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ABSTRACT

Thermalization, the evolution of an interacting many-body system towards a thermal
Gibbs ensemble after initialization in an arbitrary non-equilibrium state, is currently a
phenomenon of great interest, both in theory and experiment. As the time evolution of a
quantum system is unitary, the proposed mechanism of thermalization in quantum many-
body systems corresponds to the so-called eigenstate thermalization hypothesis (ETH) and
the typicality of eigenstates. Although this formally solves the contradiction of thermaliz-
ing but unitary dynamics in a closed quantum many-body system, it does neither make any
statement on the dynamical process of thermalization itself nor in which way the coupling
of the system to an environment can hinder or modify the relaxation dynamics. In this
thesis, we address both the question whether or not a quantum system driven away from
equilibrium is able to relax to a thermal state, which fulfills detailed balance, and if one
can identify universal behavior in the non-equilibrium relaxation dynamics.

As a first realization of driven quantum systems out of equilibrium, we investigate a system
of Ising spins, interacting with the quantized radiation field in an optical cavity. For
multiple cavity modes, this system forms a highly entangled and frustrated state with
infinite correlation times, known as a quantum spin glass. In the presence of drive and
dissipation, introduced by coupling the intra-cavity radiation field to the photon vacuum
outside the cavity via lossy mirrors, the quantum glass state is modified in a universal
manner. For frequencies below the photon loss rate, the dissipation takes over and the
system shows the universal behavior of a dissipative spin glass, with a characteristic spectral
density A(w) ~ y/w. On the other hand, for frequencies above the loss rate, the system
retains the universal behavior of a zero temperature, quantum spin glass. Remarkably, at
the glass transition, the two subsystems of spins and photons thermalize to a joint effective
temperature, even in the presence of photon loss. This thermalization is a consequence of
the strong spin-photon interactions, which favor detailed balance in the system and detain
photons from escaping the cavity. In the thermalized system, the features of the spin glass
are mirrored onto the photon degrees of freedom, leading to an emergent photon glass
phase. Exploiting the inherent photon loss of the cavity, we make predictions of possible
measurements on the escaping photons, which contain detailed information of the state
inside the cavity and allow for a precise, non-destructive measurement of the glass state.

As a further set of non-equilibrium systems, we consider one-dimensional quantum fluids
driven out of equilibrium, whose universal low energy theory is formed by the so-called
Luttinger Liquid description, which, due to its large degree of universality, is of intense
theoretical and experimental interest. A set of recent experiments in research groups in
Vienna, Innsbruck and Munich have probed the non-equilibrium time-evolution of one-
dimensional quantum fluids for different experimental realizations and are pushing into
a time regime, where thermalization is expected. From a theoretical point of view, one-
dimensional quantum fluids are particular interesting, as Luttinger Liquids are integrable
and therefore, due to an infinite number of constants of motion, do not thermalize. The
leading order correction to the quadratic theory is irrelevant in the sense of the renor-
malization group and does therefore not modify static correlation functions, however, it
breaks integrability and will therefore, even if irrelevant, induce a completely different non-
equilibrium dynamics as the quadratic Luttinger theory alone. In this thesis, we derive for
the first time a kinetic equation for interacting Luttinger Liquids, which describes the time
evolution of the excitation densities for arbitrary initial states. The resonant character of
the interaction makes a straightforward derivation of the kinetic equation, using Fermi’s
golden rule, impossible and we have to develop non-perturbative techniques in the Keldysh
framework. We derive a closed expression for the time evolution of the excitation densities
in terms of self-energies and vertex corrections. Close to equilibrium, the kinetic equation
describes the exponential decay of excitations, with a decay rate o = ImXR, determined
by the self-energy at equilibrium. However, for long times 7, it also reveals the presence of
dynamical slow modes, which are the consequence of exactly energy conserving dynamics
and lead to an algebraic decay ~ 77™ with np = 0.58. The presence of these dynamical
slow modes is not contained in the equilibrium Matsubara formalism, while they emerge
naturally in the non-equilibrium formalism developed in this thesis.



In order to initialize a one-dimensional quantum fluid out of equilibrium, we consider
an interaction quench in a model of interacting, dispersive fermions in Chap. In this
scenario, the fermionic interaction is suddenly changed at time t = 0, such that for t > 0 the
system is not in an eigenstate and therefore undergoes a non-trivial time evolution. For the
quadratic theory, the stationary state in the limit t — oo is a non-thermal, or prethermal,
state, described by a generalized Gibbs ensemble (GGE). The GGE takes into account for
the conservation of all integrals of motion, formed by the eigenmodes of the Hamiltonian.
On the other hand, in the presence of non-linearities, the final state for t — oo is a thermal
state with a finite temperature T > 0. . The spatio-temporal, dynamical thermalization
process can be decomposed into three regimes: A prequench regime on the largest distances,
which is determined by the initial state, a prethermal plateau for intermediate distances,
which is determined by the metastable fixed point of the quadratic theory and a thermal
region on the shortest distances. The latter spreads sub-ballistically ~ t* in space with
0 < a < 1 depending on the quench. Until complete thermalization (i.e. for times t < 00),
the thermal region contains more energy than the prethermal and prequench region, which
is expressed in a larger temperature Ty > T, decreasing towards its final value T,. As
the system has achieved local detailed balance in the thermalized region, energy transport
to the non-thermal region can only be performed by the macroscopic dynamical slow modes
and the decay of the temperature Ty —T,, ~ t~"° again witnesses the presence of these slow
modes. The very slow spreading of thermalization is consistent with recent experiments
performed in Vienna, which observe a metastable, prethermal state after a quench and
only observe the onset of thermalization on much larger time scales. As an immediate
indication of thermalization, we determine the time evolution of the fermionic momentum
distribution after a quench from non-interacting to interacting fermions. For this quench
scenario, the step in the Fermi distribution at the Fermi momentum kg decays to zero
algebraically in the absence of a non-linearity but as a stretched exponential (the exponent
being proportional to the non-linearity) in the presence of a finite non-linearity. This can
serve as a proof for the presence or absence of the non-linearity even on time-scales for
which thermalization can not yet be observed.

Finally, we consider a bosonic quantum fluid, which is driven away from equilibrium by
permanent heating. The origin of the heating is atomic spontaneous emission of laser pho-
tons, which are used to create a coherent lattice potential in optical lattice experiments.
This process preserves the system’s U(1)-invariance, i.e. conserves the global particle num-
ber, and the corresponding long-wavelength description is a heated, interacting Luttinger
Liquid, for which phonon modes are continuously populated with a momentum dependent
rate Oyng ~ y|q|. In the dynamics, we identify a quasi-thermal regime for large momenta,
featuring an increasing time-dependent effective temperature. In this regime, due to fast
phonon-phonon scattering, detailed balance has been achieved and is expressed by a time-
local, increasing temperature. The thermal region emerges locally and spreads in space

sub-ballistically according to x; ~ t%/5. For larger distances, the system is described by an
non-equilibrium phonon distribution nq ~ |q|, which leads to a new, non-equilibrium be-
havior of large distance observables. For instance, the phonon decay rate scales universally
as Yq ~ |q|°/3, with a new non-equilibrium exponent 1 = 5/3, which differs from equilib-
rium. This new, universal behavior is guaranteed by the U(1) invariant dynamics of the
system and is insensitive to further subleading perturbations. The non-equilibrium long-
distance behavior can be determined experimentally by measuring the static and dynamic
structure factor, both of which clearly indicate the exponents for phonon decay, n = 5/3
and for the spreading of thermalization nt = 4/5. Remarkably, even in the presence of
this strong external drive, the interactions and their aim to achieve detailed balance are
strong enough to establish a locally emerging and spatially spreading thermal region.

The physical setups in this thesis do not only reveal interesting and new dynamical fea-
tures in the out-of-equilibrium time evolution of interacting systems, but they also strongly
underline the high degree of universality of thermalization for the classes of models studied
here. May it be a system of coupled spins and photons, where the photons are pulled
away from a thermal state by Markovian photon decay caused by a leaky cavity, a one-
dimensional fermionic quantum fluid, which has been initialized in an out-of-equilibrium
state by a quantum quench or a one-dimensional bosonic quantum fluid, which is driven
away from equilibrium by continuous, external heating, all of these systems at the end
establish a local thermal equilibrium, which spreads in space and leads to global thermal-
ization for t — co. This underpins the importance of thermalizing collisions and endorses
the standard approach of equilibrium statistical mechanics, describing a physical system
in its steady state by a thermal Gibbs ensemble.
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INTRODUCTION

A major achievement and nowadays the foundation of classical and quantum statistical
physics is the description of steady states in terms of (grand) canonical Gibbs ensembles
[68, 24]. In a few words, statistical mechanics proposes that a system initialized in an
arbitrary state (quantum or classical) will relax towards a statistical ensemble, which is
only determined by energy (and likely) particle number conservation but, except for these
macroscopic conserved quantities, has no further dependence on the initial state. The
macroscopic derivation of the Gibbs ensemble relies completely on elementary statistics.
It assumes that any system, whose time evolution is ergodic, will reach any point in the
allowed phase space with equal probability. If the condition of ergodicity is fulfilled, the
Gibbs ensemble is obtained by maximizing the entropy of the system under the constraints
that are set by the allowed phase space.

Prominent examples for systems described by Gibbs ensembles are the microcanonical
ensemble and the canonical ensemble. The microscopic ensemble describes systems, for
which energy is exactly conserved in the dynamics, i.e. for which Var(E) = 0, the variance
in energy E, is zero and all states with energies corresponding to the initial state are
reached by the same probability. On the other hand, the canonical ensemble describes
systems for which energy is only conserved on average and the probability of a state is a
function of the energy and entropy difference to the initial state. In the thermodynamic

VE

limit, for a canonical ensemble the energy variance vanishes as Var(E) ~ % where N is
the particle number and N — oo in the thermodynamic limit. Consequently, the canonical
and microcanonical ensemble coincide in the thermodynamic limit and the restriction to
the canonical ensemble for a statistical description of thermodynamic systems is justified
[89].

Stating the definition of ergodicity in the way it is used above, it reads, during its time
evolution, a system will reach all points in phase space that are not forbidden by additional
dynamical constraints with equal probability. Applying this definition of ergodicity with
the inclusion of all relevant dynamical constraints, all experimentally observed long time
dynamics have been proven to be ergodic. It is therefore taken as a hypothesis, that all
systems fulfill ergodicity in the above sense. As a consequence, a general system initialized
in an arbitrary state will evolve towards a stationary Gibbs ensemble, which has to take
into account "only" the dynamical constraints set by the generator of the dynamics. The
dynamical constraints, on the other hand, can be identified by conservation laws and lead
to dynamically conserved quantities.

This is a very universal statement for classical and quantum dynamics, as it identifies the
dynamical fixed point of the time evolution of macroscopic many-body systems in terms
of conservation laws and therefore symmetries. For the special case, for which the only
conserved quantity is energy, the Gibbs ensemble is also referred to as a thermal ensemble
and the dynamical process of reaching the thermal ensemble is called thermalization.

11



Although the Gibbs ensemble has proven to correctly describe the steady state of a large
class of systems and it relies on a macroscopic basis only on very simple but powerful as-
sumptions, its emergence from the deterministic microscopic dynamical equations puzzles
physicists since the last century [199] 166, (184, 21, 53]. The equations of motion for phys-
ical systems, i.e. Newton’s equations, the Schréodinger equation and Maxwell’s equations,
are strictly reversible and the existence of a single dynamical fixed point of these equations,
represented by the Gibbs ensemble, is microscopically a very unexpected result [11].

For classical systems, however, it can be explained by the non-linear structure of the equa-
tions of motion for interacting particles. The non-linearity in these equations drives the
particles to explore ergodically the constant-energy manifold and quickly all particle tra-
jectories begin to look alike [64]. Due to the non-linearity, in the classical equations of
motion it is possible that the information on the initial state gets lost completely and the
Gibbs ensemble is indeed the only dynamical fixed point and all classical trajectories evolve
towards it in time.

For quantum mechanical systems, however, the Schrodinger equation is not only deter-
ministic and reversible but even unitary and the energy levels are quantized to discrete
values, making the time evolution invertible [199, [119]. This forbids the existence of a
single dynamical fixed point in quantum dynamics in a strict sense. The fact, that even
in quantum mechanics, the stationary state of almost all realistic systems is described by
a Gibbs ensemble has been explained in terms of the so-called eigenstate thermalization
hypothesis (ETH) [199, [184] [166], [53]. According to the eigenstate thermalization hypothe-
sis, the off-diagonal elements of the density matrix are vanishing due to dephasing for long
times, i.e. they obtain a time dependent phase factor during the time evolution, which
averages out for large time spans. The resulting density matrix, after long times, is the
projection of the original density matrix on its main diagonal and is called the diagonal
ensemble. For typical systems, this diagonal ensemble is dominated by states that are
consistent with the macroscopic initial values of the state, such as energy, particle number
and other possible conserved quantities. The expectation values of local observables are
not very sensitive towards quantum states with the same macroscopic properties and as
a consequence, can be expressed through a typical state, consistent with the initial val-
ues. For energy and particle number as the only conserved quantities, this typical state is
nothing but the Gibbs ensemble and the thermalization of quantum states can therefore
be explained by the ETH [193, [70].

The effect of quantum thermalization has gained a lot of interest again |74} [122], 121, 7,
1751 171, 197, [104], when almost a decade ago, a set of cold atom experiments, starting with
the quantum Newton’s cradle in David Weiss’ group [111], witnessed the complete absence
of thermalization for certain quantum systems even at very long times. In this first exper-
iment, Kinoshita et al.placed two one-dimensional, interacting Bose-Einstein condensates
on opposite walls of a harmonic trap and let them evolve. What they observed was the
macroscopic, coherent backscattering between the two Bose-Einstein condensates, similar
two a Newton’s cradle of two elastically colliding balls. The absence of thermalization for
very long times in this experiment has been explained by the presence of an infinite number
of integrals of motion in a one-dimensional gas of coherently scattering bosons [IT1] [167].
Although it was understood, that for this experiment the infinite number of integrals of
motion restricts the dynamics to a small hyper-surface in phase space and prevents it from
thermalization, it was not clear at that time, which and how many integrals of motion are
necessary in order to forbid thermalization at all [166].

In subsequent theoretical works, it was understood that an infinite number of arbitrary
conserved quantities is not sufficient to spoil the thermalization process. The simplest
(and maybe to naive) example is an arbitrary power of the Hamiltonian, which is always
an integral of motion but does not constrain the dynamics. A strict and accepted criterion
for the absence of thermalization has been found to be integrability, which is defined as
the presence of a macroscopic number of integrals of motion, each of which is local, i.e.
does not scale extensively with the system size and does not pairwise commute with the
other integrals of motion [33, 31 [I57]. Although integrable systems do not thermalize,
they can still reach an asymptotic steady state in the long time dynamics. This state has
only lost part of the memory of the initial state but completely contains the information
on the integrals of motion of the initial state for all times. Theoretically, it is described in
terms of a generalized Gibbs ensemble, which is nothing but the entropy maximizing state
under the constraint of all the integrals of motion [166].

12  Contents



At present, there exist two types of integrable systems in the literature, quadratic Hamilto-
nians in arbitrary dimensions and Bethe ansatz solvable, interacting models in one dimen-
sion. The former does not only include trivial, non-interacting systems but also effective
Hamiltonians, which emerge as the corresponding, leading order!' low energy theory of in-
teracting systems, such as spin wave theory and Landau’s Fermi liquid theory. Both types
of integrable systems therefore play an important role in current research, as they, even
though exactly solvable, feature a non-trivial dynamics and interesting asymptotic states
[167, 139, 95| 96l B3], 14, 2011 [142].

While the effect of thermalization, and part of its absence, in closed quantum systems has
been understood in terms of the eigenstate thermalization hypothesis, the latter does not
contain any statement about the dynamical process itself, which leads to thermalization.
The thermalization procedure of interacting quantum many-body systems has only been
solved for some exemplary models, which could be attacked with currently available nu-
merical and semi-analytical methods and is far from being understood [186} [61], 57, [139].
On the other hand, recent experiments (both for cold atoms and condensed matter setups
[38, 69]) are entering the far from equilibrium regime and observe the relaxation dynam-
ics of strongly excited states far from equilibrium linear response [183], [74, 121, 132}, [197].
In order to explain these experiments and explore the physics beyond the thermal equi-
librium, it is therefore necessary to not only understand the thermalization procedure of
interacting quantum many-body systems but also to better understand in which precise
cases thermalization is absent even for non-integrable systems.

In dimensions larger than one, thermalizing collisions are fast and the large phase space
available for such collisions indicates very fast thermalization in this case. The thermaliza-
tion dynamics is therefore expected to happen on exponentially fast time scales, such that
for most relevant times, the systems can be considered thermal, even if prepared in a non-
thermal state. Exceptions are systems, which are almost perfectly described by an effective
quasi-particle theory and which show slow relaxation towards equilibrium [186} 115].

On the other hand, in one-dimensional systems, thermalizing collisions are suppressed by
small phase space volumes and the dynamics induced by the collisions is expected to be
slow. This assumption is promoted by the presence of a large number of integrable models
in one dimension, which feature the complete absence of effective thermalizing collisions
[33] 139L [IT], 1T7] and which evolve towards a non-thermal dynamical fixed point in their
asymptotic evolution. These integrable models are expected to play a important role in
the thermalization dynamics of one-dimensional systems, as many relevant one-dimensional
systems can be described in terms of integrable models with small integrability breaking
corrections [80, BI]. As a consequence, one expects the relaxation towards equilibrium of
these models to happen in two steps. For small and transient times, the dominant dy-
namics is expected to be the one of the corresponding integrable model, leading to a time
evolution towards the asymptotic, non-thermal dynamical fixed point of this model. This
point serves as a metastable, intermediate state for the dynamics and is able to describe
transient correlations in the system, which, due to the extensive number of conserved
quantities of the integrable model, depend strongly on the initial state. The process of
reaching the asymptotic state in the transient dynamics is called prethermalization. For
much larger times, the effect of the integrability breaking terms becomes visible and leads
to complete thermalization of the system [139] 33]. This scenario has been observed in re-
cent experiments, for which, however, only the onset of thermalization has been measured
at very large times [121], [172].

The prethermalization dynamics in truly thermalizing, interacting one-dimensional systems
has only very recently been observed for systems of spin polarized, short-range interacting
fermions with dimerized hopping amplitudes [I8] [147]. In higher dimensions, prethermal-
ization dynamics before the onset of thermalization has also been found for interacting
lattice fermions in infinite dimensions [139, [I86] and in the low energy description of the
quark-meson model [I7]. For these higher dimensional systems, the corresponding inte-
grable theories, which describe the prethermal state, are effective, quadratic quasi-particle
theories, as for instance Fermi liquid theory for the interacting fermions and Bogoliubov
theory for the case of the quark-meson model.

1Up to terms that are irrelevant in the sense of the renormalization group.
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Following the results from Refs. [139] [186], 17] in higher dimensions, the thermalization
dynamics (and more general, the out-of-equilibrium dynamics) of interacting many-body
systems can be understood in terms of the corresponding quasi-particles. In the first step,
for very short times after initializing a system in a non-equilibrium state, the corresponding
quasi-particles have to be built up. While the structure of these quasi-particles depends
on the form of the Hamiltonian, i.e. the microscopic particle-particle interactions and the
kinetic energy, the initial distribution of quasi-particles is determined solely by the initial
state. At intermediate times, scattering processes between the quasi-particles are rare and
the dynamics of the system is determined essentially by the corresponding quadratic theory,
initialized with a non-thermal distribution function. This corresponds to the prethermal
state. At long times, scattering processes between the quasi-particles become dominant,
establishing detailed balance and a thermal quasi-particle distribution, which is the final
process of thermalization. Consequently, the absence of thermalization is equivalent to
the absence scattering processes between the systems quasi-particles?. In this picture, the
GGE describes a state of non-interacting quasi-particles with a non-thermal distribution
function.

Currently, cold atom experiments are pushing the limit towards observable time scales,
on which the effect of quasi-particle scattering will have an impact on the dynamics and
observe the corresponding relaxation dynamics. This strongly motivates the development
of a kinetic theory for interacting Luttinger Liquids out of equilibrium, as we derive it in this
thesis. Making use of this kinetic theory, we will explicitly demonstrate the thermalization
of interacting one-dimensional quantum fluids and the importance of the prethermal state
for this dynamics.

A further question of experimental relevance in the field of cold atoms, which is closely re-
lated to topic of thermalization, is whether or not a many-body system coupled to external
drive and/or dissipation will be driven away from a thermal ensemble or whether interac-
tions and their tendency to achieve detailed balance are strong enough to retain thermal (or
quasi-thermal) equilibrium. Recent works have shown, that systems of exciton-polariton
condensates, which are subject to drive and dissipation, can show the non-equilibrium
equivalent of a Bose condensed phase and that the corresponding phase transition resem-
bles the equilibrium Bose transition, establishing an effective low frequency temperature
at the critical point in three dimensions. The corresponding universality class is the one
of the equilibrium transition except for a set of new dynamical exponents, describing the
relaxation towards effective equilibrium.

A similar effect may take place for other realizations of critical systems under drive and
dissipation or, if the driving is strong enough, it may lead to new behavior without a
corresponding equilibrium counterpart. In this thesis, additionally to the quench scenario
described above, we will investigate two realistic physical setups, where a system is driven
away from a thermal equilibrium by coupling it to an external bath. We analyze the ques-
tion, whether the thermalizing collisions are strong enough to establish an effective thermal
equilibrium in the presence of driven and/or dissipation or if the dynamics will be different
from the corresponding equilibrium system.

The first realization of a driven-dissipative many-body system, which is analyzed in this
thesis is a system of Ising spins coupled to the quantized radiation field inside a lossy cavity
and driven by an external laser. In the absence of cavity photon losses and for strong spin-
photon coupling, this system undergoes a phase transition from a disordered paramagnetic
phase to an ordered ferromagnetic or superradiant phase. In the latter, all Ising spins are
aligned, and the cavity field forms a coherent, standing wave. The corresponding phase
transition is called the Dicke transition and features a single mode, which becomes critical
at the transition. In the presence of finite cavity decay, this transition is purely classical,
resembling a finite temperature transition at the critical point. However, both subsystems
of spins and photons have not thermalized and show a different low energy behavior. This
is due to the structure of the spin-photon interactions, which are unable to achieve detailed

2This explains the absence of thermalization for integrable models from a different perspective. As
integrable models can be solved exactly on the level of quasi-particles, the corresponding excitations are
non-interacting and never change their initial occupation due to the absence of collisions. As a consequence,
once initialized in a non-equilibrium state, they will remain in this state forever.

14 Contents



balance between the two subsystems. Therefore, the photonic subsystem, which is subject
to dissipation evolves towards a different equilibrium state than the spin degrees of freedom,
which do not experience any external dissipation.

On the other hand, when taking into account a multi-mode optical cavity, the effective
spin-photon interaction is highly frustrated and can lead, in the absence of dissipation, to
a quantum spin glass transition. Furthermore, the interaction in the presence of multiple
modes has a new structure, which enables the redistribution of energy between the two
subsystems for a significant number of modes, leading to a joint thermalization process.
While the interactions become strong enough to establish detailed balance between the
two subsystems, we will see that the corresponding phase transition does not belong to the
universality class of equilibrium glass transitions.

The second example of a driven system that we consider in this thesis is even more drastic.
While the driven-dissipative spin glass system was evolving in time towards a stationary
state and we asked the question whether this steady state resembles a thermal state or not,
we will analyze in the last section of this thesis a setup of continuously heated, interacting
bosons. This system does not evolve towards a steady state [25] [154] [156], [177] and features
a continuously increasing energy. By definition, the only possible fixed point is the infinite
temperature state. The microscopic system corresponds to interacting bosons in a one-
dimensional optical lattice, where the lattice is created by a pair of counter-propagating
laser beams. The atoms continuously perform stimulated absorption and emission of laser
photons but there exists a finite probability of a spontaneous emission event, which local-
izes a single atom and leads to an energy increase of the system. These events correspond
dephasing of the local density matrix [25] [154] [192] and lead to a permanent heating of the
system, which can be described by a U(1)-invariant master equation. The corresponding
low energy theory is a heated, interacting Luttinger Liquid. The phonon distribution due
to the heating term has a clear nonithermal structure, increasing linearly in momentum

n, ~ |q| instead of a thermal, ny ~ fq Rayleigh-Jeans divergence. While the thermalizing

collisions between atoms will redistribute the energy and try to achieve detailed balance,
the heating term acts diametrically opposite, which establishes a competition between the
heating and collisions. As we see in chapter 6, the phonon scattering will nevertheless
establish local detailed balance, starting on very short distances and spreading in space
as Xiperm ~ t=4/ 5 where t is the time and Ninerm = 4/5 1 the characteristic thermalization
exponent. For distances larger than the heating, however, we will find a phonon distribu-
tion dictated by the structure of the heating term, which leads to a new non-equilibrium
behavior of the microscopic bosons, which has no equilibrium counterpart but nevertheless
shows quite universal aspects, as we will demonstrate.

In summary, in this thesis, we investigate the effect of quantum thermalization in interact-
ing many-body systems, which are driven away from equilibrium in experimentally relevant
situations. Amongst the exemplary setups, there are closed systems, i.e. systems that are
isolated from the environment, as well as open systems, which interact with their environ-
ment in a significant way. While the time evolution of the former is determined by the
system Hamiltonian alone and the relaxation dynamics are a consequence of interactions,
the latter contain two sources of dissipation, namely the scattering of quasi-particles and
the interaction with the environment. This interaction drives the interacting system away
from a thermalized state and we investigate the competition between thermalizing colli-
sions and external drive and the resulting non-equilibrium dynamics.

The first example, is a closed, one-dimensional quantum fluid of interacting fermions, which
is brought out of equilibrium by a quantum quench and which relaxes towards equilibrium,
showing prethermalization and thermalization.

The second example is a quantum spin glass setup of atoms interacting with cavity pho-
tons, which is brought out of equilibrium by cavity photon dissipation. We find that the
atom-photon interaction is sufficiently strong to achieve detailed balance at the glass tran-
sition and to imprint a global temperature on the combined system, while on the other
hand modifying the universality class of the glass transition to a non-thermal, dissipative
transition.

The third example, is a system of interacting bosons subject to permanent heating. Due
to the permanently increasing energy, it is impossible for this system to reach a stationary
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state. However, the interactions will establish a local detailed balance, i.e. a local quasi-
equilibrium, which spreads in space and mimics on increasing length scales a thermal
system with continuously increasing energy.

What we find by the examples analyzed in this thesis is, that thermalizing collisions and the
corresponding process of thermalization are very strong and universal. Not only do they
lead to thermalization in a closed environment, in which the system has been prepared
initially in a non-thermal state. But even in the presence of drive and dissipation the
interactions will lead to locally spreading, thermal quasi-equilibrium, underpinning the
universality of the Gibbs ensemble for non-integrable systems. As a feature, we have
identified new non-equilibrium universal behavior in the relaxation dynamics, indicating
that not only the process of thermalization itself is quite universal but also its dynamics.

OUTLINE OF THIS THESIS

This thesis contains the major research of the author during the last three years. It
consists of different chapters, which contain either theoretical derivations and background
information or represent research projects that have been published in peer-review journals
or will soon be published. From the present thesis, chapters 2 and 6 are published in
Physical Review A, chapter 4 is currently under review and presented as a preprint on
the arXiv, while chapter 5 will appear on the arXiv soon. Chapters 1 and 3 represent
the theoretical background of the work in this thesis and consist of original work of the
author as well as some necessary review of basic properties of the Keldysh field integral
and Luttinger Liquids.

In Chapter 1, we start by giving a brief overview of the Keldysh path integral formalism. In
this chapter, the Keldysh path integral is derived exemplary for a system, whose dynamics
is described in terms of a Lindblad master equation, thereby setting the notation that will
be used throughout this thesis and illustrating the reasons for which the Keldysh path
integral is required for out-of-equilibrium problems and non-thermal steady states. We
explain the basic properties of the Keldysh Green’s function and introduce the Keldysh
rotation, which transforms into the basis of retarded/advanced Green’s and correlation
functions.

In Chapter 2, we start with a first application of the Keldysh path integral formalism
in order to describe the steady state of an open system with disorder. In this project,
we analyze the steady state dynamics of an ensemble of two-level atoms, i.e. Ising spins,
coupled to the quantized radiation field in an optical cavity, with multiple relevant eigen-
modes. Such multi-mode cavities have been realized in cavity QED experiments [114],
can introduce effective, frustrated spin-spin interaction. At equilibrium, sufficiently strong
frustration leads to a quantum spin glass phase in the Ising degrees of freedom. However,
as we introduce photon loss through the cavity mirrors, the photons are effectively coupled
to the radiation field outside the cavity and pulled away from thermal equilibrium. This
leads to a modification of the photonic and atomic degrees of freedom and the present
glass transition belongs to the universality class of dissipative spin glasses. However, in
the spin glass phase, due to the strong coupling of the atomic and the photonic subsystem,
both systems thermalize to a joint effective low energy temperature. Making the effect of
detailed balance at strong interactions dominant over the coupling to an external bath,
which drives the system away from equilibrium. This highlights the universality of ther-
malization even in the presence of an external, non-equilibrium bath. Furthermore, we
show that the information about the spin glass is mirrored onto the photons and can be
detected directly from the cavity loss, transforming the lossy cavity to an effective cavity
glass microscope. This project is published as

e Dicke-model quantum spin and photon glass in optical cavities: Non-equilibrium
theory and experimental signatures
Michael Buchhold, Philipp Strack, Subir Sachdev, and Sebastian Diehl
Phys. Rev. A 87, 063622 (2013).
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The second half of this work treats one-dimensional quantum fluids both bosonic and
fermionic out-of-equilibrium. In chapter 3, we give an introduction to the effective long-
wavelength description of interacting one-dimensional fermions and bosons, which is the
interacting Luttinger liquid theory. We review the derivation of the Luttinger theory for
both species in equilibrium and derive the corresponding Keldysh path integral description.
Subsequently, we show in which way observables are transformed to the Luttinger Liquid
representation in the Keldysh framework and derive formulas for the microscopic Green’s
functions in terms of Luttinger-Keldysh fields. This chapter is the theoretical foundation of
Luttinger liquid theory out of equilibrium and contains the basic transformation formulas
that are used throughout the rest of the thesis.

The interacting Luttinger liquid theory is the starting point for the derivation of the kinetic
equation for interacting Luttinger liquids in chapter 4. In this chapter, we exploit the struc-
ture of the resonant, cubic phonon scattering processes in order to derive a non-equilibrium
fluctuation dissipation relation for Luttinger liquids and a set of coupled equations for the
phonon self-energy, the cubic vertex correction and the time evolution of the phonon densi-
ties. This set of equations can be solved self-consistently and determines the time evolution
of an interacting Luttinger liquid out of equilibrium. The fact that this problem can be
solved exactly relies on the structure of the cubic vertex and the nature of the resonant
interactions, as we show in this chapter. As an application of the kinetic theory, we com-
pute the relaxation of an excited state close to equilibrium. In this relaxation dynamics,
we recover the linear response result of exponentially decaying excitations with a decay
rate proportional to the self-energy but also an algebraic late time decay, which reveals
the presence of dynamical slow modes due to exactly energy conserving dynamics. The
numerical relaxation exponent for the slow modes is z = 0.58. This work is currently under
review and can be found as a preprint

e Kinetic Theory for Interacting Luttinger Liquids
Michael Buchhold and Sebastian Diehl
arXiv:1501.01027, (2015).

In chapter 5, we investigate the relaxation dynamics of one-dimensional, dispersive fermions
after a sudden interaction quench. First, we determine the time-evolution in the corre-
sponding Luttinger liquid formalism and identify the prethermal state and the relaxation
dynamics towards it, following the results by Cazalilla [39] but in the formalism pre-
sented in chapter 3, which allows us to systematically include interactions in the next step.
Subsequently, we analyze the full relaxation dynamics in the presence of interaction and
determine the thermalization dynamics for one-dimensional interacting fermions. We find
that the relaxation happens in three different, but subsequent steps. First, for short times
after the quench, the new quasi-particles have to be formed, leading to a spatio-temporal
behavior, which is determined from the initial state before the quench. At intermediate
times, the quasi-particles have formed but are distributed according to a non-equilibrium
distribution function, leading to an intermediate time dynamics, which can be described
by the prethermal state in the absence of interactions. Finally, at large times, the system
starts to significantly redistribute energy between the quasi-particle modes and establishes
local detailed balance. This thermal regime is described by an effective temperature, which
is larger than the temperature of the corresponding equilibrium state as there are still re-
gions in the spatio-temporal phase diagram, which have not yet reached equilibrium. The
energy transport from the equilibrated, short distance modes to the thermalizing large
distance modes can, due to the local detailed balance, only be performed by the dynam-
ical slow modes, witnessing again the relaxation exponent np = 0.58 in the decay of the
effective temperature Ty — Too ~ t70-58 towards its final value.

Furthermore, we show, in which way the thermalization dynamics can be understood in
the fermionic real space Green’s function and momentum distribution and thereby, for the
first time, analyze the full thermalization dynamics of interacting, dispersive fermions in
one dimension.

In chapter 6, we analyze the heating dynamics of one-dimensional, interacting lattice bosons
subject to permanent, particle number conserving heating. The bosons are confined to
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a lattice potential created by counter-propagating lasers and heated up by subsequent
stimulated absorption and spontaneous emission of laser photons. As the heating is particle
number conserving, the effective low energy description for this system is an interacting
Luttinger Liquid with permanent phonon production, the latter being the effect of the
heating. The local nature of the spontaneous emission event induces a population rate
of Luttinger phonons dyng ~ 7|q| in time, which does not correspond to an equilibrium
distribution. However, as the interactions favors detailed balance, a redistribution of energy
takes place simultaneously to the heating, starting at the shortest distances and spreading
towards the longest distances as more and more phonon modes are occupied. On short
distances, where collisions are fast, the system establishes detailed balance even in the
presence of heating and can be described by an effective, time dependent temperature. On
the other hand, for low momenta, the distribution function increases linearly in momentum.
This linear increase in momentum is protected by the structure of the phonon scattering
vertex, which scales to leading order linear for small momenta. On the largest distances,
this non-equilibrium scaling behavior of the distribution function enters the corresponding
observables and imprints a non-equilibrium behavior on large distance observables, such
as for the static and dynamic structure factor at low momenta. It yields a new universal

scaling law for the phonon decay rate, which scales as 03 ~ \q]5/ 3 with a non-equilibrium

exponent 7 = 5/3. We are able to show that this scaling behavior is protected by the
U(1)-invariant dynamics of the system and will even survive in the presence of initial
thermal noise, which makes it a very robust observable in cold atom experiments with
external heating mechanism. As a further universal feature, we show that the effective
thermal regime spreads in space according to Xy ~ t%/% and therefore ultimately erases
the long distance non-equilibrium scaling regime at large times. This work is accepted for
publication in Physical Review A and can be found as a preprint

e Non-equilibrium Universality in the Heating Dynamics of Interacting Luttinger Liqg-
uids
Michael Buchhold and Sebastian Diehl
arXiv:1404.3740, (2014).
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I INTRODUCTION TO THE KELDYSH
PATH INTEGRAL

The Keldysh path integral formalism represents the basic theoretical foundation for this
thesis. It has been developed in the 1960’s in seminal works by Schwinger|[178] 179], Kon-
stantinov and Perel’[116], Kadanoff and Baym[98] and its eponymous, Leonid Keldysh[106].
Prospectively, Keldysh introduced the formalism exclusively based on real times and real
frequencies and chose a convenient representation (the so-called Keldysh representation)
for the variables in the path integral and thereby developed the formalism as it is used
today. The Keldysh path integral formalism is a convenient formulation of the time evolu-
tion of a quantum mechanical density operator by introducing the so-called closed contour
formalism. It is suited to describe both equilibrium and far from equilibrium problems and
even for equilibrium problems goes beyond linear response, which can be dealt with in the
imaginary time equilibrium (i.e. Matsubara) formalism.

However, in this thesis we deal with an ensemble of problems that cannot (or can only
with huge difficulties) be dealt within the Matsubara technique.

First, in chapter 2], we consider systems of interacting bosonic particles subject to quenched
disorder. While in the Matsubara formalism, these systems can be solved only by sophis-
ticated replica methods (super-symmetry methods are not applicable with interactions),
they are very naturally and straightforwardly approached in the Keldysh framework, which
promotes the Keldysh path integral to the method of choice for these systems.

Second, in chapters [ [5] and [6], we develop and apply a kinetic theory for the out of equi-
librium dynamics of interacting one dimensional quantum fluids, theoretically described
in terms of so-called interacting Luttinger Liquids. Although for a number of physical
systems the corresponding kinetic equations can be derived from an equilibrium formal-
ism by simply applying Fermi’s Golden Rule, there are many exceptions for which this is
impossible and a non-equilibrium formalism has to be applied. As we will see, interacting
Luttinger Liquids constitute one of these exceptions as, due to the resonant character of
the interactions, both the matrix elements for Fermi’s Golden Rule as well as the kinetic
equation will diverge without proper regularization. The latter, however, will be a func-
tional of the excitation density and in a far from equilibrium situation can not be obtained
from the Matsubara formalism.

Consequently, for the physical setups considered in this thesis, the Keldysh path inte-

gral formalism is an indispensable tool, which we will derive and explain in the following
sections.
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1.1 KELDYSH PATH INTEGRAL FROM THE QUANTUM MAS-
TER EQUATION

A huge class of non-equilibrium problems are so-called open systems, where the system
of interest S is coupled to a bath B via some system-bath coupling Hgg. This coupling
is designed in such a way, that the bath can not simply be treated as a plain energy and
(or) particle reservoir. As a consequence, a common thermodynamic ansatz relying on the
minimization of the combined entropy functional is not easily applicable. Such systems
typically have two features in common. First, the stationary state pss of the system alone
is not described in terms of a canonical (or grand canonical) Gibbs ensemble, i.e.

1
pss # e AH (1.1.1)

where 7! = kg T is the inverse temperature and H is the system Hamiltonian. Second,
the dynamics of the system (even close to equilibrium) are not determined by the system
Hamiltonian alone and the system-bath interaction has to be accounted for.

However, for many systems of relevance (and for all the systems considered in this thesis),
the typical bath degrees of freedom equilibrate on time scales much faster than the system’s
degrees of freedom. If this is the case, in a stochastic wave function interpretation, between
two subsequent events in which the bath interacts with the system, the bath has a sufficient
amount of time to equilibrate. This means, that at each interaction event between system
and bath, the system interacts with an equilibrated bath and the bath has completely lost
its memory on the previous interaction event. Such a bath is referred to as memoryless
or Markovian bath. For a sufficiently weak system-bath interaction, one can then perform
second order perturbation theory in the system-bath coupling terms and derive an effective
equation of motion for the density matrix of the system, which contains system operators
only. This procedure is known as Born-Markov approximation and adiabatic elimination
and the tzype of equation of motion, that is obtained from it as the quantum master
equation!?.

The most general form for a time-local quantum master equation is the so-called Lindblad
form, which reads

depy = Lp = % [H, pe] + Z <2LaPtLL - {LLLoUpt}> : (1.1.2)

Here, py is the time dependent density matrix (throughout this thesis we will write temporal
and spatial degrees of freedom as a subscript), H is again the system Hamiltonian, [-,]

denotes the commutator and {-,-} the anti-commutator and the operators {Ly} are the
so-called Lindblad or quantum jump operators. The Lindblad operators are functionals,
in many cases linears or bilinears, of system operators and their precise form depends on
the specific system-bath coupling. The operator £ is called the Liouvillian and it is the
generator of the dynamics of the density matrix. The Hamiltonian part of the Liouvillian
represents the unitary quantum (i.e. the coherent) dynamics of the system, while the
jump operators introduce a source of decoherence and therefore dissipative dynamics of
the system. As a consequence of the elimination of the bath variables, the dynamics
of the system and therefore the master equation in Eq. is not unitary anymore.

!The requirement of a Markovian bath is not necessary for a quantum master equation. However, for
a non-Markovian bath, the quantum master equation will obtain a time non-local memory kernel, which
reflects the fact, that the bath is unable to equilibrate between two subsequent system-bath interactions
and retains memory of these events.

2We will not explicitly demonstrate the individual steps corresponding to the Born-Markov approxima-
tion and adiabatic elimination since it is a standard procedure in the context of open systems, but refer
the reader to Refs.[27] [66]
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However, the structure of the Lindblad master equation guarantees a trace (and therefore
probability) conserving, positive and hermitian density matrix for all times[127, 118].

We will now take Eq. as the starting point for the derivation of a path integral for
the partition function and the Green’s functions of a Markovian open quantum system. Of
course, the steps explained above, i.e. the Born-Markov approximation and the adiabatic
elimination of the bath variables, can be performed as well on the level on a path integral.
For this approach, one defines the path integral for the complete system on the Keldysh
contour (which displays only Hamiltonian dynamics in this case) first and subsequently
integrates out the bath degrees of freedom in the Born-Markov approximation. The latter
approach is demonstrated in Sec.

1.1.1 The Partition Function

The central object in a path integral approach to many body physics is the partition
function Z(t), defined as

Z(t) = T (py) (1.1.3)

as it is the starting point for any field theoretical approach, as for instance the derivation
of the effective action. The time evolution of the density matrix py is described in terms
of the Lindblad master equation ((1.1.2)), which has the formal solution

pe = e%pg. (1.1.4)

As already explained above, the Lindblad type dynamics preserve the norm of the density
matrix. Considering an initial density matrix py normalized to unity, Tr(pg) = 1, we
therefore have

Z(t) =Tr(p,) = Tr (etﬁpo) = 1y (1.1.5)

Here, the artificial index t in 14 indicates, that this expression is unity at time t. Commonly,
at this point one introduces source fields, which couple linearly or bilinearly to the fields
and generate correlation functions via functional derivatives with respect to these source
fields. After the performing the functional derivatives, the source fields are set to zero and
the partition function equals unity.

For now, we want to find a path integral representation of the partition function and
therefore we are interested in pg. The formal solution for the time dependent density
matrix is given by Eq. (|1.1.4), where the exponential is nothing but the limit

t
e = lim (1+6£)Y, with & =—, NeN. (1.1.6)

N—oo N ’

Applying this expression to the time dependent density matrix, we find

N
o = [nglgo]Hl (1 + 55%)] po, (1.1.7)

which obviously solves Eq. (1.1.2). Here, the time difference 5,51) =t — 0= — ¢ /N
obtains the same numerical value for all 1 and at this point only indicates the position at

1.1 Keldysh Path Integral from the Quantum Master Equation 21



which this time difference is occurring in the product above. Combining Eqs. (1.1.7]) and
(1.1.3), the partition function can be rewritten as

N
Nhfiog (1 + 59)5)] p0> . (1.1.8)

Here, we want to point out the similarities and the differences of the partition function
(1.1.8]) to an equilibrium partition function, which is defined as
]l) , (1.1.9)

Zog =Tt (675H> =Tr (

Z(t) =Tr(py) = Tr (

N
Jm TT(1-o0m)

where H is the corresponding Hamiltonian and (59) = % is the imaginary time difference.
In order to simplify the following discussion, we define the discrete time dependent density
matrices
m m
A =11 (1 + 5§%> po and ™ = (1 - 59>H) . (1.1.10)
1=1 1=1

Comparing Egs. and (|1.1.9), we immediately encounter two major differences be-
tween the real time partition function of an open system to the partition function of an
equilibrium system.

