6), again. The solution is the sum of a general

solution proportional to (k2 — k2?)~%/2

and a particular solution. To start we need one
solution of the homogenous part of Eq. (D.5), wy (k) +w_(k) = 0. We choose the solution

A(z) = V2% — 1 and divide Eq. (D.5) by A, (k) = A(z — k+1i07),

(k) ko1

Ak AR mg AR

where we used the fact that A, (k) = —A_(k). Splitting the right hand side in two equal

parts and using the relation between A, and A_ we find,

wy (k) + k/2myg _ w_(k) + k/2mg

4, (k) A oW

where in the last equality we defined S(z). S(z) is a single valued function with possible
poles at k = +ky and infinity. At infinity S(z) ~ 1/2mg + O(1/2%), so S(z) = 1/2mg +

Sko(2), where Sk, (z) contains only poles at z = £kg. Therefore,

z

1
w(z) =4[22 — Kk} (m + Sko(z)) " omg

Since w(z) has to be integrable in the interval between —ky and kg, Sk,(z) can only have

first order poles at these points and,

1 a b z
— )2 2 _ ‘
w(z) : 0 (ng * z — ko * z—{—ko) 2mg

As seen before S(z) at infinity does not behave as 1/z, therefore b = —a and,

1 / 2a
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Eq. (D.7) then gives,
1

_ B
k) = \V k2 — k2 ——

where B is a constant. From Eq. (D.2) we know that f(=£ko) is finite, therefore B = 0.

. 1
Flk) = 27Tmg.//fg — k2.

Integrating f(k) over all the real axis gives the density of the system, n, which provides

Finally

the relation ky = 2,/mgn.

D.2 Spectrum

Now we consider Cauchy integral equation (D.3). The only difference with respect to the

previous case is the inhomogeneous term. With the same procedure we used before we

find,
5(:) = — () = ™ (2mpz — 2 om0} 4 T2 0 ()
z =10 w(z g mpz = = mp+ 3mgz 277,
where,
ko
w(z):/ e(q) dq
ko 49— %
Then,
T k2 7 2ak
-~ (=9 it} 2 0
S(z) mg( mu + 6)+3mgz +22—k8’

where the last terms contains the only two poles that make w(z) integrable. Inverting the

equation in order to have w(z) and using Eq. (D.7) gives,

1 k2 B
2me(k) = ——/ki — k* | —6 94 g? —_
me(k) 3mg V k0 ( m,u+2+ )+ Ryl
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where B is a constant. By requiring (ko) = 0, the constant B must be zero. Moreover,

since kg is a function of p, using Eq. (3.99) at zero temperature,

0ue(k) = _QWf(k) )

we find o = k2/4m. The final result is,

1 3

The expression just found holds for |k| < ky. Outside this region there is no branch cut

and the spectrum is given by,
ome(k) = —2mpu + k2 + —Opw(k), |k > ko.
70
This leads to the expression for the spectrum in the whole real line,

3
g (kg — k%)% k| < ko

T 6m?2g

k| /K2 — k3, [k > ko.

e(k) =
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