First, for the equilibrium system, the Hamilton operator H in imaginary time step (1) only
acts from the left on pg]_l)?’. As a consequence, in the derivation of the equilibrium path
integral, it is sufficient to insert a single unit operator in terms of coherent states at each

time step between 1 — 5.(r1)H and pgl_l) to transform all operators to the corresponding
fields (either complex, real or Grassmann fields)?. In contrast, the operator £, as by its

definition (see Eq. ), acts at time step (1) from the left and from the right on pél_l).
The complete replacement of operators by fields in equation is therefore only pos-
sible by inserting two unit operators in terms of coherent states at each time step, one on
the left and one on the right of pglfl), defining the closed time path, i.e. Keldysh, contour.
Second, for the partition function at equilibrium all information is contained in the Hamil-
tonian H, i.e. the generator of the dynamics. This is fundamentally different for the real
time partition function for open systems, where both the generator of the dynamics, i.e.
the operator £ as well as the initial state pg determine the partition function and therefore
in general more information is required than for an equilibrium setup®.

In order to derive a path integral for the real time partition function (1.1.8)), we consider a

bosonic system®, described by bosonic creation and annihilation operators {b;r, b, }. Here,
the variable (i) labels a complete set of single particle quantum states in terms of which
the Liouvillian £ is expressed. In the common way, for a set of complex variables {¢;}, we
define bosonic coherent states

[¢) = e %Pl o), (1.1.11)

3We neglect for the moment that H, of course, commutes with itself and that for this reason there is
not really an “action” of this operator from the left.

4For a detailed derivation and discussion of equilibrium path integrals and coherent states see Ref. [146].

5The only exception are steady states of the system pss, which are zeros of £, i.e. Lpss = 0. However,
for non-zero jump operators, these steady states can not be described by an equilibrium density matrix.

SFor fermionic or spin systems, the procedure will be equivalent but one has to use Grassmann or spin
coherent states instead of complex coherent states.
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which are eigenstates of the annihilation operators,

by |p) = il ¢). (1.1.12)

Adding a proper normalization, these coherent states fulfill an exact completeness relation

1 Z/D[¢*,¢]I¢><¢I, where /D[cb*,qb] zﬂ/(wfd’ e 99 (1.1.13)

Similar to the derivation of the equilibrium path integral, at each infinitesimal time step
in Eq. (1.1.8), one inserts unit operators in terms of coherent states. However, as the

operator 1+ 5§l)ﬁ acts both from the left and from the right of p~1 . a pair of identities is
required at each time step. One identity acts from the left and obtains an additional (+)
index, while the other identity acts from the right and obtains an additional (—) index.
For a fixed number of time steps N, this requires the insertion of 2(N + 1) unit operators
according to

Z(t) = Tr _— (1+6§1+1)£) vpgl)v SN
]1N+ 11+ ]l]_ ]lN,
- /D (651 2] D 6% Ox_] - D [éfr.b1s] D 67 6] - (1.1.14)

T (|owe @l [ (14 0002) (100 (01 lpl6r-) (1-1) | -lon- -1

Here, we have labeled the coherent states at time step (1) with a corresponding index and
the above mentioned additional (£) index corresponding to an action of the coherent state
from the left (right) of the initial density matrix pg. This can be seen as two independent
time contours, starting from the density matrix at t = 0 and evolving until the trace is
evaluated at time t. We will from now on refer to these different sets of coherent states as
the 4-contour and the —-contour.

In the next step, one has to evaluate the individual matrix elements occurring in Eq. .
For 0 <1 < N, these matrix elements are all similar, only differing in the time index | and
we will compute them in the following steps. However, two special matrix elements occur
in the above expression at | = 0 and I = N. First, for | = N, due to the trace, one has to
compute the direct overlap

Tr ([oN4) (N4 |- [¢n-HPn-|) = (ON-[dN1) (N [oN-) (1.1.15)

of coherent states from different contours. On the other hand, for 1 = 0, one has to evaluate
the matrix element of two coherent states with the initial density matrix

Tr (-..|¢0+) (Po+| poldo—)(Po-|) ... = {0+ |poldo-) (Po—|... [P0+ )- (1.1.16)

These two matrix elements are very important, as they not only contain the complete
information on the initial state of the system, but they also provide the regularization of
the path integral in the absence of dissipation. As it is common in the literature, we will
not explicitly evaluate these matrix elements now but later implement them in terms of
initial conditions in the path integral, which is a completely equivalent procedure [99].

For those matrix elements, for which the Liouvillian is enclosed by a set of coherent states,
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we find the following expression at time step I:

o)1) [(1+60£) (6114) Groas] 1) (1) lon) (o]

= o) (D1 |dr-14)(D1-14| |11 ) (P1-1-|P1-) (1|
+60 1o 1] [£ (Ib10 ) D11h] b1 ) (b1 )] [d) (|

= o) (D dr—14 ) (Bro14 | -l 1) (-1 | d1-) (1| (1117)
50
+tT\¢1+><¢1+|H!¢171+><¢171+\ o1 M1 | 1) (| (1.1.18)
M
_%|¢1+><¢1+|¢1_1+><¢1_1+| 1) (do - [H| g1 ) (o1 | (1.1.19)

=03 o) (o ILE Lo d1 ) (1] oM la ) o] (1.1.20)
~00 3 o) (Dl dr ) (Boae] éio) (- [Li Ll (e-|  (1.1.21)

00037 2(614) (014 Lol d1-14) (D11 | oo d1-1-) (B11- Ll ) (o1, (1.1.22)

All the operators in this expression have to be normal ordered in order to evaluate the
matrix elements. For the Hamiltonian this is typically the case and one finds

|61 ) (D1 [HDT, b ) oo ) (Bro14 ] = H(B, d_14) 1) (P [dr—1) (1| (1.1.23)

for the terms in Eq. . This is done equivalently for the matrix elements on the minus
contour with a subtle difference however. While on the plus contour, creation operators
are evaluated for an infinitesimally later time than annihilation operators, on the minus
contour the exact opposite is true, as one can see from

|$1-1-) (11— [H(bT, b )[1-) (| = H(d7 1, ¢y ) [dm1-}(d11-|d1-)(dr|. (1.1.24)

For typical, relevant physical setups, the jump operators are simple polynomial functions of
the creation and annihilation operators and can therefore be normal ordered in a straight-
forward way. However, for the jump operators one should be careful since the product of
normal ordered operators is in general not normal ordered, i.e.

LIL,:#: Ll ::L,: (1.1.25)
where : ... : denotes normal ordering. This fact is most easily illustrated in the case
of incoherent single particle loss, for which the jump operators are simple annihilation

operators LL = b and consequently

Lt

«

::L, :=b,bl #blb, =:b bl := LIL

atHa ot

(1.1.26)

For simplicity, we consider the individual jump operators to be normal ordered, i.e. L, =:
Le :. Then, the matrix elements in Eq. (1.1.22)) evaluate to

|614) (D14 Lo (BT, D) [d1- 14 ) (D114 | = Lo (@y, d1_14) b1 ) (D1 |14 ) (o1 | (1.1.27)

and equivalently for L}, and the normal ordered form of the product L!La. After evaluating
the individual matrix elements and replacing all the operators by complex field variables,
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the Liouvillian enclosed by coherent states can be rewritten according to

o120l [(1+602) (lor10) Groas] o1 ) (1) o) (o]
= (1400 L0k o1 91 0101)) 160) (G lo1-14) (G114 ol M- o) (o)

= VB OeH 00 6 VG N1y e Y (G e ) (] (1.1.28)

Here, we have defined the Liouville functional of the fields

1
£(¢f+a¢1—1+a ¢T—7¢1—1—) = 1 (H(¢T+7¢1_1+) - H(dﬁk—a ¢1—1—))
_ Z |:<LLL(X> (¢T—|—7 ¢1_1+) -+ <LLLQ) (¢f<_7 d)l—l—)
+ 2L (654, b1 )L (GF . d11). (1.1.29)

The last term in Eq. corresponds to the recycling term in the quantum master
equation and mixes coherent state amplitudes from the (+) and (—) part of the contour.
Therefore, it has no counterpart in an equilibrium path integral formulation, where due to
the purely Hamiltonian time evolution, the contours are only connected at 1 = 0, i.e. at
the initial state and at 1 = N, where the trace is evaluated.

The residual state overlap elements and the coherent state measure

e 0 |61y ) (B |dr14) (D114 ] | Bo1-) (D11 [ @) (e =T
T T 1 YO TN I T Y T [ C S L

s s s 5D (16, &*

= A g ) (G |ddia) (o] 0 B0 (1.1.30)
(1) ()

e U T B T 1 (7 S L e (1.1.31)

form an effective temporal derivative of the fields, which is well known from the equilibrium
path integral. Here, we used the formula for the inner product of coherent states

(¢l¢) = e (1.1.32)

and the continuum limit §; — 0 to derive . After partial integration on the minus
contour, one arrives at Eq. . The fact that the annihilation operators on the minus
contour are evaluated infinitesimally later in time is expressed by the respective minus sign
in front of the temporal derivative. In the continuum limit, the partition function

Z(tg) = /D[qﬁ*,qﬁ] el (1.1.33)

is now defined in terms of the complex action
te
S= [ dt (¢} (t)ide(t) — % (t)i0ed_(t) — IL(ST(t), Do (t), ¢ (t), d_(t))), (1.1.34)

to

which is an integral over the Liouville functional and the time derivatives of the fields,
starting from the initial time tg to the final time t¢, at which the partition function is
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evaluated. The functional measure in the integral is defined as

D[¢*, ¢] = H/dqbqubi (1.1.35)

Up to now, in the action in Eq. , there are still missing the contributions from the
matrix elements at 1 = N and 1 = 0. In the continuum limit, these contributions become
infinitesimal terms at t = ty and t = tg, respectively. However, as mentioned above, they
are necessary in order to provide a regularization of the path integral defined in Eq. .
For completeness, we will briefly discuss the corresponding matrix elements, which are

(@ (tr) |6 (tr)) = P+ (100 (0) (1.1.36)
and

(b (t0) ] po|p—(to)) = eF (#3 (00— (t0)),
with T (¢ (to), ¢_(to)) = log ({¢+(to)|pold—(t0))) - (1.1.37)

While the evaluation of Eq. is quite simple, the computation of the function I' in
Eq. is very demanding and will not be performed directly. It acts as an initial (or
boundary) condition for the path integral, which is much simpler integrated on a physically
more transparent basis, namely on the basis of the bare Green’s functions. This will be
performed in the subsequent chapter.

As a last step, we can enlarge the contour, ranging from tg = —o00 to ty = 0o to recover the
non-equilibrium path integral on the (+)-(—) contour for a system with dynamics described
by a master equation, containing both unitary dynamics and non-unitary dynamics in terms
of Lindblad type jump operators.

1.2 NON-EQUILIBRIUM GREEN’S FUNCTIONS

Green’s functions are expectation values of time-nonlocal operator products and as such
contain important information about a system’s response and correlation properties. The
simplest Green’s functions in general are particle-particle Green’s functions, which consist
of only two atomic (creation and annihilation) operators and for many purposes, they
contain already sufficient information to make valuable predictions about the system of
interest. However, there exist arbitrary orders of Green’s functions, the most well-known
being certainly the density-density correlation function, which is nothing but a four point
(consisting of four atomic operators) Green’s function.

In equilibrium, there exists only a single Green’s function (for each different power of
operators), namely the imaginary time ordered or Matsubara Green’s function. This is
a consequence of the fact, that response and correlation properties at equilibrium are
inextricably linked via the equilibrium fluctuation dissipation relation. This is, however,
no longer the case for an out-of-equilibrium situation and more information is required, as
we will see in the following.

Let’s for the moment neglect multiple quantum states and consider a system described
by a single quantum mechanical degree of freedom. In this situation, the complex fields
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Figure 1.1: Illustration of Green’s functions on equal and on distinct contours. For fields
placed on equal contours (here illustrated with the +-contour), either to < t1, then the
Green’s function is already time ordered, or t; < to. For the latter, the two overlapping
contour parts, representing two identical phases in the action with opposite sign, cancel
exactly and the remaining Green’s function is time ordered. Therefore, equal contour
Green’s functions are always time ordered. For non-equal contours, there is no cancellation
since both contours are represented by different, independent fields and there is no time
ordering present.

¢o(t) only have a single index o = + indicating whether this field is on the plus or minus
contour. The two-point Green’s function on the +-contour is defined as”

Gia(t, 1) = —i(¢, (t)P5 (), (1.2.1)

where the average in Eq. ((1.2.1)) is the average with respect to the functional integral over
the action

()= /D[¢*,¢] el (1.2.2)

For indices v, = &+, we have four different combinations, representing four different types
of Green’s functions. For § = v = 4, both fields are on the plus contour and located on
the left of the density matrix. Since complex fields commute with each other and there is
no backward time evolution in the path integral formulation (compare with Fig. , this
combination represents a time ordered Green’s function

Gt (t,t) = (4 (t)d%(t))
f(t — t')Tr (b(t)b*(t/)p) L — )T (bT(t’)b(t)p) = iGT(t, t1.2.3)

where the operator with the larger absolute time is placed on the left of the operator with
the smaller absolute time.
For v = § = —, both operators are ordered in time as well, however, this time they are

"For simplicity, we imply U(1) invariance, i.e. strict particle number conservation for the present
situation, such that off-diagonal terms ~ (¢*¢*) are exactly zero.
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ordered on the minus contour, i.e. on the right of the density matrix, for which larger times
are placed on the right of smaller times and correspondingly the operators are anti-time
ordered

iG—(t,t) = (¢_(t)o"(t))
— Ot —t)Tr (pb(t)bf(t')) Ot —t)Tr (pr(t')b(t)) —iGT(t,t'). (1.2.4)
For the other two possibilities, where v # ¢, the operators are place each on a distinct
contour, such that no time ordering will be performed. The corresponding Green’s func-

tions are the lesser Green’s function, for which the creation operator is on the left of the
annihilation operator

G (6,t) = (. (t)o"(t))
t

- T (b(t)pr( ’)) - (b*(t/)b(t)p) = G<(t,t) (1.2.5)

and the greater Green’s function

(¢_ ()% (t))
Tr (bT(t')pb(t)) _ (b(t)bT(t')p) = G (1, 1), (1.2.6)

iG*Jr(ta t,)

for which the annihilation operator is on the left of the creation operator. Obviously, there
is some redundancy in these four Green’s functions and we can express the time ordered and
anti-time ordered Green’s function completely in terms of the lesser and greater Green’s
functions, according to

CT(t,t") = 0(t =t G (t,t) + O(t' — t)G=(t,t) (1.2.7)
and

GT(t,t) = 0(t — t)G<(t,t') + 0t — )G (t,t'), (1.2.8)

which follows straightforwardly from Eqgs. (1.2.3)-(1.2.6). Due to Eqs. (1.2.7)) and (1.2.8)),
only the knowledge of two distinct Green’s tunctions is required, such that the two missing
ones can be constructed as linear combinations of known ones.

In the special case of thermal equilibrium, there is an additional relation, known as the
fluctuation dissipation theorem, which reads

G (w) + G”(w) = (2np(w) + 1) (G (w) — G~ (w)) - (1.2.9)
Here, we switched to frequency space and introduced the Bose distribution function®

1

Because of this relation, in thermal equilibrium, it is sufficient to only know a single Green’s
function (time-ordered, anti-time ordered, lesser or greater) such that all other Green’s
functions can be computed. As a consequence of this, the equilibrium path integral is
situated on a single (imaginary time) contour and the Matsubara Green’s function contains
all relevant information on the system. However, this is no longer the case for an system out
of equilibrium, where not only the dynamics have to be determined from the path integral

8For fermionic systems, there exists a similar fluctuation dissipation relation, where the distribution
function is the Fermi-Dirac distribution.
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but also the distribution function of the excitations does not longer coincide with a thermal
Bose distribution. The latter point, of course, renders the fluctuation dissipation relation
in its equilibrium version (i.e. Eq. ) invalid. As a consequence, the knowledge of at
least two distinct Green’s functions is required out of equilibrium.

In the previous section, we showed that it is impossible to construct a path integral based on
a single contour for systems that are either driven and therefore not in thermal equilibrium
or that are evolving in time, starting from a non-thermal initial state. For both of these
situations, a two contour formalism is required as has been introduced in Sec. [I.1]

In this section, we illustrated that it is no longer sufficient for the dynamics to only have
the knowledge on a single (imaginary time) Green’s function but at least two Green’s
functions are required as soon as the distribution function of the system is not thermal
and consequently an equilibrium fluctuation dissipation relation does not hold. These two
results are of course closely related to each other and the deeper reason for them is simply
that for an out of equilibrium system, both response and correlations have to be determined
and described independently.

1.3 KELDYSH ROTATION AND FLUCTUATION-DISSIPATION RE-
LATION

The Green’s function in the (4)-basis contains a lot of redundancy and has no obvious
structural properties. This implies complex diagrammatic rules and causal constraints[99].
Both of these issues can be overcome by the so-called Keldysh rotation, which we will
introduce in the following. It reduces the redundancy in the Green’s functions and implies
a simplified fluctuation dissipation relation in a physically more appealing representation.
As a further consequence, the initial conditions can be implemented directly in
terms of the initial correlations of the system.

The complete Green’s function matrix in the (4)-basis reads

5 T / < /
oun={(( 240 Joen)- (£ &m0

The Keldysh basis is spanned by the fields ¢. and ¢, according to the transformation

oe® N _ 1 (1 1 [ 6®) ) _ 1 [ 6r(®)+0-(1) 132)

Pq(t) V21 -1 )\ ¢-(t) V2 \ or(t) —9-(t) ) -
The field ¢, is referred to as the classical field and the field ¢, as the quantum field. The
reason for this nomenclature is that the field ¢. can acquire a finite expectation value,
while the expectation value of the field ¢4 is always zero, by definition. In a Landau type
action for phase transitions, the field ¢. represents the order parameter field, which goes

to zero at a second order phase transition, while the field ¢4 is the response field, which is
the generator of response functions.
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The Green’s function in the Keldysh basis transforms to

L1 [ ETy) ey ) (11
G(t,t) = 2(1 _1)<G>(t,t’) GT(M/))(l - >

1
B G<(t,t') + G~ (t,t/) 0t —t") (G~ (t,
A =) (G4, ) — G (¢, 1) 0

_ (GK(M') GR(t,t'>>:<<¢c<t>¢:<t'> X0 :;(t’))>' 134
GMi.t) 0 Dq(SE() 0q(1)85()

Eq. (1.3.3)) follows from a direct application of the definition of GTT in terms of G

according to Eqgs (1.2.7), (1.2.8). The elements of the Green’s function (1.3.4]) are the

retarded /advanced Green’s function GR/A with the property

ahr = (6B (1.3.5)
and an retarded, advanced structure in time. The retarded and advanced Green’s function

contain information on the response of the system to external perturbations and on its
spectral properties. The difference is nothing but the spectral function

GR(t,t") — GA(t,t)) = CGZ(t,t)) — G<(t, ) (1.3.6)

CRrw) - Crw) = Aw)= (0w —H)). (1.3.7)

The structure of the Green’s function (1.3.4) is called causal structure and it is preserved
for all physical realizations, i.e. it is tridiagonal, with retarded and advanced components
on the off-diagonal. For an arbitrary n-point function, a product of only quantum fields

has to be zero, which is a consequence of the causality structure.

In terms of bosonic operators, the retarded Green’s functions is
GR(t,t) = —i6(t — t')( [b(t), bT(t’)b (1.3.8)

and the so-called Keldysh Green’s function GK, which is the expectation value of two
classical operators, is

GK(t,t') = —i({b(t), b (t')}). (1.3.9)

It contains informations on the correlations, for instance the occupation of excitations and
therefore informations on the initial state. The Keldysh Green’s function is anti-hermitian,
ie.

CK = — (¢&)". (1.3.10)
It is parametrized as
GK=GRoF—FoGA, (1.3.11)

where F is a hermitian function and o denotes the convolution in the corresponding param-
eter space (i.e. temporal and spatial degrees of freedom). The function F is the distribution
function, which contains information on the distribution of excitations in the system. The
parametrization in Eq. allows the separation of spectral properties and correlation
properties, which are both encoded in the Keldysh Green’s function.
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The inverse of the Green’s function in Eq. (1.3.4) determines the quadratic part of the
action (or in other words, the quadratic part of the action determines the bare Green’s

function) according to
1 @
S — * * G 1 [¢ ) 3.
Q/(@n@ﬁ <¢q> (1.3.12)

The inverse of Eq. ([1.3.4) is

Gl:((@%l —(GR>(?2;1<GA>1>E<§R ﬁi)- -

The retarded and advanced sectors of this matrix are determined by the Liouvillian £
alone, while the Keldysh sector (i.e. DX) is determined from the dissipative parts in the
Liouvillian as well as from the initial state. Inserting the parametrization of the Keldysh

Green’s function in Eq. (T.3.11]) into the definition of DX, one finds
DX =DRoF — FoDA. (1.3.14)

This defines the Keldysh part of the action in terms of the Liouvillian properties (which

determine DR/A) as well as the distribution function of the particles (or excitations) F.
If F is known at t = 0, the computation of the matrix element for the initial state in
Eq. (1.1.37) is no longer required in order to determine the quadratic part of the action.
Of course, this captures only the quadratic initial correlations in the system but it doesn’t
include higher order correlations up to this point. However, for many realizations (that
we will encounter in this thesis) it is sufficient to know the quadratic initial correlations in
order to describe the systems dynamics. These realizations include:

i) quench procedures, for which the initial state is a Gaussian or thermal state and therefore
fulfills an equilibrium fluctuation dissipation relation at t = 0.

ii) steady states for dissipative systems, for which the initial state does not play any role
for the late time dynamics in which the steady state is approached.

iii) disordered systems, for which typically the Liouvillian alone determines the critical
properties, as the disorder induced localization is a pure response property.

However, there are as well examples in the literature, which have shown cases in which
the quadratic initial correlations are by far not sufficient to describe the dynamics in
a reasonable way. The most prominent of these might be a fermionic Luttinger Liquid
connecting two fermionic reservoirs with different chemical potential |76, [75], [77].

The intention of this chapter is to derive the Keldysh action for a system with dynamics
described by a quantum master equation. These include Hamiltonian systems alone, as
well as driven-dissipative systems coupled to an external bath. While for the former, the
Keldysh contour is only required for disordered systems (which can again be seen as systems
coupled to a quenched bath) and systems which are initialized in an out of equilibrium
state, the latter will always require a path integral on the Keldysh contour because of
the presence of the quantum jump operators. We introduced the basic Green’s functions
on the (4)-contour and discussed their properties and finally introduced the framework in
which this thesis will be settled. Namely the Keldysh representation of the non-equilibrium
path integral. In this last section, we provided basic information on the Keldysh Green’s
functions, fluctuation-dissipation relations and the determination of the initial correlations,
which are required for an analysis of non-equilibrium systems in terms of the Keldysh path
integral.

The above discussion is by far not exhaustive and for further information on the Keldysh
path integral, we refer to the reviewing literature [99, [3].
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2 DISSIPATIVE SPIN GLASSES IN OP-
TICAL CAVITIES

In the context of ultracold atoms in multimode optical cavities, the appearance of a
quantum-critical glass phase of atomic spins has been predicted recently [190]. Due to the
long-range nature of the cavity-mediated interactions, but also the presence of a driving
laser and dissipative processes such as cavity photon loss, the quantum optical realization
of glassy physics has no analog in condensed matter, and could evolve into a “cavity glass
microscope” for frustrated quantum systems out-of-equilibrium. Here we develop the non-
equilibrium theory of the multimode Dicke model with quenched disorder and Markovian
dissipation. Using a unified Keldysh path integral approach, we show that the defining fea-
tures of a low temperature glass, representing a critical phase of matter with algebraically
decaying temporal correlation functions, are seen to be robust against the presence of dissi-
pation due to cavity loss. The universality class however is modified due to the Markovian
bath. The presence of strong disorder leads to an enhanced equilibration of atomic and
photonic degrees of freedom, including the emergence of a common low-frequency effective
temperature. The imprint of the atomic spin glass physics onto a “photon glass” makes
it possible to detect the glass state by standard experimental techniques of quantum op-
tics. We provide an unambiguous characterization of the superradiant and glassy phases
in terms of fluorescence spectroscopy, homodyne detection, and the temporal photon cor-

relation function g® (7).

2.1 INTRODUCTION

An emerging theme in the research on strongly correlated ultracold atoms is the creation
of quantum soft matter phases ranging from nematics and smectics |71}, [72], liquid crystals
[123], granular materials [97, 180, [153], friction phenomena in nonlinear lattices [160} [191],
to glasses |73, 190} 141l 148, [156]. Realizing glasses with strongly interacting light-matter
systems bears the promise to study some of the most celebrated achievements in statistical
mechanics from a new vantage point. The Parisi solution of mean-field spin glasses [20],
for example, continues to trigger research more than three decades after its discovery in
the early 1980’s, and may have implications for information storage [5] and “frustrated”
optimization algorithms [13]. The latter is related to the inability of a glass to find its
ground state; a feature that makes it inherently non-equilibrium.

Historically, quantum effects in soft matter and glasses have not played a prominent role
because most soft materials are too large, too heavy and/or too hot and therefore way
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outside the quantum regime. Spin and charge glass features have however been invoked
in some electronic quantum materials |20 [135], mainly due to RKKY-type interactions
or randomly distributed impurities providing a random potential for the electrons. How-
ever, here the glassy mechanisms occur often in combination with other more dominant
(Coulomb) interactions, and it is hard to pin down which effects are truly due to glassiness.
Note that the somewhat simpler Bose glass of the Bose Hubbard model [62] (see [79] for a
possible realization in optical cavities), while in the quantum regime, occurs because of a
short-range random potential, and does not generically exhibit some of the hallmark phe-
nomena of frustrated glasses, such as many metastable states, aging, or replica-symmetry
breaking.

It would clearly be desirable to have a tunable realization of genuinely frustrated (quan-
tum) glasses in the laboratory. Recent work on ultracold atoms in optical cavities [73,
190), [T41], [79] suggests that it may be possible to create spin- and charge glasses in these
systems, which arise because of frustrated couplings of the atomic “qubits” to the dynam-
ical potential of multiple cavity modes. It is appealing to these systems that the photons
escaping the cavity can be used for in-situ detection of the atom dynamics (“cavity glass
microscope”), and that the interaction mediated by cavity photons is long-ranged. The
latter makes the theoretical glass models more tractable and should allow for a realistic
comparison of experiment and theory.

The phases of matter achievable with cavity quantum electrodynamics (QED) systems
settle into non-equilibrium steady states typically balancing a laser drive with dissipation
channels such as cavity photon loss and atomic spontaneous emission. The notion of
temperature is, a priori, not well defined. A line of recent research on the self-organization
transition of bosonic atoms in a single-mode optical cavity (experimentally realized with
a thermal gas of Cesium [23] and with a Bose-Einstein condensate of Rubidium [26] [15]),
has established the basic properties of the non-equilibrium phase transition into the self-
organized, superradiant phase [56| 133], 105], 143 144 [149] 19| 49| 140, 170]. In particular
it was shown that, upon approximating the atom dynamics by a single collective spin of
length N /2 and taking the atom number N large, the dynamics can be described by classical
equations of motion [105) 19], and that the phase transition becomes thermal due to the
drive and dissipation [49)].

In this chapter, we underpin the previous proposal [190], and show that quenched disorder
from multiple cavity modes, leads to qualitatively different non-equilibrium steady states
with quantum glassy properties. We develop a comprehensive non-equilibrium theory for
many-body multimode cavity QED with quenched disorder and Markovian dissipation.
We pay special attention to the quantum optical specifics of the pumped realization of
effective spin model [55], the laser drive and the finite photon lifetimes of cavity QED.
Using a field theoretic Keldysh formalism adapted to quantum optics, we compute several
observables of the glass and superradiant phases, which are accessible in experiments with
current technology. Our key results are summarized in the following section.

The remainder of the chapter is then organized as follows. In Sec. [2.3] we discuss the multi-
mode open Dicke model in the simultaneous presence of quenched disorder and Markovian
dissipation. Disorder and dissipative baths are contrasted more rigorously in Sec. We
switch to a unified description of both these aspects in Sec. 2:4] in the framework of a
Keldysh path integral formulation, and specify the formal solution of the problem in the
thermodynamic limit in terms of the partition sum, which allows to extract all atomic
and photonic correlation and response functions of interest. This solution is evaluated
in Sec. 2.5 with some details in Sec. This comprises the calculation of the phase
diagram in the presence of cavity loss, as well as the discussion of correlation and response
functions for both atomic and photonic degrees of freedom, allowing us to uniquely char-
acterize the simultaneous spin and photon glass phase from the theoretical perspective.
We then discuss the consequences of these theoretical findings to concrete experimental
observables in cavity QED experiments in Sec. [2.5.5] The combination of correlation and
response measurements allows for a complete characterization of the phase diagram and in
particular of the glass phase.

The relation between Keldysh path integral and quantum optics observables is elaborated
on further in Sec. 2.9
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2.2 KEY RESULTS

2.2.1 Non-equilibrium Steady State Phase Diagram
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Figure 2.1: Non-equilibrium steady state phase diagram of the open multimode Dicke
model, as a function of averaged atom-photon coupling J (y-axis) and disorder variance K
(x-axis) and for parameters wy = 1 (cavity detuning) and w, = 0.5 (effective atom detuning)
for different photon decay rates k. QG is the quantum spin and photon glass, SR the
superradiant phase. The T = 0 equilibrium phase diagram of Ref. [190] is recovered as
k — 0. The SR-QG transition is not affected by k.

The shape of the phase diagram for the steady state predicted in [I90] , with the presence
of a normal, a superradiant, and a glass phase is robust in the presence of Markovian
dissipation, cf. Fig. I As to the phase diagram, the open nature of the problem only
leads to quantitative modifications. In particular, the characteristic feature of a glass
representing a critical phase of matter persists. The presence of photon decay overdamps
the spin spectrum and changes the universality class of the glass phase, which we now
discuss.

Within the glass phase, we identify a crossover scale w. ~ k proportional to the cavity
decay rate k, above which the spectral properties of a zero temperature quantum spin
glass are reproduced. Although the finite cavity decay k introduces a finite scale “above
the quantum critical point of the closed, equilibrium system”, x acts very differently from
a finite temperature. In particular, below w., the spectral properties are modified due to
the breaking of time reversal symmetry by the Markovian bath, while remaining critical.
Due to the low frequency modification, the quantum spin glass in optical cavities formally
belongs to the dynamical universality class of dissipative quantum glasses, such as glasses
coupled to equilibrium ohmic baths [46, 45 [44] or metallic spin glasses [165] [14T].
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2.2.2 Dissipative Spectral Properties and Universality Class
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Figure 2.2: Illustration of the dissipative spectral properties and universality class. As a
function of probe frequency w (y-axis) and the disorder variance K (x-axis), we illustrate
the different regimes in the phase diagram. In the normal phase, for frequencies w < «
the system is represented by a dissipative Ising model, described by Eq. , while for
frequencies w > a,w, it is described by non-universal behavior of a disordered spin fluid.
In the glass phase (K > K.), there exist two qualitatitvely distinct frequency regimes,
separated by the crossover scale we, cf. Eq. . At the lowest frequencies, w < w, the
system is described by the universality class of dissipative spin glasses. For w > w., we
find that the system behaves quantitatively as an equilibrium spin glass. For a@ < w, and
K < K, there exists a dissipative crossover region (D-C in the figure), which is a precursor
of the dissipative spin glass. It shows dissipative Ising behavior for smallest frequencies
and resembles the dissipative glass for frequencies we, > w > a.

Spectral properties — The role of the crossover scale between equilibrium and dissipative
spin glass is further illustrated in Fig. 2.2] It is given by

2 2 ,.2\2\ !
wC:2/£<1—|— “ +(w°+ﬁ)> . (2.2.1)

wi + K2 VKuw?

The resulting modifications below this scale, compared to a more conventional equilibrium
glass are due to the Markovian bath, introducing damping. In the normal and superradiant
phases, this allows for the following form of the frequency resolved linearized Langevin
equation for the atomic Ising variables,

7 (W +iyw + a?) x(w) = £(w), (2.2.2)

modelling the atoms as an effective damped harmonic oscillator, with finite lifetime 7 = £ <

and « the effective oscillator frequency, with the physical meaning of the gap of the atomic
excitations in our case. The noise has zero mean and (£(t')£(t)) = 277Teff(5 (t' —1).

At the glass transition, Z and « scale to zero simultaneously and the frequency dependence
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Figure 2.3: Dissipative spectral properties and universality class of the single-atom spec-
tral density A(w) (response signal of RF spectroscopy) in the quantum glass phase for
parameters K = 0.01,J = 0.1,w, = 2,k = 0.1, wg = 0.7. For frequencies w < w, below the
crossover scale, the spectral density is overdamped and proportional to y/w. For interme-
diate frequencies w > we, A is linear in the frequency, as for the non-dissipative case [190],
which is recovered in the limit x — 0.

becomes gapless and non-analytic. In the entire glass phase, the effective atomic low
frequency dynamics is then governed by the form

VT TR () = £w), (223)

which obviously cannot be viewed as a simple damped oscillator any more. The broken
time reversal symmetry manifests itself in v, 4 > 0, thus modifying the scaling for w — 0.
The crossover between these different regimes is clearly visible in Fig. 2:3]

Universality class — The qualitative modification of the low-frequency dynamics below the
crossover scale w. implies a modification of the equilibrium quantum spin glass universality
class. The open system Dicke superradiance phase transition, where the Zo symmetry of
the Dicke model is broken spontaneously due to a finite photon condensate, is enclosed
by a finite parameter regime in which the dynamics is purely dissipative, or over-damped
(see e.g. [49]). Together with the generation of a low frequency effective temperature
(LET), for this reason the single mode Dicke phase transition can be classified within
the scheme of Hohenberg and Halperin [88] in terms of the purely relaxational Model A,
thereby sharing aspects of an equilibrium dynamical phase transition. This situation is
different for the open system glass transition: Here, irreversible dissipative and reversible
coherent dynamics rival each other at the glass transition down to the lowest frequencies.
In particular, the dissipative dynamics fades out faster than the coherent dynamics as
witnessed by larger critical exponents, and there is no regime in the vicinity of the critical
point where either dissipative or coherent dynamics would vanish completely. This behavior
is demonstrated in the inset of Fig.

We note that, while these findings are unconventional from the viewpoint of equilibrium
quantum glasses, they are not uniquely tied to the presence of the driven, Markovian non-
equilibrium bath. In fact, such behavior is also present in the case of a system-bath setting
in global thermodynamic equilibrium, where the presence of the bath variables modifies
the spectral properties of the spins [45], 46], [141]. Both physical contexts share in common
the time reversal breaking of the subsystem obtained after elimination of the bath modes
and may be seen to belong to the same universality class.
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Figure 2.4: Thermalization into quantum-critical regime of the atomic (red, dashed line)
and photonic (blue lines) distribution functions F(w) when approaching the glass transition
at a critical disorder variance K. for wy = 1.3,w, = 0.5,k = 0.01, K. = 0.01, J = 0.1 and
varying parameter § = K, — K. For larger values of J, i.e. larger distance from the glass
transition, the low frequency effective temperature (LET) 2Teg = limy, o wF(w) of the
photons is much lower than the LET of the atoms and the frequency interval for which
atoms and photons are not equilibrated is larger. When the glass transition is approached,
atoms and photons attain the same LET.

2.2.3 Atom-Photon Thermalization into Quantum-Critical Regime

As in the driven open Dicke model, the statistical properties of atoms and photons are
governed by effective temperatures at low frequencies. The effective temperature differs
in general for the two subsystems. Approaching the glass transition, these effective tem-
peratures are found to merge. The finite cavity decay enables this mechanism but s does
not directly play the role of effective temperature. This mechanism pushes the hybrid
system of atoms and photons in the glass phase into a quantum-critical regime described
by a global effective temperature for a range of frequencies. This quantum critical regime
retains signatures of the underlying quantum critical point.

The Markovian bath not only affects the spectral properties, but also governs the statistical
properties of the system. The main statistical effect is the generation of a LET for the
atomic degrees of freedom, for which we find

w3+f£2

T.q =
eff 4w

(2.2.4)

throughout the entire phase diagram, and taking the same value as in the single-mode case
(in the absence of spontaneous emission for the atoms). This thermalization of the atoms
happens despite the microscopic driven-dissipative nature of the dynamics, and has been
observed in a variety of driven open systems theoretically [138|, 54} 47, 149, 48], 51, 202} [18T]
and experimentally [112]. Below this scale, the occupation properties are governed by an
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Figure 2.5: Emergent photon glass phase with algebraically decaying photon correlation
function g(2) (1) at long times, for parameters wgp = 1,k = 0.4,w, = 6,J = 0.4,K = 0.16.
The time-scale for which algebraic decay sets in is determined by the inverse crossover
frequency wec, given by Eq. . For comparison, we have also plotted the envelope of
the exponential decay of the correlation function in the normal and superradiant phase.
The short time behavior of the correlation function is non-universal and not shown in the
figure, however, g(2)(0) = 3 due to the effective thermal distribution for low frequencies.

The parameter 79 = O(wio) was determined numerically.

effective classical thermal distribution 2Teg/w, while above it the physics is dominated by
non-equilibrium effects [49]. For cavity decay k < wy, the crossover scale obeys we < T.g.
As a consequence, in an extended regime of frequencies between w. and Teg, the correlations
describe a finite temperature equilibrium spin glass.

In the single-mode open Dicke model, the photon degrees of freedom are also governed by
an effective temperature, which however differs from the one for atoms [49], indicating the
absence of equilibration between atoms and photons even at low frequencies. The increase
of the disorder variance leads to an adjustment of these two effective temperatures, cf. Fig.
2:4] At the glass transition, and within the entire glass phase, the thermalization of the
subsystems is complete, with common effective temperature given in Eq. . This
effect can be understood qualitatively as a consequence of the disorder induced long ranged
interactions, cf. Sec.[2.2.4] These allow to redistribute energy and enable equilibration.

We emphasize that the notion of thermalization here refers to the expression of a 1/w di-
vergence for the system’s distribution function, as well as the adjustment of the coefficients
for atoms and photons. This provides an understanding for distinct scaling properties of
correlations (where the distribution function enters) vs. responses (which do not depend on
the statistical distribution), which can be addressed separately in different experiments (see
below). Crucially, this notion of “thermalization” does not mean that the characteristics
features of the glass state are washed out or overwritten.
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Figure 2.6: Cavity glass microscope set-up: Atoms are placed in a multimode cavity
subject to a transversal laser drive with pump frequency wp. The atoms are fixed at random
positions by an external speckle trapping potential over regions inside the cavity, wherein
mode functions g(k;,x;) randomly change sign as a function of the atomic positions, in
order to provide frustration, as well as vary in magnitude. The more cavity modes, the
better, and in particular the regime where the ratio of the number of cavity modes (M)
over the number of atoms (N), a = M/N is kept sizable is a promising regime for glassy
behavior [5, [73]. Photons leaking from the cavity with rate x give rise to additional
dissipative dynamics and allow for output detection measurements.

2.2.4 Emergent Photon Glass Phase

The strong light-matter coupling results in a complete imprint of the glass features of the
atomic degrees of freedom onto the photons in the cavity. We refer to the resulting state
of light as a photon glass highlighting the connection of multimode cavity QED to random
lasing media [9, [7].

The photon glass is characterized by a photonic Edwards-Anderson order parameter signal-
ing infinitely long memory in certain temporal two-point correlation function. This implies
that a macroscopic number of photons is permanently present in the cavity (extensive scal-
ing with the system size), which are however not occupying a single mode coherently, but
rather a continuum of modes. The presence of a continuum of modes at low freqeuency is
underpinned by the slow algebraic decay of the system’s correlation functions as shown for
the photon correlation function in Fig. [2.5] This is a consequence of the disorder-induced

degeneracies. g(?(7) is accessible by detecting the photons that escape the cavity.

2.2.5 Cavity Glass Microscope

The cavity set-up of Fig. should allow for unprecedented access to the strongly coupled
light-matter phase with disorder. Adapting the input-output formalism of quantum optics
[42, [65] to the Keldysh path integral, we provide a comprehensive experimental charac-
terization of the various phases in terms of the cavity output spectrum and the photon

correlations g(® () in the real time domain.
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This continues and completes a program started in [49] of setting up a translation table
between the language and observables of quantum optics, and the Keldysh path integral
approach. The frequency and time resolved correlations can be determined via fluores-
cence spectroscopy, cf. Fig. and the measurement of g(? (1) follows time-resolved
detection of cavity output, cf. Fig. 2.5] The fluorescence spectrum shows a characteristic
ﬁ divergence for small frequencies w < w.. This indicates a macroscopic but incoherent
occupation of the cavity as anticipated above: The glass state is not characterized by a
single-particle order parameter where a single quantum state is macroscopically occupied,
and which would result in (temporal) long range order such as a superradiant condensate.
Rather it is characterized by a strong and infrared divergent occupation of a continuum of
modes, giving rise to temporal quasi-long range order. This phenomenology is reminiscent
of a Kosterlitz-Thouless critical phase realized e.g. in low temperature weakly interacting
Bose gases, with the difference that spatial correlations are replaced by temporal correla-
tions.

Finally, the combined measurement of response and correlations enables the quantitative
extraction of the effective temperature.

2.3 MULTIMODE OPEN DICKE MODEL

In this section, we explain the model for fixed atoms in an open multimode cavity subject
to a transversal laser drive shown in Fig. We first write down the explicitly time-
dependent Hamilton operator for a level scheme involving two Raman transitions proposed
by Dimer et al. [55]. We then transform this Hamiltonian to a frame rotating with the
pump frequency. This eliminates the explicit time dependencies in the Hamiltonian at the
expense of violating detailed balance between the system and the electromagnetic bath
surrounding the cavity. The bath becomes effectively Markovian in accordance with stan-
dard approximations of quantum optics. Finally, we eliminate the excited state dynamics
to arrive at a multimode Dicke model with tunable couplings and frequencies.

2.3.1 Hamilton Operator

The unitary time evolution of the atom-cavity system with the level scheme of Fig.
follows the Hamiltonian

H = Heay 4+ Hat 4 Hing + H(t) pump, (2.3.1)

which we now explain one-by-one. The cavity contains M photon modes with frequencies
v

a M

Heav = iy Viagai, (2.3.2)
which we later take to be in a relatively narrow frequency range v; &~ 1 such that the modes
couple with comparable strengths to the detuned internal transition shown in Fig.[2.8] The

atom dynamics with frequencies given relative to the lower ground state |0) is

N

Hat = Y welre) (re] + wslse) (sel +wal1e) (Lel. (2.3.3)
(=1
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Figure 2.7: Cavity glass microscope output of a typical fluorescence spectrum S(w) (not
normalized), decomposed in coherent S. and incoherent part S, for the three distinct
phases in the multimode Dicke model. The parameters J, K are varied, while wg = 1,k =
0.1,w, = 0.5 are kept fixed for each panel. Normal phase, (J,K) = (0.13,0.008). Central
and outer doublets are visible but broadened by the disorder, only the incoherent contri-
bution is non-zero. Superradiant phase, (J,K) = (0.4,0.008). The central doublets have
merged due to the presence of a critical mode at w = 0. At zero frequency there is a co-
herent d-contribution indicated by the arrow (dashed). Glass phase, (J,K) = (0.13,0.017).
There is a characteristic % divergence for small w < w, due to the non-classical critical
modes at zero frequency. The peak at w = 0 is incoherent and can therefore easily be
discriminated from the coherent peak in the middle panel. Scaling of correlations. The
inset in the upper panel shows the behavior of the peak distance of S(w) in the normal
phase when approaching the glass phase. The two peaks approach each other and merge
at the glass transition. The distance follows the dominant coherent exponent ag o 52 cf.

Sec. 2.2.91

The interaction between the atoms and cavity modes

N M
=3 % (gr ki, %¢)|re) (0] + gs(kl,x@)]sA(ld)al +He. (2.3.4)
(=1 i=1
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involves a set of cavity mode functions g(k;, x,) which depend on the wave vector of the
cavity mode k; and the position of the atom x,. The pump term

N
& — i Qr (ke xy
Hpump (t) = Z ( e iwprt il 3 L)W)ﬂz‘
/=1

+eminst 202 ) 0,]) 4 Hee, (23.5)

does not involve photon operators and induces coherent transitions between the excited
and ground states as per Fig. wp is the (optical) frequency of the pump laser. We
assume the atoms to be homogeneously pumped from the side so that the mode function
of the pump lasers are approximately constant Q; ¢(ky s, x¢) ~ Q.

N )
n N

Js

gr

1)
! o)

Figure 2.8: Internal level scheme to generate tunable Dicke couplings between the ground
state levels |1), |0) and the cavity. Adapted from Dimer et al. [55].

We now transform Egs. - to a frame rotating with the (optical) frequency of
the pump laser, malnly to ehmlnate the explicit time dependence from the pump term
Eq. (2.3.5) [55]. The unitary transformation operator is U(t) = exp(—iHpt) with Hy =

(wps = ) M s + 50 { (e + ) I el + sl el + wf 1)1}, with of &
frequency close to w; satisfying wp s —wpr = 2w) [55]. We then eliminate the excited states
in the limit of large detuning A to finally obtain the multimode Dicke model

ZwléTél 12; 1+Zgﬂ X(A. ) (2.3.6)

with a correspondence of the effective spin operators in Eq. (2.3.6]) to the internal atomic
levels

o = 1) (Le| = 100)(0e] , o = |14)(0¢| + 0¢)(Le] (2.3.7)
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The couplings and frequencies are tunable:

~9 k.
wi =1 — (wps — wj) + grg ) , wy = 2wy — W),
T
gr(ki;XZ)Qr
= ——" 2.3.8
gi¢ 2A, ) ( )
where we assume Eq. (15) of Ref. [55] to be satisfied: i‘? = is and grQr = gSAQS In

particular the effective spin-photon coupling gy can now be tuned sufﬁ(nently strong to
reach superradiant regimes by changing the amplitude of the pump £2,. The effective cavity
frequencies receive an additional shift from a mode mixing term aja; with space averaged
cavity couplings ~ g2/A, from which we only keep the mode-diagonal contribution (for
running wave cavity mode functions ~ eXi¥¢ this is exact; we do not expect qualitative
changes to our results from this approximation).

The multimode Dicke model with internal atomic levels obeys the same Ising-type Zg
symmetry, (a;, o) = (—a,, —o7y), familiar from the single-mode Dicke model [84], 200, 35|
43, 59, [58]. Therefore, there exists a critical coupling strength J., such that the ground
state of the system spontaneously breaks the Zo symmetry as soon as the average coupling
strength

Z \

N M
Z Z BilBim (2.3.9)

exceeds the critical value, J > J.. The phase transition from the symmetric to the sym-
metry broken, superradiant (SR) phase has been well analyzed for the single-mode Dicke
model and the essential findings, such as the universal behavior for zero and finite temper-
ature transitions [59] 58] or in the presence of dissipation [144] [149] 49], remain valid also
for the multimode case. The superradiant phase is determined by the presence of a photon
condensate, i.e. the emergence of a coherent intra-cavity field [15] [16], which is described

by a finite expectation value of a photon creation operator <a£> # 0. The superradiant

condensate a, =y aca with Y, |af|? = 1, is a superposition of many cavity modes
aiT , and its explicit structure depends on the realization of the couplings {g;}.

2.3.2 Markovian Dissipation

In a cavity QED experiment of the type described in Fig. 2.6] the atoms and photons
governed by the Hamiltonian are additionally coupled to the electromagnetic field
outside the cavity. This leads to the additional processes of spontaneously emitted photons
into the environment and to cavity photon loss through imperfect mirrors, accurately
captured by a Markovian master equation [66, [34]) of the form

Op = —i[H, p] + L(p) = Lex(p), (2.3.10)

where p is the density matrix of the atom-photon system, H is the Hamiltonian (2.3.6) and
L is a Liouville operator in Lindblad form

=Y ka (2LapLL - {LgLa,p}) . (2.3.11)
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Here, {-,-} represents the anti-commutator and the L, are Lindblad or quantum jump
operators. The photon dissipation is described by the Liouvillian

M
-k (Qaipéj — {ala, p}) , (2.3.12)

i=1

where k; is the loss rate of a cavity photon from mode (i). Eq. m ) describes a Marko-
vian loss process that, while being a standard approxunatlon in quantum optics, violates
detailed balance between the system and the bath. Formally, it can be derived by starting
with a cavity-bath setup in which both are at equilibrium with each other, and performing
the transformation into the rotating frame outlined above Eq. ( - also on the system-

bath couplings (see Sec. [2.8.3)).

In this work, we consider k; < wj, w, but of the same order of magnitude. In contrast, the
atomic dissipative dynamics are considered to happen by far on the largest time scale, which
can be achieved in typical cavity experiments [I5] [16]. In a recent open system realization
of the single-mode Dicke model [I5] 16], spontaneous individual atom-light scattering is
suppressed by five orders of magnitude compared to the relevant system time-scales, such
that atomic dephasing effectively plays no role [15]. As a result, only global atomic loss is
influencing the dynamics, which, however, can be compensated experimentally by steadily
increasing the pump intensity or chirping the pump-cavity detuning [I5]. We therefore do
not consider atomic spontaneous emission in this thesis.

2.3.3  Quenched or Quasi-static Disorder

The glassy physics addressed in this chapter arises when the spatial variation of cavity
mode couplings

K = Z (Z gﬂgm‘) e (2.3.13)

lml

is sufficiently large. The specific values of the couplings g in Eq. (2.3.6) are fluctuating as
a function of the atom (1) and photon (i) numbers and depend on the cavity geometry and

realization of the random trapping potential (Fig. [2.6]). After integrating out the photonic
a t

degrees of freedom in Eq. (2.3.6]), we obtain the ettective atomic Hamiltonian

Z of — Z Jmoy o, (2.3.14)

I,m=1

where we introduced the effective atom-atom couplings Ji, = Z}\f g“il"‘ and at thls point

neglected the frequency dependence in the atom-atom coupling term in Eq. (2.3.14] . This
is appropriate for w; ~ wy and wy large compared to other energy scales (in particular,
|(wi — wo) /wo| < 1). In order to solve the effective Hamiltonian (2.3.14)), it is sufficient
to know the distribution of the couplings Ji,, which itself is a sum over M random vari-
ables. For a large number of modes (M — o00), this distribution becomes Gaussian, ac-
cordmg to the central limit theorem, with expectation value J and variance K, as deﬁned

in Eqgs. respectlvely

The variables Ji, can be seen as spatially fluctuating but temporally static variables,
connecting all atoms with each other. This may be seen as a coupling to a bath with
random variables Ji,, which vary on time scales 7q much larger than the typical time
scales of the system 7g only. The dynamics of the bath is then frozen on time scales of the
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system, and the bath is denoted as quasi-static or quenched [20]. This type of bath is in a
regime opposite to a Markovian bath, where the dynamics of the bath happens on much
faster time scales 7y than for the system, my < 75 [66, B4]. We have summarized basic
properties of these baths in Sec. 2.8

2.4 KELDYSH PATH INTEGRAL APPROACH

In this section, we introduce the Keldysh formalism [100, 99 49] and derive the set of
self-consistency equations for the atoms and photons from which all our results can be
extracted. We first formulate the open multimode Dicke model Egs. (2.3.62.3.12)) as an
equivalent Keldysh action that includes the non-unitary time evolution induced by cavity
decay. In the Keldysh approach, one additionally benefits from the fact that the partition
function

Z =Tt (p(t)) = 1 (2.4.1)

is normalized to unity, independent of the specific realization of disorder, and we perform
the disorder average directly on the partition function. We then integrate out the photons
(carefully keeping track of their correlations, as explained below) and derive a set of saddle-
point equations for frequency-dependent correlation functions which can be solved.

2.4.1 Multimode Dicke Action

To describe the photon dynamics, one starts from an action for the coupled system of
cavity photons and a Markovian bath. Then the bath variables are integrated out in Born-
Markov and rotating wave approximations. The resulting Markovian dissipative action for
the photonic degrees of freedom on the (+)-contour reads

S = 0 [ (60— 060
j —0o0

in[2a, a7 — (al ai, + af_ajf)}) . (2.4.2)
Here, the creation and annihilation operators have been replaced by time-dependent com-
plex fields. The structure of the master equation (2.3.10]) is clearly reflected in the action
on the (£)-contour in Eq. (2.4.2). The first line corresponds to the Hamiltonian part of
the dynamics, with a relative minus sign between (+) and (—) contour stemming from the

commutator. The second line displays the characteristic form of the dissipative part in
Lindblad form.

For practical calculations, it is more convenient to switch from a (%)-representation of the
path integral to the so-called Keldysh or RAK representation. In the latter, the fields on

the (£)-contour are transformed to “classical” aj . = (aj Lt ajf) /+/2 and “quantum” fields
a; = (8, —a;_)/ V2, where the labeling of these fields indicates that a; . can acquire a
finite expectation value, while the expectation value of a; , Is always zero. After a Fourier

transformation to frequency space, a; (w) = [ dt a; (t) e7**, the photonic action in Keldysh
representation is obtained as

_ * * 0 DR(w) a',c
Sph _/jw(aj7c’aj’Q)( DA(w) DJK((,U) > ( aJ' )a (2.4.3)

) J J J.d
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where we used the abbreviation fjw = Zjl\il / g—ﬁ. The integral kernel of Eq. (2.4.3) is

the inverse Green’s function in Keldysh space with the inverse retarded /advanced Green’s
function

DA (w) = [GYA N (w) = wikj — w; (2.4.4)

and the Keldysh component of the inverse Green’s function

D{*(w) = 2ik;j. (2.4.5)

From now on, we will focus on the case where the variation in the photon parameters is
much smaller than all other energy scales of this problem and consider only a single photon
frequency wp and photon loss rate &, i.e. |k — kj| < & and |wy — wj| < wp for all photon
modes (j). As a result all photon Green’s functions are identical with x; = x and wj = wp.
The Green’s function in Keldysh space takes the form

() R Y 0 DRw) T
Q(M—(GA(W) 0 >—( DAW) DK(M)> : (2.4.6)

where we already identified retarded /advanced Green’s function GR(w) in Eq. (2.4.4)). The
Keldysh component of the Green’s function is obtained by performing the inversion (2.4.6))
as

C¥(w) = —CR(w)DX(w)GA (w). (2.4.7)

The retarded Green’s function encodes the response of the system to external perturbations
and its anti-hermitian part is proportional to the spectral density

A(w) =1 (G*w) — GA(w)) , (2.4.8)

since G2 (w) = [GR(w)]T. The retarded Green’s function G®(w) and the Keldysh Green’s

function G¥(w) constitute the basic players in a non-equilibrium path integral description,
determining the system’s response and correlations. For a more detailed discussion of a
Keldysh path integral description of cavity photons, we refer the reader to [49].

The atomic sector of the Dicke Hamiltonian ([2.3.6)) can be mapped to an action in terms
of real fields ¢y, as long as the physically relevant dynamics happens on frequencies below
w, [I74]. The ¢, obey the non-linear constraint

S(B3(t) — 1) = / D (£)eN @G O-1) (2.4.9)

where \(t) are Lagrange multipliers, in order to represent Ising spin variables (see Ref. [49]
for further explanation). As a result, we can apply the following mapping to Eq. (2.3.6)

o (t) — ai(b), (2.4.10)
o) — B 1, (2.4.11)

On the (+£)-contour, we then obtain

S.. = wi /1 (@) = ) (2.4.12)

Z b
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subject to the non-linear constraint
_1 > ) _ '
Sconst - w )\1—‘,- (¢]+ 1) )\1— (¢1_ ]-) . (2413)
z J1t

The atom-photon coupling reads

Seow = /m % (¢1+ (a;‘; + ai+) — (a;i + ai_>> . (2.4.14)

Transforming to the Keldysh basis and frequency space, the atomic propagator becomes

Su = — <¢c,l,¢q,1>nat<w><¢“)+1 /2 (2.4.15)

wZ wal ¢q,1 UJZ

with

A el — in)?
D, (w) = al A (@i (2.4.16)
el — (w —1in) Aq,l

)

Here, n — 0T plays the role of a regulator that ensures causality for the retarded /advanced
Green’s functions. For the atom-photon coupling in the Keldysh basis, we get

gil X a * * b'e QS )1
Scoup = / ? (ch,la ¢q,1) g ol Jr(a'c,la aq,l)a ¢ :
w,L,j g1 ¢q,1

For the atomic fields, it is useful in the following to introduce the Keldysh vector ®(w) =

(2.4.17)

¢C’l(w) , which will simplify the notation in the following.
¢q,l(°~’)

The Keldysh action for the open multimode Dicke model is then obtained as the sum of
Eqs. (2.4.3}2.4.15| [2.4.17))

S [{af, a .o, /\}] — Sun + Suc + Seon. (2.4.18)

2.4.2 Calculation Procedure

We now explain how we solve the Keldysh field theory described by Eq. (2.4.18]). The
calculation proceeds in three steps:

1. Integration of the photon modes: This step can be performed exactly via Gaussian
integration, since the action is quadratic in the photon fields. Note that this does
not mean that we discard the photon dynamics from our analysis. To also keep track of
the photonic observables, we modify the bare inverse photon propagator, Eq. (2.4.3)), by
adding (two-particle) source fields p according to '

CcC

Dyn(w) = Don(w) + p(w), with p= ( e ) : (2.4.19)

,UfIC qu
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Qee(t) = QX(t) = =i({o7 (1), 01}) || Geelt) = GX(t) = ~i{ {am(t), alu} )
\% = (07) | Qeq(t) = QR(t) = —1@t<[al (t),af‘]> Geq(t) = GR(t) = —i@t<[am(t),am]>
Ga(6) =0 | Quelt) = QA(1) = (Q(1))' Gaelt) = GA(t) = (GR(1))'

Qqq(t) =0 qu(t) =0

Table 2.1: Translation table for the atomic order parameter and Green’s functions, from
now on labeled with Q, and the intra-cavity photon Green’s function, labeled with G. For
simplicity, we have implicitely assumed time translational invariance.

The photon Green’s functions are then obtained via functional variation of the partition
function with respect to the source fields

J

R/A/K 7
G ( ) 5ch/cq/cc( )Z

’ . (2.4.20)
n=0

The resulting action is a sum of the bare atomic part (2.4.15) and an effective atom-atom
interaction

Sateat = —/ZJlméT YA (W), (w), (2.4.21)

with atom-atom coupling constants Jy;, defined in (2.3.14) and the frequency dependent
coupling

Aw) = %ax (Go (@) + CF (—w)) o, (2.4.22)

which is the bare photon Green’s function Gq after symmetrization respecting the real
nature of the Ising fields ®;. We note that the information of the photonic coupling to the
Markovian bath is encoded in A(w).

2. Disorder average: The coupling parameters Ji, are considered to be Gaussian dis-
tributed and the corresponding distribution function is determined by the expectation
value and covariance of the parameters Jjp

Jm = (2.4.23)

2| = 2]

0JméJym = (511’6mm/ + 5lm’5ml’) IA<lml’m’ ) (2424)

where the line denotes the disorder average and 6Jym = Jim — Jim represents the variation
from the mean value. The disorder averaged partition function can be expressed as

= / D ({®, A, J}) elSar+Sat-atSas) (2.4.25)
with the disorder “action”
i

Saie = 3 21: /(Jlm — T) Ko (T — T (2.4.26)
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describing a temporally frozen bath with variables Ji,. Performing the disorder aver-
age, i.e. integrating out the variables Jy in the action replaces the parameters
Jim — J/N in (2.4.21)) by their mean value. Furthermore, the variance K introduces a
quartic interaction term for the atomic Ising variables which is long-range in space

Sus = % / . %ﬂ: (BPIAD,) (w) (PIAD,) (), (2.4.27)

with the shortcut (P1A®,)(w) = O (W)A(W) P (w).

3. Collective variables: Atomic order parameter and Green’s function: To decouple the
spatially non-local terms in (2.4.21)) and (2.4.27)), we introduce the Hubbard-Stratonovich
fields ¥, and Q.o With o, @’ = ¢, q, which represent the atomic order parameter

Yalw) = 5 3 Gat@) (2.428)

1

and average atomic Green’s function

Qaa W, OJ 1 Z Qbozl Qso/l )> (2429)

1

Now, the action is quadratic in the original atomic fields ¢y, and so these can be integrated
out. The resulting action has a global prefactor N and we will perform a saddle-point
approximation which becomes exact in the thermodynamic limit and upon neglecting fluc-
tuations of the Lagrange multiplier. We replace the fluctuating Lagrange multipliers \j(t)
by their saddle-point value Aj(t) = A. In the steady state, the atomic observables become
time-translational invariant which restricts the frequency dependence of the fields to

7!’04(‘*‘)) = 275(W)¢aa (2.4.30)
Quo (W, ) = 278w+ W) Qaa (W). (2.4.31)

2.4.3 Saddle-point Action and Self-consistency Equations

The saddle-point action is given by the expression

S/N = —2:: + / T (~w) [JA<w)—J2A(w)G<w)A(w)] U(w)
—%Tr (10 Gw)| +IKTr [AQAQ] (w), (2.4.32)

with the “Green’s function”
G(w) = (Dat(w) . 2KA(w)Q(w)A(w)) (2.4.33)

and the field ¥T = (the,1q). The matrices A, G and Q in Eq. (2.4.32)) possess Keldysh
structure, i.e. they are frequency dependent trlangular matrices with retarded, advanced

and Keldysh components. The matrix A contains the photon frequencies wg, the decay rate
k, and also depends on the photon Lagrange multiplier u, so that all photon correlations
can be extracted from Eq. (2.4.32).
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Atomic Sector

In order to find a closed expression for the macroscopic fields {®,Q} and to determine
the saddle-point value for the Lagrange multiplier A, we have to evaluate the saddle-point
equations

58
6X

0, with X = Qua/, Yo, Aay, @ =¢,q. (2.4.34)

In stationary state, \q = ¥q = Qqq = 0 by causality and we set A\ = A and 1. =1 for
convenience.

The saddle-point equation for Ay expresses the constraint

K K 1
2:/@ (w) =iQ (t:0)22ﬁz<(0f)2>, (2.4.35)

1=1

which has been reduced to a soft constraint, present on average with respect to (1), com-
pared to the original hard constraint, (63)? = 1 for each (1) individually.

In the superradiant phase and in the glass phase, the spin attain locally “frozen” configura-
tions. The correlation time of the system becomes infinite, expressed via a non-zero value
of the Edwards-Anderson order parameter

N . IG—
qea = lim NZ@(T)UIX(O)). (2.4.36)

T—+00
=1

As a consequence, the correlation function Q¥(w) is the sum of a regular part, describing
the short time correlations and a d-function at w = 0, caused by the infinite correlation
time. We decompose the correlation function according to

QN (w) = dirqead(w) + QK (w), (2.4.37)

with the Edwards-Anderson order parameter qg,, being defined in Eq. and a
regular contribution ijg. In the literature [46, [108|, this decomposition is referred to as
modified fluctuation dissipation relation (FDR) as also discussed in Sec. [2.8] The saddle-
point equations for atomic response function and the regular part of the Keldysh function
are

2(\ — w?)

-1
Qw) = (22 -k (A w) Q) (2:4.38)

and

_ 4K‘QR‘2AK (QAAA_i_QRAR)-

K
w
Qreg( ) 1—4K‘QRAR|2

(2.4.39)

Egs. (2.4.35)), (2.4.38), (2.4.39) form a closed set of non-linear equations, describing the
physics of the atomic subsystem in the thermodynamic limit, which will be discussed in

Sec. BB
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Photonic Sector

The photon response G® and correlation function GK are determined via functional deriva-
tives of the partition function Z with respect to the source fields u, as described in (2.4.19))
and ([2.4.20). The saddle-point for the partition function is

Z =6 x 70, (2.4.40)

with the action § from Eq. (2.4.32)) and the bare photon partition function Zf)?‘).

In the Dicke model, the photon occupation n; is not a conserved quantity, such that anoma-
lous expectation values <a2> # 0 will become important. This has to be taken into account
by introducing a Nambu representation, where the photon Green’s functions become 2 x 2
matrices, see Sec. Generalizing the source fields p to include normal and anomalous
contributions, and evaluating the functional derivatives with respect to these fields, results
in the inverse photon response function

DR 5 (w) = (2.4.41)
w +ix — wp + IR (W) YR (w) (2.4.42)
(ER(—UJ))* —w — ik — wg + (ZR(—w))* . o
Here, the subscript 2 x 2 indicates Nambu representation and
SR() = (SR(—w)) = — b (@Dul) (2.4.43)
2AR(w) \ 2 (w? — X) o

is the self-energy, resulting from the atom-photon interaction. The Keldysh component of
the inverse Green’s function is

K oy [ 25+ 8w 2 (w)
Paalw) = < — (ZK(w))" 2ik — (ZK(w))” > (244

with the self-energy

W)
1Re (QF(W)AR(@))

SR (w) = — (ZX¥(Ww))” (2.4.45)

In the Dicke model, the natural choice of representation for the photon degrees of freedom
is the x-p basis, i.e. in terms of the real fields x = %(a* +a), p= ﬁ(a* — a), since the
atom-photon interaction couples the photonic x-operator to the atoms. In this basis, the
self-energy gives only a contribution to the x-x component of the inverse Green’s function,

and the inverse response function reads

23R (w) — —
DR (w) = < (@) —wo K —iw ) . (2.4.46)
—K + 1w —wo

In the limit of vanishing disorder K — 0, the self-energy approaches the value ER(w) =
ﬁ, reproducing the result for the single mode Dicke model [49] [59] [5§].
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2.5 RESULTS

We now present our predictions from solving the atomic saddle-point equations Eqgs. (2.4.35|),
(2.4.46]),

(2.4.38]), 12.4.391 and then extracting the photonics correlations using Eqgs. ?2.4.42 -
in the same order as in the Key Results Section In the subsection Cavity Glass Mi-

croscope, we present signatures for standard experimental observables of cavity QED by
adapting the input-output formalism to the Keldysh path integral.

2.5.1 Non-equilibrium Steady State Phase Diagram

two order parameters, namely the Edwards-Anderson order parameters g, in Eq.
indicating an infinite correlation time 7 and the ferromagnetic order parameter 1
(Eq. (2.4.30)), indicating a global magnetization:

)

The phases in the multimode Dicke model shown in Fig. can be distinguished by the
2.4.306|)
defined

Normal || qgs =0 =0
SR dea # 0 Y #0
QG dua 70 | =0

In the normal phase, the Edwards-Anderson parameter qg, and the ferromagnetic order
parameter 1 are both zero and Eq. implicitly determines the numerical value of the
Lagrange parameter Ay. In contrast, in the superradiant phase 1 # 0, and the Lagrange
parameter can be determined analytically to be

WaWo K
Ap=——75(J+—=]. 2.5.1

TR K2 < J ) ( )
In the quantum glass phase the Lagrange parameter is pinned to

Wz Wo
Aga = ——= VK. 2.5.2

The normal phase is characterized by a vanishing Edwards-Anderson order parameter, and
the corresponding Lagrange multiplier Ay is determined via the integral

0=2- i/ QX (w) (2.5.3)

A=AN

The normal-SR phase border is located at the line for which Ay = Agg, while the normal-
QG transition happens at Ax = Aqe. In the same way, the transition between superradiant
phase and quantum glass phase happens when v vanishes for finite qgz, # 0. This is the
case for

Asr = Ao & K =J2 (2.5.4)

The phase diagram for the open system for different values of the photon dissipation
is shown in Fig. As can be seen from this figure, the qualitative features of the zero
temperature phase diagram [I90] are preserved in the presence of dissipation. However,
with increasing x, the phase boundaries between normal and SR, QG phase are shifted to
larger values of J, K respectively, while the QG-SR transition is still located at the values
for which J? = K as for the zero temperature equilibrium case. Finite dissipation neither
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Analytic expressions SR to Normal to
QG QG
QY (w) =
Zs ((w +ivs)? — ag)
~ V2(wi+k?) 3 5 |2
Y- P 02 5|
_ wi+k? 2 6
s = ngZH 0 log((S)‘
_ wo(wB+x?) 3 5 ‘3
4= ke g oa®)

Table 2.2: Atomic spectral response and scaling behavior approaching the glass transi-
tion in two different ways. The normal to glass transition shows logarithmic corrections
compared to the SR to QG transition. The logarithmic scaling correction is a typical
feature of the glass transition and has also been found for T = 0 and finite temperature
glass transitions in equilibrium [203] 134]. We see that the lifetime of the excitations ~s
scales differently from the excitation energy g, which indicates a strong competition of
the reversible quantum dynamics and the classical relaxational dynamics. Although the
inverse lifetime scales faster to zero than the excitation energy, there is no point before
the transition, where one of these quantities becomes exactly zero as it was the case for
the superradiance transition. The described behavior at the glass transition means that
there is no purely relaxational low energy theory which is able to describe the dynamics
close to the transition. It does not fall into the Halperin-Hohenberg classification of dissi-
pative dynamical systems, but belongs to the universality class of dissipative spin glasses
[165], 146, [45] [44].

favors the QG nor the SR phase and as a result, the competition between disorder and
order is not influenced by the dissipative dynamics. The line at K = 0, i.e. zero disorder,
describes the normal-SR transition for the single mode Dicke model, which is known to be

2 2
located at J. = w(jl::

wy [49, 59, [58]. This result is exactly reproduced within our approach.

2.5.2 Dissipative Spectral Properties and Universality Class

The atomic excitation spectrum and the influence of the system-bath coupling on the
atomic dynamics are encoded in the retarded atomic Green’s function, which is identical
to the atomic linear susceptibility, Q®(w) = x)(w). It describes the response of the atomic
system to a weak perturbation as, for instance, the coupling to a weak coherent light field
(see Sec. , and its imaginary part determines the atomic spectral response

A(w) = —2Im (Q¥(w)), (2.5.5)

which can be measured directly via radio-frequency spectroscopy [188] 82]. The spectral
response A for the normal and SR phase (the regular part for the latter) is shown in Fig.
In order to describe the low frequency behavior of the atomic spectrum, we decompose it
into a regular and singular part, where the singular part captures the critical mode of the
SR phase in terms of a é-function at zero frequency, which is absent in the normal phase.
The regular part of the spectrum has the same structure for the normal and superradiant
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phase, and a derivative expansion of the inverse Green’s function yields the low frequency
response function

QY (w) = Zs ((w +ivs)° - aE)_l (2.5.6)

with the analytic expressions for the coefficients given in Table 2.2 This is the Green’s
function of a damped harmonic oscillator with characteristic frequency w = a5 and damp-
ing 75, which is described by classical relaxational dynamics and correctly determines the
atomic spectral response for frequencies w < ||as — i75|| smaller than the pole. The index
6 in Eq. indicates that the parameters scale with the distance to the glass transition

§=K.—K, (2.5.7)

which happens at K =K. (§ > 0 in SR and normal phases). Transforming the response
function to the time-domain,

QR(t) = Zse % cos (ast), (2.5.8)

which describes an excitation of the system with inverse lifetime 75 = 1/75, energy as and
quasi-particle residuum Zs. For frequencies w < ag, the spectral response is determined by

the imaginary part of Eq. (2.5.6)), yielding

ZLisysw 2K
Alw) =~ = w. 2.5.9
@~ = (259

This linear behavior is completely determined by parameters of the quenched and the
Markovian bath and vanishes for x — 0, resulting in a gap in the spectral weight for the
zero temperature equilibrium case, as discussed in [190]. For w > ag, i.e. for w larger than
the gap, the atomic response function develops a non-analytic square root behavior

A(w) x vw — as, (2.5.10)

resulting from the quadratic form in Eq. (2.4.38). The scaling of the excitation gap as and

the ratio % can be obtained directly from the atomic spectral response, as illustrated in

S
Fig. [2.9] lower panel. At the glass transition, the gap vanishes, such that the square root
behavior starts from w = 0.

In Table we compare the scaling behavior of the atomic spectral response close to the
normal-QG transition versus SR-QG transition lines. At the glass transition, Zs,~s and
o vanish, which for the latter two results in zero energy excitations with infinite lifetime
and therefore infinite correlation times. The vanishing of the residuum Zs indicates that
the discrete poles of the system, representing quasi-particles with weight Z, transform into
a continuum represented by a branch cut in the complex plane as illustrated in Fig.
As a consequence, a derivative expansion of the inverse propagator is no longer possible in
the quantum glass phase.

When approaching the glass phase, the frequency interval which is described by classical
relaxational dynamics (i.e. [0, o)) shrinks and vanishes completely at the transition, where
the system becomes quantum critical. The linear scaling of A(w) in combination with the
closing of the spectral gap is taken in thermal equilibrium as the defining property of a
quantum glass. However, for a general non-equilibrium setting, the closing of the spectral
gap is only a necessary but not a sufficient condition for the glass phase. The unique
property of the glass transition in a non-equilibrium setting is the emergence of a critical
continuum at zero frequency, which leads to the closing of the gap of the retarded Green’s
function (distinct from the spectral gap). From the structure of the low frequency response
function, Eq. , we see that closing the spectral gap and a linear behavior of the
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Figure 2.9: Regular part of the spectral density A(w) in the superradiant phase for
parameters K = 0.05 and J = 0.4 and varying « and wg. For small frequencies w < ag
the spectral density is linear in w and s and behaves as a square root for intermediate
frequencies w > «as. For the non-dissipative case (k — 0), the spectral weight develops
a gap at low frequencies, which is indicated for x = 1072 (solid line). The lower panel
depicts the low frequency behavior of A (red, dash-dotted line) for values x = 0.03 and
wp = 0.9. The green (full) and the black (dashed) line indicate the linear, square root

behavior, respectively. Approaching the glass transition, ag scales to zero o ¢ 3.

spectral density is a non-trivial (and glass) signature only for a system where time-reversal
symmetry is preserved, i.e. ¥ = 0. On the other hand, the spectral gap closing is always
present for broken time-reversal symmetry.

Within the glass phase, it is again possible to separate two distinct frequency regimes
delimited by a cross-over frequency

-1
w? (wg + /@2)2
=2k (1 0 0 , 2.5.11
we H( +w%+n2+ VKuw? ( )

which depends on all system and bath parameters. For w < w,, the atomic spectral density
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Figure 2.10:  Schematic illustration of the pole structure and critical dynamics in the
present model: a) the normal to superradiance transition in the dissipative Dicke model,
b) the normal to glass transition in the zero temperature equilibrium model, ¢) the nor-
mal to glass transition in the dissipative model. a) When approaching the superradiance
transition, two of the polaritonic modes advance to the imaginary axis and become purely
imaginary before the transition point. This leads to the effective classical relaxational dy-
namics close to the transition. At the transition point, the Zs symmetry is broken by only
a single mode approaching zero and becoming critical for J — Je.

b) For moderate disorder K, the poles are located on the real axis away from zero. For in-

creasing K, the poles approach zero, with the closest pole scaling proportional to \K—KC|%.
At K = K, the modes form a continuum which reaches zero and becomes quantum criti-
cal. No dissipative dynamics is involved. c¢) For moderate disorder K, the set of modes is
located in the complex plane, away from zero. For increasing variance K, the modes get
shifted closer to the origin, however, due to the scaling of real (o< |K— KC|%) and imaginary
part (o< |K — K¢|?), they neither become purely real nor purely imaginary. At K = K. a
continuum of modes reaches zero.

is described by

2k (w§ + K?) |wl
Kw?

Alw) = sgn(w)\/ (2.5.12)

This unusual square root behavior of the spectral density in the glass phase, illustrated
in Fig. 2.3] and also reflected in the pole structure Fig. 2.10] is a characteristic feature
for glassy systems that are coupled to an environment [45, [141]. It has been discussed
previously in the context of metallic glasses, where collective charges couple to a bath of
mobile electrons [141] or for spin glasses, where the spins couple to an external ohmic
bath [45]. For intermediate frequencies, w > w, the spectral density is linear, as it is
known for the non-dissipative zero temperature case. In the limit x — 0, w. is shifted
to smaller and smaller frequencies, vanishing for kK = 0. The cross-over frequency w. sets
a time-scale t. = w%v such that for times t < t. the system behaves as if it were isolated
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and one would observe the behavior of a T = 0 quantum glass for (relative) time scales
t < tc in experiments. On the other hand, the long time behavior, t > t., of the atoms
is described by overdamped dynamics, resulting from the coupling of the photons to a
Markovian bath. This is a strong signature of low frequency equilibration of the atomic
and photonic subsystem, which happens exactly at the glass transition (see Sec. .

2.5.3 Atom-Photon Thermalization

We now discuss thermalization properties. The presence of quenched disorder in our model
leads to an effective quartic atom-atom interaction, shown in Eq. (2.4.27)), which allows for
an energy redistribution to different frequency regimes.

Atom Distribution Function

In order to determine the atomic distribution function F,,(w), we make use of the FDR
(see Sec. Eq. (2.8.3))), which for the atoms described by a scalar degree of freedom
simplifies to

QK(w) =F.(w) (QR(w) - QA(w)) ) (2.5.13)

The atomic correlation function Q¥ is determined via Eq. (2.4.39)). This equation contains

the photonic Keldysh Green’s function via AK(w), and it is therefore evident, that the
atomic distribution function will depend on the distribution function of the bare photons.
The bare photon distribution function f,,(w) is again defined via the FDR, reading

K (@) = () (GR(w) ~ G4 (@) (2:5.14)

with the bare photon response and correlation functions G(P){/ A/K Decomposing f = fg + fa¢
into a symmetric fs(w) = fs(—w) and an anti-symmetric fys(w) = —f,5(—w) contribution

allows us to rewrite A¥(w) in Eq. as
20%(w) = G{(w)+Gi(-w)
= 2fs(w) (A w) = A% W) + (W) (gM(w) + " (—w) — g*(w) — g (~w))

w2 H2 w2
= 2 <fAS(w) + Wum) (AR (w) — AMw)). (2.5.15)

Inserting this result into the expression for the correlation function (2.4.39)), and making
use of Eq. (2.4.40) and its complex conjugate yields

w? + K2 + w?
ng = (fAS + 2ww00fs> (QR - QA) (2.5.16)

and thus identifies the atomic distribution function

w? + K2+ wd
WK T

Furlw) = fas() =50

(w). (2.5.17)

This very general expression for the atomic distribution function incorporates the two
most important examples, either a coupling to a thermal or a Markovian bath. For the
coupling to a heat bath, the bare photonic distribution function is fully anti-symmetric with
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fas(w) = coth (55) , fs(w) = 0, which implies that the atoms will be distributed according

to a thermal distribution as well and experience the same temperature T as the photons.
For the case of dissipative photons, the bare distribution function of the photons is fully
symmetric, with fs(w) = 1,fss(w) = 0. Therefore the atomic distribution function for this
system is

2 2 2
Fo(w) = LT+ (2.5.18)

2wwq

For small frequencies w < \/wj + 2, the atomic distribution function diverges as F,, (w) ~ .

w
This is the same asymptotic low frequency behavior as for the thermal distribution func-

tion coth (%) ~ %, such that for low frequencies, the system is effectively described by a

thermal distribution with a non-zero low frequency effective temperature (LET)

T.g = lim WFat(w) = w% T H2.

2.5.19
w—0 2 4w0 ( )

The atomic distribution F,, and low-frequency effective temperature T.s in Eqgs. (2.5.18]),
(2.5.19)) is identical to the distribution function and LET of the photonic x-component,
which 1s obtained by expressing the photonic action in terms of the x and p component,
p= ﬁ(aT —a), and subsequently integrating out the p component. This procedure is
shown in Sec.[2.10} From the resulting action, the x component is described by a distribu-
tion function Fyx(w) = F,.(w), resulting from the coupling of the photons to the Markovian

bath. Due to the strong atom-photon interaction, the atoms and the photonic x component
equilibrate, resulting in the same distribution function and LET.

Photon Distribution Function

To compute the photon distribution function, we use the FDR
C¥(w) = CR(W)F,u(w) — FLuGA (w), (2.5.20)

which in this case is an equation for the 2 x 2 matrices GR/A/K and F. The matrix F solving
Eq. (2.5.20) is not diagonal, and the distribution of the excitations is determined by its
eigenvalues f,. These are shown in Fig. and illustrate the thermalization process of the
system. In the normal and superradiant phase, the photons have a lower LET than the
atoms, resulting from the frequency regime for which the dynamics is classical relaxational.
As for the spectral response, when the glass transition is approached, this classical region
is shifted towards w = 0 and the photon LET approaches the atomic effective temperature.
At the transition, the photons and atoms have thermalized completely in the low frequency
regime.

2.5.4 FEmergent Photon Glass

In the glass phase, the condensate order parameter (a;) o< = > (0¥) = ¢ vanishes for

all photon modes (i). However there exists a photon version of the Edwards-Anderson
parameter

M

_ 1
Gea = lm ;<Xi(t + 7)xi(t)) o dga, (2.5.21)

2.5 Results 59



| 0.5 /
- ——— atom 0
. — photon x w/,
4
4
2 /
i 0.25 A
/
3|
<
1
0.0
Figure 2.11: Spectral equilibration: Photon x-x spectral response Ay(w) =

—2Im (ng(w)) in the glass phase for parameters K = 0.04,J = 0.12,w, = 2,wg = 1,k =
0.02. As for the SR phase, it shows the same low frequency behavior as the atomic spectral

WzWo

response —2Im (QR(w)) (multiplied with a constant “552). As for the atomic spectral den-
sity, one can clearly identify the overdamped regime with the unusual square-root behavior
and the linear regime, separated by the frequency wc.

where x = %(a + al) is the photon x operator and Eq. (2.5.21)) only holds for the x-

x correlations (and for those with finite contributions to x-x). A non-vanishing photon
Edwards-Anderson parameter implies an infinite correlation time for the photons, analo-
gous to the atomic qgs-parameter. This is best illustrated by the correlator in the complex
basis

lim (a(t + m)al(t)) = = lim (x(t + 7)x(t)) = & (2.5.22)

T—00 T—00 2

where we made use of the fact that the x-p and p-p correlations vanish for 7 — oo.
Eq. implies that a photon which enters the cavity at time t has a non-vanishing
probability to decay from the cavity at arbitrary time t+7, with 7 € [0, 00). This highlights
a connection to photon localization in disordered media [9, [7].

Close to the glass transition, the properties of the atomic system are completely mapped
to the inverse photon Green’s function. In the low frequency and small £ limit, i.e. w, x K

wo, Wy, the inverse photon Green’s function Eq. (2.4.46]) has the expansion

. woszg} (w) 0 )

DY L (w) = ( 2(w?=A) (2.5.23)

0 —wo
such that the atomic low frequency physics is mapped to the photon x-x component.
.1, such that the photon propagator

shows the same poles or branch cuts as the atomic propagator, and the scaling behavior
at the glass transition obtained from the photons is identical to the one obtained from the

The determinant of Dip vanishes at the zeros of DR
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atoms. The photon response properties induced by the atom-photon coupling are most
pronounced in the x-x component GE_of the retarded photon Green’s function,

wo
GR (w) = . 2.5.24
) (w +iK)? + 2w SR (w) — w? ( )
For low frequencies, we can perform the same approximation as above to find
2 (N —w? 2 (A — w?
GR (w) = ( ) _2( )QR(w). (2.5.25)

 wow DR (W) wowy

Close to the glass transition and in the glass phase, the atomic retarded Green’s function QR
determines the low frequency photon x-x response function. This is reflected in Fig. 2.1}
The discussion of the atomic response and scaling behavior in Sec. remains valid for
the photons.

2.5.5 Cavity Glass Microscope

We now describe three experimental signatures (cavity output fluorescence spectrum, pho-
ton real-time correlation function g(®)(7), and the photon response via driven homodyne
detection) of the superradiant and glassy phases and their spectral properties. The cavity
output is determined by the cavity input and the intra-cavity photons via the input-output
relation [65) 42]

8, (W) = V25 8(w) + 2, (w), (2.5.26)

with the cavity input annihilation operator a;,(w) and the averaged intra-cavity field

) 1 <
a(w) = Wi ;ai (w) (2.5.27)

accounting for the M distinct cavity modes.

Cavity-output Fluorescence Spectrum

The fluorescence spectrum S(w) describes the (unnormalized) probability of measuring a
photon of frequency w at the cavity output [55], and is defined by

S(w) = <aiut(w)aout(w)>7 (2'5'28>

where alut(w), Ao (w) are creation, annihilation operators of the output field. Considering
a vacuum input field, the fluorescence spectrum is expressed solely by the auto-correlation

function of the intra-cavity field

(1)) =iG™(w), (2.5.29)
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which is the “G-lesser” Green’s function, occurring in the (+)-representation (see [99, [3]).
Introducing also the “G-greater” Green’s function

iG> (w) = / &7 (a(r)at (0)), (2.5.30)

we can express response and correlation functions in terms of G</>

GKw) = G7(w)+ G (w) (2.5.31)
GRw) —GMw) = G (W) —-GY(w), (2.5.32)

which yields

(GX(w) — GR(w) + GA(w))

DO e DO | -

(GR(w) (Fw) — 1) — (F(w) — 1) GA(w)) . (2.5.33)

In thermal equilibrium (F(w) = 2ng(w) + 1), where F is diagonal in Nambu space, this
expression simply reads

S(w) = np(w)A(w) (2.5.34)

and the fluorescence spectrum reveals information about the intra-cavity spectral density

A.

In order to further analyze Eq. (2.5.33), we decompose the fluorescence spectrum into
a regular part and a singular part as it was done for the Keldysh Green’s function in
Eq. (2.4.37)),

S(w) = S,ee(w) + 27 qrad(w), (2.5.35)

with the Edwards-Anderson parameter for the photons qgs. The regular part S,., is deter-
mined by the regular contributions from the response and distribution function, GR/A F,
which we have analyzed in the previous section. For small frequencies, F(w) o % and in
the normal and SR phase, (GR — GA)  w, which leads to a finite contribution of S,., to
the spectrum. In contrast, in the QG phase, (GR — GA) x /w, such that

1
Jo

has a square root divergence for small frequencies w < wg (see Eq. (2.5.11)). This

divergence is indicated in Fig. [2.2.5 (c) and is a clear experimental signature of the glass
phase.

Sres(w) (2.5.36)

A further distinction between all three phases is possible by decomposing the fluorescence
spectrum into a coherent and an incoherent part, where the coherent part describes the
“classical” solution (i.e. the part resulting from the presence of a photon condensate (a) #
0) and the incoherent part describes the fluctuations. Accordingly, the coherent part is

S.(w) = 27|(a)|*6(w) (2.5.37)
and the incoherent part reads

Sine (W) = Sueg(w) + 27 (Gua — [(3)[?) 6(w). (2.5.38)
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Typical fluorescence spectra characterizing the three distinct phases are plotted in Fig.[2.2.5]
For the normal phase, the spectrum shows central and outer doublets associated with the
hybridized atomic and photonic modes. Above the critical point for the superradiance
transition, the doublets merge since a single mode becomes critical. However, compared to
the single-mode transition, the central peak is much broader as a consequence of disorder.
Additionally, in the superradiant phase, the fluorescence spectrum has a non-zero coherent
contribution, which allows for a unique identification of this phase.

In the glass phase, the doublets have merged after the emergence of a critical continuum
of modes at w = 0, and one can clearly identify the square root divergence for small
frequencies, as discussed above. Additionally, the singular behavior of S(w) in the glass

phase is of incoherent nature, since (af) = 0. This combination of an incoherent zero
frequency peak together with the absence of a coherent contribution uniquely defines the
fluorescence spectrum in the glass phase and allows for a complete classification of the
system’s phases via fluorescence spectroscopy.

The coherent contribution to the spectrum can be determined via homodyne detection (see
below), where (&) can be measured directly.

Photon Real-time Correlation Function g(®(7)

The time-resolved four-point correlation function of the output field

aiut(t)aiut (t 4 T)ague (t + 7)o (t))
[(alus (£) 20 (1))]

reveals how the correlations in the cavity decay with the time difference 7. In steady state,
g (t,7) only depends on the time difference 7 and we write g(® (7). For 7 — 0, g®(0)
is a measure of the underlying photon statistics in the cavity, e.g. indicates bunching or
anti-bunching of the cavity photons, respectively.

2@t ) = ! (2.5.39)

In the open Dicke model, due to the effective temperature (cf. Fig. and Ref. [49]),
g®(0) > 1, describing photon bunching, as expected for thermal bosons. We find g(? (0) =
3 for all the three phases, which stems from the off-diagonal atom-photon coupling in the
Dicke model and coincides with the findings in Ref. [I49] for the normal and superradiant
phase.

In the normal and superradiant phase, the long time behavior is governed by the classical
low frequency dynamics, leading to an exponential decay

g@ (1) ~ 14 27297, (2.5.40)
This behavior is well known for the single mode Dicke model [149] and remains valid for
the multimode case, away from the glass transition. In contrast, when the glass phase

is approached, the modes of the system form a branch cut in the complex plane and the
correlation function in the glass phase decays algebraically, according to

@y 1o (T0)2
g@ (1) 1+(T) , (2.5.41)

where 79 = O(1/wp). This algebraic decay of the correlation function provides clearcut
evidence for a critical continuum of modes around zero frequency witnessing the glass

phase. In Fig. we show g(?)(7) demonstrating this behavior.
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In order to compute the four-point correlation function (2.5.39), we make use of Eq. (2.5.26))
and the vacuum nature of the input field, i.e. the fact that all averages over a,, a;, vanish.
As a consequence, the operators for the output field in Eq. (2.5.39)) can be replaced by the
operators for the averaged cavity field &, see Eq. (2.5.27). The denominator in Eq. (2.5.39)
is then

@ ()a))|? = [(&~ (1)a. (1)) = |G=(0)* (2.5.42)
The numerator similarly is expressed as
(AT (t)al (t + 7)a(t + 7)a(t)) = (A5 (0)A% (t + 7)ay (t + 7)a, (). (2.5.43)

Note that both expressions (Egs. (2.5.42)), (2.5.43))) preserve the correct operator ordering of
Eq. (2.5.39), according to the different time-ordering on the (+), (—)-contour, respectively.

The four-point function in Eq. (2.5.43)) can be expressed in terms of functional derivatives of
the partition function Z (Eq. (2.4.40))) with respect to the source fields p (Eq. (2.4.19)). In
the thermodynamic limit, the macroscopic action, Eq. , depends only on atomic and
photonic two-point functions and, equivalent to Wick’s theorem, the four-point function
becomes the sum over all possible products of two-point functions

DE" (t+ 7)a (t+ 7). (1))
a (t)) @ (t+7)a, (t+7))

t+7)a, (t)) @ (t)a (t+7))

t)ar (t+ 7)) (@E, (t+7)a (t))

= |G +[G=()]* + |G5.(T)I%, (2.5.44)

GO =
(

with the anomalous G-lesser function
Gy (1) = —i(a(r)a(0)). (2.5.45)

Inserting Eq. (2.5.44)) into the expression for the four-point correlation function yields

<(r 2
() =1+ WO + S s

with the two-point correlation function

gW(r) = - ?Z z )>. (2.5.47)

G<(7) is the Fourier transform of the fluorescence spectrum S(w), as discussed in the
previous section, and we therefore decompose it according to

G=(7) = Gea + G, (1), (2.5.48)

with G, (7) being the Fourier transform of S,.,(w). In the infinite time limit, the regular
part of G<(7) decays to zero, such that the infinite correlation time value becomes

W) = Gea _ o Gma 2.5.49
g ( ) T—00 61EA + Gég(o) qEA + Nreg ( )
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N,., denotes the occupation of the non-critical cavity modes. The way how this value of
¢ is reached in time is determined by the ﬁ divergence of S, (w) for frequencies w < we
smaller than the cross-over frequency we, cf. Fig. [2:2.5] This leads to

- L1
Wy 5 —ea (7037 2.5.50
& (T) T>Te QEA + Nrcg * < T ’ ( ' )
where 7. = i—t and Ty has to be determined numerically. This algebraic decay to the

infinite 7 value of the correlation function with the exponent v = % has also been found in
Ref. [46] for the correlation function of a spin glass coupling to a finite temperature ohmic
bath, in line with the discussion of universality in Sec. w The finite temperature
exponent results from the non-zero effective temperature of the system, which influences
the correlation function. For the case of T.s = 0 this exponent changes to v = % but the
spectral properties are left unchanged.

dEA
6lEA""Nreg
possible measure of the photonic Edwards-Anderson parameter (g, in the glass phase: qga
can be inferred from a correlation measurement, if the total photon number in the cavity
Niot = dra + N,z has been measured separately.

The non-zero value of the two-point correlation g (r) — for 7 — oo serves as a

Taking the absolute value of g(l)(T) in Eq. (2.5.50)), leads to the dominant contribution

- 2 - - 1
0 2 () e () 2250

T>Te (iEA + Nreg qEA + Nreg T

as displayed in the asymptotic behavior of the four-point correlation function (Eq. (2.5.41))
, where we have absorbed the prefactors in the definition of 79 and normalized the long-time
limit to unity.

While the non-zero value of g(!) (T — o0) is caused by critical poles of the system, it
does not include any more information about the pole structure of the system and may for
instance be caused by a single critical pole, as it is the case for the superradiance transition.

However, the algebraic decay to the infinite correlation time value of g(!), and the same for

g(2), is a clear signature of a branch cut in the complex plane and therefore a continuum
of modes reaching to zero frequency. This in turn is a strong signature of the critical glass
phase in the cavity.

Photon Response via Driven Homodyne Detection

Here we relate homodyne detection measurements of the output signal to the quadrature
response functions in the Keldysh formalism and calculate the corresponding signal. This
gives predictions for the experimental analysis of the spectral properties and the scaling at
the glass transition, which have been discussed in previous sections.

In the process of homodyne detection, the output field a,,, is sent to a beam-splitter,

where it is superimposed with a coherent light field A(t) = § e '«@st*+9) with frequency
wg, amplitude B and phase 6. After passing the beam-splitter, the intensity of the two

resulting light fields is measured and the difference in this measurement (the difference
current) for the case of a 50/50 beam-splitter is described by

(1) = i (al.(08() — B (Da.(0)
—- 8 <ei<9*%>am(t)eiwﬂt + e*i<9*a>a1ut(t)e*wt> . (2.5.52)
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Figure 2.12: Illustration of homodyne detection of a weakly driven cavity. The cavity is
driven via a weak coherent input field 7(t) entering the cavity through one of the mirrors.
Then a homodyne measurement is performed on the output signal of the driven cavity.
For this, the output signal is superimposed with a reference laser (t) via a 50/50 beam-
splitter and the difference current of the two outgoing channels is measured. From this,
the response function of the photons in the cavity can be measured by tuning the relative
phases and frequencies of 3(t) and 7(t), as explained in the text.

Here, we added a conventional phase shift ¢ = Z of the beam-splitter. For the case of a

vacuum input field, Eq. (2.5.52)) simply measures the steady state expectation value of the
cavity quadrature components

N

Xg_z 0, (1) = 07 2)a(6)e™st 4 71023l (t)e 0t (2.5.53)

with the intra-cavity operators a, as defined in Egs. (2.5.26), (2.5.27). This quantity
indicates a finite superradiance order parameter (a), but for the steady state contains no
further information.

This situation changes when the input field is changed from the vacuum state to a weak
coherent laser field n(t). For this special case, the difference current in Eq. (2.5.52)) is
modified according to

n(t) = 1058 — A (t) + vk (AT (©)8(t) — 5*(0)alt) )
= "B = B ) (1) + VK| (X5 ,(1) (2.5.54)

For the special case of the input field coming from the same signal as the reference laser,
we have n(t) = B(t) (which we assume from now on for simplicity) and the first term in
Eq. (2.5.54) vanishes. The main difference here, is that the quadrature operator Xy ., (t)
is not evaluated for the steady state but for a state which has been perturbed by the weak
laser field B(t). For a weak laser amplitude || < 1, the system stays in the linear response
regime and the difference current is proportional to the retarded Green’s function for the
quadrature component X9+%7w5 as we proceed to show.

The interaction between the cavity photons and the radiation field outside the cavity is
commonly described by the Hamiltonian

Hiw = 1V2K (éi*am — aLé”m) : (2.5.55)
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which after a transformation to the Keldysh action and replacing the input fields by the
coherent light field B(t) enters the action as

Sine = V2K /w (az,a%) (w)io™ ( g; > (w) + h.c., (2.5.56)

which is exactly the form of a source term in quantum field theory, generating all Green’s
functions of the system via functional derivatives with respect to the fields 8. Expressing
the action (2.5.56) in terms of Keldysh components of the quadrature fields X, yields

< [ 1Be
Sint = \/ﬂ/w (Xc,efg,wﬁ,xqﬂ,g,wﬁ) (w) o < |’5q’| ) (w). (2.5.57)

The linear response <X9,g,wﬁ>(1)(t) of the quadrature expectation value is expressed as

(see Sec. [2.9)

(o) V(0 = <2618 [ GE, L, (=0, (2559
with the quadrature response function

GR (t—t/) = —i0(t — t')( [xg_ngg (6), X2 0 (t’)} ). (2.5.59)

Xe—g wg

For the specific choice of 0 = 7,
Xooz 0y = V2%, = (é(t)eiwﬁt + a*(t)e—wt) : (2.5.60)

the response function G%G t—t) = 2G§wﬁ (t — t') becomes the x-x retarded Green’s

function in a frame rotating with the laser frequency wg. In this case, the difference current
is a direct measurement of the x-x response

_%,&)B(

n(t) = —4f<yﬁ|2/ﬂ GE (1), (2.5.61)

which we have discussed in detail in Sec. The frequency dependence of x,,, indicated
2.5.53

by the subscript wg, coming from Eq. (2.5.53), can be used to scan through different
frequency regimes and directly access the atom and photon x-x spectral response.

2.6  CONCLUSION

We have developed the non-equilibrium theory of the multimode Dicke model with quenched
disorder and Markovian dissipation, and provided a comprehensive characterization of the
resulting phases in terms of standard experimental observables. The main theoretical find-
ings relate to the interplay of disorder and dissipation. We establish the robustness of a
disorder induced glass in the presence of Markovian dissipation. This concerns, for ex-
ample, the presence of an Edwards-Anderson order parameter and the algebraic decay of
correlation functions in the entire glass phase. Central quantitative aspects, such as the
decay exponents of the correlation functions, are strongly affected by the presence of dissi-
pation. Disorder leads to enhanced equilibration of the atomic and photonic subsystems for
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both the spectral (response) and their statistical properties. The spin glass physics of the
atoms is mirrored onto the photonic degrees of freedom. We presented direct experimental
signatures for the atomic and photonic dynamics that allow unambiguous characterization
of the various superradiant and glassy phases.

Several directions for future work emerge from these results. In particular, the realization
of disorder may not be governed by an ideal single Gaussian probability distribution in
experimental realizations of multimode Dicke models. This may concern, for example,
effects relating to the finite number of cavity modes (M) or effective two-level atoms (N).
1/N corrections contain information on the critical behavior close to the conventional Dicke
transition [144] [49], with similar features expected for the glass transition. While we expect
the main glassy features to be robust to such finite-size effects, it would be interesting to
study a concrete cavity geometry with specific information of the cavity mode functions.

Furthermore, with our focus on the stationary state we did not touch upon the interesting
questions of glassy dynamics [108, 45] in this work (for thermalization dynamics of the
single mode Dicke model, see [2]). An interesting problem is a quantum quench of the
open, disordered system. In particular, the non-universal short time and transient regimes
should contain more system specific and non-equilibrium information. In the long time
limit, the nature of aging and dependencies on the aging protocol remains to be explored.

2.7 PHOTON FIELDS IN THE SUPERRADIANT PHASE

In order to describe a system where the particle number is not conserved, as it is the case
for the photons in the Dicke model, we introduce the spinor field

A,t) = ( af’j(t) ) : (2.7.1)

aoc,j (t)

containing the bosonic fields a, ;(t), a7, ;(t) for a quantum state j and with index a = q,c.
The corresponding adjoint field is

AL®) = (a0, a0,(0)) (272)

The action for a quadratic problem is (for simplicy we consider only a single quantum
state)

N[ Act)
5=/, (Ag(t),Ag(t)) Daea(t, t') ( ) ) , (2.7.3)

where

0 D?x?(tvt/)
D2R><2(t’ t/) D£<><2<t7 t/)

Dyxa(t, t') = ( ) = (Gyxa) L (8, 1)) (2.7.4)

is the inverse Green’s function. The Keldysh correlation and retarded Green’s function are
also 2 x 2 matrices, which can be expressed in terms of operator averages according to

CRo(tt) = (DE,) 7 (6,t) (2.7.5)
I [a(t), al(
= —if(t —1t") << at(t), af
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and
G£<><2(ta t,) = - (G2R><2 © D£<><2 © G’2A><2) (t, t/) (2'7'6)
4 << fa(t).af(t)}  {a(t)a()} ) > |
{al (V) a1 (t)} {al (1), ()}

In Eq. (2.7.6)), the o-operation represents convolution with respect to time.

For the Dicke model with strong atom-photon coupling, it is reasonable to transform to
the x-p representation in terms of real fields

1, 1
x(t) = 5 @) +alt)), plt) ==

This is done via the unitary transformation for the fields

(a*(t) — a(t)). (2.7.7)

(x(t).p(1)) = (a1 a(t)) = ( - ) (27.8)

\/5 1 1
—_———
=V
and the Green’s function
GR (t,t) GER (t,t)
GR _(t,t7) = VIGE ,(t,t)V = o XpA . 2.7.9
X p( ) 2><2( ) GI];{X ,t/) G}};{p t,t,) ( )

The same can be done for the advanced and Keldysh Green’s functions, leading to the
expressions for response and correlation functions as discussed in the main text.

2.8 MARKOVIAN DISSIPATION VS. QUENCHED DISORDER

As anticipated in the main text, the quenched bath, resulting from the coupling to a static
distribution, is fundamentally different from the Markovian bath, represented by the fast
electromagnetic field outside the cavity. While the dynamics of the quenched bath is frozen
on the time scales of the system, the dynamics of the Markovian bath happens on much
faster time scales than those of the system. As we will see, both types of bath inherently
lead to non-equilibrium dynamics of the system since the system-bath equilibration time
becomes infinite. For both cases this implies a non-equilibrium fluctuation-dissipation-
relation (FDR), connecting response and correlations via a non-thermal distribution func-
tion.

2.8.1 Non-equilibrium Fluctuation Dissipation Relation

Correlation and response properties are not fully independent of each other but connected
via fluctuation-dissipation relations, which we will briefly introduce in this part. In a system
with multiple degrees of freedom, the response properties are encoded in the retarded

(advanced) Green’s function GR(A)(t, /), which is defined as

GR(t,t') = —i0(t — t/)([a; (t), al (t)]), (2.8.1)
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with the commutator [-, -], the system creation and annihilation operators aiT ,

GR(t,t") = (G (Y, t))T. The correlation function on the other hand

a, and

Cyj(t, t') = ({a; (£),af (t)}) = G (8, ) (2.8.2)

is defined via the anti-commutator {-, -} and defines the Keldysh Green’s function G¥(t,t/)
[100. 199, 3].

The fluctuation dissipation relation states
G¥(w) = GR(w)F(w) — F(w)G*(w) (2.8.3)
and relates the response and correlations of the system via the distribution function F(w).

In thermal equilibrium, the distribution function is fully determined by the quantum statis-
tics of the particles and the temperature T according to

Fij (w) = 5ij (2113 (w) + 1) , (2.8.4)

with the Bose distribution function ng. As a result, in equilibrium, it is sufficient to
determine either response or correlation properties in order to gain information on each of
these.

2.8.2 Effective System-only Action

In this part, we present a derivation of a system-only action after elimination of the bath
variables via Gaussian integration. Depending on the nature of the bath, different distri-
bution functions will be imprinted to the system. We start with the general action of the
bath, which we consider to be well described by a quadratic action and in the (%)-basis

Gi* G\ Gl
S = ;/tt (Clu(t),du(t)) ( G% G;_ ) (t,t') ( Ci:(t’) > , (2.8.5)

with the bath variables ¢, and the bath mode index p, which will be chosen a continuous
index below. The Green’s functions for the uncoupled bath variables are assumed to be in
equilibrium and read

GI(tt) = Gt t) = —i(w,) e rt=) (2.8.6)
G, h(t,t) = G (tt) = —i(fi(w,) + 1) e @rlt=) (2.8.7)
Git(t,t)) = GL(t,t) =0t —t)G; +0(t' — )Gy (2.8.8)
G, (6t) = Gt t) =6t — t)GS +0(t' — )G, (2.8.9)

with the bath frequencies w,, and the familiar Green’s functions G-lesser, G-greater, the
time-ordered and the anti-time ordered Green’s function. The linear coupling between
system and bath is

S, = ZM[(&L(t),at(t)) ( (1) _01 ) ( giﬂgg ) +he, (2.8.10)
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where al,a are the system’s creation and annihilation operators. For simplicity we con-
sider only a single quantum state of the system, but a generalization to many states is
straightforward. The partition function is of the general form

7 = / Dla, af, ¢, [JeGsT51+50)

— / D[a,aT]eiSs{ / D[Cu,gl]ei(SIJrsB)} : (2.8.11)

iSefr

where Sg is the bare action of the system. Now we integrate out the bath via completion
of the square. The contribution iSeg , of the uth mode to the effective action reads

Sarafo.al) =, [ <a1<t>,—a*_<t>>< Gt (t,6) Gt () )( 24(t) ) (2:8.12)

In% Gi(t,t) G, (t,t) —a_(t)

The signs for the operators on the — contour come from the backward integration in time.
Thus the mixed terms will occur with an overall — sign, while the +4+ and —— terms come
with an overall +. Summing over all the modes p we obtain the effective action of the
bath for the field variables of the subsystem. We now take the continuum limit of densely
lying bath modes, centered around some central frequency wp and with bandwidth . That
is, we substitute the sum over the modes with an integral in the energy ) weighted by a
(phenomenologically introduced) density of states (DOS) v(2) of the bath

S [0 A Qv () (2.8.13)

and obtain

wo ) Gt (r a (t—r
sur=— [ dsh(@w() [ <a1<t>,a*_<t>>( Ga (0 ~Ga (1) )( +§t §><2.8.14>

wo—? T —Go" (1) Go (1) a_(t—7

where in addition we have used the translation invariance of the bath Green’s function,
Ggﬁ (t,t") = G?f (t —t') to suitably shift the integration variables. Eq. is a general
expression for an effective system action resulting from a coupling of the system to a bath
of harmonic oscillators with a coupling that is linear in the bath operators. In the case
of a strong separation of time scales, the effective action can be further simplified. Here
we consider two extreme and opposite limiting cases, namely a Markov and a quenched
disorder bath.

2.8.3 The Markov Approximation

The Markov approximation is appropriate when there exists a rotating frame in which the
evolution of the system is slow compared to the scales of the bath, i.e. w.,, < wp,?, such
that the system is considered as being static on the typical time scale of the bath. This
leads to a temporally local form of the resulting effective action. As an example, we derive
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the (£)-part of the effective action

wo+19
gt- = —/dt al (¢ )/dr/ 4 @ (Pa.(t —7)

wo—1 27T

arkov wo+,l9 dQ
s —fyy/dt al (/dT/ —GH( )) a(t—s)
wo—1 2
w0+19
Fa- @59 i’yu/dt al </ dT/ dQ 1(9w0)7> a (t—s)
wo—1 27'['

%Ki / dt al (t)a, (t_s). (2.8.15)

Q

In the second line, we made use of the Markov approximation, i.e. the time evolution of
the system is much slower than the one of the bath in the rotating frame, and the coupling
and DOS are constant over the relevant frequency interval. In the third line, we replaced
the Green’s function by its definition (in the rotating frame). Finally, in the last line,
we introduced the particle number n = n(wp) at the rotating frequency and the effective
coupling 2k = yv. Performing these steps for all the four contributions to the action in
the (£)-basis leads to the action

t
Seala, al] = /dt (al (t),al (t)) Sy 240 ) (2.8.16)
a_(t)
which is local in time, containing the Markovian dissipative self-energies
2n+1 —2(n+1
S =ik [ E+1) ) (2.8.17)
—2n 2n+1

Transforming this self-energy to the Keldysh representation, we finally obtain

0o 1
Sntar = i . 2.8.18
v = (-1 4ﬁ+2> (28.18)

The additional contribution to the distribution function F,,(w) for the Markovian case is
obtained from the FDR for the self-energies

YK (w) = Fw) (B} (w) - 24 (w)) . (2.8.19)

For the case when the system couples only to the Markovian bath or to an additional
thermal bath, these contributions are infinitesimal and only those from the Markovian
bath have to be taken into account, yielding

ik(4n + 2) = F(w)2ik, (2.8.20)

i.e. the distribution function
F(w) =20+ 1. (2.8.21)
In this expression, the frequency dependent particle distribution n(w) has been replaced
by the relevant particle number n(wq) of the bath. The interpretation of this, is that the
dynamics in the bath are so fast compared to the system, that the for the full frequency
regime, the system only couples to the slowest bath modes (in the rotating frame), located

at w = wp. This makes it impossible for the system to equilibrate with the bath and it can
therefore not be described by a thermal distribution, i.e. stays out of equilibrium.
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2.8.4 The Quenched Bath

The quenched bath is located in the opposite limit of the Markovian bath, i.e. it constitutes
of a system bath coupling, such that there exists a rotating frame for which the system
dynamics is much faster than the bath dynamics, i.e. wp,?¥ < w... The corresponding
approximation is to assume that the bath is static on the relevant time scale of the system
and the resulting effective action for the system is infinite range in time. In this case, the
contribution to the action for the (+—)-component reads

gt = / dt al / dr / A @)GE (ray (t 1)

9 27T
wo+19
g iyv/dt/dT al (/ dQn(Q)) a,(t—1)
wo—1 27
PN / Lol () 6(w) o (). (2.8.22)
T

In the second line, we inserted the definition of the Green’s function and made the approx-
imation of a slowly varying bath as well as a constant DOS and coupling, v,~. In the third
line, we replaced v~ = 2k and inserted the average particle number of the bath N.

Repeating these steps for all contributions to the action in the (4) basis and subsequently
transforming to the Keldysh basis, we have the self-energy

Yolw) =ik (w) ( _01 4N1—i— ) ) . (2.8.23)

This contribution is structurally different from the one from integrating out the Markovian
bath, since it only acts at w = 0. As a result, the distribution function for the system is
only changed for w = 0 compared to the uncoupled, bare system. And therefore

Flo)= ¢ N1 ifw=0" (2.8.24)
Foae(w) ifw #0

where F.,,.. is the distribution of the bare system. In contrast to the Markovian case,
where we obtain a constant distribution for all frequencies and therefore higher system
frequencies are strongly pronounced, the quenched bath shifts the occupation distribution
to the very slowest modes of the system, therefore implying very slow dynamics on the
system. This is reflected in the modified FDR and the appearance of a glassy phase, as
discussed in Sec. [2.4.2]

The picture obtained from these extreme cases of possible system bath couplings is quite
transparent. For an equilibrium system, one assumes that the bath is such that for any
possible frequency of the system, there exists a continuum of modes in the bath, such that
thermalization of the system will happen on the whole frequency interval. In contrast,
when the bath modes are located at much higher frequencies than the system, all the
system modes interact the strongest with the slowest bath modes, leading to a distribution
function as depicted in Eq. and avoiding direct thermalization. On the other hand,
for a bath that evolves on much slower time scales than the system, the picture is reversed,
and only the slowest modes of the system interact with all the bath modes in an equivalent
way. For the extreme case of a static bath, all the bath modes interact with the system’s
zero frequency mode, and the distribution function becomes the one in Eq. . This
is again a non-equilibrium distribution, such that the system does not directly thermalize.
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2.9 LINEAR RESPONSE IN THE KELDYSH FORMALISM

A common experimental procedure to probe a physical system is to apply a small exter-
nal perturbation and measure the system’s corresponding response. If the perturbation
is sufficiently weak, the measured response will be linear in the generalized perturbing
force. Here we review this construction in the Keldysh formalism in order to provide the
background for the connection to the input-output formalism of quantum optics made in
the text.

We consider a setup, where the hermitian operator O = O is measured after a perturbation
of the form

H,..(t) = F(t)O (2.9.1)

has been switched on at t = 0. Here, the (unknown) real valued field F(t) oc O(t) is the
corresponding generalized force.

The expectation value

(O)(t) = %Tr () 0) (2.9.2)

is evaluated by introducing a source field h(t), such that

A 1 0Z(h)
O)t) =2 == (2.9.3)
Z oh(t) |
where
Z(h) = Tr (e—BH+f dt h(t>0<t)) , (2.9.4)
Expressing 7Z in a real-time Keldysh framework, we have
Z(h) = / D[y*, ¢leSolv™¥1 goSthu™], (2.9.5)

where Sy is the unperturbed action and {t,1*} are the complex fields representing the
creation and annihilation operators of the system (in the +-basis). The term

v 0 = [ de (00O v
b (0 (07, 6-]) (2.9.6)

contains the source fields h coupling to O+ which polynomials in ¥*, . The expectation
value (2.9.2)) transforms according to

(O(1)) = (04 (1)) = (O (1)) = 5(0+(t) + O (1)) (2:9.7

whereas the averages on the right always mean averages with respect to the functional
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integral. In terms of functional derivatives of the partition function, we find

. i § 0
O®) = -3 <6h+(t) B 6h(t)) 2(b) h=0
i 1)
_ ﬁmz(h) - . (298)

The second equality results from a rotation to the Keldysh representation and determines

the time-dependent expectation value of 0 t) for a system described by the action Sp. In
order to_incorporate the perturbation (2.9.1)), we add the perturbation to the bare action

of Eq. (2.9.5)

Sy —s So + / dt (F4(6)04(t) — F_()0_(t)). (2.9.9)

Now we can expand the expectation value of O to various orders in the force. The zeroth
order simply is the expectation value in the absence of the perturbation:

Ap©@ — L0
e NGLTR O

The linear order term is then obtained via

Z(h, F) (2.9.10)

F=h=0

o t ) N
O(t))® :/ dt’ F t’( Ot>
(O®) W R (GO0 )
) N
F_(t) | —=—— 2.9.11
20 (55 00 20.11)
which after a translation into the Keldysh representation reads

OO = 5 [ at (Fr0) (55 040+ 0-)

—00 F=

+F_(t) <6F_5(t,)<0+(t) + O—<t>>>::0>
- 3 f @ <<5Ff(t') - (t’)) O+t O_(t)>>F=0
- 2 (i ) (e ) 20D

2
= —i/dt’F(t’) mz(h’ F)

where we made use of (at the point where we extract physical information) F,(t) =
F_(t) = F(t), and furthermore that t' < t, such that the last equality indeed yields the
(2.9.12)

h=F=0

- —/dt’F(t’)G%O(t,t’)g2.9.12)

F=h=0

retarded Green’s function for the operator O. The integral in runs from minus
infinity to plus infinity, whereas the retarded Green’s function defines the upper bound
being t and the force F(t’) sets the lower bound to be tg since it vanishes for t < top when
the perturbation is switched on at t = tg. Since the integral formally runs from minus
infinity to plus infinity, we can switch to frequency space, where for the time-translational
system (stationary state) we find

(OYD(w) = —F(w)GEo (w). (2.9.13)

2.9 Linear Response in the Keldysh Formalism 75



2.9.1 Example: Laser Field Induced Polarization of Cavity Atoms

The polarization of an atomic two-level system can be expressed as
P(t) = (uro™ () + o (1), (2:9.14)
or after a rotation around the z-axis
P(t) = pu(o™(t)). (2.9.15)

We are interested in the response of the polarization to a perturbation of the system by a
coherent monochromatic light field. Since the coupling of the light field is proportional to
the polarization, the corresponding Hamiltonian reads

H(t) = Q(t)o", (2.9.16)

where Q(t) = 0(t)uE(t) is the generalized force and E(t) is the electric field. The corre-
sponding action for this problem is then

S = Sy+3S[h,Q, ¢
— So+ / dt hg (t)ge(t) + he(t)bq (1)
+Qq(t)de(t) + Qe(t)dq(t), (2.9.17)

where we have replaced o* by the real fields ¢ as in Sec. Applying (2.9.12)), we then
find

52

P = _ip / aro(t) RO oo

_ —,u/dt’Q(t')QR(t 1), (2.9.18)

where QR(t — t/) is the retarded atomic propagator as in the previous sections. Now we
again switch to frequency space and use the definition of €2, such that we find

PW (w) = 12B(w)QR (w), (2.9.19)
where we have absorbed the 6-function into the electric field. This equation identifies

the retarded atomic Green’s function that we used in the previous section with the linear
atomic susceptibility X(l)(w), which is commonly used in a quantum optics context.

2.10 DISTRIBUTION FUNCTION OF THE PHOTON X-COMPONENT

In this section, we derive the distribution function for the photonic x-component and show
that it is identical to the atomic distribution function, proving that the atoms equilibrate
with the photon x-component.

The Keldysh action describing the bare photon degrees of freedom is given by Eq. (2.4.3)
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and we express this action directly in the Nambu basis, using the vector

ac(w)
ac(-w)
Aylw) = : (2.10.1)
aq(w)
ag(~w)
the photonic action reads
S, = / AL (@)Daa (@) A, (@), (2.10.2)

with the inverse Green’s function in Nambu representation

(w+1ik) 0% + wolaxs ) . (2.10.3)

Diya(w) = O2x2
. (W*ili) 0% 4+ wolaxs AT DN

The action ([2.10.2)) can also be expressed in terms of real fields by performing the unitary

Xalw) ) _ L (1 1 aa(w)
( Pa(w) ) V2 ( i —i ) ( a* (—w) ) ; (2.10.4)

with @ = ¢, q. After this transformation, we express the action in terms of the real field

transformation

Xc(w)
Valw) = | P@) | (2.10.5)
Xq(w)
Pq(w)
such that
Spn = / Vi (—w)Dx_p(w)Va(w), (2.10.6)
with the inverse Green’s function
0 0 —wp K — iw
0 0 — i —
Dy_p(w) = U (2.10.7)
—wyp —K—iw 2ik 0
K+ iw —Wwo 0 2ik

The action ([2.10.6)) is quadratic in the fields x, and p, and we can eliminate the p-fields

from the action via Gaussian integration. The resulting action is

g =+ / XT (@)D (@)X (w), (2.10.8)
wo Ju
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with the field

X(w) = ( xe(w) ) (2.10.9)

and the inverse Green’s function

0 (w+ir)? — W}
Dy (w) = oy m(erwtad) (2.10.10)
(w—1iK)" —wj —

The distribution function Fy(w) for the x-field is obtained via the fluctuation-dissipation
relation

DY (w) = Fyx(w) (D (w) — DL (w)), (2.10.11)
yielding

w2+/€2+w3

Fx(w) 2wow

(2.10.12)

This is indeed identical to the atomic distribution function, that we have computed in
Sec. [2.5.3] which proves that the atoms equilibrate with the photon x-field.
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3 ONE-DIMENSIONAL QUANTUM FLU-
[DS OUT OF EQUILIBRIUM

One dimensional quantum fluids, both bosonic and fermionic, represent a remarkable ex-
ample for universal dynamics in physical systems as in equilibrium there long wavelength
behavior is described in terms of a quadratic theory, which requires only two effective pa-
rameters. They feature superfluidity at sufficiently low temperatures, algebraic real space
correlation functions and, for fermions, absence of a quasi-particle residue known from
Fermi Liquid theory in higher dimensions. The theoretical description of these system
was derived by Luttinger, Luther and Peschel and Haldane and is based on the Luttinger
Liquid Hamiltonian, which is quadratic in some effective fields ¢ and 6, which we call the
Luttinger fields. While the Hamiltonian of these systems is very simple, the mapping of
the microscopic bosonic and fermionic fields to the Luttinger fields is non-trivial and the
reason for the specific features of one-dimensional systems. The Luttinger formalism at
equilibrium has proven to be very accurate in describing the properties of one-dimensional
quantum wires (both for condensed matter and cold atom experiments) for various differ-
ent setups and its success and importance is at the same level as Bogoliubov theory for
interacting bosons (attractively interacting fermions) and Landau’s Fermi Liquid theory
for interacting fermions in higher dimensions, d > 1.

For non-equilibrium setups, Luttinger Liquids have another remarkable properties, namely
that the quadratic Luttinger theory is integrable. As a consequence, a system prepared
in a non-equilibrium state will, according to the Luttinger Liquid Hamiltonian, not relax
to its corresponding equilibrium state but instead reach a so-called prethermal state. The
reason for reaching this state instead of a thermal one is that simply the eigenmodes of the
Luttinger Hamiltonian, which are density waves, i.e. phonons, do not interact with each
other and therefore the occupations of these phonons are constants of motion. Remarkably,
the microscopic models, from which the Luttinger Hamiltonian is derived as the leading
order description in the renormalization group sense, are in most cases not integrable and
relaxation to equilibrium is expected in the long time limit.

In fact, the irrelevant corrections to the quadratic Luttinger theory break the integrability
of the model and enforce thermalization for long times and consequently, they can not be
neglected in a non-equilibrium setting. An interesting question is however, in which way
the competition of the quadratic theory, which drives the system towards a non-equilibrium
fixed point and the nonlinear correction, which enforces thermalization in the long time
limit is visible in the non-equilibrium dynamics of the system in view of the fact, that the
nonlinearity is irrelevant.

In this chapter, we derive the Keldysh path integral for the interacting Luttinger model,
which describes one-dimensional quantum fluids out of equilibrium both for bosonic and
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fermionic microscopic models and discuss the properties of Luttinger Liquids at equilib-
rium. In the following chapters, the dynamics of interacting Luttinger Liquids is studied
for particular examples of out of equilibrium setups, namely a fermionic quantum quench
and a bosonic system subject to permanent heating. The development of a theoretical de-
scription for interacting Luttinger Liquids is particular relevant for cold atom experiments,
where one dimensional systems of interacting particles have been realized experimentally
and where the experiments are currently at a status, at which they reach the limit of
the noninteracting Luttinger theory, observing for instance the inset of thermalization and
non-trivial Bragg responses.

3.1 THE LUTTINGER FORMALISM FOR ONE-DIMENSIONAL IN-
TERACTING BOSONS

One of the main features of bosonic particles is that the corresponding quantum statis-
tics allows for an arbitrarily large occupation of a single quantum state. For a macro-
scopic system consisting of N bosonic particles it is even possible to occupy a single quan-
tum state with a number of Ny bosons, such that in the thermodynamic limit, the ratio
limN_seo % > 0 remains finite. If a single quantum state is macroscopically occupied,
the system is considered to be in a so-called Bose-Einstein condensate, BEC. As Einstein
has shown, for non-interacting particles, there exists a phase transition between a nor-
mal phase, which has no macroscopically occupied quantum states and a BEC. While in
three dimensions, this transitions happens at finite temperature, in two and one dimen-
sions it takes place exactly at zero temperature and a true BEC can only exist in the limit
T — 0.

In a field theoretical language, this BEC transition is associated with the spontaneous
breaking of the continuous U(1) symmetry of the system and is therefore a second order
phase transition. The U(1)-symmetry in turn corresponds to exact particle number con-
servation. While the system as a whole of course has a conserved particle number in both
the normal and the BEC phase (since it is not spontaneously coupled to an external bath
with particle number exchange), in the BEC the macroscopically occupied single particle
state itself acts as a bath, which exchanges particles with the rest of the system. None of
these two subsystems (the macroscopically occupied single particle state and the macro-
scopically occupied residual system) itself has exact particle number conservation and so,
in the presence of a BEC, the non-condensed particles do not posses a U(1) symmetry,
which is spontaneously broken at the transition where the BEC state occurs.

The theoretical approach to describe the dynamics close to the ground state of interacting
bosons in the presence of a BEC is typically to expand the action in terms of fluctuations
around a perfectly condensed state. This state corresponds to a homogeneous an tempo-
rally fluctuationless density, where fluctuations of the density (of both thermal and quan-
tum mechanical origin) and the phase of the system are small and one can expand around
the stationary density profile. This leads to the famous and well-known Bogolioubov the-
ory, which is very successfully applied for the physics of two- and three-dimensional systems
of interacting bosons.

However, in one spatial dimension, due to the Mermin-Wagner-Hohenberg theorem, there
exists no BEC phase for short-range interacting particles'. As a consequence, there is no
macroscopically occupied single particle state and no static density field around which a
fluctuation expansion can be performed. This implies that both density and phase fluctua-
tions are gapless in one dimension? and a Bogoliubov type expansion is not applicable. In
contrast, the proper long wavelength description is the so-called Luttinger Liquid theory.

'The exact statement of the theorem is that in classical systems with short range interactions, sponta-
neous symmetry breaking at finite temperature is forbidden. Since one-dimensional quantum systems with
a linear excitation spectrum at T = 0 can be mapped to a two-dimensional classical system, this statement
applies to one-dimensional interacting bosons.

?In contrast to higher dimensions, where due to the presence of a BEC only phase fluctuations are
gapless.
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In order to derive the Luttinger action, the complex bosonic fields are decomposed into a
phase and amplitude representation according to

B(X) = [p(X)]7 e, (3.1.1)

where p, 6 are real fields representing the density and phase of the bosonic particles. The
phase is a dimensionless field by definition, while the density has the dimension of an
inverse length scale. In a sequence of seminal papers, Haldane found a representation of
the density operator in terms of an additional dimensionless variables according to

p(X) = <Po - 71r8X¢(X)> > ayetmimpox=oX), (3.1.2)

m=—0o0

Here, pg is the macroscopic expectation value of the particle density and the parameters ay,
are real and depend non-universally on the specific theoretical generator of the dynamics,
i.e. the Hamiltonian or the Liouvillian. As proven by Haldane, such a decomposition is
always possible for one-dimensional bosons and the real field ¢ is the conjugate field for
the phase variable in the sense that in a operator representation

[axg?)(x), é(x/)} = ind(x — x). (3.1.3)

The representation of the density operator in Eq. (3.1.2) is exact, as well as the commuta-
tion relation in Eq. (3.1.3). This leads to an exact representation of the bosonic fields in
terms of the dimensionless fields

B(X) = (po - X¢<x>) ’ ( S Bme2im(”f’°x“¢’(x))> (O) (3.1.4)

m=—0o0

with a new set of non-universal parameters 5,. In the long wavelength limit, the oscilla-
tions in the second parenthesis will average out and the only relevant contribution is the
one for m = 0. As a consequence, in the long wavelength limit, the bosonic fields are
approximately

1
2

P(X) ~ <pojrax¢<x>) 1), (3.1.5)

3.1.1 Long-wavelength Action for Lieb-Lininger Type Models

The specific action describing a system of interacting bosons depends on the model under
consideration. However, the form of the action for a one-dimensional bosonic quantum fluid
is quite universal and is called Luttinger Liquid action. In order to derive it exemplary,
we start with a generic model for interacting bosons, which is the so-called Lieb-Liniger
model. It is an integrable model, describing bosons with a short ranged é-type interaction®
and a quadratic dispersion. Although this model does of course not cover all bosonic
systems in one dimension (as most of the models are not exactly integrable), the Luttinger
formalism that is derived from it takes on the same form for a much broader class of one-
dimensional models and only the corresponding effective parameters have to be adjusted

3This is the effective interaction potential for spin polarized bosons with short range interactions in the
infrared limit.
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to the microscopic model under consideration. The Lieb-Liniger model is described by the
Hamiltonian

o= [ [0t 20+ (340)] (310

Inserting the definition of the bosonic fields in the long-wavelength limit ( into the
Hamiltonian, the interaction part is transformed trivially, reading

2 [ (i) = & [ oo, (3.1.7)

where we neglected irrelevant constants.
On the other hand, the kinetic term becomes more complicated, as it transforms according
to

02 (92¢)*
t L _ R
/X¢X2m¢ = / [27r,0 (8y0x)* — 20,0 (8,0)° + 3200 | (3.1.8)

In the long-wavelength limit, only the lowest order derivative terms in this expansion
contribute to the dynamics and typically one only takes into account the quadratic terms
in the derivatives. However, we will derive an intermediate action up to forth power in the
derivatives, which reads

HLiLi = /

The terms of this Hamiltonian, which are quadratic in derivatives form the well-known
Luttinger Liquid Hamiltonian, which is commonly described in terms of two distinct pa-
rameters according to

9 2
) & 0ty

P 2 1 2
(8)(9)() _2’/T7m x¢ (8)(0) + (319)

2m

Hyp = % / [uK (Ox0x)% + % (axqﬁ(X)f] . (3.1.10)

X

Here K is the Luttinger parameter and u is the speed of sound that determines the disper-
sion of the excitations of the system. In terms of microscopic parameters, we find

_and u 1/ Ps. (3.1.11)

However, one should be careful with the microscopic parameters, since the Luttinger Hamil-
tonian describes an effective long—wavelength description, for which the short wavelength
modes have been integrated out in the renormalization group sense. This procedure renor-
malizes the effective parameters of the theory, i.e. u and K strongly and Eq. (3.1.10)) only
holds in the limit of weak interactions.

The higher order terms in the expansion of the Lieb-Liniger Hamiltonian 9) will induce
two different features. Let us start with the term proportional to the second order derivative
of the field ¢. This term is quadratic in the field but quartic in the derivatives. As a
consequence, it introduces a correction to the dispersion of the fields in agreement with
Bogoliubov theory, i.e. for very short distances, this term will become the dominant one
and introduces a quadratic dispersion for the excitations. For this reason, we will refer to
this term as the Bogoliubov term. However, since it is quadratic in ¢, it will not lead to
any coupling between the different modes of the system and will therefore not induce any

non-trivial dynamics. On the other hand, the cubic term ~ 8y (9x0)? contains only three
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spatial derivatives and will therefore be relevant on larger length scales than the Bogoliubov
term. Therefore the cubic interaction term is more relevant than the modification of the
dispersion due to the quartic term. We will also see in the following chapters, that the cubic
term induces a redistribution of energy between the different modes of the Luttinger Liquid
and can lead to a relaxation of an excited state into the thermal equilibrium. Therefore,
even if not relevant compared to the quadratic terms, this term is non-negligible in a non-
equilibrium setting, where the relaxation of the state is the major feature of the dynamics.

In order to give an estimate of the relevance of the higher order terms, we diagonalize
the Luttinger Liquid Hamiltonian (3.1.10) by performing the rescaling ¢ — VK¢ and
0 — ﬁ@. This leads to

1
muy/'K

In momentum space, the Bogoliubov term becomes of the same order of magnitude as the
Luttinger terms at the Luttinger cutoff A, which fulfills

K

4dmmup

u

o = o | [(axW T (00)* -

O (0x0) + (020)°] . (3.1.12)

2T

2
KA

"~ 4drmup’

(3.1.13)

For momenta q > A, the influence of the Bogoliubov term is no longer negligible and the
dispersion gets a quadratic correction to the linear one, which is a feature of the Luttinger
Hamiltonian. Therefore, we restrict ourselves to momenta below the Luttinger cutoff,
which in macroscopic parameters reads

A= \/27?\/@ (3.1.14)

For momenta q below this cutoff (in other words, for length-scales larger than the inverse
cutoff), the Bogoliubov term can be dropped and we obtain a quadratic Luttinger Liquid
with a cubic interaction term. The resulting Hamiltonian and the corresponding systems
are from now on referred to as interacting Luttinger Liquids. The Hamiltonian is

Hy = ;r/x [(8)(0)2 + (840)* + v (94) (0x0)* (3.1.15)

and we have introduced the effective coupling constant v.

3.1.2 Remarks on Interacting Luttinger Liquids

For the derivation of the interacting Luttinger Liquid, Eq. , we have neglected
several terms, including the Bogoliubov term, because of their irrelevance in the long
wavelength limit. In principle, one could argue the same way in order to get rid of the
cubic nonlinearity that describes the interaction in the Hamiltonian Actually
this is performed for most equilibrium problems, where the theoretical description is based
solely on the quadratic Luttinger Liquid Hamiltonian. The justification for this is that
the cubic interaction term does not modify the dispersion of the excitations but leads
to a redistribution of energy and to scattering processes between the excitations. As a
consequence, in an equilibrium setup, where the system has reached its stationary state,
the only impact of the cubic term is the generation of a finite lifetime for the excitations
(due to the scattering processes) and therefore a modification of dynamical, frequency
resolved observables. Therefore it can be and is commonly neglected in equilibrium setups.
However, as pointed out above, for any non-equilibrium setup, the cubic nonlinearity is the
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leading order term that introduces relaxational dynamics to the system and can therefore
under no circumstances be neglected, as we will see in the following sections of this thesis.

The global position and momentum operator in the Luttinger basis are

- 1 1
X = N/Xxp(x) = _N7r/XX6X¢X7 (3.1.16)

where N is the global particle number and

p = % /X lowb, — (a,(@) b, = % /X (7po — Dxch) Db (3.1.17)

Galilean invariance of the non-relativistic system requires
NmP = §,X = % [HX} , (3.1.18)

where Nm is the global mass of the system. As by the commutation relation [Ox¢x, Ox/] =
ird(x — x’) an operator 6 annihilates a derivative of ¢, the linear contribution of the
momentum operator is recovered from the quadratic part of the Hamiltonian, while the
quadratic part of the momentum operator is recovered only in the presence of the cubic
nonlinearity. The nonlinearity is therefore required for Galilean invariance of the system.
On the other hand, operators proportional to 8,0 (9,$)? and (8x6)® in the Hamiltonian are
forbidden, since they would create additional terms in Eq. , which are incompatible
with the momentum operator in Eq. and therefore with Galilean invariance.

As pointed out briefly above, the interacting Luttinger Liquid is an effective long wave-
length description for interacting one-dimensional bosons. It can be seen as the resulting
theoretical description after the fast, short distance degrees of freedom have been inte-
grated out. This procedure however does not only reduce the Hamiltonian to the form
of Eq. , which contains only the leading order terms in the sense of a derivative
expansion but also renormalizes the remaining effective parameters in the Hamiltonian. As
a consequence, for strong microscopic interactions, the Luttinger parameters can no longer
be determined straightforwardly from the microscopic parameters and the definition of the
Luttinger K and u in Eq. is no longer correct and can only for very few cases
be determined numerically. The same is true for the nonlinear part of the Hamiltonian,
where v becomes an effective parameter as well. Furthermore, the projection onto the long
wavelength modes generates an additional nonlinear term proportional to (8ng)3, which
corresponds to an effective cubic density interaction. However, although the effective pa-
rameters governing the dynamics of the interacting Luttinger Liquid are no longer easy to
determine, the structure of the Hamiltonian is protected. As we will see in the
following sections, this leads to a non-equilibrium dynamics that is determined by only
three free parameters, which can be determined from experimental measurements, which
makes the non-equilibrium dynamics of the interacting Luttinger Liquid in the same sense
universal as the well studied equilibrium dynamics of the non-interacting Luttinger Liquid.

The parameters uK = vy and ¢ = vy for instance can be uniquely identify in terms
of thermodynamic properties of the system’s ground state. While vy is in a direct way
related to Kohn’s stiffness, i.e. the weight of the Drude peak (~ d(w)) in the conductivity
[113, 67, 80]. On the other hand, vx determines the inverse macroscopic compressibility of
the system. The latter increases for increasing microscopic interactions and is therefore a
continuous function of 1/K.
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3.1.3 Keldysh Action for Interacting Luttinger Liquids

In order to study the non-equilibrium dynamics of interacting bosons in one dimension, we
have to develop the Keldysh path integral for the interacting Luttinger Liquid described
by the Hamiltonian . In chapter (1}, the partition function of a corresponding phys-
ical system has been formulated in terms of a Keldysh functional integral. This has been
achieved by first deriving a path integral formulation for the time evolution of the system’s
density matrix on the (+)-contour and subsequently performing the Keldysh rotation to
classical and quantum coordinates. While the Keldysh rotation is a linear and unitary
transformation, this is not true for the transformation from microscopic bosonic operators
to the Luttinger fields (Egs. , ) Because of the latter, both transformation do
not commute and the order in which a Luttinger Liquid is transformed to Keldysh space
is important.

Complex fields on the (4)-contour have the same physical meaning as quantum field oper-
ators and therefore a transformation as shown in Eqs. (3.1.1]) and (3.1.2)) which is based on
physical arguments remains valid for fields on the (£)-contour. On the other hand, clas-
sical and quantum fields have no clear, direct physical meaning and Haldane’s arguments
leading to the Luttinger transformation have no meaning in the Keldysh rotated space.
Therefore, one has to perform first the transformation to the Luttinger fields in the (£)
basis and then transform to Keldysh space, for which the action becomes simplified again.
This implies however some computational effort for bosonic response and correlation func-
tions, as we will see.

The action for the interacting Luttinger Liquid on the (+)-contour is derived exactly as
described in (|1.1.34]). Starting from the Lieb-Liniger model, in terms of microscopic bosonic

operators, it reads
S = / [1,“ , A0y X~ wT 7Xi(9tw ,X} +H. — Hop, (3.1.19)
X -

where

02 2
He T x T
LiLi /Xwa,x < B ) wa,x +g <¢a,xwa7x> (3.1.20)

is the Hamilton functional on the o = £-contour. The time derivative part in the action
transforms into the Luttinger representation according to

I 1
/ @ZJL xiat@ba,t = / <—2latax¢a,x - (,00 - 8X¢Q,X) 8t9a,X>
x X U us

1
= /ax(z)a,Xataa,Xa (3121)
T JX

where we dropped all constant terms in the last equality. The Hamiltonian part transforms
according to the steps described in Sec. such that the action in the Luttinger basis
is

1
s=1 / 04 X0y x — Do xDB— x| + HE, —H,. (3.1.22)
X

s

Here we have replaced the indices (X) = X by a collective one and inserted the Hamilton
functional for the interacting Luttinger Liquid

u
2T

a
HILL -

[ [00030% + @60 +v @utu) O] . (123)
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Now, one can perform the Keldysh rotation for this action, which leads to

1 UK@% 8x8t qu
= a )y Gex o ’ 1.24
S 7T/X ( ,X¢,X)<axat Iléa?()((b%)() (3.1.24)
+ﬁ /X [2 (aXHC,X) (6X¢Q7X) (aXHOLX) + (8x¢q,X) ((8)(0017)()2 + (8X967x>2):| .

Eq. is the Keldysh action for the interacting Luttinger Liquid. So far, there
is no regularization and no information on the initial conditions included and this will
only be done in the following chapters, when explicit examples of Luttinger Liquids out
of equilibrium are considered. However, from the quadratic part of the action, one can
already derive non-interacting excitation spectrum, obtained by requiring

Ko? 0,0
det [ U000 ) 059, 4 udk = 0 wF = +ulq|. (3.1.25)
0.0, L2

:l::

Describing sound waves with a linear dispersion wg

+u|q| in momentum space.

The real fields in this expression are neither representing bosonic nor fermionic statistics
and lack a simple quasi-particle picture. Even further, they do not represent the eigenmodes
of the system, since the quadratic part of the action is not diagonal in these fields. In
order to transform to the eigenmodes, we perform a canonical Bogoliubov transformation
according to

i (21K 2 i
bax = ¢ar— TOINa0(x) — B T sgn(q) e (Ba,qt + 8a,—q,t) (3.1.26)
q

o \T
GQ,X = 00,7t + Ja7t6(X) + 5 . W e (aa7q,t - aa7_q7t) . (3127)

The integral fé is over momentum space®, where the apostrophe indicates that it leaves

out the value q = 0. The complex fields a,, a, represent complex bosonic fields with the
Keldysh index o = ¢,q and for momenta q # 0 are the eigenmodes of the system. the
corresponding q = 0 modes are represented by the two real fields 6N and J. The fields
bat, 0ot represent global modes, which do not appear in the Hamiltonian (since their
spatial derivative is zero) but in principle can be added to the variables, i.e. a global
center of mass motion and a global phase of the initial state. The corresponding spatial
derivatives read

/

1 1 .
Osbax = —mONaid(x) = 5 / @rlalK)? e (Baqr +8aqr),  (3.1.28)
q

1

1 (/2 2 ;

Oxbax = Ja,té(x)+2/ ( Qq]) sgn(q) e ' (an,qt — 8a,—qt) - (3.1.29)
a

The global, zero momentum modes dN and J represent global density fluctuations and
persistent currents in the system. The first statement becomes evident, when integrating
the density (3.1.2)) over the complete space for

1
/PX = / <po - W&be) = Vpo — 0Ny, (3.1.30)

4We use the abbreviation fq = [ 29 throughout the thesis.

—o0 21
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where V is the volume of the system. The second is visible when considering the total

momentum operator (|3.1.17)

. h h
p= po/89X = "5, (3.1.31)
m « m

As we consider a system with exact particle number conservation and without any per-
sistent currents, we will drop dN and J and do not consider them as relevant degrees of
freedom. However, one must be careful with persistent currents in Luttinger Liquids in
general as they turn out to be relevant for a huge class of physical setups °. Plugging
the fields and derivatives of the fields (and neglecting all global operators) into the action
(3.1.24)), we obtain a quadratic part

. - 0 i0; — u|p| Ac,p,t
s@- L / o B )
27’(’ p7t ( C7P,t q’p7t) lat’, _ u’p| 0 aq7p,t ( )

reflecting that the bosonic fields represent the eigenmodes of the non-interacting Luttinger
Liquid. They represent sound waves, i.e. phonons, with a dispersion w, = ulp| and a
velocity u. The cubic part transforms to a more complicated expression, which we render

here in a simplified form, without Keldysh indices

27
S® = v/ K/ v/ lapk[sgn(pk) (aqt +a—qt) (apt — a—pt) (At — a—kt) (g +p + k)
q7p7

k,t

1
= / V(q, P, k) <3aq,tak,tap7t5(q + k + p) + éq,tak’tapmé(q —k - p) + hC)(SlSS)
a,p.k,b

with the symmetrized vertex function

V(q,p, k) = 3V\/¥ V/|apk| (sgn(qp) + sgn(pk) + sgn(kq)) . (3.1.34)

The cubic interaction represents phonon scattering processes, which do not conserve the

3 creates three

2

total phonon number and consist of four different processes. The term ~ &

3

phonons out of the vacuum, the term ~ a° annihilates three phonons, the term ~ aa

converts two phonons into a single one and the term ~ a2

a converts a single phonon into
two. While all the scattering processes are momentum conserving, only the two conversion
processes can be energy conserving as there is associated a positive energy for the creation
of a single phonon. Therefore the processes ~ a3 and ~ a® cannot be energy conserving and
are only able to induce virtual processes, which possibly renormalizes the parameters of
the action. We will analyze the impact of the interaction on the dynamics of the system for
different physical setups in the following sections and now proceed with the introduction

of the Luttinger Liquid action for fermions out of equilibrium.

SFor instance is has been shown, that an impurity with a certain velocity might be slowed down in
a Luttinger Liquid by inducing a persistent current to the system, which becomes the relevant degree of
freedom for this setup. And therefore no external modulation of the system is needed in order to induce
persistent currents.
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3.2 THELUTTINGER FORMALISM FOR INTERACTING FERMIONS
IN ONE DIMENSION

3.2.1 Deriving the Keldysh Action for Interacting One-Dimensional Fermions

We consider a model of spin-polarized one-dimensional fermions with some short ranged
interaction potential g(x — x’), which are described by the Hamiltonian

H, = /k et + / Bl =)o) (3.2.1)

where € is the fermionic dispersion and p(x) = wlwx is the fermionic real-space density.
Close to the Fermi edge, the dispersion can be linearized since in the presence of interac-
tions, the corrections to a linear dispersion in one dimension are small and irrelevant in
the renormalization group sense. This leads to

(k — kg)?

2m*

with the Fermi momentum kg, the Fermi energy ex = €x|k—k,, the Fermi velocity vy =
Ok€k |k=kp and the effective mass m* = (81% €x| k:kp) ! For fermions, the relevant low energy
excitations are close to the Fermi edge and low momentum, i.e. long wavelength, behavior
is determined by momenta close to the Fermi edge. Therefore, we introduce the notation
of left and right moving fermions, where left moving fermions have a negative absolute
momentum and right movers have a positive absolute momentum. Now, we can express
momentum in terms of momentum relative to the left and right Fermi momentum and we
label left and right movers with the index n = £. The energy is as well expressed relative
to the Fermi energy and so we have

k2

e = nvek + (3.2.3)

2m*

_I.

We will as well introduce left and right moving fermions wn -

relation

wn . With the commutation

{¢777k7 w:]’,k’} = 57777]/51{71(/. (324)

This is an exact relation for momenta |k| < kg as for these momenta the definition is
uniqueb. The corresponding Hamiltonian transforms to

2

Hy = /X Z T/’;g,x (invp8x - 2?;;) (U /xx’ g(x —x)p(x)p(x). (3.2.5)

n=+ ’
Without the band curvature term ~ 92, this system is integrable and we will now derive the
Luttinger Hamiltonian for this system and add the band curvature term as an irrelevant
perturbation later.

5A right moving fermion with momentum k < —kp is of course equal to a left moving fermion with
momentum k' = —|k — k.
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The Hamiltonian under consideration is the linear fermion model, first considered by Lut-
tinger, and reads

!
,X

= | nziwv,x (i%e00) + | lx = X))ol (3.26)

This model has in principle an infinite number of negative energy states and one has to
implement the constraint, that for both species 7 = + only states with positive energy can
be occupied and states with negative energy can become unoccupied. Both processes cost
energy and are therefore allowed. As a consequence, we have to express all operators in
normal ordered form, i.e. for states below the Fermi momentum 7nq < nkg, the operator

product 1/1;5,(11/;,7,(1 transforms to

: wjmwn,q = _wn,qwi,q = w;g,qwn,q —1= wjmwn,q - <0’¢Iz,q¢n,q‘0>’ (3.2.7)

where |0) denotes the vacuum state, i.e. the filled Fermi sea. On the other hand, for
momenta 71q > nkg, the states are unoccupied and the energy is positive, such that normal
ordering does not change the operator and we have

PO na = Phang — 0 = ¥ g — (O[] g1, 4[0). (3.2.8)

As a consequence, normal ordering is simply implemented by subtracting the vacuum
expectation value. From now on, all bilinear operators will be considered normal ordered
and we skip the explicit signature : ... : for these. The normal ordered densities of left and
right movers are defined as

Pnx =: T,Z)J;mex s (329)

It has the Fourier transform

Pna = /Pn,xe_iqx - /k <¢;7k+q¢n,k B <O|¢7T7,k+q¢mk’0>)

fk ¢;,k+q¢n,k for q # 0

B 3 ; 3.2.10
{ fk (1!}7];71{1/}7771{ - <O|,¢j],k¢n,k‘0>> = N77 forq=0 ( )

where Nn counts the number of excitations (particles minus holes) in the direction 7. Now
we can take a look at the commutators of the normal ordered densities. For mixtures of
left and right movers

[p4.a:P—p] =0, (3.2.11)

these are of course always zero, since the different species anti-commute already on the
level of bare fermions. For densities of the same species, we find however

[Pn.as Pnp] = /k % [zbj%k IR R (3.2.12)

)

Here we have already used the fact, that the vacuum expectation values of both operators
cancel each other in the commutator. However, the commutator itself has to be evaluated
in a normal ordered way, which leads to

[Pn.as Pp) = /k (<¢:§,k+q+pwn,k> - <w;§,k+qwn,k_p>) = —0(p+ q)n%. (3.2.13)
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This commutation relation, which strictly relies on the filled Fermi sea state, is called
Kac-Moody algebra and is very similar to bosonic commutation relations, if one would
normalize the density operators by one over the corresponding momentum. Additionally,
we instantly see that

p+(p < 0)]0) =0, (3.2.14)
p—(p > 0)]|0) =0, (3.2.15)

since the corresponding states are occupied. This hints towards defining a bosonic annihi-
lation operator according to

2 3
b= () S otapion. (32.16)

Obviously, this operator has the property
bq|0) =0 (3.2.17)
for all q # 0. In combination with the Kac-Moody algebra of the densities, this implies
[bq, bL] =4d(q—p), (3.2.18)
where

b= ((,25‘); Zﬁ(np)pn,p)T = <,2§‘>§ Zn:@(np)pn,p (3.2.19)

n

The kinetic part of the Hamiltonian (3.2.6])

HKin - / Z¢;’XinvF8an7X (3220)
Xn::t

has the following commutation relation with a bosonic annihilation operator with arbitrary
(positive) momentum q

_ (* f _ (% f
{bquKin} = <M|> /kVFk [p+7—qv¢+,k¢+,k} = <‘q|) VFq/kw—&-,k—qw—l-,k
T (3.2.21)

In the same way, we find for arbitrary negative momenta q < 0,

|:bq7 HKin] = —qubq = VF‘Q’bq- (3.2.22)

Combining the results from Egs. (3.2.21) and (3.2.22)), the kinetic part of the Hamiltonian
takes the form

Hyn = /vpk|bltbk, (3.2.23)
k

i.e. the Hamiltonian of one-dimensional fermions with linear dispersion can be expressed
in terms of bosonic operators with a linear dispersion. This result is possible only because
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of the commutation relations of the fermionic density operators, which crucially rely on a
filled Fermi sea. As a consequence, the elementary excitations are not single fermions but
particle-hole excitations, which aren’t bosons in a strict sense, but for which we found a
bosonic representation.

In order to find a representation of fermionic single particle operators in terms of the
densities, we evaluate the commutator

— ipx T _ igx
[ by ] = /k N (3.2.24)
7p

Due to the Kac-Moody algebra of the fermionic density operators (3.2.13f), we can interpret
the density in an commutator in terms of a derivative, i.e.

q 0
21 Opy,—q

oo -] = (3.2.25)

and with the combination of the commutation with a single particle operator (3.2.24]), this
yields

0 2mn
= Gy ey, 3.2.26
3Pn,7q n’, mn q 7, ( )

This differential equation is solved straightforwardly by

Lm]eiiqxpn q)

Uy =Uye f(% a), (3.2.27)

where the undetermined operator U cannot be a function of any fermionic operator, nei-
ther single particle nor density operators, i.e. its commutation relation with all possible
fermionic densities is zero. It is, however, very simple to determine the operator U,. The
only density operator that is not contained in the right side of Eq. is the global
number operator N, = p;, 9. On the other hand, in the present form, the right hand side of
Eq. does not change the global particle number of the system, while the left hand
side does Tower the global particle number. Since the removal of a particle from a specific
state of the system would lead to additional commuation relations in Eq. , U, can
only change the global particle number uniformly and fulfills the relation

Ulu, =N, (3.2.28)

A rigorous derivation of the prefactor U,, can be found in Refs. [83] 67, [80] but the discus-
sion presented here is sufficient to understand its meaning and sufficient for the following
sections.

So far we have found a simple expression for the kinetic part of the Hamiltonian in terms
of bosonic operators and an expression for the single fermion operators in terms of fermion
densities. In order to relate the two in a simple and straightforward way, we now introduce,
very similar as for the bosonic case, the real operators ¢ and 6 according to

!
1 .
dx = —(Np+N_)mx— iw/ ge_qu (p.q+P-q) e A (3.2.29)
/ql ) .
0 = (Np—N_)mx+ iT('/ —e P (prq—p-q)e A, (3.2.30)
q

We will now briefly discuss these operators. First, as for the bosonic case, %@dbx can be
seen as the density fluctuation operator, describing the global density fluctuations of left
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and right moving particles in the zero momentum term ~ (N4 4+ N_) and momentum
dependent density fluctuation in the sum term. On the other hand 040 is proportional to
a current in the system, the term ~ (Ny — N—) describing a global current through the
system, while the momentum dependent terms describe local current fluctuations. We also
added a cutoff A in this description, which was not present in the previous formulas. This
cutoff fulfills actually two requirements. For a perfectly linear fermionic dispersion, the
presented derivations are exact on all length scales and there exists no physical cutoff in
the system, however, the theory must be regularized at some point and this is the task of
the cutoff. For a fermionic system on a lattice, or for fermions with band curvature, the
cutoff represents the microscopic cutoff for the Luttinger theory and is implemented here
in a smooth way.

In terms of the real fields, the fermionic single particle operators can be expressed as

U = Uy = st (3.2.31)

Using the commutation relations for the bosons, b:rl, bq and the fermionic densities py g, it
is simple (cf. Ref. [67]) to derive the following commutation relation

[Oxx, Oxr] = —imd(x — x'), (3.2.32)

which are again the ones known from the bosonic Luttinger Liquid theory (Eq. (3.1.3))).
The kinetic part of the Hamiltonian is

Hy = — / Ve [(axex)2 + (8X¢X)2} . (3.2.33)

2 Jy

The interactions can be formulated in terms of left and right movers according to

Hpe = / ) g(x— X/) [P+ x + p—x] [p-i-,X’ + p—,X’] . (3.2.34)

)

Terms proportional to wi’qlwl%w,’qs ¢_ , are energetically strongly suppressed since the
momentum conservation of this process requires q; + q2 + 2kp = q3 + q4 and so the energy
difference between the state before the collision and after is ~ 2vpky = 2€5.

From Eq. (3.2.29)), we see that
1
Prx T p-—x= ;axqu (3.2.35)

and thus

™

= [ 2 060 (010w). (3:2:30

)

As the interaction is supposed to be short ranged, we can perform a derivative expansion
up to second order of the interaction, leading to

)\2
Hlnt:/ /%(axqsx)%gfr—z(aiqsx)ﬁ (3.2.37)

)

where A is the effective range of the interaction. Putting interactions and the kinetic term
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together, we obtain the Hamiltonian

Hep = % / {VF (8bx)? + (VF+2>( D) + ngA (02¢4)°] . (3.2.38)

This Hamiltonian, which is only quadratic in the fields ¢ and 6 is very similar to the
Hamiltonian that we obtained earlier from the bosonic theory. Again, we have a term
that is quadratic in the derivatives, which will finally lead to a linear dispersion of the
elementary excitations.

So far, we have completely neglected the band curvature terms in the original fermionic
Hamiltonian (3.2.5). From their canonical scaling behavior (a one-dimensional density

times a second order derivative), it is clear that they will be proportional to a cubic
derivative term in the Luttinger variables ¢ and 6. The band curvature term is

HBC = /wa 82 /Z¢T U @2 inbety)
n==+
= /an:;[/)n,x (naxd)x - GXQX)Q +1i (na)%(bx _ 8)2(9)1|

= /X [(8X¢x) (0x0x)® + 1 (00205 + 8X9Xa§¢x)} : (3.2.39)

The second term, proportional to i cancels exactly by partial integration and the only
term left is the one that is cubic in the fields. As a consequence, we can write down the
Hamiltonian of the system including band curvature terms, which reads

o = o [ [ @a+ (4 22) @002 + 060 (0007 + 222 (020,

2g0)\

— 1 2 v 2 1
= 3 X[VK (Oxbx) +K(axd>x) +B(8"¢X) (0xbx)? +

(92¢x) } . (3.2.40)

where we introduced the fermionic Luttinger parameters

-1
3 )
vy /14220 and K =4 /1+ 220 (3.2.41)
Vg TTVE

As for the bosons, there is a quadratic term, reflecting the elementary excitations, which are
phonons with a linear dispersion, a Bogoliubov term that leads to a quadratic correction
of the dispersion for larger momenta and a cubic interaction term that stems from the
non-zero band curvature of the microscopic fermions. As for the bosons, the Bogoliubov
term will play no role in our considerations since for an out of equilibrium setup, the band
curvature is much more relevant and it is less irrelevant in the renormalization group sense
than the Bogoliubov term. We can therefore write the interacting Luttinger model for
fermions by dropping this term as

1 1
HILL - % /}; |:1/K (8x0x)2 + % (BXQZ)X)Q + a (axqu) (8X0X)2 . (3.2.42)

The difference to the bosonic model is only in the microscopic definitions of the Luttinger
parameters and the corresponding operators but the Hamiltonian is exactly the same. In
the next section, we will see that the Keldysh action of the interacting Luttinger model
for fermions is as well exactly the same as for bosons and compute the fermionic response
and correlation functions in the Keldysh framework.
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3.2.2 Keldysh Path Integral for Fermionic Luttinger Liquids and Fermionic Corre-
lation Functions

In order to study systems of interacting one-dimensional fermions, we derive the Keldysh
path integral for the corresponding Luttinger Liquid theory, described by the Hamiltonian
(3.2.42)). Following the derivation of the Keldysh path integral formalism in chapter
Accordingly, the action on the (+)-contour is

S= /X Y [Yanxaidtbanx] —HE +Hy, (3.2.43)

an=%

where 9q.nX,%anx are Grassmann fields on the (£)-contour. The index a labels the
corresponding contour, @ = =+ and the index n = =+ labels right and left movers and
X = (x,t). Hf is the Grassmann functional of the Hamiltonian from the previous
section. The representation of the fermionic Grassmann variables in terms of the Luttinger
fields ¢, 0 is directly inferred from the representation in operator space (Eq. )

§an olkrx g —i(ndax—bax) (3.2.44)

1/)04:77,X = \/ﬂ

Here, the variable &, , is a global contour dependent Grassmann variable, ensuring Grass-
mann commutation relations of the individual fermionic variables. The time derivative of
the Grassmann fields is

Z @Z_}a,n,Xiatwa,n,X = Z Pa,n,X (nat¢a,X - ateoz,X)

n== n==+
= (Pa+,X = Pa,—X) Ot0ax — (Pa+X + Pa,—x) Ocbax
1
= = (0x00,xOcba.x + OxPax0t00,x) ; (3.2.45)

where we inserted the real field pa ., x = Ya,nx%a,nx and applied the relations ,
for real fields on the (£)-contour. In the same way, following the transformation
rules in the previous section and extending them straightforward to Grassmann variables,
we can substitute HY by the corresponding version of the Luttinger Hamiltonian Hy;, in

Eq. (3.2.42). This leads to the action on the (£)-contour

=)o <7r / (0x00,x0cbax + OxPax0t00x) — Hf‘LL> , (3.2.46)
o=+ X
with
1 1
H, = 5o /X [VK (0x00x)? + % (Bxbax) + — (Oxax) (axoa,xf] : (3.2.47)

As a result, after the Keldysh rotation, we obtain the identical Keldysh action for one-
dimensional fermions as we did for one-dimensional bosons in Eq. and all the corre-
sponding transformations, i.e. the change to the phonon variables as given in Egs. ,
(3.1.29) are equivalent.

In the remainder of this section, we will derive the expressions for fermionic real time
Green’s functions in the Luttinger-Keldysh framework. As we will perform all compu-
tations in the phonon representation, we start with relating the retarded, advanced and
Keldysh Green’s functions in the 8 — ¢ basis in terms of phonon Green’s functions. The
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corresponding transformation to the phonon basis is given in Eqs. (3.1.26)) and (3.1.27)
and in the momentum representation read

1
i /27K ?2 B
Paq = —5 (M!) sgn(q) (aa,Q + 2a,-q) (3.2.48)
1 27
0o = 5| ) (BaQ = 2a,-Q) s 3.2.49
Q 2<K|q‘>( Q Q) (3.2.49)

where Q = (q,w) is the combined momentum and frequency index and a = c¢,q is the
Keldysh index. As we see from the definition of the fields ¢ and # in Egs. , ,
they are defined independently of the specific model parameters. On the other hand,
the transformation to the phonon basis is a function of the Luttinger parameter K and
therefore depends on the specific value of vy and gg in the Hamiltonian. Therefore, the
Green’s functions in the § — ¢ basis are related to the fermionic observables independent
of the model. In terms of phonon Green’s functions they are

afs o . . K af Ba af af *

Gos(Q) = —i(da—adsq) = grr (GQ +G% +Te + (rQ ) ) (3.2.50)
af _ : 7 af Ba af ap *

Gi(Q) = —il0a-afsa) = 35 (68 + 6%y -1y = (ry) ). (251)
a . m o o a aB)*

G Q) = —ilda—afs) = —3 (6 - %y +1y = (1) ). (3252)

Gor(Q) = Ghg(-Q). (3.2.53)

Here, we have introduced the normal and anomalous phonon Green’s functions in frequency
space

Gy = —ifaaqasq). (3.2.54)
Iy = —i(fa,-qdsQ)- (3.2.55)

In order to determine fermionic Green’s functions in terms of the phonon Green’s functions
above, we have to keep in mind the order of transformations. The transformation to
the Luttinger basis has been performed in real space and on the (+)-contour. Although
the mapping between Luttinger and fermionic variables is unique, it is not unitary and
therefore does not commute with the Keldysh rotation and the Fourier transformation.
We will therefore express the fermion Green’s functions on the (%) contour and in real
space and subsequently perform the transformation to Keldysh and momentum space in
terms of the Luttinger variables.

The fermionic lesser, greater Green’s functions for n-movers are

_ —inkp(x—x')
Goxx = —W-pxtbinx) = 627(el("¢+,X’*9+,X/*W¢—7X+9—,X)> (3.2.56)
b} 9 7_(_
_ —inkp (x—x')
Goxx = —HY—px¥inx) = 627<el(’7¢*’x’_9*¢x’_”¢+»X+9+7X)>. (3.2.57)
b b 7.(_

Here, we again used the contour label (£) for fermionic Grassmann fields and two distinct
spatio-temporal coordinates X, X’. In order to evaluate the expectation value of the ex-
ponential, we approximate its value by its first order cumulant expansion, which becomes
exact for a quadratic action and it becomes a very good approximation for well-defined

3.2 The Luttinger Formalism for Interacting Fermions in One Dimension 95



quasi-particles even in the presence of interactions’. The expectation values of the expo-
nentials are

e*iﬂkp(X*Xl) 1 g 0 2 efinkF(xfx’) _1g<.
G;,X,X’ S — e 3 (g xr =04 xr—nd—x+0-x)") _ Te 27nX.X" | (3.2.58)

In the Keldysh basis, the exponentg’;X x can be evaluated and reads

Wixx = Amorx —0yx —no-x+0-x)°) (3.2.59)
= Gg(O,X’,X’ + Ggo,x,x - 2G§<9,X’,X + QGGAG,X,X’ - QGORG,X,X’
+G§¢,X’,X’ + Gl xx — 2G<I§¢>,X’,X + 2G$§¢,X,X' — 2G5, x x0
+21 (Gl xx + Ghoxx + Gooxxr + Glgx xr — G9A¢,X,X' - Gf;e,x,X') :

In a similar way, one can derive the expression for the fermionic greater Green’s function.
From now on, we will consider a translational invariant system, for which the Green’s
functions only depend on the difference x — x’. This is clearly the case for a homogeneous
Luttinger Liquid as we consider in this thesis. On the other hand, systems out of equilib-
rium are no longer time translational invariant, so we cannot express the Green’s functions
only in terms of the relative time t — t’. However, for the purpose of describing out of
equilibrium systems, it is very useful to introduce forward and relative time coordinates
according to

ot

T and 6t =t —t'. (3.2.60)

In doing so, the Green’s functions can be expressed in terms of relative spatio-temporal
coordinates and the absolute time,

Gxxr = Grsx, (3.2.61)

where 60X = X — X' = (x = x/;t — t/) = (x,0t). We will from now on skip the ¢ and use
x,t for the relative space and time coordinates and 7 for the absolute time coordinate.
In terms of the new coordinates, the exponent in the Keldysh basis (3.2.59) is rewritten
according to

K K A R
Grrx = Gooro— Goorx + Goorx — Goorx (3.2.62)
K K A R
+Ggsr0 = Gosrx + Goprx — G rx
K K R R A A
+1 (Gog.r.x + Goprx + Gogrx + Goorx = Gogrx = Goorx) -

In the next step, we will express the exponent in terms of the Fourier transformed (with
respect to the relative coordinates) Green’s functions

Grrx = /Q ((1 = cos(gx) cos(wt)) G}fng — isin(wt) cos(qx) (GQQ’T,Q — Gg‘ng))
—i—/Q ((1 = cos(gx) cos(wt)) G};;S,T,Q — isin(wt) cos(gx) (GQQS’T’Q — G@J’Q))

+2177/ (sin(wt) sin(qx)Gg¢7T7Q) + cos(wt) sin(qx) (GQI?@’T’Q + GQG,T,—Q) .(3.2.63)
Q

"Technically, the first order cumulant expansion is exact, if higher order Green’s functions factorize. The
correction term to the first order expansion is proportional to irreducible higher order correlation functions,
which are typically negligibly small even for interacting Luttinger Liquids [122], 183} [74] [T}, [80, [67].
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Of major interest for our further analysis will be the fermionic lesser Green’s function with
non-zero absolute time but vanishing relative time. It is for instance necessary to deter-
mine the fermionic distribution function and the scaling behavior of equal-time correlation
functions in real space. For zero relative time, the exponent reads

G = |, (1= con(@9) (Gl + Clr))
+2i77/Qsin(qX) (GEG,T,Q + G£97T7_Q) . (3.2.64)

We will apply this transformation in the following sections in order to determine the
fermionic correlations in a system, which has been initialized in a out of equilibrium state
and will finish this section with a discussion of the fermionic equilibrium Green’s function.

3.2.3 Equilibrium Fermion Green’s Functions and T = 0 Scaling Behavior

We will now evaluate the Green’s functions for interacting fermions in one-dimension for

the case of thermal equilibrium. In this case, the bosonic excitations bl;, bq are distributed
according to a Bose-Einstein distribution. Since the Hamiltonian doesn’t contain any
anomalous terms o bIle_q, their occupation is zero in equilibrium and the anomalous

Green’s functions I' = 0. In the equilibrium case, the Green’s functions do not depend on

the forward time and we find (see Eq. (3.2.50)))

la

K K K K K K —lal
/w Gooa = Govar=o = g7 (Gaimo + G=qimo) = Jor g+ 1)e™s - (3.2.65)

for the Keldysh Green’s function, where ny is the distribution function of the phonon
excitations and

lal

m T _lal
/U;Ggg’Q = GE@,q,t:O = —E (Gitzo — Gét:O) = —ie A (3266)
The #6-correlation function follows immediately by taking K — % in ((3.2.65]) and so
1 1-—
q

—i777r/ sin(ax) et (3.2.67)
q

At zero temperature, ny = 0 since the ground state of the system is excitation free. The
integrals can be evaluated and yield

1 1
g;x = 3 <K + K) log(1 4 x?A?) — 2in arctan(Ax). (3.2.68)

After some calculations, this leaves us with the fermionic lesser Green’s function

. . _14K2
S0 = Te—mkFXe—%gi,x = 2ieﬂﬁ(kpr‘flrctam(AX)) (14x°A?%) i (3.2.69)
? T T
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Figure 3.1: Fermionic density ng in momentum space, obtained from Eq. (3.2.70]), for two
different Luttinger parameters K; = 2, Ko = 1.8, corresponding to two different interaction
strengths. Visible is the absence of a jump of the distribution function at the Fermi

momentum q = ky and the algebraic divergence at the Fermi momentum. The dashed
(K1,2—1>2

2K7 5

lines represent analytic functions f; 2 = c12 — dj 28gn(q — kg)|q — kg| , where the

parameters c,d are non-universal fit parameters.

This reveals the algebraic decay of the fermionic correlation function in real space, which
. . _14K? : : :
for long distances is ~ x~ 2k . For non-interacting fermions, at K = 1, one recovers the

canocial scaling of the fermionic correlation function ~ x~!, which corresponds to a one-
dimensional density. The term ~ arctan(Ax) is crucial as it implements the step function
in the fermionic density in the momentum space representation, i.e. in

2

. 1. _14K2
nf = /equG<t:o :/ e~ in((ke—q)x-arctan(ax)) (14+x°A%)" (3.2.70)

q X, 9

. . . 1+K2 (K—1)2
Close to the Fermi momentum, this function scales as ng ~ |[q—kg| 28 ! = |q—kg|” 2

Indicating the absence of a Fermi edge in interacting one-dimensional systems. In fact, the
fermionic quasi-particle residue Z, which is the jump of the fermionic distribution function
at the Fermi momentum is Z = 0 for K # 1, i.e. for interacting fermions in one dimension®.

In Fig. we show the distribution function nq = <1/1:5¢q> for the right movers for two
different Luttinger parameters K; = 2, Ko = 1.8

8This is in stark contrast to higher dimensional interacting fermions, where Fermi Liquid theory predicts
0 < Z < 1 for interacting fermions. As Fermi Liquid theory relies on well-defined fermionic quasi-particles
at q = kr, this means that it is definitely not applicable in one dimension.
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4 KINETIC THEORY FOR INTERACT-
ING LUTTINGER LIQUIDS

In this chapter, we derive a closed set of equations for the kinetics and non-equilibrium
dynamics of interacting Luttinger Liquids with cubic resonant interactions. In the presence
of these interactions, the Luttinger phonons become dressed but still well defined quasi-
particles, characterized by a lifetime much larger then the inverse energy. This enables
the separation of forward time dynamics and relative time dynamics into slow and fast
dynamics and justifies the so-called Wigner approximation, which can be seen as a "local-
time approximation" for the relative dynamics. Applying field theoretical methods in the
Keldysh framework, i.e. kinetic and Dyson-Schwinger equations, we derive a closed set of
dynamic equations, describing the kinetics of normal and anomalous phonon densities, the
phonon self-energy and vertex corrections for an arbitrary non-equilibrium initial state. In
the limit of low phonon densities, the results from self-consistent Born approximation are
recaptured, including Andreev’s scaling solution for the quasi-particle lifetime in a thermal
state. As an application, we compute the relaxation of an excited state to its thermal
equilibrium. While the intermediate time dynamics displays exponentially fast relaxation,
the last stages of thermalization are governed by algebraic laws. This can be traced back
to the importance of energy and momentum conservation at the longest times, which gives
rise to dynamical slow modes.

4.1 INTRODUCTION

The kinetics and non-equilibrium dynamics of low dimensional, interacting quantum sys-
tems is an outstanding and fascinating challenge in quantum many-body physics [33] [189].
On the one hand, it is strongly motivated by recent cold atom experiments performed on
low entropy quantum wires under out-of-equilibrium conditions [I11],[74, 122} 183} 197, 132,
172]. On the other hand, from a theoretical point of view, the study of non-equilibrium
dynamics in integrable and non-integrable systems is currently a field of growing interest
[39, B30}, 37]. This is triggered by the question, whether and — if answered affirmatively —
in which specific way a one-dimensional quantum system is able to thermalize [17].

An example of a one-dimensional integrable model is the linear Luttinger Liquid, which
is the effective long-wavelength description of one-dimensional interacting quantum fluids,
composed either of fermions or bosons [80} [67]. Due to integrability, even if prepared in
a non-equilibrium state, this model will never thermalize, since the number of excitations
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for each momentum mode q is a constant of motion [39]. However, as already pointed out
by Andreev and Haldane [8, [80], there are non-zero corrections to the linear theory, which
certainly break integrability in the Luttinger model. They are irrelevant in the sense of
the renormalization group, and do not affect static observables. In contrast, they lead to a
modification of dynamical, i.e. frequency resolved, correlation functions. These nonlinear
corrections describe three-body scattering processes between phonons and are, due to their
resonant nature, not straightforwardly approached theoretically.

Apart from a wealth of numerical studies [36], 150), 151}, [60} 201, 32, 177, 156], based on
matrix product state and Bethe ansatz calculations, several field theoretical approaches
have been developed [176), [145] [162), 110l [I73) O] 168, 169]. A seminal early study was
carried out by Andreev, who used a self-consistent Born approximation to determine the
phonon self-energies, establishing a universal phonon absorption rate v ~ q7 with expo-
nent n = % for a finite temperature system [120, 198, 12]. A similar computation leads to

an exponent = 2 for the case of a zero temperature state [161], which has been verified
by several numerical methods [I50]. Recently, so-called nonlinear Luttinger Liquids have
been introduced, which are designed to capture corrections to the linear Luttinger theory
in the context of one dimensional fermions systems [93, 94 162 [IT0]. These have been very
successful in determining, for example, the power law divergences of the dynamic structure
factor, or thermalization rates for near equilibrium systems [93]. Despite the large number
of analytic and semi-analytic works [107, 103, 136, 158, [39] [40], only few approaches for
far from equilibrium dynamics have been developed so far [137, [159) [194].

The purpose of this chapter is to provide a quantitative description of the kinetics of an
interacting Luttinger Liquid. Strong motivation comes from a recent surge of experiments
with interacting one-dimensional bosons and fermions in ultracold atom setups performed
under out-of-equilibrium conditions [122] [74, 172} [132] 86]. Here a one-dimensional quan-
tum fluid is prepared in a true non-equilibrium state, and the experiment subsequently
witnesses the time evolution of the system. At the present stage, the systems’ properties
are still well described by linear Luttinger Liquid theory with, however, a time dependent,
far from equilibrium distribution function [122] [74, 172, 183]. So far, there are numerous
theoretical works which describe these systems in terms of non-interacting Luttinger lig-
uids alone, where there is only dephasing dynamics and the evolution of the distribution
function is absent [39, 107, 121l I]. This describes well the prethermalized regime in the
shorter time dynamics. However, current experiments are steadily pushed to larger obser-
vation times, where the thermalization crossover caused by the residual (RG irrelevant)
interactions in the Luttinger liquid should occur. What is therefore lacking at present
in the theoretical literature, is a kinetic theory for the time evolution of the distribution
function in these systems, which is able to track such a crossover and the associated time
scales. This is the aim of the present chapter.

On the technical side, achieving our goal amounts to obtaining theoretical control over the
infrared divergences inherent to naive perturbation theory for the interacting Luttinger
Liquid. While this issue was solved for the stationary equilibrium (or near equilibrium,
in the sense of linear response) long time ago by Andreev and others [8, 176, [161], we
focus here on getting this problem under control in the kinetic equation, initialized with a
general Gaussian non-equilibrium distribution function.

In more detail, exploiting the resonant but subleading character of the interactions in a
one-dimensional interacting quantum fluid, we apply non-equilibrium diagrammatic theory
to solve for the non-equilibrium dynamics of an interacting Luttinger Liquid. We show that
due to the resonant but subleading nature of the interactions, vertex corrections are mod-
erate for many physical realizations and consequently the non-equilibrium dynamics and
self-energy can be solved within self-consistent Born approximation. The self-consistency
is however, crucial, and a perturbative Born approach leads to infrared divergences. The
result is an effectively closed set of equations for the time-dependent phonon density and
self-energy in the presence of resonant interactions. This approach, without considering the
vertex correction and restricted to equilibrium systems, has been shown to work also for
non-interacting one-dimensional dispersive fermions [10] and in the context of the Coulomb
drag effect for sufficiently low temperatures [163].
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As a major result of the RG irrelevant but resonant interactions, the excitations remain
well-defined but dressed phonons, with a lifetime 74 much larger than their typical coherent

time-scale e;l. The dressed spectral function remains sharply peaked at the bare phonon

energies €q with width 7 1 such that the self-energy and distribution function of the
phonons for frequencies sufficiently close to the on-shell frequency can be approximated
by their on-shell value. This is referred to as the quasi-particle approximation. The long
lifetime of the dressed phonons results in a further simplification, as it implies that the
forward time evolution of the system is much slower then the relative time evolution. This
decoupling leads to a "local time approximation", where an effectively stationary problem
can be solved at each instant of time. We will quantify the validity of these approximations
in terms of general but state dependent quantitative bounds below.

Our estimate of the vertex correction further supports the validity of the self-consistent
Born approximation for the time evolution. More precisely, for zero temperature states,
the vertex correction vanishes identically, reproducing previous results [63]. For the special
case of a finite temperature state, the loop correction leads to a finite but small multiplica-
tive renormalization of the vertex. This implies that for typical translation invariant low
entropy initial states, the equations governing the time evolution of the phonon occupation
and the self-energy are effectively closed. It does not rule out, however, the possibility of
significant vertex renormalization in general.

The strength of this approach is the simplicity of the resulting final equations, which
can directly be implemented and solved numerically, as we demonstrate by first explicit
examples. This provides a useful tool with a broad spectrum of applicability, ranging from
tracking the thermalization process of non-integrable, weakly interacting Bose and Fermi
gases to the study of interacting open system dynamics [57, 177, 156l [155]. It is suited
for an initial state of a general Gaussian form with arbitrary, non-zero phonon densities,
including diagonal and off-diagonal occupations.

The structure of the kinetic equation and the equations for the self-energy and vertex
correction reveal strong aspects of universal behavior. This concerns two key points: First,
for a sufficiently strongly decreasing occupation they are independent of the short distance
cutoff of the Luttinger liquid, and thus of microscopic details inherited from even shorter
length scales. This property emerges via a “bootstrap” mechanism within the self-consistent
Born aﬁ)proximation, as we elaborate on in the main text. Second, after a proper rescaling
of time", all microscopic parameters are completely eliminated from the dynamic equations.
Consequently and remarkably, the only microscopic information that enters the dynamics
is the initial phonon density at t = 0.

At this point, we also mention three limitations of our approach, which however are not
directly physically relevant for the ultracold atomic systems we are targeting. First, as
already briefly mentioned above, our setting is restricted to initial quantum states with
Gaussian, although in general far-from-equilibrium correlations. Such conditions have
been discussed extensively in previous works|39 137, 107, 122, [74], 172], mostly for the
case of linear Luttinger Liquids generating the subsequent dynamics. However, should
non-Gaussian initial conditions be accessible in future experiments, it would be possible to
combine our techniques with those of Refs [76] [75] addressing precisely this issue. Second,
our method is not suited to describe the asymptotic infrared behavior of a one-dimensional
quantum fluid, where for the smallest momenta? it has been shown that the elementary
excitations are fermions[162, 110, 168, 13T, 169] with a strongly suppressed decay rate
7 ~ k8. Third, it doesn’t work for frequencies (or temperatures) above the Luttinger cutoff,
where the dominant interaction is given by scattering between Luttinger phonons and
mobile electronic impurities[91], 92] 93], [94]. However, the range of validity of our approach
coincides perfectly with cold atom experiments, which consider momenta 1072A < p < A
and temperatures kg T < AuA, where u is the sound velocity and A the Luttinger cutoff.
The Luttinger cutoff scale is given by the chemical potential for these experiments, A ~
V2gnq for weak interactions g, and ng the mean density. The infrared restriction of the

! According to t — %, where vy is the strength of the nonlinearity.
2For momenta k < VKA, where K is the Luttinger parameter and A the Luttinger cutoff.
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momentum range results from typical trap sizes, with oscillator lengths roughly two orders
of magnitude larger than 1/A. This discards precision measurements of frequency resolved
observables in these extreme infrared asymptotic regimes, and thus is not of foremost
interest for our study.

The remainder of the chapter is organized as follows. In Sec.[d.2] we introduce and briefly
discuss the action of the interacting Luttinger model in the phonon representation and
in the Keldysh non-equilibrium framework. In Sec. we derive the non-equilibrium
fluctuation-dissipation relation (FDR) and determine the phonon self-energies in self-
consistent Born approximation for an arbitrary phonon distribution. Furthermore, we
discuss the necessary approximations and quantify their justification. Subsequently, tak-
ing advantage of Sec. [1.3] we determine the kinetic equation for the phonon density in
self-consistent Born approximation in Sec. [£.4] In Sec. [4.5] we take into account non-zero
off-diagonal (anomalous) phonon densities and show in which way the kinetic equation and
the phonon self-energy are modified in their presence. Additionally, we derive a kinetic
equation for the anomalous phonon densities. These results are applied in Sec. to
determine the relaxation of an excited, thermal state back to thermal equilibrium. Fur-
thermore, the analytically obtained relaxation rate is compared to the numerical value,
showing excellent agreement. Finally, in Sec. [I.7] we go beyond the self-consistent Born
approximation and apply Dyson-Schwinger equations to take into account a non-zero ver-
tex correction. We determine a closed set of equations for the kinetic equation, self-energy
and vertex correction for arbitrary states, and discuss the effect of the latter.

4.2 MODEL

The action describing the interacting Luttinger model consists of two parts (we set i = 1)
S - STL + Slnt- (421)

Here, Sy, is the well-known quadratic Tomonaga-Luttinger (TL) action [196] [128], 80]
St = 5 [ [(0:0) (016) — uK (2.0 - ¢ (0:0)° (1.22)
TL o ot X t X K X ) cL

where [ = [ dt dx is the integral over space and time and ¢ = ¢(x, t) and 0 = 0(x, t)
are dimensionless, real fields. The non-linear part Sy, is cubic in the fields and reads [81]

1

Stnt = % /x,t ["‘fbc (8)(9)2 (8x¢) + Kgp (8X¢)3 . (4.2.3)

Starting from a microscopic derivation of the TL model as the effective long-wavelength
description of interacting bosons or fermions in one dimension, the fields 6, ¢ represent
local phase and density fluctuations [80} [67]. In this setting, we consider effective electron-
electron (or boson-boson) interaction to be short ranged, i.e. of d-function type[67]. The
non-linearity corresponding to k.. as well is of microscopic origin and is referred to as
band curvature. It originates from deviations from a perfectly linear dispersion of the
microscopic particles. On the other hand, the term corresponding to x,, is generated in
an effective long-wavelength description, where the fast modes have been integrated out
already, and describes effective three-particle interactions.

The fields 0, ¢ are dimensionless, i.e. they have a canonical scaling dimension equal to

zero. As a result, they do not scale when coarse graining to larger distances, i.e. when
performing the rescaling

x = 1x,  t— 1%, (4.2.4)
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where z = 1 is the dynamical exponent and 1 > 1. In contrast
1
Stat = 57 Sme (4.2.5)
27l

under the rescaling , such that the influence of Sy, vanishes on the longest wave-
lengths, i.e. it becomes irrelevant in the renormalization group (RG) sense. Consequently,
the static equilibrium properties of the interacting Luttinger model (Eq. ) are well
described by the quadratic part of the action alone and the partition function can be
approximated by

zz/meﬁz/meﬁm (4.2.6)

Here, [ D[, ¢] stands for the functional integral over the fields 6, ¢.

The Tomonaga-Luttinger action describes phonons with a dispersion ¢, = u|q| linear in
the momentum |q|, propagating with the speed of sound u. In the absence of S, these
phonons are non-interacting and consequently the phonon density for a specific mode q is
a conserved quantity. However, although the phonon interaction is irrelevant in the RG
sense, it contains resonant processes where two phonons propagating in the same direction
and the same speed of sound can interact with each other for an infinite time span. This
leads to a non-trivial modification of time-dependent, dynamical observables compared to
the case of non-interacting phonons. As pointed out in a seminal work by Andreev [§]
(considering finite T') and more recent work[I61], [150], the presence of Sy, leads to a finite
phonon lifetime

77:% for T >0

, 4.2.7
n=2 forT=0 ( )

Ty ~ |q|7" with {

which, in equilibrium, is visible only in dynamical, i.e. frequency dependent quantities
such as the dynamical structure factor

S(q,w) = / T (0,0), (01l (4.28)

g

with
(Q:é/Dﬂmmés (4.2.9)

For dynamical quantities it is therefore important to take into account the full action,
Eq. (4.2.1)), instead of the reduced quadratic part only, as indicated in Eq. (4.2.6)).

For a true non-equilibrium situation, the phonon distribution is not stationary, i.e. not a
thermal or zero temperature distribution, but instead the phonon number nq for a given
momentum mode q becomes time-dependent. The redistribution of phonons between the
different momentum modes with exact energy conservation is described by the resonant
interactions in Sy, and in a non-equilibrium situation the action can not be reasonably
reduced to the quadratic Tomonaga-Luttinger action, for which the phonon density is a
constant of motion.

Since we are interested in the non-equilibrium dynamics in the interacting TL model, we
formulate the problem in a Keldysh path integral framework, which is able to treat both
equilibrium and non-equilibrium dynamics on equal footing [106) 99, 101]. We will now
shortly introduce the canonical Bogoliubov transformation, which switches from the basis
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of real fields 0, ¢ to the basis of complex fields a a. Those correspond to creation and
annihilation operators in an operator picture [67]. We close the model section by placing
the action (4.2.1]) on the Keldysh contour and briefly explaining the formalism.

4.2.1 Phonon Basis

In order to use a physically more appealing representation of the TL action, one commonly
introduces a set of complex fields aa which represent the (bosonic) eigenmodes of the
system, i.e. the discussed phonons. The corresponding Bogoliubov transformation is

1

1 2r \2 _.
Ot = 90+/<> e ' (ags —a—qt), 4.2.10
t 2 . ]q\K ( q,t qt) ( )
1
i 2K 2 —iax /=
Oxp = ¢0—2/ (M) sgn(q)e (aq,t+a—q,t)a (4.2.11)
q

with abbreviations ¢ = ¢(x,t) and fq = [ g—g and the Fourier transformed phonon
fields

g = / e 1 Tay . (4.2.12)

The product axtay,¢ represents a phonon density and, therefore, in the continuum limit,
the fields ay ¢, ax are not dimensionless, in contrast to ¢y, 0y, but scale as ayy ~ %

The quadratic part of the action transforms into

1

St = 5 | (10 — ulal) o, (12.13)
T Jat

describing non-interacting phonons with a linear dispersion e = ul|g|. The cubic part
becomes

1
St = —
Int o /q,p,t Va,p.pt+aV [aP(P + )
A_q—p.tAq.td
% (8p-rasaqiaps + e s he) (4.2.14)

with the vertex function

~(ar  kp  dk 9K3 7
= kper/ & | — + — + — . 4.2.15
Tapk T ey K (!qpl Tl T qu\> ey 4219

The interaction describes cubic phonon scattering processes with total momentum
conservation. However, not all of the processes contained in Sy, are resonant, i.e. exactly
energy conserving in the sense that €,1q = €q + €,. As explained by Andreev [8] and
pointed out above, the resonant processes lead to a divergence of the self-energy (and
the kinetic equation, as we see later) in perturbation theory and are therefore the only
relevant terms from a dynamical perspective. The term in Eq. describing the
annihilation (creation) of three phonons can never be resonant. It will therefore play no
role in our analysis and we will skip it from now on. For the residual terms, resonance
requires [p+q| = |p|+]q|. For all momenta p, q fulfilling this condition, the vertex function
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takes on the value

97
Vo =vinn=\/o (Kbe + K2kqp) - (4.2.16)

Consequently, instead of taking the full action Sy, it is sufficient to consider the reduced
but resonant phonon interaction

/
Vo _
St =32 [ VP00 + O @prasaqugs + e, (4217
T Jpat

where the prime in fé q indicates that the integral runs only over momenta q, p which have

the same sign. Together the quadratic action and the resonant phonon interaction describe
the dynamics of the interacting Luttinger model in the phonon basis,

S - STL + SRes‘ (4218)

4.2.2 Keldysh Action

Non-equilibrium field theory is commonly performed in the Keldysh path integral frame-
work, which is able to deal both with equilibrium and true non-equilibrium situations. To
set up the Keldysh path integral, one first doubles the degrees of freedom in the theory
by introducing plus and minus fields a4 4, a— o, representing forward and backward time
evolution on the Keldysh contour[99 [3]. In this representation, the partition function is
determined via

7= /D[a+,a_,a+,a_] S+ IS (4.2.19)

where Sy is the phonon action (4.2.18) with the replacements {apt,ap+} — {atpt, a8+ pt}-
The +-representation contains redundancy, and a technically and physically more appeal-
ing representation is found by completing the transformation to the Keldysh representation,
introducing classical and quantum fields according to

1

7 (ap —a_). (4.2.20)

ac=—=(ar +a_), aq=

V2
In the Keldysh representation, the quadratic action is
1 0 DR, al
g@ _ 1 / (a5,,89,) Pt Pt (4.2.21)
27T t,tl,p b b Dﬁt,t/ Dgt,t/ ag,tl
with the bare inverse retarded /advanced propagators
DYy = 6(t—t') (i0y —ulp| +i0T), (4.2.22)
f . .
Dy = (DRy) =d(t—t) (10y —ulp| —i0") (4.2.23)
and the Keldysh component of the inverse propagator

DK

o = 2007F(p, t,t'). (4.2.24)
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Here, F(p, t,t) is the distribution function of the excitations and 07 is the infinitesimal reg-
ularization for the quadratic theory [99]. In an equilibrium, i.e. time-translational invariant
situation, F(p,t,t’) = F(p,t — t’) and its Fourier transform is the bosonic distribution

F(p,w) = coth (i

QT) = onp(w) + 1 (4.2.25)

¥ -1
with the Bose function ng(w) = (eT - 1) . The resonant interactions in the Keldysh
representation take on the form

!
Vo _
Skes = \/gﬂ'/ktv Ipk(k + p)] {Qaﬁer,taﬁ,tag,t
p7 bl

g <aﬁ,ta§,t + aitag,t) - h.c.} . (4.2.26)

The bare response and correlation functions (retarded, advanced and Keldysh Green’s
functions) for the phonon degrees of freedom are obtained according to

Ghv = —i(ag g ) = (DR)qtt’ — Ot — t') otulalt—),
Ghiv = —iladad) = (D) 1, =10t —t) e M),
Gy = e ) = - (@RoDKoGY),

= —i(20p(ujq]) +1) e A=), (42.27

Here ... o ... stands for the convolution in the non-diagonal elements, i.e. the time index,
but means multiplication in momentum space.

In the presence of interactions, the Green’s functions are modified by the emergence of

non-zero self-energies Y8/A/K which replaces the infinitesimal regularization. The corre-
sponding formulas are

th,t’ - (D ZR)qt t
1
Gét,t’ = (D EA)qt t
Ghw = —(GRox¥oGh) (4.2.28)

where the infinitesimal factor 0TF has been overwritten by the finite Keldysh self-energy

YK The distribution function F in the presence of interactions is determined by the
formula

Ghiv = (GRoF-FoGh) (4.2.29)

q,tt’

This setting corresponds to the physical situation, in which a system is initialized at time
t = 0 in a Gaussian density matrix py (Gaussian in the bosonized language). It then evolves
in time according to a Hamiltonian H, which constitutes the quadratic and cubic terms
discussed in Eqs. (4.2.21)) and (6.2.16)). In the Keldysh setting, this dynamics is expressed
in terms of the retarded and advanced quadratic and cubic parts of the action. The initial
density matrix enters the action in terms of pure quantum vertices. In the present case,
i.e. for purely Gaussian initial conditions, the initial density matrix is completely captured
in terms of the distribution function F and Eq. . However, as has been pointed out
recently, the bosonization procedure for interacting fermions or bosons out of equilibrium
is in general not that simple, since initial conditions (even if quadratic in the microscopic
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fermionic or bosonic picture) will, in principle, generate quantum vertices of arbitrary
order|76], (75, [77, [78, [41], which have to be taken into account systematically for these
cases. The aim of this work is to determine the self-energies XR/A/K and the distribution
function F(q,t,t") for a system that is driven out of equilibrium and evolves in time, for
instance relaxing to an equilibrium state and approaching a bosonic distribution.

This will be done in two parts. First, we show how one determines the self-energies
YR/A/K from a given (non-) equilibrium distribution function F(q,t,t’). To this end,
we generalize Andreev’s self-consistent Born approach to a non-thermal, non-equilibrium
situation. Second, we use the kinetic equation approach to determine the time-evolution
of the distribution function F in self-consistent Born approximation. Combining these two
approaches allows us to determine the time-evolution of both the distribution function of
the excitations and the self-energies, which play the role of finite lifetimes of the system’s
excitations.

4.3 SELF-ENERGIES

The presence of the cubic, resonant interactions Sg., modifies the phonon response and

correlation functions according to Eqs. (£.2.28) by creating finite self-energies SR/A/K,
These self-energies are to leading order purely imaginary, leading to a finite decay rate of
phonons or, in other words, to a finite phonon lifetime. We will now derive a method to
determine these lifetimes for a non-equilibrium problem, where the distribution function
F(q,t,t") is time dependent and varies on time scales which are larger than the individual
phonon lifetimes. To this end, we first derive the non-equilibrium version of a fluctuation-
dissipation relation for the two-point response and correlation functions.

4.3.1 Non-equilibrium Fluctuation-Dissipation Relation

Fluctuation-dissipation relations (FDR) relate the response (i.e. spectral) properties of the

system encoded in GR/A to its correlations via the distribution function F. A particular
example for such a relation is Eq. (4.2.29)). Inverting this equation results in an FDR for
the self-energies,

Sk = —((DR=%F)oF-Fo (D - EA))qM,

= —i(8 + 8y)Fquy + (SR oF —Foxh) (4.3.1)

bt
For a time-translational invariant system, the first term on the r.h.s. equals zero and due

to the identity ¥4 = (ER)T, Eq. (4.3.1) reduces to the well-known relation in frequency
space

K _ : R
Ygw=—21Im (E

aw) Faw- (4.3.2)

This is consistent with our initial regularization of the quadratic sector for the case SR =
—i0™.

A useful representation for a two-time function F(q, t,t’) is to choose Wigner coordinates
in time, i.e. defining the forward time 7 = t‘;—t, and the relative time Ay = t —t'[99]. Then
one defines F(q, Ay, 7) = F(q, 7 + A¢/2,7 — A¢/2) and its Fourier transform

F(q,w, ) = / dA, ¢A“F(q t, 7). (4.3.3)
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Applying Wigner coordinates and the Wigner transformation (4.3.3) to the Keldysh self-
energy in Eq. (4.3.2)) leads to

S s = —10:Fqur+ (ERoF —Fox#)

q?‘JJ?T

(4.3.4)

q?UJ?T

Eq. (4.3.4)) is an exact expression for the Keldysh self-energy in Wigner representation. A
complication arises since the Wigner transform of a convolution is not the product of the
corresponding Wigner transforms, in contrast to the ordinary Fourier transform. In fact,
one finds

(ZRoF) =38 e

Qo G Fowr (4.3.5)
Without specific knowledge on the functional behavior of X% and F, Eq. (4.3.5) is hard
to evaluate explicitly. We will now briefly discuss a situation, with two particular ap-
proximations, which applies to the present model and for which the analytic evaluation of

Eq. (4.3.5)) is possible.
Wigner Approximation

the exponential in (4.3.5) by the leading order terms. The product 0,0, expresses the
competition between relative time and forward time dynamics, it is small for slow forward
time dynamics and fast relative dynamics[99) [164]. Comparing the zeroth order term
with the first order term in an expansion of the exponential, we find the condition for
approximating Eq. by the zeroth order term to be

For the case of scale separation in the forward and relative time, one can approximate
*

9, TR . F
1> ‘;Rq’“’f Tt (4.3.6)
q,w,T q,w,T

If this condition is fulfilled, it allows for a separation into fast relative time dynamics and
slow forward time dynamics. In general, it is a function of the Luttinger parameters u, K,
the strength of the nonlinearity vg, as well as of the initial phonon distributions. Therefore,
a general criterion for the applicability of the separation of time scales cannot be derived
at this point. However, as has been shown in a different context|28], for equilibrium or
near to equilibrium initial states, it is fulfilled for temperatures kg T < uA smaller than the
Luttinger cutoff and therefore it will hold true for the situations we are considering here.
We can thus apply the Wigner approximation to the FDR, resulting in

K= —i0,Fqur +2i Im (Squwr) Fowr (4.3.7)

q7w7T

The validity of the FDR in Wigner approximation is a very important result. It is com-
monly used as the starting point for deriving a kinetic equation for the distribution function
in arbitrary dimensions. However, in the present case, we will further simplify the FDR
by making use of the fact that we are dealing with resonant interactions in one dimension.

Quasi-particle Approximation and On-shell FDR

The major effect of the non-linearities in the action is the emergence of finite phonon
lifetimes due to resonant phonon-phonon scattering processes. The resonant character of
this interaction — the fact that for two phonons travelling in the same direction momentum
and energy conservation is expressed by the identical J-constraint — is the key property of
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one-dimensional systems with linear dispersion. The resonant contributions dominate the
self-energy and the kinetic equation, while the non-resonant processes give only subleading
contributions to the lifetimes and the dispersion and have therefore already been eliminated
on the basis of the action by using Sg., instead of Sy, in Eq. .

The retarded self-energy is decomposed according to

R : R R
Yqwr = 10 + 08, (4.3.8)
where a&T is a positive, frequency independent function, which varies slowly in forward
time 7. For resonant interactions 52&,# = 0 and consequently, the self-energy is frequency

independent and purely imaginary. Non-resonant contributions in the interaction lead to
d3R =£ 0, which however is generally strongly subleading compared to o®.

For the present model, the phonon interactions are RG-irrelevant and only their reso-
nant character allows them to be of non-negligible influence. However, the effect of the
interactions on the properties of the phonons will be small and subleading due to the

RG-irrelevance. As a result, even in the presence of interactions, the phonons will have

a lifetime 74, = —Im (25)71 much larger than their associated coherent time-scale ﬁ,

Le. o > ﬁ. Consequently, the phonons remain well defined quasi-particles with a spec-

tral function Aq . r = i(GR — GA)GWJ
For well defined quasi-particles, the self-energies S%/A/K and the distribution function are
evaluated on-shell, i.e. the frequencies are locked according to w = ulq|, since frequencies
w # ulq| do not contribute to the dynamics. For resonant interactions, on-shell evaluation
is implied and

sharply peaked at the phonon energy w = ulq| 3.

R/A
STRA =0, (4.3.9)
as stated above. This is consistent with the result of Andreev’s and later works for equilib-
rium and holds true for the non-equilibrium case as well. The corresponding decomposition
for the Keldysh self-energy (with a convenient prefactor) reads

S, = —2ior + 058, . with 658, =0 (4.3.10)

for resonant interactions. Inserting Egs. (4.3.9), (4.3.10) in the non-equilibrium FDR
(4.3.7)) results in the on-shell, non-equilibrium FDR for resonant interactions

onr = 0mgr + 0oy (20g7 + 1) . (4.3.11)

Here we have used the fact that for well defined quasi-particles, the on-shell distribution
function Fy ,—yjq,r = 2nq,r + 1 equals the time-dependent phonon density nq; at momen-
tum q.

Eq. is the final form of the non-equilibrium FDR that we will use to set up the
kinetic equation in the following section and to determine the Keldysh self-energy o¥ for
a system, for which the time-dependent phonon density ng , is known. For the latter case,
the only unknown quantity is the retarded self-energy o® and we can now set up the
diagrammatic computation of ¢® in the Keldysh non-equilibrium framework.

3This underlies the functioning of the linear Luttinger-Liquid theory in equilibrium. In non-equilibrium
situations, the RG-irrelevant nature of the interaction leads to a slowly varying density, and therefore the
argument holds true even for this case
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q,w q,w q,w

e >»— —> =

Figure 4.1: Green’s functions in a diagrammatic representation. Full (dotted) lines repre-
sent classical (quantum) fields, while ingoing (outgoing) lines represent fields a (hermitian
conjugate fields a). The time index has been omitted

q . C q .
aw,q4,' Ay .q aw,4'
. I
_ - > + ,---»--«‘ +h.c.
Gw+tv,g+p Oyt g4p Aot v,g+p o)
C q
au,p aV7p‘

Figure 4.2: Diagrammatic representation of Sg.., see Eq. (6.2.16)). In total, there exist six
different vertices, three as depicted above and three corresponding hermitian conjugates.
Each vertex has the prefactor V(p,q) = \[ﬂ pa(p + q).

4.3.2 Quasi-particle Lifetimes in Self-consistent Born Approximation

In this section, we perform the self-consistent Born approximation in a diagrammatic
representation to obtain the self-energies 0’57. This amounts to an infinite resummation
over a certain class of diagrams and cures the divergence of the self-energy occurring in
the perturbative diagrammatic approach. In Sec. we demonstrate that the self-energy
can be determined exactly in a one-loop computation using Dyson-Schwinger equations
and show that the deviation from the self-consistent Born approximation is negligible for

many initial states.

In a diagrammatic approach, classical (quantum) fields are represented by a full (dotted)
line, while ingoing lines represent fields a and outgoing lines their complex conjugate a.
This leads to a representation of Green’s functions in terms of diagrams as indicated in
Fig. [£:3:2] and vertices as depicted in Fig. [£.2] The retarded self-energy in self-consistent
Born approximation can directly be derived by common diagrammatic rules and is depicted
in Fig. [4.3] Inserting the Keldysh Green’s function

Gh,=GE =K G2, (4.3.12)

q,wTq,w

and the on-shell self-energies Zq{u = $10R EK = —210 , we can perform the frequency

integration indicated in Fig. [4.3 and find for momenta q > 0

Ro_ 2 / pa(q — p)ok / pa(p — q)ok
— 2 N
a 0<p<q %p ( +U ) q<p 05( R+‘7p q)

+/0 gq<p+q> } (4.3.13)

<p 9p (U + Up+q)

Since the self-energies must be invariant under the transformation p — —p, one can further
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simplify Eq. (4.3.13)), ending up with

a}}:vg/ Uff<qp(q—p) N qp(p+q)>. (4.3.14)

R R R R
op + O4p op + Opiq

Finally, 0¥ can be replaced using the FDR (4.3.11]), which leads to

O0-n - +
o = Vg/ ( P | on, + 1) qg(q Rp) + qﬁ(p RQ) . (4.3.15)
0<p \ p 9 T0q—p  Tp T 0piq

For a given, time dependent distribution function ng -, U&T is the only unknown function
in this equation and has to be determined self-consistently. For a general time-dependent
function ng ~ this has to be done by iterating Eq. numerically until a self-consistent
solution has been found. For the particular case for which n, . shows scaling behavior in
a sufficiently large momentum window, one can determine a scaling solution for the self-
energy as well and extract the corresponding scaling exponent |8, [161]. We will now briefly
discuss the latter case and determine possible scaling solutions for the self-energy, and close
the section with a discussion on universal aspects of the scaling solution.

Scaling Solution for the Self-Energy

For the case when the density n, is a scaling function, i.e.

ng,r = arlq™, (4.3.16)

R

it is easy to show that also o

» will be a scaling function
Ro= 4R |g" 4.3.17
Uq,'r - /77' |q‘ ) ( te )

where the exponent n® and prefactor v} solely depend on the scaling behavior of Ny r, i.e.
on 71, and a;. In order to show this, we introduce the rescaled self-energy 6% = o® /v and
time 7 = 7 /vy, leading to

. Ozny, —
o _ /0<p <~R o+ 1) (qp(q p) n ap(p +Rq)> ' (4.3.18)

“R . ~R “R . ~
9p Op +0qp  Op T 0pig

Next, we insert Eqgs. (4.3.16)), (4.3.17)) into (6.3.10) and perform the transformation p — gx,

yielding
R R 1 4R x(1 —x) x(1+x)
Yrah = ~r4 K / [( Y Rt R R
V7 0<x LAXT" + [T —x|7"  x7" 4+ |1 +x|7

X <1 + 225 (qx)™ + 8fff (qx)"n—”r‘ﬂ . (4.3.19)

7

The exponent ™ is bounded from below and from above according to 1 < n® < 2. Here,
1 < n® results from the fact that the interaction is RG irrelevant and the self-energy
correction can only be subleading compared to the dispersion ¢, = u|q|. The case % = 2,
i.e. diffusive scaling of the lifetimes is only reached in the zero temperature situation,
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Figure 4.3: The retarded self-energy is the sum of three distinct diagrams as shown above.
The notation is Q = {w, q}, P = {v, p} with p, q being momenta and w, v the corresponding
frequencies. The momentum integral runs only over momenta that fulfill the resonance
condition, which requires w = ulq|.

otherwise one expects super-diffusive behavior due to finite phonon densities with n™* < 2.

As a result, Eq. (4.3.19) distinguishes between three regimes:

1. Low temperature states (T ~ 0): For ny < 1 and d,nq =~ 0 the only term in the second
row of Eq. (4.3.19) with a relevant contribution is the constant unity and

~ T
=2 A= /T = \g (4.3.20)

where the factor I, ;, will be defined in the following.

2. Finite temperature states: For nq > 1 and q > max{%iﬁ, }, only the factor

ar
2ar YR

proportional to nq contributes and we have

n ~
=2+ ?“ A=\ 2ar g m (4.3.21)

For a finite temperature state, nq = % as |q| — 0, such that

o

2TIs 2T
Ry —2—qd ", (4.3.22)
u u

ar
2arYR

}, the dominant contri-

3. Non-equilibrium states: For ng > 1 and q < min{%iﬁ,
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3.0

Figure 4.4: Integrand ji, j,(x) in the self-energy integral Ij, 5, = [ ji, i, (x) as a function of
X = p/q, where q is the external momentum. The integrand j(x) elucidates the contribution
to 05 from different momenta and shows clearly that the self-energy at momentum q is
dominated by the behavior of ag” for p < q.

bution stems from the time derivative in Eq. (4.3.19) and one finds

4 n - :
R = *;) A (4.3.23)
3 3

The integral factor is defined as

1+io 1— 1+ig 1 +
L, iy :/ (X (1=x)  x7*(1+x) > (4.3.24)
0<x

x4 1 —x|it - xi 4|1 x|

The results discussed above include the case of finite and zero temperature equilibrium. For
the latter nq = 0 and therefore n® = 2,72 = v, 1> while for finite temperature nq ~ ﬁ

and 0rnq = 0 and consequently n® = 3/2,78 = 0.789vg/ % These are the mentioned
results obtained for the zero and finite temperature equilibrium cases|8}, 161}, 150].

Insensitivity of the Self-Energy to UV-behavior

The insensitivity of the above results to the behavior of the model in the ultraviolet (UV)
regime and therefore the non-universal properties of the system is guaranteed by the struc-
ture of the vertex and the diagrams in Fig. The self-energies aff are dominated by loop
momenta p < q below the external momentum q. Therefore the non-universal behavior in
the UV does not enter the self-energies. This is emphasized in Fig. [£.4] where the integrand

(1 —x)x!Hiz (1 + x)x!Hiz
1—x+x - (14x)h 4 xh

Jiria (%) = | (4.3.25)
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Figure 4.5: Diagrammatic representation of the Keldysh self-energy a(ff in self-consistent
Born approximation. The index Q = {u|q| £ ia};, q} represents the on-shell frequency and
momentum relation (+ for retarded, — for advanced Green’s functions), while P = {v,p}
is the inner loop frequency and momentum and fp = pr. Integration over resonant
processes only is implied.

in Lij i, = [ Jiia(X), X = p/q, is plotted for the case of thermal and zero temperature
scaling. It is evident that for ingoing momenta q only momenta p < ¢ contribute, which
show the same scaling behavior in the distribution function. Therefore the scaling solutions
for the self-energy are robust against modifications of the density and the model itself when
approaching the UV.

44 KINETIC EQUATION FOR THE PHONON DENSITY

In this section, we will derive a kinetic equation for the phonon density in the case of
resonant interactions. A kinetic equation describes the time-evolution of the distribution
function generated by the Keldysh and retarded /advanced self-energies [99, [195] [194], which
can then often be evaluated in the perturbative Born approximation. In the present case,
due to the fact that the interactions are resonant, the kinetic equation perturbation theory
diverges and we have to use a self-consistent Born approach. Therefore, we evaluate the
self-energy diagrams with full Green’s functions, as in the previous section, which leads to
an effective vertex correction for the kinetic equation and a time-evolution linear in the
interaction parameter vg.

The time-evolution of ny ; is determined by the solution of the on-shell FDR in Eq. (4.3.11]),
which after rearrangement reads

Orng = o — (2ngr + 1) of. (4.4.1)

Again, the retarded self-energy is determined via a diagrammatic approach, where the
corresponding diagrams are shown in Fig. [£.3] However, in contrast to the previous section,
we also use a diagrammatic approach to determine the Keldysh self-energy o¥. As a
consequence, we derive a non-linear differential equation for the distribution function. The
diagrammatic representation of the Keldysh self-energy is depicted in Fig. [4.3.2]
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For the full Green’s functions, we use the results from the previous section

GR/A =27 (w—u|q + i(f}iﬂf1 (4.4.2)

q7w77-
and the relation

—8r2icR (2ng, + 1)
GgwaT = G&W,TFQ’W’T - FClavaGqA7w,T = = 2 R 2 (443)
(w —ula))* + (o},)

In Eq. (4.4.3), the first equality holds in Wigner approximation, while the second equality
results from the quasi-particle approximation, both discussed in the previous section.

The frequency integration in the diagrammatic representation can be performed analyti-
cally and yields the kinetic equation (omitting time index)

pq(q —p)
Orn —2v2/ Nphg_p — Ng (1 +10p + g
mllq 0 0<p<q05+0_§+0§7p(pqp al p +1q-p))
pq(qa+p)
+4V2/ n ng+n,+1) —ngnp). 4.4.4
0 0<p0_(1§+0_}1){+0_(};{+p(13+q(q p ) OIP) ( )
After transforming to dimensionless variables o® = vo6®R, 7 = %, we finally arrive at

2pq(q — p)
O:n :/ ~ — — (npng—p — ng (1 +np +1n4-p))
Tq 0<p<q0-§+0-§+0-(];{7p P~4—p q 1% q—p
4 +
+/ pq(q+p)
0

SR | 5R 4 R
<p0q T 0p T 0g4p

(Dptq (ng +1np +1) —ngny) . (4.4.5)

This is the kinetic equation for the phonon density in self-consistent Born approximation.

Comparing this equation to Eq. (6.3.10)), one finds that the rescaled self-energy &(1;{ and

therefore also the kinetic equation for a rescaled time 7 = vo7 only depend on the phonon
distribution nq 7 and is independent of all possible microscopic details that may enter
u, K, vg in the model. As a result, the dynamics in the rescaled variables is very generic
for an interacting Luttinger Liquid and only depends on the initial distribution function
ngr—o with which the system is initialized.

The typical time-scale for the kinetic equation in the original variables is 7, = %, ie.
linear in the vertex vg. This is a non-perturbative effect resulting from the resonant
interactions. Since two vertices enter the one-loop diagrams, one might naively (or in
perturbation theory) expect that the typical time scale is given by the square of the non-
linearity. However, this is normalized by the self-energies, which are proportional to vg

and required to regularize the kinetic equation.

In the kinetic equation in (6.3.11)), still the self-energies 5% occur. In principle, one could
again replace them by a diagrammatic expression, which would give rise to an infinite
hierarchy. However instead of doing so, we use an iterative process in which, for a given
time 7, we determine self-consistently the self-energy U&T. This result is then used to
determine the r.h.s. of the kinetic equation, to subsequently compute the distribution
function in the next time step 7+ d7. This procedure is illustrated in Fig. and allows
us to compute the non-equilibrium dynamics of an interacting Luttinger Liquid, which
may be initialized in a non-thermal state.
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We will now close this section by discussing two limiting cases where analytic results
become available. First, the kinetic equation for small external momenta q, and second
the kinetic equation for a phonon distribution ng, = nq 1 + dng , close to an equilibrium
distribution ng .

4.4.1 Kinetic Equation for Small External Momenta

For small external momenta, the kinetic equation (6.3.11)) can be brought into an even
simpler form, explicitly revealing the evolution of ny , for small q. In this case, the first

integral in (|6.3.11]) covers only a very small momentum region and is proportional to q4_77R,
1 < n® < 2. As a result, it is negligible compared to the second integral. On the other
hand, in the second integral summations including q can be replaced according to p+q =~ p,

a}f + Jf} ~ af}. The kinetic equation then simplifies to

<1 2p2
Ong 7 = |q —x Up7 (1 +1p7) = [q|Z7, (4.4.6)
0<p 0p77:

where Z; is a time dependent but momentum independent functional. The phonon density
becomes

<1
ng; = ngz=0 + g 7, (4.4.7)
o<t<T

for sufficiently small momenta. Crucially, the change is linear in momentum ¢ and for

numerical Ng,r self-consistent
integration \orn
T —T _|_ 57‘ nq 7_
next kinetic
time step 0an,7. =7 [ q s Ng, 7_ equation

Figure 4.6: Schematic illustration of the iteration process to determine the time-dependent
phonon density ny . For a given time 7, the self-energy O'&T is determined via the self-
consistent Born approximation according to Eq. (6.3.10]). Subsequently, the time-derivative
of ny - is computed via the kinetic equation . Using a Runge-Kutta solver for
numerical differential equations, the density ng,4sr can be computed and used as the

starting point for the next iteration.

q = 0 the density is time independent, and for all times pinned to its initial value. This is
an exact result, which can be traced back to particle number conservation in the underlying
microscopic model [130].
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4.4.2 Relaxation Close to Equilibrium

A stationary solution of the kinetic equation d;nq, = 0 is given by the Bose distribution
function

-1
g = mp(ufal, T) = (/T — 1) (4.4.8)

for arbitrary temperature T. Sometimes one is interested in the relaxation of the distribu-
tion function close to equilibrium

ng,r = ng(ulql, T) + ong -, (4.4.9)

where the variation én < ng. For small momenta u|q| < T, ng(ulq|, T) = % and we can
expand the kinetic equation in the variation dn. The zeroth order part solves the kinetic
equation, and the leading order contribution stems from the first order of the expansion.

After eliminating negligible terms, it reads

2Tq2(5nq 1
Or0ng = ————— / SR GR 1 gR
u 0<p<q Oq T 0p T 04 p

2
+/ . — (4.4.10)
0<p Ufl; +U§ +G(P1{+p>

For a distribution close to thermal equilibrium, the self-energy will take on the thermal

form (4.3.22)) and

27T
u

0z0ng &~ —air Ong 47 = —ardRong, (4.4.11)

where 5§ is the thermal self-energy and ar ~ 1.1 is a universal number. This result can
also be seen as an expansion of Eq. (4.4.1)) in dny, which is

d76nq = —20n4G, + (65 — (2ng + 1) 65) ong. (4.4.12)

0 |
a(an ong=0

The second term thus gives a correction to the simple factor of 2 in Eq. (4.4.11f). We thus
obtain a non-perturbative estimate for the relaxation time of the interacting Luttinger

Liquid
~0.868 u
Ta = Vo 27rTq

reflecting the very slow asymptotic approach to equilibrium of the long-wavelength modes.
It is very similar to the lifetime of a single thermal phonon (cf. Eq. (4.3.22)), only modified

by the prefactor oy = 1.1. This modification arises due to in-scattering processes of

[N

(4.4.13)

excitations p # q scattering into the mode q. Since the main relaxation process is caused

by out-scattering processes, the above result is quite intuitive and supports the statement
that relative time dynamics ~ é are fast compared to forward time dynamics ~ 7.
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4.5 KINETIC EQUATION AND DIAGRAMS IN PRESENCE OF
ANOMALOUS DENSITIES

In this section, we consider the effect of non-zero anomalous (off-diagonal) phonon density,
ie. aqa_q # 0 on the diagonal kinetic equation and self-energy, and derive the kinetic
equation for the anomalous density. Off-diagonal phonon densities can be populated due to
external perturbations, as for instance density modulation due to a Bragg beam or a global
interaction quench [40, [39], and their impact on the kinetics and non-equilibrium dynamics
is therefore non-negligible. Summarizing the results of this section, due to the structure
of the resonant interactions, the kinetic equation for the diagonal phonon density and the
diagonal retarded/advanced self-energies are not modified in the presence of anomalous
densities and remain unchanged compared to Egs. (6.3.11) and (4.3.15). In contrast,
the kinetic equation for the anomalous densities is fed by the normal occupations, cf.

Eq. (4.5.25).

For a generic equilibrium situation and for certain realizations of systems brought out
of equilibrium, the anomalous (off-diagonal) phonon density and consequently the corre-
sponding response and correlation functions are zero, i.e.

(a%ia%y ) = 0, (45.1)

where o, o/ = ¢, q represent classical or quantum indices. However, when a system is driven
out of equilibrium, it is possible to populate off-diagonal terms. A simple situation for
which this is indeed the case is an interaction quench in a one dimensional quantum fluid,
where the off-diagonal densities are non-zero after the quench and lead to non-equilibrium
dynamics even in the absence of phonon-phonon scattering processes [39].

In order to deal with the situation of anomalous densities, we first have to modify the FDR
accordingly. The Keldysh Green’s function in the presence of off-diagonal terms, expressed
in Nambu space, is

K K _
K _ 8a bt/ hove | [ (@A) (856 q0)
G%t,t/ - S * K = -1 o —e e R . (4.5.2)
T Uatt &—q,t’ <afq,taq,t’> <afq,ta7q7t/>

For the quadratic theory in the absence of phonon scattering, i.e. S = S, only, the Keldysh
Green’s function can be evaluated explicitly. In a operator representation, it reads

l
Ggm/:_d<<q@mxﬁﬂw (g a_qu}) )7 (453

{al ool 1) (falya o)

with the anti-commutator {-,-}. In Wigner representation it is

. _u4<5W—&M%m+D B(u)2mqe 240" >, (5.4

e §(w)2miei?aT  §(w+eq)(2n_q + 1)

where mq is the anomalous phonon density (mq = |[(aqa_q)| in an operator representation
in terms of annihilation operators a). In the quadratic theory, both the normal and the
anomalous densities are constants of motion.

The Keldysh Green’s function in (4.5.4)) has two essential drawbacks. For the case of non-
zero but slowly (compared to €;) varying anomalous density mg, the off-diagonal terms

of GX are not slow but oscillate with the fastest scale in the problem, i.e. t., = ﬁ
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The Wigner approximation is therefore not applicable for the off-diagonal terms of GX.
Furthermore, the Keldysh Green’s function in frequency representation is peaked at three
different frequencies, w = (&g, 0, —€¢4). Both prevents an FDR in the form of Eq. (4.3.7)) to

exist in this representation.

In order to cure this problem, we switch to a rotating frame by introducing the fields
gt = aqt€" 9", Qg = aq e “1’, which modifies the quadratic action according to

0 i, + 107" o

5(2):/ ac ., al i) 0
t,p( b o) 10, —i0* 2107 coth (%) apt Y

The resonant phonon interaction is invariant under the transformation

/
Vo _
SRes = \@/kt V Ipk(k + p)| [2aﬁ+p7taﬁ,tag,t
p.k,

T (aﬁ’tag’t + aﬁ’tago + h.c.] . (4.5.6)

since the phase elt(eri—a—e) — 1 in the case of resonance, i.e. for |k + p| = |k| + |p|.
The corresponding correlation function in Nambu space and Wigner coordinates after the
rotation is

) o, +1 2
GK, = —is(w) [ T Ha) (4.5.7)
- sz 2n_q+1

while the bare retarded Green’s function reads

“R B 0 1
Gouwr=| “H0 ) =0 (4.5.8)

27-4_7
0 —w—i0t w +1i0

where o, is the Pauli matrix. Respecting the symplectic structure in bosonic Nambu space,
the FDR in the presence of off-diagonal densities is
GK

q7w7T

= (GR oco,0F —Foag,o0 GA> = —i6(w)Fquwr (4.5.9)

q7w77—

Here F is the physical distribution function for the phonons, with the on-shell value

. 2ng,+1 2
quo,T:( St ) (45.10)
mq,T n*q{r—'—l

Both the transformation to a rotating frame by switching from {aq, aq} to {aq, aq} as well
as the symplectic factors o, in Eq. are necessary modifications in order to obtain
an FDR with a physically relevant distribution function F. The latter should consist of
diagonal and anomalous densities that are slowly varying in time and reproduce the matrix
structure of GK.

Inversion of Eq. (4.5.9) yields the kinetic equation

10:Fawr = 0500 +Fawr — FawrSawr0s — 0250020 (4.5.11)

q7w77— 4 q7w7T .
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Figure 4.7: Diagrammatic representation of the diagonal and off-diagonal re-

tarded/advanced and Keldysh Green’s functions. In the presence of anomalous densities,
the off-diagonal Keldysh components will be generally non-zero, hK # 0. The retarded
and advanced Green’s functions only differ from zero if a finite off-diagonal self-energy is

present, cf. Eq. (4.5.12).

In the absence of off-diagonal terms in both self-energies and the distribution function,
this equation reduces to the ordinary kinetic equation discussed in the previous section.
We will now set up the diagrammatic computation of the self-energies E&fﬁ/ K 'in order to

derive the kinetic equation in the presence of anomalous phonon densities.

4.5.1 Diagrammatics for Off-diagonal Terms

In the presence of off-diagonal densities, one can no longer generally exclude non-zero off-
diagonal self-energies and consequently non-zero off-diagonal Green’s functions from the
action. In this section we set up the diagrammatic computation of the self-energies in
Nambu space. We obtain two key results, which crucially rely on the resonant character
of the interaction. First, in the retarded/advanced sector, the off-diagonal self-energies
are exactly zero even in the presence of anomalous densities. Second, we compute the
off-diagonal self-energies in the Keldysh sector, which are different from zero.

The retarded Green’s function in Nambu space is (we use a general index Q = (q,w, 7),
—Q = (—q, —w, 7) for this paragraph)

-1

R R R R

b — 8 Mo )_(w—2  Tq (4.5.12)

Q hA A _rA W YA e
-Q &-q -Q TYT¥Q

1 YA, +w TR
- -Q Q
(w— ES)(W + EéQ) + FSI’éQ ( —I”}Q Z% —w )’

with the off-diagonal self-energies F% and the Green’s functions gg = —i(aé@%% gg =
—i<042207(3>, hE = —i<oféaiQ> and hé = —i(o_fiQo_z(CQ). The diagrammatic representation for
the retarded and Keldysh Green’s functions in Nambu space is depicted in Fig. [£.7]

With this at hand, we can set up diagrammatic rules in Nambu space, as we do in the
following. To this end, we start from the most general diagram contributing to the retarded
sector of the Green’s function, which is shown in Fig. [£.8] Here we replaced the fields
aq — aq,1 and ag — aq,—1 in order to find a generalized representation of diagrams in
Nambu space. Exploiting frequency and momentum conservation in the Green’s functions
(diagonal and off-diagonal ones) and the vertices, together with the resonance condition
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Figure 4.8: Diagrammatic representation of all possible one-loop diagrams contributing
to the retarded sector of the self-energy. The additional index zqpx = =£1 represents
ingoing lines (aq p fields) for z = 1 and outgoing lines (aq pxk fields) for z = —1. The J-
constraints stem from the momentum/frequency conservation in the Green’s function and
the momentum/frequency conservation in the two vertices. Two additional constraints,
one for each vertex, are caused by the resonance condition. This results in six crucial
constraints discussed in the main text.

at each vertex, we end up with the following relations

2qQ = 2qQ, (4.5.13)
zpP = zp/P, (4.5.14)
K = 2K, (4.5.15)
zqQ = —zxK —zpP, (4.5.16)
zqlal + zplpl = —7x|zqa + zppl, (4.5.17)
ZKZK/—I—ZQZQ/ = 2zpzp:. (4.5.18)

Eq. is a result of the two independent resonance conditions in Fig. and reduces
the number of diagrams for the retarded self-energy significantly. As a result of Eq. (4.5.18|),
the product of all the corresponding z-factors must be identical. For the diagonal self-
energy, where zqzg = —1, this means that zpzp, = zkxzxs = —1 and consequently only
loops consisting of two dlagonal Green’s functions contribute to the diagonal self-energy.
Consequently, the dlagrammatlc representation of the diagonal self-energy is still given by
the loops shown in Fig. [4.3] even in the presence of off-diagonal Green’s functions, i.e.

2
. V,
)y M(’Q/qu\ (la — plepet_p + Ip + g6 pep

+lp+ dlgPep.q) - (4.5.19)

In order to obtain the off-diagonal self-energy Fg, one has to flip the sign of zg — 1, such
that zqzq: = zpzpr = zkzks = 1 in the corresponding loops. This means that the diagrams
contain only off-diagonal terms. T" g is then obtained by the diagrams in Fig. E but with
all arrows from the right vertex flipped. We thus obtain

. v
—irf = 1% [ pal (- P e + o + ol o
—[p+al (u) " hq) (4.5.20)

The diagonal self-energy S® diverges when the integral (4.5.19)) is performed with the bare
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Figure 4.9: Diagrammatic representation of the off-diagonal Keldysh self-energy Fg. Com-
pared to the diagonal component, for the vertex of the left ingoing and outgoing lines have
been replaced. The diagrams containing only retarded/advanced Green’s functions, which

contributed to U(If, are absent because of the absence of off-diagonal retarded and advanced

Green’s functions.

Green’s functions. This hints that a non-trivial self-energy is generated on the diagonal
to regulate the integral, which can be computed in self-consistent Born approximation
as explained in previous sections. On the other hand, for off-diagonal Green’s functions
h® = hA = 0 (e.g. for the bare off-diagonal values), the off-diagonal self-energy is zero, as
visible from Eq. . Consequently, off-diagonal self-energies are not generated in the
retarded sector even in self-consistent Born approximation and we have

I =0. (4.5.21)

In the absence of off-diagonal self-energies in the retarded sector, we can directly apply
the quasi-particle approximation discussed in the previous sections and evaluate the self-
energies and distribution function on-shell. Consequently, the intermediate kinetic equation
is

0rFqu—0.r = =200, Fqu—o.r + 10,58 0 702 (4.5.22)
with the scalar, on-shell self-energy a}iT as discussed in Sec. m
For the on-shell Keldysh self-energy,
K K
o r
R oo, = —2i ( LT AT ) (4.5.23)

the diagrammatic rules from the previous section do not have to be modified. This imme-

diately yields the diagonal, on-shell Keldysh self-energy O'CI;T according to Fig. [4.3.2] For

the off-diagonal, on-shell Keldysh self-energy Fa{ the corresponding diagrams are obtained
by reversing the arrows associated to the vertices on the right in Fig. £.3.2] resulting in
the diagrammatic representation of Fff shown in Fig. The Keldysh Green’s functions

are obtained via the parametrization used in Eq. (4.5.9), which yields for the off-diagonal
elements

K 167r21057mq; 45.94
qQ,w, T 2 R 2 ( s )
(w—ulq|)” + (Uq,T)
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Evaluation of the off-diagonal diagrams and insertion into the kinetic equation completes
the set of equations for a system including anomalous phonon densities.

Finally, the off-diagonal retarded/advanced self-energies are exactly zero and the kinetic
equation for the off-diagonal terms is

2pq(q — p)
Ozmq = mpyMg_p — Mg (1 + 0y + 0
q /0<p<q5§+5§+5§_p( pMq—p al P a-p))
4pq(q + p)
+ / — = — (NptqMq + MpMp g — Mgy . (4.5.25)
0<p0-(1§+0-11;{+0'§+p p+qillg pMp+q qllp

Here, we have again used the transformed basis to eliminate the factor vZ in front of the
integrals. The time evolution for the off-diagonal terms depends on both the diagonal and
off-diagonal densities, and the stationary solution of this equation is mq = 0 due to the

uncompensated spontaneous decay term in the first integral. Together with Eqgs. (4.3.15))
and (6.3.11), Eq. (4.5.25) represents the complete set of equations determining the Time

evolufion ot the phonon density and the self-energies of an interacting Luttinger Liquid for
a system that has been initialized in an out-of-equilibrium state ny # nB(u\qgf), my # 0.

4.6 RELAXATION OF AN EXCITED THERMAL STATE

In this section, we will analyze the relaxation dynamics of a nearly thermal initial state
and compare it to the analytical results from the previous sections. We consider an initial
state with the densities

ngr=0 = np(Ti=2ulqe]) +dq
1 7(q7qg)2
= —— +aje 205 , (461)
o.5‘i‘
e lal —1
7(q7q(2))2
Mgr—0 = OMg,—0=2xe >°2 . (4.6.2)

A state of this form can be created by perturbing a thermal state with initial temperature

T; = 0.5u|qp| in coupling the operator ox dx¢ to a classical field with momentum qo, i.e. in
a microscopic fermionic or bosonic model by a small density modulation with momentum
qol67]. For a specific simulation, we chose the parameters a; = 0.2, g = 4qg and express
momentum in units of qq.

The perturbation increases the energy
E(r) = /u|qnq,.r (4.6.3)
q

of the system. As a result, the final state in the limit 7 — oo will be a thermal state with
increased temperature T; > T;. Since the kinetics is energy conserving, E(7) = E(7 = 0)
for all 7 > 0, the temperature can be determined according to

T2 2
E:/ ujal _ Tiw (4.6.4)
q

eu|quf -1 o 6u

from the system energy. In the present case, this leads to T; = 0.52u|qp| and a final state
of the system

lim ng, = ng(Ty). (4.6.5)

T—00
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Figure 4.10: Time evolved phonon density ny, after initializing the system in a state
described by Eqs. (#.6.1)), (£.6.2). The time 7 is expressed in units of —. a) The
0

voq

deviation fiy , of ng . from the final thermal density ng(T;) divided by ng(T;). 6, decays
to zero with a momentum dependent rate vy ~ 71.102. For smaller momenta, this rate
decreases and finally becomes zero for ¢ — 0. b) Anomalous density mq, for different
times 7.

The quantity of interest is the deviation of the time-dependent phonon density from the
final phonon density in the limit 7 — oo,

dngr =nqr — ng(Th). (4.6.6)

In Fig. we show éngr and mq , for different time steps 7, and we see in which way
both quantities decay to zero momentum as a function of time and momentum.

The evolution of this excited state to its new equilibrium proceeds in two different stages[126]:
For short times, the set of excited modes is much more strongly occupied than all other
modes, and the dominant effect is the decay of these modes into the continuum of non-
excited ones. In this step, there is no back-action from the continuum, which acts as a
bath for the excited states. As a consequence, the dynamics is described by the correspond-
ing equilibrium linear response. According to Eq. , dng then follows the effective
equation of motion

r log (Ong;) = —1.10%- (4.6.7)

As a result, for short times éng » decays exponentially in time with a momentum dependent
decay time Ty..(q) = (1.105)_1.

In Fig. we compare the numerical value of 0y log (0nq,-) with the analytical estimate
0-log (dng,+) ~ —1.1057 ~ 0.87 @q% and find a good agreement in the momentum
region where dnq deviates from zero.

For larger times instead, many modes deviate only very weakly from the thermal occupa-
tion, but the system has still not found its equilibrium. In this case, back-action from the
mode continuum can no longer be ignored. More precisely, due to energy and momentum
conservation, this dynamics, which now is dominated by in- and out-scattering events on
an equal footing, is very slow. It is no longer described by an equilibrium response theory,
which is determined solely by the retarded self-energy. Instead the presence of dynamical
slow modes is revealed, which are not captured by a simple exponential decay but have to
be implemented as additional modes due to symmetrieS[IQﬁnd favor an algebraic decay

in time, i.e. dng(7) ~ 78 with some exponent . In Fig. 4.12| the two different stages of
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Figure 4.11: Comparison of the decay rate 74 = —0; log (i ) as a function of momentum

for different times 7 with the analytically estimated decay factor ’yél* = 2.205. The time is
given in units of volq2' The exact decay coincides very well with the analytical prediction,
0

only when ny, ~ 0 becomes very small, the numerical error and therefore the relative
deviation is significant.

the time evolution are visible in the numerical simulation of the quasi-particle occupation.
The algebraic decay for long times, and the exponential decay for shorter times, are clearly
distinguished. In order to estimate the algebraic exponent, we do not linearize the kinetic
equation but instead take Eq. and insert on the right hand side the solution for

the phonon occupations ng(7) —ng(T¢) ~ e~ 11957 Due to the scaling of the thermal self-

energy 05 ~ q%, this yields the estimate g = % In the numerical simulations presented in
Fig. we find for the algebraic exponent 8 = 0.58.

As mentioned already, this algebraic decay is a consequence of energy and momentum
conservation in the dynamics, which leads to additional slow modes in the time evolution.
The separation of the relaxation into two different time regimes, with first exponential de-
cay according to bare phonon decay and then algebraic decay due to energy conservation,
has already been found in a recent work on phenomenological grounds using an equilib-
rium formalism [126]. There energy conservation was implemented by hand, while being
naturally incorporated in the formalism of this manuscript. The algebraic decay of the
phonon occupations can be explained in terms of dynamical slow modes, resulting from
conservation laws, i.e. symmetries, in the system. The analytical exponent 8 = % would
belong to a system with exact momentum and energy conservation, while the deviation
of the numerical result 8 = 0.58 from the analytical one might be a result of subleading
corrections that will vanish on even larger time scales[129].

4.7 DYSON-SCHWINGER EQUATIONS AND VERTEX CORREC-
TIONS

In this section we apply Dyson-Schwinger equations [6l, [152] to the interacting Luttinger
Liquid and determine the self-energy and three-point vertex as a function of the phonon
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Figure 4.12: Decay of the deviation dnq(7) of the phonon density to its corresponding
thermal value for fixed momenta (q1,q2,q3) = (0.75,1,1.25)qo. a) Log-Log plot of the
deviation dng(7) (blue dots: simulations; line: algebraic fit): For long times, the decay
is described by a power law in time, i.e. dny(r) ~ 777 with an exponent 8 ~ 0.58. b)
Semi-logarithmic plot of the deviation éngy(7): For short times, the decay is described by an

1168 + R

exponential, ong(7) ~ e~ 707, where o is the corresponding thermal self-energy (blue
dots: numerical simulation; red line: exponential fit, obtained from the self-energy).

distribution. We show that the vertex correction is always real and will be exactly zero
for a zero temperature state. More generally it leads to a modification vo — vo (1 +Z),
where 7 is a small (1 > 7) dimensionless function with weak momentum dependence,
whose precise form is determined by the time-dependent phonon density. Based on these
findings, we conjecture that also the corrections to the four-point and higher order vertices,
which do not occur in the microscopic action, are small. As a result, the kinetic equation
and the equation for the self-energies in self-consistent Born-approximation are modified
according to the vertex correction, and we derive a coupled but closed set of equations.

In general, Dyson-Schwinger equations (DSE) represent an exact hierarchy for one-particle
irreducible (1PI) correlation functions, generated by the effective action functional I'[a,, ag]
[6, 152, 204]. Tt relates the full vertices (e.g. the Green’s function, which is the inverse two-
point vertex) to their bare, microscopic counterparts, which form the microscopic action
S. The hierarchy built up by the DSE is in general infinite and therefore lacking an exact
solution. The main is then to find a physically reasonable truncation of the effective action,
for which the main physical effects are captured and in which the DSE can be solved.

The effective action, as the generator of 1PI correlation functions, can be expanded ac-
cording tol6l, 152, 204]

o0

1
Iaq,ag] = Z —‘ al’ By (4.7.1)
=2
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Figure 4.13: Schematic diagrammatic representation of the self-energy X and the full three-
point vertex V in terms of the full Green’s function G, bare three-point vertex V, and the
full four-point vertex I'®).

where F&nl),,,,an is the n-th order functional derivative of the effective action,

onr

Y -
5an...5a1 . =0 ’

al,...an

(4.7.2)

i.e. the full n-point vertex function, and a, are the fields with collective index a =
(w,q,7,¢/q). The inverse Green’s function and the full three-point vertex are the second
and third order functional derivatives, respectively. In terms of formulas we have

Gl=Gjl-2=7® and V=106, (4.7.3)

In the present case, the DSE relate the n-point vertex to the n + 1 point vertex of the
theory. More specifically, we obtain for the full Green’s function

(G™)

= (G(Tl)ag - %Sgg(SquVuBuGu&, (4.7.4)

aB

and for the full three-point vertex

3 (3
Vagy = Sfxﬁ)v+IS£¢(5)VG6uVuBnGWVUW€G€V
iq(3 4
~488), G5, TS0 G (4.7.5)

Here, S@) is the bare (microscopic) three-point vertex. A schematic diagrammatic repre-
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sentation of Eqs. (4.7.3)), (4.7.4)) and (4.7.5) is depicted in Fig.

We will show in the following that there are corrections to the bare three-point vertex,
with the same scaling dimension as the bare three-point vertex itself. It is determined by
a dimensionless function Z whose precise form is dictated by the time dependent phonon
density ng,. This is in contrast to the two-point vertex, i.e. the inverse Green’s function,
where the correction due to the cubic vertex is subleading but introduces an imaginary
part and therefore is of great qualitative importance. Here the correction is purely real,
as the bare vertex itself, but on the other hand not subleading. It therefore can not be
discarded directly without further discussion.

For the aQ +PaPaQ term, the vertex correction 6V = V—8) is illustrated in a diagrammatic
representation in Fig. [4.14] It is equivalent to all other vertices that incorporate a single
quantum and two classmal fields. The lowest order contribution, incorporating only bare
vertices, reads (for q,p > 0)

ce (a+k)(k—p
Vappta = 7\/|qpp—|—q / { ( )

Uk+q + Jk P

Ng_p — Nk Ngik — Dk
R R R, R
O 0k p Ok T0kiq

}. (4.7.6)

Here O'k = —Im(ER) > 0 are the on-shell self-energies obtained by the DSE in Fig. |4
The vertex correction due to cubic vertices is identical to zero for a zero temperature
system (nx = 0 for all momenta). This is an exact statement for the interacting Luttinger
Liquid and can be seen on the level of the diagrams in Fig. 4 For T =0, GK =GgR—_gA
and the individual diagrams cancel each other 4 due to the pole structure of GR and GA.
For cubic vertices, in the absence of higher order terms and for a constant distribution
function, the vertex correction is exactly zero, this has been shown to hold for arbitrary
dimensions[63].

+k(P+k>(k*Q) Ng—q — Nk Np4k — Dk
Uk q+gk Uk+p+ak

R R
Okip T Ok q

In order to find a compact expression for the vertex correction, we replace ot — voa'R

and compare the integrand in Eq. ( with the expression for the self-energy &%
Eq. m We immediately see, that the vertex correction is linear in v and the 1ntegral
has scaling dimension zero®. In perturbation theory, this yields the vertex

Vgﬁﬁp = Vo mq@v+®|<1+lb<zﬂo>

:SQMqO+%<3@)~ (4.7.7)

Here, 7y (%,n) is a dimensionless function of the ratio p/q and the phonon density n,

which is determined by the integral in Eq. (4.7.6). The scaling behavior of the one-loop
vertex correction suggests the parametrization of the full vertex according to

p
Vapatr = vov[pa(p+a)l (1 +Z (q’n>> ; (4.7.8)

4Strictly speaking GX = sgn(w) (GR - GA), which however leaves the result invariant as can be seen

from Eq. (4.7.6).

5This holds true for an arbitrary phonon density ng since the dimensions cancel exactly, independent
of the form of ng.

128 Chapter 4 Kinetic Theory for Interacting Luttinger Liquids



where the functional Z encodes the full vertex correction. According to the DSE in Fig. [£.13]
it is determined via

Iem) = 1 {11(1+12)(12—x)(1+z(11?1.(7n))(1+z(§,n))

ﬁ k>0

+1;<x+1;)(1;_1>(1+z(ﬁ,n)) (1+Z(km))

7X|

e e T ]

~R ~R ~R ~R
op Yo %% T

} . (47.9)

where k = (% and the integral is dimensionless. In Eq. (4.7.9)), we have already exploited

the fact that the ingoing momenta of a vertex can be exchanged without modifying the
vertex itself, and consequently the integral is invariant under q <+ p. This is equivalent to
Z(x,n)=71 (i, n). The self-energy in the DSE approach is

X

Np o — 0 - DO g — g

~R ~R ~R ~R
Oy T O TO%

FR = /0 (a;gp +omy + 1) (4.7.10)
<p p
{[Hz(,ppql)} Do iz () qp<+p+q>}

In the same way the kinetic equation can be modified to incorporate the vertex correction
as well, and we find a set of coupled equations

&R | = F(n,6%,7). (4.7.11)

They can be solved numerically according to the procedure described in Fig. f.6] In-
cluding the vertex correction, the second step of the iteration additionally includes the
self-consistent determination of Z.

We will now give an estimate of the order of the vertex correction for the case for which it
is non-zero to estimate its impact on the dynamics and the kinetic equation. In the limit

T — oo the relevant phonon density is nq ~ % and the self-energies have the thermal form

&g{ x %q‘g/ 2. Consequently, the factor % drops out and Z(x,n) does no longer depend on
temperature. In this case, Z(0,n) ~ 0.012,Z(1,n) ~ 0.09 and Z(0,n) < Z(x,n) < Z(1,n).
As can be seen in Fig. the correction is small, with a weak momentum dependence.
Consequently, the self-energy is only negligiably modified if instead of the full three-point
vertex in Eq. (4.7.4), the bare value V is used. This is precisely the self-consistent Born
approximation that we used to determine the self-energies and the kinetic equation for the

interacting Luttinger Liquid.

4.8 CONCLUSION

In this chapter, we used non-equilibrium field theory, in particular kinetic and Dyson-
Schwinger equations, to determine the kinetics and non-equilibrium dynamics of resonantly
interacting Luttinger Liquids. Exploiting the fact that the interactions lead to dressed but
still well defined phonons, which enables a separation of timescales into slow forward and
fast relative dynamics, we applied the Wigner and quasi-particle approximation and de-
rived a closed set of simple yet powerful equations for the normal and anomalous phonon
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Figure 4.14: Diagrams contributing to the vertex correction of the three-point vertex
V,p,p+q illustrated for the particular example of an outgoing quantum field and two in-
coming classical fields, i.e. o 522 1pagap- In total there are twelve distinct diagrams
contributing to the vertex correction, six are depicted above and six further can be found
by interchanging the ingoing momenta P < Q.

0-1- z’.max

0.05

min

0 0.5 x 1

Figure 4.15: Vertex correction Z(x,ng(T)) for an infinite temperature state. In the limit
T — oo, the temperature drops out in Eq. , and the vertex correction becomes
temperature independent. Due to the invariance of Z under x — %, the plot is restricted
to 0 < x < 1. The dependence of Z on x is weak, especially for x ~ 1, where it takes its
maximum Z(x,ng) < Z,,., ~ 0.093.
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density, the phonon self-energy and vertex correction. These equations determine the
dynamics of an interacting Luttinger Liquid initialized in a Gaussian (non-) equilibrium
state. The resulting equations show strong aspects of universality, on the one hand being
independent of any UV-scale, in particular independent of the Luttinger cutoff. On the
other hand, after a proper rescaling of the forward time, all microscopic parameters en-
tering the Hamiltonian can be eliminated and the only microscopic information entering
the dynamical equations is the initial phonon density. We further used our approach to
analytically determine the relaxation rate of a thermally excited state. For this dynamics,
we found an initial exponential decay corresponding to previous results computed from
linear response theory [8, [161) 176, 150, 15I]. However, for longer times, the decay of the
excitations follows a power law in time, revealing the presence of dynamical slow modes due
to energy conservation. These latter modes are not contained in a plain equilibrium linear
response theory but have to be build in by hand on the basis of symmetry arguments and
conservation laws[126], [129]. Here, the dynamics based on the kinetic equation approach
reveals the presence of these modes due to the algebraic decay at long times without any
further modification, which shows the strength of our approach in a simple yet nontrivial
example.

The results of this work can be used in order to determine the kinetics and non-equilibrium
dynamics of one-dimensional interacting quantum fluids prepared in a non-thermal initial
state, which might occur as a consequence of a quantum quench or a sudden external
perturbation. On the other hand, it paves the way to compute the dynamics of quantum
fluids subject to drive and dissipation, and to determine the dynamics towards the steady
state of an excited closed system. Of special interest and a strength of our approach is
the treatment of long time dynamics in non-equilibrium systems, which are neither reach-
able by present numerical procedures nor by analytical approaches based on perturbation
theory. Both examples belong to the uprising field of one-dimensional quantum fluids
out-of-equilibrium and we leave their discussion open for future work.
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5 THERMALIZATION AND PRETHER-
MALIZATION IN INTERACTING LUT-
TINCER LIQUIDS AFTER A QUAN-
TUM QUENCH

The process of thermalization describes the dynamics of a physical system, which is initial-
ized at t = 0 in a non-thermal state pg and evolves in time, until it reaches the stationary
state of the dynamics, which is a thermal Gibbs ensemble. While equilibrium statistical
mechanics (both quantum and classical) predict a stationary state, which is in thermal
equilibrium, there is an active debate in the recent literature if an interacting quantum
many-body system initialized in a arbitrary quantum state will actually thermalize. This
question is triggered mainly by the fact that the time evolution of a quantum system is
unitary, and for this reason reversible, which does not allow for a single fixed point in the
dynamics in a strict mathematical sense. A solution to overcome this problem is the so-
called eigenstate thermalization hypothesis (ETH) in combination with the statement of
typicality of physical states. In a few words, when a system is initialized in a non-eigenstate
of the system’s Hamiltonian, the off-diagonal elements of the density matrix govern time
dependent complex phases, which average out

e = efthpOeth — Z ala;knefth’D <m|eth

I,m

- Zala el@—wm)t |y iy Z\al\ I (5.0.1)

where the term on the right hand side is called the diagonal ensemble corresponding to the
initial state. As a consequence, in the long time limit, physical observables are determined
solely by the initial distribution of the eigenstates of the Hamiltonian ~ |oy|?. If one now
assumes a "typlcal” behavior for the relevant eigenstates, i.e. that for eigenstates in the
relevant energy regime, which has been accessed by the initial state, the expectation value
of local observables does not vary too strongly!, the stationary state of the system can be

LA more detailed and mathematically more strict definition of the terms "relevant eigenstates", "local
observables" and "strong variation" can be found in the corresponding literature [166} 53] [184]. It is not
the purpose of this thesis to review the arguments of the ETH and typicality with significant detail.
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described in terms of a typical state of the relevant energy window

t—o0

Py — ‘lt><]~t|7 (502)

where |l;) is a typical eigenstate, reflecting the initial states average energy. This is the
eigenstate thermalization hypothesis. As a consequence, systems, for which typicality and
therefore ETH are applicable, will reach a thermal state in their long time dynamics after
being initialized in a non-thermal state at t = 0.

However, there are many exceptions, for which the above arguments are not applicable and
which will not thermalize to a Gibbs ensemble. A broad class of such systems are so-called
integrable systems, which have an infinite number of constants of motion and for which
the initial distribution of eigenstates is crucial in order to describe the long time dynamics.
These states evolve to a stationary state, which properly takes into account all constants
of motion and is referred to as generalized Gibbs ensemble. Examples for integrable sys-
tems are quadratic Hamiltonians?, the Lieb-Liniger model for bosons (Eq. ) and the
Luttinger model for interacting fermions with a linear dispersion (Eq. (3.2.6)). While it
is evident, that an integrability breaking term added to an integrable Hamiltonian will fi-
nally lead to thermalization of the system in the long time limit, it is not clear, whether or
not the dynamical fixed point of the integrable model plays an important role in the non-
equilibrium dynamics of the non-integrable model. In the recent literature, however, there
is consensus that a non-thermal fixed point of an integrable theory serves as a metastable
fixed point for the transient dynamics of the corresponding non-integrable theory and there-
fore determines the short time dynamics. Whether this is the case and in which way the
short time dynamics is determined by the corresponding integrable fixed point is however
not systematically investigated and an open topic of current research.

In this chapter, we will study precisely this question by performing an interaction quench
to be precise, a quench of the microscopic interactions) in the interacting Luttinger model
3.1.24)). In this quench scenario, the system is initialized in an eigenstate pg of the inter-

acting Luttinger model H; at t = 0. Suddenly, the interaction strength is changed and the

system evolves in time according to a different Hamiltonian H¢ # Hj, for which the initial
state pg is no longer an eigenstate. As the interacting Luttinger model is not integrable,
its dynamical fixed point is a thermal Gibbs ensemble, with a temperature §, which is
determined by the energy injected by the quench. On the other hand, the non-interacting

Luttinger model is integrable and does not thermalize but evolves to a generalized Gibbs

ensemble, for which the constants of motion, i.e. the phonon occupancies, depend on the

initial state. The interaction quench in a non-interacting Luttinger model has been studied
by Cazalilla and others only recently [39] 05 06] and the corresponding stationary state
features algebraic correlation functions in space (as known for the ground state of the

Luttinger model) but with a new non-equilibrium exponent and an algebraically decaying

quasi-particle residue Z(t) ~ t~7nea,

For the interacting Luttinger model, we find that for long distances, thermalization takes

place in two steps. First, a light cone of quasi-particles spreads into the left and right di-

rection with velocity u, such that at distances x = 2ut the system reaches an intermediate,

metastable state, which is described by the non-interacting Luttinger theory. However,
due to the interaction of the excited quasi-particles, there is a second, thermal regime,
spreading in space as x = At%, with a < 1 and A some constant, which is due to the
interactions. The intermediate regime At < x < 2ut is described by the steady state of
the integrable theory and due to its metastability, we refer to this state as prethermal and

the effect of reaching an intermediate, metastable state as prethermalization. As a < 1,

there exists a minimal distance for prethermalization, defined by the time t,,;,, for which

AtE = 2ut,, = Xni. Below this distance, the prethermal regime does not occur, since

min

the redistribution of energy is faster than the formation of quasi-particles 3.

2Quadratic in terms of creation and annihilation operators for the elementary excitations.

3This does not contradict with Lieb-Robinson bounds for this system, as Lieb-Robinson bounds feature
non-universal corrections on short distances as well and only obtain there typical form in the asymptotic
limit.
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In order to study the prethermalization and thermalization of fermions after an interaction
quench, we consider the fermionic Luttinger model with non-zero band curvature. At t = 0,
the microscopic fermion-fermion interaction is ramped suddenly from some initial value g;
to some final value gf and subsequently the time evolution of the system is computed
using the kinetic equation approach, which we have derived in the previous section. With
this approach, we can then finally determine the time evolution of fermionic correlation
functions and the fermionic momentum distribution.

The chapter is organized as follows, in the first section, we determine the initial state after
the quench in the Luttinger basis. In the subsequent section, we discuss the prethermal
state by considering the time evolution of the non-interacting Luttinger model. Finally, in
the last section, we determine the time evolution of the system after the quench for the
interacting Luttinger model and discuss the corresponding fermionic properties.

5.1 FERMIONIC INTERACTION QUENCH AND INITIAL STATE
AFTER THE QUENCH

We consider a model of spin polarized, interacting fermions with non-zero band curvature

as described by the Hamiltonian (3.2.5)), i.e.

= | 3 ol (= 2 Y vt [ el plooptet). L)

)

This model is integrable in the limit of vanishing band curvature, m — oo and can be
exactly mapped to a quadratic Luttinger Liquid model, as described in Sec. 3.2l For
m < oo, the model is non-integrable and can be mapped to an interacting Luttinger
Liquid [93, 110, [94], described by the Hamiltonian (3.2.42),

1
m

Hyy, = % /X [uK (0:0:)* + % (D) + — (D) (axex)ﬂ , (5.1.2)

where the Luttinger parameters u, K are determined from the microscopic parameters

according to
2 250
w=viy /14 22 and K = 4/1+ =20 (5.1.3)
TVE TVg

Here, g is the effective zero momentum interaction potential*. In an interaction quench
at t = 0, the interaction gg is suddenly ramped from some initial value go; to some final
value g (for convenience, we attribute an extra label for the final value of the parameters
after the quench). In the Hamiltonian , this corresponds to a sudden change of the
parameters (uj, Kj) — (u, K) at t = 0, while the cubic nonlinearity ~ % is left unchanged.
We consider the system to be at equilibrium for times t < 0 and therefore its density
matrix is

1 s
pro = e BH; (5.1.4)

where H; is the initial Hamiltonian of the interacting Luttinger Liquid, i.e. the Hamiltonian
in Eq. (5.1.2]) with the initial set of parameters (uj, Kj).

4For a detailed derivation, see Sec.

5.1 Fermionic Interaction Quench and Initial State after the Quench 135



The nonlinearity in the Hamiltonian can be decomposed into resonant, i.e. energy conserv-
ing, scattering processes and non-resonant, i.e. virtual, scattering processes. The virtual
processes are irrelevant and neither modify the spectrum of the system nor have an impact
on the ground state but lead to subleading correction in the phonon self-energies®. On the
other hand, the resonant nonlinearities commute with the quadratic part of the Hamilto-
nian, which is evident from the fact that they describe energy conserving collisions. The
reason for non-trivial dynamics in this set-up is that the Hamiltonian, on the many-body
level, features a highly degenerate spectrum and the collisions lead to a dynamics within
the fixed-energy subspace. Therefore, the initial state is determined by the initial values
of the quadratic Hamiltonian alone and we write

1 _y®@
prco = e PE, (5.1.5)
Here,
1 u
(2 - = 2, 4 2
HO = /X (0K (6% + 7+ (0x6) (5.1.6)

is the quadratic Luttinger Liquid Hamiltonian. In order to determine the initial state at
t = 0, we have to express the state pi<g in terms of the eigenmodes of the Hamiltonian
Hi~o. The transformation from the parameter independent fields ¢, 6 to the eigenmodes
depends on the Luttinger parameter K and reads (see Eqgs. (3.1.26)), (3.1.27))

i 27K\ 2
bq = —% (&) sgn(q) (a:rl—I—a,q), (5.1.7)

i 2m %
- (=L T
eq 9 <‘ |K> (aq aq> . (518)

Since the Luttinger parameter K is quenched K; — K at t = 0, the transformation into
the eigenbasis (Egs. , ) is changed accordingly. We label the creation and
annihilation operators of the initial eigenbasis before the quench with bg,bq. They are
defined in terms of the Luttinger fields

i [ 27K; )\ 2
bq = —;< qu) sgn(q) (bg+b_q), (5.1.9)
i 2w Nty
Oy = 2<|q‘Ki) (bl = bq) - (5.1.10)

Inverting the transformation ([5.1.7)), (5.1.8)), in terms of Luttinger fields, the phonon modes

after the quench are

af = i ('g'f)% (001 _ =) ¢>q> , (5.1.11)

K
=i (Y (o, ey ) 5112

Combining the two transformations, the phonon modes after the quench can be expressed

5See Sec. 4| for more details on resonant interactions.

136 Chapter 5 Thermalization and Prethermalization in Interacting Luttinger Liquids after a Quantum Quench



in terms of the phonon modes before the quench,

af = % ( IIE (b =b_g) + \/E (vl —i—b_q)) . (5.1.13)

If the Luttinger parameter is not changed by the quench, i.e. for K = Kj, the operators
before the quench are identical to the operators after the quench, as the eigenbasis of the
Hamiltonian is unchanged in this case. In terms of the phonon occupation before the
quench, the phonon occupation after the quench is

alag = 1 [(bg_b_q) +5 <bT b )} [(bq—biq) L (b ot )]

=1 [(E+%+2)blpg + (5_ + ﬁ =2) b bl + (5 = £) (biplg +bgb_y )|
= 1[5l + SRl + S (bhblg +bgb_g )] (5.1.14)

The anomalous phonon density after the quench is determined the same way and is

afal = K [(bg—b_q) + 5 (bT b )] [(b*_ —bq) + 5 (bT_q—i—bqﬂ

2 12
= S (2blpg +1) + SR bib! + En b (5.1.15)

For K # Kj, the quench mixes anomalous and normal occupations of the phonons. There-
fore, for a system that is in equilibrium before the quench, after the quench, there will be

non-zero off-diagonal occupations and the system is clearly brought out of equilibrium.

At t = 0, the initial state is

Pr<o = % exp (_QBTF/X [uK (axgx)2 + % (axgbx)zD = % exp (—Bui /q |q]bgbq> (5.1.16)

and the initial occupations in the post-quench basis are

K? + K? (K —Ki)*| _lal
agag) = | g, el + e e (6117
£ K7 - K? _lal
<aqa7q> = W (QHB(ﬁul‘q’) + 1) e A (5118)

Here, we used the Bose-Einstein distribution function
ns(e) = (€ —1)7! (5.1.19)

which describes the thermal distribution of the initial phonons and implemented the phonon
cutoff A in the distribution function. The energy injected into the system by the quench
can be computed as the difference between the initial energy and the final energy. The
initial energy is

2 2K

i = , 5.1.20
36%2u?  36%vg ( )

Ei:/ui\qlng(ﬁlqlui) =u
q
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where we used the definition of the Luttinger variables in Eq. (3.2.41]). The final energy is

K? + K2 (K—Ki)?| _1a  72u K2+K?2 (K-K;)?

E = IR . S~ A — 1 A2
/qu|q‘ oxE, el R | 36202 2KK; 2KK;
m2K; 1 K2\ 1 [(K; 2 Kiu2A2

= 1+ =2 —=-1 i 5.1.21
3,82VF2< +K2>+2(K ) Vi ( )

This amounts to an energy difference

mK; 1 (K2 1 (K; 2 Kiu2A2
AE=E—E; = — (= - (= -1) /. 5.1.22
L 362%ve 2 (K2 >+2 <K > Vi ( )

By definition, the Luttinger cutoff must be much larger than the thermal energy uA > %,
such that the major energy difference results from the second term in Eq. , which
is always positive and describes the uniform population of the phonon modes due to the
quench, especially the high energy modes with energies u|q| > % As one can infer from

Eq. 117,

(alag) > mp(Bulal)e® = (blb,) (5.1.23)
for all kinds of initial and final values of K;j, K. Furthermore, under the transformation
K <« Kj the normal phonon occupation remains unchanged and the anomalous occupation
obtains a relative minus sign, which can be gauged away by ag — ez azl. In this section,
we have determined the initial state after the quench in the Keldysh framework, which has
been determined for the first time in Ref. [39] but in a slightly different formalism. The
form of the initial state does not depend on the presence of the band curvature term, i.e. it
remains unchanged in the presence of phonon scattering. Starting from this initial state, we
will in the following sections discuss the time evolution of the post-quench system both in
the absence and in the presence of band curvature (i.e. phonon scattering) systematically.

5.2 QUENCH IN THE QUADRATIC THEORY

In this section, we discuss an interaction quench in a system of one-dimensional interacting
fermions in the absence of band curvature. As this system is integrable and the Hamiltonian
is only quadratic, the time-evolution after the quench can be solved exactly. This has been
done for the first time by Cazalilla [39] and we review his main results in the framework of
the Keldysh path integral. Although the formalism presented here is much more appealing
than the operator based methods in the literature, we will not discuss any new results in
this section. However, the dynamics discussed for the non-interacting Luttinger Liquid will
be relevant as well for the interacting version and many of the formulas presented here in
a simpler context will be very useful in the next section, where the interaction quench in
an interacting Luttinger Liquid will be discussed.

As we have seen in the previous section, the initial state after the quench in the fermionic
interaction does not depend on whether the fermionic band curvature is absent or not.
However, the time evolution strongly depends on the presence of the band curvature term,
as it breaks integrability and leads to the relaxation of the system towards a thermal
equilibrium state.
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After quenching the system and preparing it in the above discussed initial state at t = 0, we
compute the time evolution of the Green’s functions under the evolution of the Hamiltonian

HE — 2177 / (WK (061)* + ¢ (0x00°] = /q ulq[bib,. (5.2.1)

This problem has been analyzed by Cazalilla et al. in detail [39] and we will just give a
short review here in our formalism.

In the quadratic framework, the retarded and advanced Green’s functions do not depend on
the distribution function and one can determine them directly in the operator formalism.
We apply Wigner coordinates, such that in the Keldysh framework the Green’s function
read

Grl?,m - _i<ac,p,T+%aq7p,Tf%> = —if(t)e P, (5.2.2)
A . = . —j

Gpre = _1<aq,p,r+%ac7p,r—%> = i0(—t)e P, (5.2.3)
R A . -

Fpﬂ—’t = prTz_t = _1<ac7_p’7—+%aq»p77—_%> = 0. (5'2‘4)

The last equation is a consequence of the fact that the Hamiltonian does not mix positive
and negative momenta as it does not contain any off-diagonal parts in the eigenbasis.

The correlation functions after the quench are determined in the operator formalism as
well

K . _ . . —j
Gpre = —1<ac,p,f+gac,pﬁ> = —i({a, 1.8l 3 =—i(@ng+ e Mt (5.25)

K . —i2ulalr
Lpre = —ia —p,m+58cp,r > = —1({a —p,7+E al T_%}> = 2mge 2ufalr, (5.2.6)
Here, we have introduced the normal phonon density nq = <agaq> and the anomalous

phonon density mq = <a:rlaT_q>.

The translation table from phonon Green’s functions to Luttinger Green’s functions in

terms of the Luttinger fields 0, ¢ is shown in Eqs. (3.2.50))-(3.2.52)) and yields

K 7K sin(u|p|t) _lel
Gg@pmt = 2‘ | (Gp,Tt + Gp,r —t) = G(t)Te A, (5.2.7)
i t) _ ol
cR gy ™ Smlplt) 5.2.8
00,p,T,t ( ) K’p’ e A, ( )
™ .7 cos(ulplt) _Inl
chb,pmt = ? ( p,‘r —t) = 19(t)Te A (5.2.9)
K x
Goopr = 7|< i FGpr AT — (TK ) )
[p|
= T [cos(ulplt) (2np, + 1) + 2 cos(2u|p|7T)my|e -X, (5.2.10)
\
Gl pre = K| [cos(ulplt) (2np + 1) =2 cos(2ulp|r)myle” X, (5.2.11)
K T . _lpl
Gy = 2 [smCulple) (20 + 1) + 2 sin(2ulplrym,Je ¥ (5:2.12)

The information about the quench is encoded in the non-zero values of n, and mp,
which will modify the fermionic Green’s functions. Since neither n, nor my enter the
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retarded /advanced Luttinger Green’s functions, there effect on the fermionic Green’s func-
tions will be the same as if the system was in the ground state of the Hamiltonian. However,
the fermionic spectral properties (encoded in the fermionic retarded/advanced Green’s
functions) will be modified by the quench, as has been shown in Refs. [107, [103]. The
reason for the latter is that the fermionic greater and lesser Green’s functions are implicit
functionals on both, the phonon spectrum and the phonon occupation.

In order to determine the fermionic lesser Green’s function, we have to compute the expo-

nent gn<TX of (see Eq. (3.2.58))

e—inkFx

5 o 290, (5.2.13)
T

< _
Gn,T,X -

Here, n = =+ labels right/left moving fermions, 7 the forward time and X = (x,t) is the
relative space and time coordinate. The exponent has been formally determined in the
previous section and in terms of Luttinger Green’s functions is

K K A R
mrx = Gooro— Georx + Goorx — Goorx (5.2.14)
K K A R
TGgo,r0 = Goprx + Gosrx = Gorx
K K R R A A
+1 (Gag.rx + Ggorx + Gagrx + Goorx = Gogrx = Goorx) -
With the above formulas, it evaluates to

Ip|

g;ﬂx = (K+#) / [WeplA [Sin(u|p|t)cos(px) —i((2np + 1 — 2 cos(2ulp|7)mp) (5.2.15)

— cos(px) (cos(u|p|t) (2np + 1) — 2 cos(2u|p|T)my) )H

Ip

+277/ [WEA'SH('MX) [cos(u\p\t) +i(sin(ulp[t)(2np + 1) + ZSin(Zu]p\T)mp)H
p

= (K;}}H - 77) arctan [A (ut — x)] + (% + 77) arctan [A (tu + x)]

—iKiI‘{H (2n+1) [log [1 + A% (x — ut)ﬂ + log [1 + A% (x + ut)2H

_iK2271m |:10g <1+A2(x—2u7')2> + log <1+A2(x+2u’r)2)}

1+4u272A2 1+4u272A2
in 14+A2 (x—ut)2 ) < 14+A2 (X—ZuT)2 ) }
+in {(2n +1)log <71+A2(X+ut)2 + 2mlog (FEA 02T ) 1 (5.2.16)

While the first equality is correct for a distribution function, which is an arbitrary function
of momentum, the second equality holds for the specific case, for which the distribution
function is constant in momentum space, i.e. n, = n,my, = m for all momenta p. In the
case of a zero relative time, i.e. for fermionic Green’s functions that depend only on the
forward time and the relative distance, the formulas simplify and we obtain

p|

Grrx = i/ [”%A (cos(px) — 1) (% (2np +1) + 2K2K_1 cos(2u|p|7‘)mp) ] (5.2.17)
p

+277/p [we;l% {sin(\p|x) + 2isin(|p|x) sin(2u]p\7')mpH

2
= 2narctan [Ax] — iK;§1 (2n + 1) log [1 + A*x*] + inmlog (%)

2 2(x_ 2 2(x 2
it [log (MERHE) + los (MR o21)
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The equal time exponent G, -« is only a function of the forward time and the relative
distance. For the quench scenario from a zero temperature initial state, the occupancies
are according to ([5.1.17))

K2 + K?

n+1 = ———1 5.2.19

n+ KK, ( )
K? — K?

2m = —__ 2.2

m KK, (5.2.20)

We can now analyze the above equation and distinguish three relevant regimes.

First, for distances larger than 2ur, i.e. for distances |x| > 2ur, which have not been
reached by the light cone, we can expand the exponent, reading

Grrx x>2ur 2n arctan[Ax] — i (K Hlon+1) + %Qm) log [1 + A%x?]

+izmB L log [1 + 47’ 2u?A?)

= 2n arctan[Ax]| — & 2K log [1+ A%x 2] +i2m 2K1 log [1+ 4T2u2A2]

= G5ox +i2mEt log [1+47%u%A%] (5.2.21)

where g77<T:0x is the initial, zero temperature exponent before the quench. As a conse-

quence, the fermionic Green’s function after the quench can be written as

K2-1

xX|>2 m=g
Gl G (\/1+4u2T2A2) K =G Z(r), (5.2.22)

where G< . is the initial fermion Green’s function and Z(7) is a spatially independent,

global amphtude which decays algebraically in time with an exponent n, = mKK 1 —
%% For the initial fermionic Green’s function we are dealing with in this regime,

we have Z(0) = 1.

Second, for distances smaller than 2ur, i.e. for |x| < 2ur, the light cone has past this
distance, i.e. the phonons had time to equilibrate, and the exponent takes the form

Grr x| <2ur 2n arctan[Ax] — i (K L (on + 1)) log [1 + A%x?]
= 2n arctan[Ax] — i [Kﬂjl —2m K } log [1 + A%x?]
= G5+ i2m L log [1+x7A% . (5.2.23)

Therefore, the fermion Green’s function is stationary and can be written as

2

G T G, (\/1 + ><2A2>mT CopaZ (i) , (5.2.24)

2u

where the amplitude Z is now no longer time- but spatially dependent. This is the station-
ary fermionic Green’s function in the limit 7 — co.

Directly at the light cone, for x = £2ur, the fermionic correlations strongly depend on
the form of the interactions and whether we consider right or left movers. As an example,
we consider a quench from weak to strong repulsive interactions. For this case, right
movers have strongly increased correlations at the positive light cone x = 2ur and reduced
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Figure 5.1: Left:Time and space dependent amplitude function Z(nx,7) = % for

10,x
a quench from K; = 1 (non-interacting fermions) to K = 1.4 (repulsive inter;ctions)
for a fixed time 7. Z(x,7) for right movers is shown in blue. For comparison, we
also plotted the long time and long distance limits Z(7) = Z(X,7)|xs2ur (yellow) and
Z(35) = Z(x,7)|x<2ur (red). Exactly at the light cone, for |x| = 2ur, the correlations
are strongly increased for positive x and decreased for negative x, as we considered right
moving fermions. Right: Illustration of the different regimes for the amplitude function

Z(x,7) in the spatio-temporal coordinate system.

correlations at the negative light cone x = —2ur, as illustrated in Fig. 5.1} The form of
the exponent in Eq. (5.2.23)) suggests a factorization of the form

Grrx = GroxZ (1%, 7), (5.2.25)

7777—7)(

where the function Z(nx,7) becomes a universal scaling function in the limit A — oo,

Z(nx, 1) A 2* 2 (2%) . (5.2.26)

The universal function Z is shown in Fig. for a quench from K; =1 to K = 1.4 (for
right movers, as n = +). For x > 2ur, it reduces to Z(7), whereas for x < 2ur it equals

Z (30)-

For the fermionic momentum distribution function, this means that for momenta q < ﬁ,
the momentum distribution is essentially described by the initial distribution

: ur)—1 :
np(7) = /e_leG;’T,x p<(2ur) Z(T) /e—lpr;’O’X = Z(T)np(T = 0). (5.2.27)

On the other hand, for momenta larger q > ﬁ, the integral is essentially determined by
the region, which has already reached a steady state behavior and

ur)~! i
g () P2 / PGS 7 (%) = np(1 — 00). (5.2.28)

As a consequence of Eq. (5.2.28), the steady state (for 7 — o00) scaling behavior of the
fermionic momentum distribution close to the Fermi momentum is

K241 K2_ K241 K2+K2

i _ 1_ _
np ~ p— kel 2@ TR T = p - k| R R (5.2.29)
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Figure 5.2: Illustration of the prethermalization process in the non-interacting Luttinger
model. On the left, the spreading of correlations ~ 2ur in real space, leading to two
distinct regions with significantly varying correlation functions. On the right, spreading
of prethermalization in momentum space ~ ﬁ with the different scaling behavior of the
fermionic distribution function in the corresponding regimes.

This is in contrast to the ground state scaling behavior of the fermionic momentum distri-

bution, which is ~ % — 1 and depends only on the Hamiltonian but not on the initial
state. For a quench from a non-interacting fermionic model, Z(7) in Eq. coincides
exactly with the quasi-particle residue, i.e. the jump of the fermionic distribution at the
Fermi momentum. After a quench to an interacting fermion model, this residue vanishes

algebraically in time due to Eq. (5.2.27]).

Let us finish the section, with an illustration of the time-evolution of correlation functions
and the spreading of the prethermal region after the quench in Fig.

5.3 QUENCH IN THE NON-LINEAR THEORY

In order to study thermalization and prethermalization in general one-dimensional quan-
tum fluids, we analyze the post-quench dynamics of an interacting Luttinger Liquid, micro-
scopically realized with interacting fermions with non-zero band curvature. In the absence
of band curvature, the system is integrable and evolves towards a non-thermal fixed point,
which we have analyzed in the previous section. In the presence of phonon-phonon inter-
actions, the system will thermalize after the quench in the limit 7 — 0, and the stationary
state can be described by a thermal ensemble. The temperature of the stationary state of
the system can be determined from the energy injected by the quench at 7 = 0. As we will
see, similar to the quench in the integrable model, the relaxation process after the quench
can be decomposed into different spatio-temporal regimes. Two of these regimes are fa-
miliar from the previous section. On the largest distances, the fermionic correlations are
governed by the initial fermion correlations, modified by a time dependent, global ampli-
tude. On intermediate distances, we will recover the prethermal state, which was the fixed
point of the integrable theory. Finally, starting from the shortest distances, a thermalized
region spreads in space, reaching large distances in a power law in time Xpeima ~ 7% With
«a < 1. This behavior will be visible in the fermion correlation functions in real space
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and the fermionic momentum distribution, as we will discuss. A spreading of the thermal
region with an exponent o > 1 is forbidden by the Lieb-Robinson bounds for this model,
which predicts, according to the RG-relevant contributions of the Hamiltonian, information
propagation with the light cone xy,,, = 2ur.

5.3.1 Keldysh Action and Structure of the Correlation Functions

reads

1 K2 040, 6
S = / — (Oe.x, de,x) e " ; ¥ (5.3.1)
™ JX axat Kax (z)q,X

[ [0 01005) (000%) + (9ut) (0ax)? + (00ex)?) ]

The Keldysh action of the interacting Luttinger model has been derived in Sec. and
*3.1.24

+V
V8

In the phonon representation, it transforms to

R
0 Dp,t,t' 0 alc) v
S_L (ac 59, a4 ) DA, DK | AK q
- 2T A p p,t» “p,t» “—p,t p,t,t p,t,t p,tit a‘p7t/
b k) K K —_
0 (Apvt,t’) D2 p,t!
!
Vo —c c ,a =q c ,c q .9
+E / . v Ipk(k + p)| [Qaker,takvtap’t + a0 | Bkeape +agap ) +he . (5.3.2)
b 7t

The integral [ " only takes into account resonant processes and the bare inverse Green’s
functions

DYy = 6(t—t) (10y —ulp|+i0"), (5.3.3)
DAy = (D) =6t —t) (10 —ulp| —i0%), (5.3.4)
Diiy = 210+(2np7% +1). (5.3.5)
have been defined in Egs. (4.2.22)-(6.2.19). In the action ([5.3.2)), we included off-diagonal
Keldysh components in the Green’s function
AR o =40Tm_ ., (5.3.6)
Y p,T

as off-diagonal modes become occupied by the quench. For a thermal or zero temperature
initial state, the off-diagonal occupations are zero and the action (5.3.2) reduces to a
diagonal form in Nambu space. In the retarded/advanced sector on the other hand, we did
not take into account off-diagonal terms. The reason is that in the bare theory, determined
by the Hamiltonian in its eigenbasis, off-diagonal terms are absent. Furthermore, the
resonant interactions describe only scattering of phonons, which are propagating in the
same direction and therefore momenta q and —q never couple. As a consequence, the

operators agvt and aT_ ot commute for all possible times t,t’ and the off-diagonal retarded

Green’s functions
IR, = —i0(t — t)([al ,.al ) =0 (5.3.7)

are always exactly zero.
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The effect of the phonon-phonon scattering is the creation of a finite self-energy O'II}’T
and an associated non-trivial time evolution of the phonon densities nj, -, mp . The time
evolution of the phonon densities will be solved by the kinetic equation approach, derived
in the previous chapter {4 with the initial conditions dictated by the quench (compare to
Sec. . In order to determine the fermion Green’s functions, we apply the first order

cumulant expansion in Eq. (3.2.56|)

e—inkr (x—x")

—inkp (x—x'
G< B ) o e ( )e7%g<
XX T T o =T o

(ei(n¢>+,x/*9+,X/*77¢—,x+9—,x 5 n,X,X/ | (5.3.8)
T

This is exact for a quadratic theory, i.e. for factorizing higher order correlation functions.
The phonon scattering term induces a non-trivial dynamics of the phonon occupation but
still is a subleading, renormalization group (RG) irrelevant term and the induced higher
order correlation functions will deviate only in an RG irrelevant way from perfectly factoriz-
ing correlation functions for this reason. Therefore, the cumulant expansion is well justified
in this setting as the only non-negligible effect of the non-linearity is the time-evolution of
the distribution function and the emergence of a finite phonon lifetime (i.e. self-energy)®.
The exponent Q;T’X is therefore defined in the same way as in the previous section, i.e.
in Eq. . What is required for the fermionic Green’s functions are the Luttinger
Green’s functions in the presence of interactions. In the Wigner representation, they can
be determined straightforwardly from the formulas of the previous sections, reading

7K sin(u|plt) _,r¢ _lol
—e T

Ggﬁpvﬂt = 6() |p’ e A, (5.3.9)
7 sin(ulp|t) _,ry _lpl
Ghopre = 0O (5.3.10)
. 7 cos(ulplt) _on, b
Gopprs = 10(6)—— e Te7 s, (5.3.11)
K Ip|
Glppre = —i%[cos(u\p\t)efai‘t(2np,7+1)+2cos(zuyp\T)mp,Tefai‘t}e*%, (5.3.12)
ey p
Ip|
Gg@th = *iﬁ[cos(umh)e_agt(2np77+1)72cos(2u]p|7’)mp,.re_”$t}e_%, (5.3.13)
bl wb ) p
QK —  Tlsin(ulplt)eo t (2 1) + 2 sin(2 —oft] o] 5.3.14
oo = [sin(ulplt)e " (2, + 1) + 2 sinulplrmpre e K. (5314)

Compared to the previous section and the non-interacting Luttinger model, there is now

an additional forward time dependence in the phonon densities np, -, my, -, where my, » =

<aL,TaT,p7T>e21T“|p| is the anomalous density for which the dynamical phase has been gauged

away. It is taken into account separately by the cosine and sine prefactor. One should
note, that in any case, the self-energy appears as a damping factor, which is proportional
to the relative time difference, even for the off-diagonal terms ~ my ; as it describes the
decay of a single annihilation or creation operator but not the decay of the phonon density
operator. The latter is taken fully into account in the time evolution of my, - by the kinetic
equation.

For zero relative time t = 0, i.e. for fermionic equal time Green’s functions, the self-energy

is not visible in any of the above Green’s functions and the exponent Q;T’X is determined

SA further argument, why the cumulant expansion is justified, is simple power counting. This works
well in equilibrium where the non-linearities are always present as well and there influence is obviously
negligible. In a non-equilibrium setting, the scaling introduce by the distribution is different compared to
equilibrium but the subleading nature of higher order expansions remains.
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Figure 5.3: Stroboscopic plot of the time evolution of the diagonal distribution func-
tion after three different quench scenarios. The initial distribution is a flat line in mo-
mentum space, Ng,—g = ) = %. From left to right, the initial densities are
ny, = (0.0022,0.028,0.106). The dashed line represents the final phonon distribution
Ny r—00 = Ng(ulgl, Ty). The corresponding temperatures are Ty/u = (0.035,0.124,0.24).
One can identify a crossover scale q¢ for each curve, at which the slope dqn,  changes its
sign from positive to negative. For momenta q < q¢, the momentum distribution increases
linearly in momentum ng . ~ |q|Zo7 and time. On the other hand, for momenta q > qZ,
the distribution follows a Bose-Einstein distribution ny, = ng(ulq|, Tx + dT)).

as in the previous section

_lIpl
G = | / {’Tehf [(cos(px) = 1) (K52 (2mp,r + 1) + 2852 Cos(2u|p|7')mp7T>H
p

Ip|

+2n arctan[Ax] + 417]/ [7re|p|A sin(|p|x) Sin(2u|p|7')mpﬁ]. (5.3.15)
p

Except for the time dependent densities ng ,, mq -, all parameters in the above expression
are determined by the Hamiltonian and the initial state. Furthermore, ngr—o, mq =0 are
determined by the initial state as well. The time evolution of the phonon densities is solved
numerically with the kinetic equation approach from the previous chapter and discussed
in the following section.

5.3.2 Dynamics of the Phonon Densities

To compute the equal time fermion correlation function, the time dependent phonon den-
sities are required and we determine them with the help of the kinetic equation approach
derived and extensively discussed in the previous chapter (see chapter . In terms of the
rescaled time variable 7 = vo7, the kinetic equation for the diagonal densities is

2pq(q —p)
Ozn :/ - — —— (npNg—p — g (1 +1np +1n4_p))
Tq 0<p<q U§+U§+U§_p pPHq—p q p q—p
4 +
+/ pa(q+p)
0

SR | GR 4 R
<p0q t0p +0g4p

(Mptq (g +np +1) —ngnp) , (5.3.16)

whereas for the off-diagonal densities it is (4.5.25))
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2pq(q — p)
drmy = / 5R 1 GR 1 GR (mpmg—p — mq (1 4+ np +ng—p))
0<p<q 9q T 9p T Iq—p

4pq(q + p)
+/ = — — (NptqMq + MpMmp g — Mgyp) - (5.3.17)
O<p0.(];{+0_11;{+a_cfl{+p p—q*q ppTq q*p

The rescaled retarded self-energies are determined according to Eq. (6.3.10))

R Oy | o ap(a—p)  ap(P+49)
gg_/kp( Mo g p+1>< + , ) (5.3.18)

“R | ~R “R 1 ~
%p Op T 0q-p Op T0piq

In the rescaled time variable 7, Eqs. (5.3.16)-(5.3.18|) do not explicitly depend on any

system variables but only on the initial densities ng,—¢p = n and mgy,—0 = m. Both of
the initial densities depend, according to Egs. (5.2.19)), (5.2.20)), only on the ratio A = %
and we can express the non-equilibrium quench dynamics solely in terms of the quench

parameter A,

A4 1 1— )2
2n+1 = T 2m = T

(5.3.19)

The time evolution of the diagonal distribution functionng,, determined by the kinetic

equation ([5.3.16)), is plotted in Fig. for certain quench parameters A, it has the corre-

2
sponding initial value ng,—g = ny = (14;\) and the final value ng ;0 = ng(ulql,Ty) =

ulal -1
<e ™ -1 , where u is the velocity of sound and T) is the quench dependent tem-

perature. Since the dynamics is exactly energy conserving, we can determine the final
temperature Ty by equating the initial and final energy density of the system. The energy

density is defined as

E, = /u\q]nqm (5.3.20)
q

The quench populates the low energy modes and therefore induces an energy increase

according to

lal

Eg = uny / lgle” 2 = uny A2 (5.3.21)
q

The regularization of this energy proportional to the cut-off stems from the fact that also
the microscopic interaction (which is quenched) has to be cut-off at some short-distance
scale. Here, we chose this scale to equal the Luttinger cut-off for simplicity. The final
thermal energy in the limit of infinite time after the quench is

ulg| -1 T2 2
Eoo :u/q|qy (eTi - 1) - Q—Z (5.3.22)
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This yields a quench dependent temperature”

A A
Ty = /30, = =1 — >\|\/§. (5.3.23)
T 27 A

The final temperature depends on the quench parameter A as well as on the Luttinger
cutoff A. This is not surprising, as the energy injected by the quench is a non-universal
number and depends on the microscopic details of the model. However, the dynamics
of the distribution function approach this non-universal temperature in a generic way and
therefore the non-equilibrium dynamics, as well as the equilibrium dynamics in a Luttinger
Liquid have a high degree of universality®.

We will now discuss the structure of the relaxation dynamics in the interacting Luttinger
model. For q = 0, both the diagonal and the off-diagonal densities are locked to their
initial value nqg—o, = Ng—o,r—0 = n) and my—o, = my this can be seen from the kinetic
equations (Eqs. (5.3.16]), (5.3.17)), which in the limit q — 0 scale as ~ |q| and therefore
vanish exactly for ¢ = 0. On the other hand, the values of ny—p, mq—¢ are associated
with the global particle number and since the dynamics conserve the total particle number
exactly, i.e. preserve U(1)-symmetry, the densities at ¢ = 0 are pinned to their respective
initial values.

For small momenta q < qg, the kinetic equation is approximately linear in the momentum

q, and has the form (see Eq. (4.4.7)))

< C
Ng,7 = Ng7=0 + ‘q| Iy ~ Ng7=0 + |q|I()T, (5324)

0<t<7

where in the last step, we assumed a very weak time dependence in the function Z;. It is

defined as

2p? t=0  4p (A2-1)2 2
T :/o —gr Opt (L+mpe) = mn/\(l +1)) = A5z TO2F1) (5.3.25)

<p Up,t

The cutoff dependence in this function can be seen as a dependence of the speed of the
time evolution on the energy of the system. A larger energy (~ A?) leads to a faster non-
equilibrium time evolution, consistent with Eq.

As we see from Fig. the distribution function indeed is linear in momentum for suffi-
ciently small momenta q < q¢. For larger momenta, the distribution function is approxi-
mately thermal

ngr "2 ng(ulgl, Ty +6T,), (5.3.26)

where 6T, indicates the deviation of the associated temperature of the momentum modes
at time 7 from the final temperature T). The momentum scale q¢, which determines the
crossover from a linear scaling of the distribution to a thermal scaling, does itself depend
on time. For momenta q < q° smaller than this crossover, the modes are essentially
populated by scattering of phonons from modes with larger momenta q > q° into modes
with lower momenta. On the other hand, for q¢ > ¢° the phonon density has already
obtained a quasi-thermal form and the dynamics is close to a situation of detailed balance
between in and out scattering processes. For these momenta, the relaxation dynamics
become very slow and are dominated by dynamical slow modes (cf. Sec. and the end of
this section). The crossover momentum scale ¢ indicates the progress of thermalization

in the system as for momenta q > qf, i.e. for distances x < q% the system has the

"The integral over the thermal distribution does not have to be regularized by the cutoff, as by definition
T < uA.

8In the same way, the temperature in an equilibrium Luttinger Liquid is, of course, not a universal
number and depends on the details of the system-bath coupling.
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Figure 5.4: Time evolution of the inverse of the crossover momentum scale % for the
three different quench scenarios A = (1.1,1.4,1.9), normalized with the correTsponding
final temperature Ty. The bumps result from the discretization in momentum space and a
appear for very large times 19. The inverse crossover scale evolves according to a power law
in time, % ~ 177 where the exponent depends non-trivially on the quench parameter.
Numerical values are n1 = 0.7, n1.4 = 0.85 and 119 = 0.92. The exponent is lower than
one (which is the corresponding exponent for the phonon propagation) but approaches one
in the limit A — oco. Since the crossover scale indicates the spreading of thermalization in
the system, an exponent 1) < 1 allows for a finite prethermalized region in the dynamical
phase diagram, as the thermal region spreads slower than the propagation of phonons and
therefore the prethermal region.

properties of a thermalized system with a relaxing temperature T, = Ty + 0T,. The time
dependence of the crossover scale is non-trivial and depends on the quench parameter A.
In Fig. [5.4] the time dependent crossover scale is shown for different quench parameters.
It follows a power law in time qf ~ 77", with an exponent 7, that depends on the quench
parameter. The numerical determination of 7, shows that 7y < 1 for all A, and that it
increases with increasing A. As a consequence, the spatial coordinate associated with the

crossover scale and thermalization Xiuerma = q% ~ 7™ increases slower than ballistically.

As a consequence, it spreads slower than theTballistically expanding prethermal region
Xpretherm = 2U7T and on large scales, the thermalization process takes place in three steps,
as discussed at the beginning of the section.

The off-diagonal densities mq > evolve in time according to Eq. [5.3.17) and decay to zero
in the limit 7 — 0, which corresponds to their thermal value. The time evolution of the
off-diagonal densities is shown in Fig. In order to estimate the momentum scale, above
which the off-diagonal densities are negligible, one can define the momentum qlﬁ, at which

the off-diagonal distribution has reached half of its initial value m = %m)\. As it turns

a7
out from the numerical evaluation, q}T1 = aqqS, where g = O(1). This is consistent with
the statement that for momenta q > q¢, the system has reached a quasi-thermal state.

5.3.3 Momentum Dependent Thermalization and Emergence of Dynamical Slow
Modes

The phonon distribution function for momenta larger than the crossover momentum q > q$
is quasi-thermal, i.e. described by a Bose distribution nq, = ng(ulq|, Ty + 0T;), which
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Figure 5.5: Time evolution of the off-diagonal distribution mg, for different quench sce-

narios. The off-diagonal densities start from the initial value mq,—¢9 = my = % and
decay to zero in the limit 7 — co. For momenta larger than the crossover scale q > q¢, the
off-diagonal distribution is almost zero, while for momenta lower than the crossover scale,
it can be approximated by the initial value.

deviates from the final distribution function ng . = ng(ulql, Ty) by a time dependent
temperature 6T, which decays to zero in the limit 7 — 0. For 7 < oo, there is still addi-
tional energy stored in the momentum modes q > q¢, which has to be transported to the
infrared regime. However, since the system is already quasi-thermal, i.e. detailed balance
between in- and out-scattering processes is almost exactly fulfilled, energy transport to the
low momentum modes becomes algebraically slow.

This is the same mechanism as discussed in Sec. [1.6] which leads to an algebraic decay
of excitations close to thermal equilibrium with an exponent o« = 0.58. From an analytic
approach to this model, one expects an exponent a = 0.5 at zero temperature and o = 2/3
for finite temperature for the dynamical slow modes. However, as pointed out in Ref. [129],
there might be subleading algebraic corrections, which are very hard to separate, even for
very long simulation times. Furthermore, the quench scenario is neither describing a zero
temperature state, nor is the energy in the system large enough to consider it a large tem-
perature state and therefore the scaling is expected to lie between these two cases.

Here, we find the same exponent in the decay of the temperature 6T, = A7 0% as it
stems from the same mechanism of energy transport over large distances. It results from
the global energy conservation of the system and the corresponding presence of dynamical
slow modes. In Fig. [5.6] we show the effective, time dependent temperature of the different
momentum modes

Ty = ulgl [Iog ( + 1)} - (5.3.27)

q?T

During the time evolution, the different modes align and obtain the same temperature, i.e.
Tq,r = Tp+ for p,q > qf, which, however, is not yet the final temperature of the system.
The difference of the time dependent effective temperature to the final temperature decays
algebraically in time with the same exponent as we found for the dynamical slow modes.

We can again see this as a thermalization processes in two subsequent steps. First, for a
given region in momentum space q — A < q < q+ A, in and out scattering processes of
phonons are not balanced, since the system is described by a non-equilibrium distribution
function. Fast scattering processes lead to a local equilibration of the system such that in
the interval p € [q — A, q + A] all modes are described by the same effective temperature
Ta,. Locally, detailed balance has been achieved but the temperature of this momentum
region is still too large, i.e. the energy density is in this momentum region is larger than
in the infrared. Since detailed balance (i.e. thermalization) has been achieved locally,
the energy in this momentum region has to be transported over large distances, which
visualizes the presence of the dynamical, macroscopic slow modes and an algebraically
slow relaxation.
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Figure 5.6: Momentum dependent temperature of the different momentum modes T -, as
defined in Eq. , after two different quenches. First, for smaller times one observes an
alignment of the temperature for modes with different momenta, indicating local detailed
balance, i.e. local thermalization of the modes. For larger times, the collective effective
temperature decreases algebraically in time, resulting from slow energy transport over large
distances, i.e. from the large momentum modes to the infrared. Since detailed balance is
achieved locally, energy transport is only possible via macroscopic, dynamical slow modes.
These yield the exponent o = 0.58, as found for the late time decay of excitations in
Sec.

5.3.4 Pinning of the Zero Momentum Modes due to Global Particle Number and

Current Conservation

In the previous section, we discussed the pinning of the zero momentum phonon densities
Ng=0,r, Mg=0,- to their corresponding initial value. This result is a consequence of the

conservation of the global particle number and current density in the present system.

According to Egs. (3.2.29)) and (3.2.30)), the local density and current operators are

1
Ny = pPyx+tpPp-—x= —;8)(({),(, (5.3.28)

1
x = prx—p—x = —0xbx. (5.3.29)
™

The corresponding momentum dependent operators are

i, = / el R (5.3.30)
X
jq = /eiQXjX. (5.3.31)

For a given momentum q, the fluctuations in the density and current operator are

g = (i_giy) = / XD (R f) = / =X - fig) = / (0, N,) (5.3.32)
X, X/ x,x/ X

’ )

5jq = <.]

_qjq> :/ /eiq(xfx’)dxjx,) :/ /eiq(X*X/)Gx—x’j ) = /eiqx<?xj>, (5.3.33)

” )
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where N, J are the global number and current operator. Consequently, limg 0 01y = <N2>

and limg_0 (ﬁq = (j 2). Since dynamics in the present system conserves both the particle

number (due to U(1)-invariance and the current (due to translational invariance) exactly,
the fluctuations of the global particle number and the global current are time independent.

In terms of phonon fields in the Keldysh representation, the density and current fluctuations
are

e = (e qrieqr) = — L (G qrdear) = U (GK 4+ TK )
qQ,T - ¢,—q,7+C,q, 7/ T T ¢,—q, 7¥Cq,T/ — T qﬂ—70 q,T,O
K
= ’q7|r (2ng,r + 1+ 2cos(ulq|m)mg +), (5.3.34)
2
. . . q |q K K
5-](:177- = <JC7_quJC7qu> = _p<0C,—q,TaC,q7T> = ﬁ ( qu,O - Fq’7—70)
q
= I‘(Tr (2nq,r + 1 —2cos(u|g|T)mq,r) . (5.3.35)

For the initial state after the quench, the diagonal and off-diagonal occupations are finite
at q = 0, leading to

li jq.r = li = 3.
Ly djaq, lim, ongr =0 (5.3.36)

for all times 7 > 0. On the other hand, for a thermal state, nq = (eu|q|/T — 1)71 20 %

and

2TK 2T
d lim djy = —.
an qli% Ja uKmr

lim énq =
q—0

(5.3.37)

As the fluctuations dng -, djq,r are smooth functions of q and 7, starting with an initial

state which has no 1/|q| divergence in the momentum distribution, ong , 0 for any
finite 7 < co. The same is true for the current fluctuations. As a result, a thermal state,
which shows the characteristic 1/|q| divergence can only be built up by shifting weight
continuously from larger to slower momenta and the phonon distribution for q — 0 is
continuously connected to the initial value at ¢ = 0. In a derivative expansion of the initial
density, this means nq ; = ng r +|q|9qnq.rlq=0 +O(q?) = ng o+ |q|0qng.r|q=0- This is exactly
the structure that we found for n , in the limit ¢ — 0 in Eq. , which is based on
the structure of the cubic vertex. %Iere, we derived the same structure simply based on the
observation that the time evolution conserves current and density fluctuations.

5.3.5 Fermion Correlations 1: Analytical Results

Based on the observations in the previous sections, we can perform some approximations
on the fermionic Green’s function, which will allow us to determine the structural form of
the Green’s function in the different spatio-temporal regimes. The central result of these
approximations will be the following factorized form of the fermionic Green’s function.

The exponent QET’X consists of contributions from the diagonal densities, the off-diagonal

densities and of density independent contributions. We begin with the contributions from
the off-diagonal densities, which are summarized in the integral

_Inl
Imr :21/ e Elmp,r [KQK—l (cos(px) — 1) cos(2u|p|7) + 2nsin(|p|x) sin(2up|7) | . (5.3.38)
p
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Figure 5.7: Illustration of the spatio-temporal regimes for the interacting Luttinger Liquid
after the quench. For |x| > max{2ur, é}, the fermionic correlations are determined by
the initial Green’s function, modified by a global, time dependent amplitude. The spatial
behavior of the Green’s function is therefore determined by the prequench Green’s func-
tion. For [x| > q%, the system has locally thermalized, indicated by a thermal Green’s
function for an effective temperature T, > T, which is decaying in time towards the
final temperature T) = T,_,. The system is locally in equilibrium in this regime and
the only dynamics is energy transport to larger distances, resulting in a decreasing ef-
fective temperature. For distances é < X < 2ur, the light cone of single phonons has
reached these distances but only a few phonon scattering processes have happened such
that the fermionic Green’s function is described by the prethermal Green’s function of the
non-interacting theory modified with a global time dependent amplitude. This regime is
determined by the dynamical fixed point of the non-interacting theory and is a prethermal
plateau. As collisions become faster on smaller and smaller distances, there is a minimal

distance x,, for prethermalization.

At a time 7 > 0, the off-diagonal density is hardly modified for momenta q < q¢ but decays
rapidly to zero for momenta q > q$. This can be implemented in Z,, ; easily, by replacing
my, » by the bare value my o = my and the cutoff A by the crossover momentum qf. As a
result

Q

_lp|
Tonr Qim,\/ we‘prnf [KQK—l (cos(px) — 1) cos(2u|p|7) + 2 sin(|p|x) sin(2u|p|7’)} ]
P

) _ 1+ (q¢)?(x — 2ur)? 1+ (q€)?(x + 2ur)?
- _9 K2-1 1 T 1 T
lmA[ " < o < 1+ ) T\ T (g

n, (14 (d5)*(x — 2ur)?
e (e o) o
14 (q§)%x?

(5.3.40)

Q

—i20(x? — 4u27'2)m)\% log [

The last step is obviously exact for |x| > 2ur and |x| < 2ur and interpolates smoothly
between these cases.
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The second integral contribution to the exponent g;m contains the diagonal phonon
distribution and is

P

T, = iK2+1/7re_A(cos(px)—1) (zin—i-l)
p

’ K Ip]
= %L (90, + 1) log[l + A*X?] + 0T, , (5.3.41)
with
Ip|
K2 A —1
0Ty, = 2KH1 /p re Lol (n, . —n,). (5.3.42)

For momenta lower than the crossover momentum q < q¢, the difference of the initial
distribution and the actual distribution can, according to Eq. ([5.3.24)), be written as

N, — D)y 4z |q|J7, with T, = / e (5.3.43)

o<t<t

and Z; as defined in Eq. (5.3.25)). Replacing the cutoff again by the crossover momentum
A < ¢ and writing

_ln| _Ip|
5In;r — 9 K2K+1 we 97 (cos(px)—1) (np,T _ Il)\) + e 9% (con(px)fl) I
P Pl ac<p p u

— _21K2+1 {quC ( 2)2)(2 TT
A T14(qg)?x?  uqg

((afx] — 1)e= + 1)} C (5.340)

where T is again the effective temperature in the large momentum region. As at the

crossover momentum, J,q5 ~ 3;1 , we can further simplify the above expression, reading
T

14 2(q5)*x?
1+ (qg)%x

6T, » = —2iK2+1 - [

o + (el = Do (5.3.45)
T

With these results, we can write the exponent of the fermion correlation function

+ (dgfx| = 1)e79

i . T, [1+2(q¢)%x?
g;T,X = —1K22}—<i-1 (211)\ + 1) log[l +X2A2] o 12K2K+1 T |: (q ) X

ugs | 1+ (q¢)%x?
421 arctan[Ax] — i2my0(x? — 4u27'2)% [log [%H . (5.3.46)

Comparing this expression with the exponent in the quench scenario for the linear theory,
we can identify the parts that are independent of the temperature as the exponent for
non-interacting theory, where there was only prethermalization. As a consequence, we
write

2.2
< _g< K21 Tr [14+2(g7)x c —qC

Oprx = YUnrx —127F e [ T+ ()52 + (Slx| — 1) e 9| (5.3.47)

where gﬁﬂx is the exponent for the quench dynamics in the non-interacting theory. This

implies for the fermionic Green’s function

K241 T, [142(q¢)?x? e
G =G<__ ¢ K aqs { T+(q) 2 (a7 [xl—1)e79r™
”777—7X - 77777X .

(5.3.48)
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Here, G;mx is the fermionic Green’s function for the linear Luttinger model after the
quench, which has been discussed extensively in Sec. In the simplified picture presented
here, the interactions lead only to a modification of the fermionic Green’s function in terms

of a multiplicative factor. We will analyze this factor now.

Eq. (5.3.48]) allows for a distinction of two additional regimes in the dynamics of the
interacting fermions after the interaction quench. First, for length scales much larger than

the inverse crossover scale x > q%, the system has not yet experienced a major influence
of the phonon scattering and, since xq¢ > 1,

<C B _K2+12T,
as, NG e Koua (5.3.49)

7777—7X 7777—7X

The fermion Green’s function in the non-thermalized regime is therefore modified by a
global, time dependent amplitude, which grows in time. While the temperature decreases
according to T, = Ty + A77958 where T is the final temperature and 7, = 0.58 is
the exponent corresponding to the dynamical slow modes. On the other hand, the time
dependence of q¢ ~ 77 depends on the quench parameter A\ (see Fig. and has
to be determined for the individual realization. One should note, that the Torm of the
fermion correlation function in Eq. ((5.3.49) implies that the correlation function still decays
algebraically in time and the system shows in this respect the typical feature of a zero
temperature Luttinger Liquid.

For distances shorter than the inverse crossover scale xq¢ < 1, the system already shows
a thermal form of correlation functions

xqC ~ K241 Tr x|
Qs TGS R (5.3.50)

n7T7X n7T7X

featuring exponential decay in space, as it is known for a finite temperature Luttinger
Liquid. However, the exponential decay is space time dependent as well, as T, is decaying
in time towards its final value. This is caused by the energy redistribution on large length
scales, as discussed in Fig. [5.6]

According to the previous discussion, we can separate the non-equilibrium dynamics af-
ter the quench into three different regimes. This results in a double factorization of the
fermionic Green’s functions according to

G< = G; Zpt(sl)Zt (Sg) . (5.3.51)

7,T,X ,7=0,x

The factor Z,, is the prethermalization factor, which is determined by the linear theory
and Z, is the thermalization factor, which is introduced by the non-linearity and the values
of s; and s9 depend on the spatio-temporal regime. In the post-quench regime, sq,so are
functions of the forward time 7, in the prethermal regime, s; is a function of position,
while s9 remains a function of the forward time and in the thermal regime both s; and s
depend on the distance x. We will now discuss the different regimes.

For |x| > max{2ur, q%}, the fermion Green’s function is
T

K241 2T,

GS =G e K wt =G Zy(2ur)Z, <2> (5.3.52)

T],T,X n?T7X n707x
e

where G’;,T,X is the Green’s function after the quench for a non-interacting Luttinger Liquid

and G;mx is the initial Green’s function before the quench. According to Eq. ([5.2.22]), the
prethermal prefactor Z,, is

K2-11-)2

Zoi(s1) = (\/1+A25%> o (5.3.53)
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and depends on the quench parameter A and the Luttinger parameter after the quench.
The thermal prefactor Z, is defined as

K241 Tp

Zo(s)=e K WS (5.3.54)

In this spatio-temporal regime, the Green’s functions have the scaling behavior of the ini-
tial Green’s function in real space and are modified by a global, time dependent prefactor.
While Z(2ur) decays algebraically in time, Z(2/q%) decays according to a stretched ex-
ponential ~ e™™"™ (see Fig. , reflecting the ongoing thermalization process. Initially
Z..(0) = Z,(0) = 1 and the non-interacting Luttinger Liquid is included in the form ([5.3.52))
as q¢ — oo in this case.

For |x| < q% on the other hand, we find

G;mx = GZQXZPt (x)Z¢(x). (5.3.55)
In this regime, the algebraic decay of the correlation function in real space, resulting
from the initial Green’s function and the prethermal factor Z.,(x) is overwritten by the
dominating exponential decay in real space due to the thermal factor Z,(x). Only for
length scales larger than the effective temperature T, in the exponent, remnants of the
initial zero temperature state are visible. As thermalization is proceeding to larger regions
and energy is redistributed to the largest wavelengths, the temperature T, and therefore
the exponential prefactor is decaying towards T, — T). The fermionic correlations are
already thermal but correspond to an larger effective temperature in this regime.

Finally, for q% < |x| < 2ur the correlation function can be written as

GS =G50 Zo(X)Z, <2> (5.3.56)

n,7,X n,0,x c
iy "y qT

Here, the real space behavior is determined by the prethermal Green’s function C};’(LXZpt (x)

and modified by the global, time-dependent exponential Z, (q%) In this regime, fermionic

pa

properties are determined by the prethermal state of the system, i.e. by the dynamical
fixed point of the non-interacting theory. The existence of this region is guaranteed by
the RG irrelevant nature of the interactions, which let the thermalization spread sub-
ballistically. However, as q¢ ~ 77%, with a < 1, there will exist a minimal length scale
Xm, for which q% = Xy = 2ur and below which the prethermal region does not exist.
The spatio—tempToral dynamical phase diagram after the quench is illustrated in Fig. [5.7}
showing the three different regimes that we discussed in this section.

5.3.6 Fermion Correlations 2: Numerical Results

In this section, we validate the analytical results from the previous section by simulating a
quench from initially non-interacting fermions, i.e. from K; = 1, to attractively interacting
fermions with K = 0.65. The Luttinger parameter for this quench is A = K = 0.65. As
we have discussed the time evolution of the phonon modes already in Sec. in this
section the focus will be solely on the fermionic equal time correlation functions in real
space Gf_mx. We choose vp/u = 0.1 and express time in units of 7u. In Fig. the
real space correlation function is plotted as a function of distance x for increasing times
7, reflecting the behavior of the correlation function discussed in the previous section and
justifying the approximations made.
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Figure 5.8: Fermionic lesser Green’s function G7 ., for different times 7 after a quench
with parameter A\ = 0.65. The final Luttinger parameter K = 0.65 and vo/u = 0.1. For

initial times 7 = 0, the Green’s function is determined by the initial value of the Luttinger
K241
parameter, i.e. Gi,o,x ~x 2K | For short distances, the exponential decay of the Green’s

function in space is emerging, associated with thermalization on short distances. On inter-
. . . . < _K241 %41

mediate distances, one observes the emergence of an algebraic region GT | ~x™ 2k 21,

corresponding to the prethermalized region. The overall amplitude for the algebraic regimes

is Zi(7) ~ e~ 17/ je. a stretched exponential in time.

The time dependent momentum distribution of the fermionic particles can, as for the

real space Green’s function, be decomposed into three different regimes. For the smallest
momenta |q — ke| < qF = min{z1-, q¢}, the momentum space behavior is determined by

the form of the Green’s function for the largest distances |x| > max{2ur, qic} and has
therefore at the Fermi momentum the same scaling behavior as for the initial momentum

distribution, modified by a time-dependent prefactor,
F a<ds g 2
Ilq,T = l’lqyozpt (T)Zt qT . (5357)
T

For the largest momenta, |q — kp| > ¢, the distribution equals the thermal distribution,
but for a time-dependent effective temperature T, corresponding to the Fourier transform

of the Green’s function for small distances ([5.3.55)),

Fa>q5 1ITT (K-1)2
~ —k K | 5.3.58
nq,T T%+u2\q—kF|2|q F| 2 ( )

For momenta corresponding to the prethermal regime ﬁ < |q—kg| < qf, the momentum

5.3 Quench in the Non-linear Theory 157



1 T
n;T ‘.. FT
0.8 01 e
S T .
0.6 || oot T

0 q— 2kp

Figure 5.9: Stroboscopic plot of the fermionic momentum distribution ng . for a quench
from K = 1 (non-interacting) to K = 0.65. The initial distribution is a perfect Heaviside
ng -—o = O(kr —q), while the final distribution (7 — oo) belongs to thermal Fermions. The

time dependent residue I'; = limq_ nfipfq - an{F +q‘ decays as a stretched exponential, as
expected from the long distance behavior of the spatial Green’s function.

distribution has the prethermal scaling but with a time dependent exponential prefactor,

2 2 2
R > A (qc) : (5.3.59)
T

The time-dependent momentum distribution ncFl’T after a quench from K; =1 to K = 0.65,
is shown in Fig. The initial state corresponds to non-interacting fermions, for which at
7 = 0 attractive interactions are switched on. As a consequence of the previous analysis,
the discontinuity of the initial momentum distribution at q = kg survives for all times
T < oo but is damped out by a time dependent factor Zpt(T)Zt(%, which is faster than
algebraic but a stretched exponential. For 7 — oo, the non-equilibrium regimes shrink to
zero and the distribution function obtains its final, thermal form. The step at the Fermi
momentum I'; = limg_,g \nE’T —nF 5,7” is plotted in the inset of Fig. and shows the

predicted stretched exponential behavior.

5.4 CONCLUSION

In this chapter, we have analyzed the non-equilibrium time evolution of interacting, dis-
persive fermions in one dimension after an interaction quench. The main observables were
the time dependent phonon densities, the fermionic real space Green’s function and the
fermionic momentum distribution. As the major result for the fermionic observables, we
showed that the non-equilibrium dynamics at time 7 can be separated into three different
regimes: a region dominated by the prequench or initial state, which is located on the
largest distances and has not experienced phonon scattering or dephasing effects yet. In
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this regime, the fermionic correlations show the scaling behavior corresponding to the ini-
tial state, but are damped out exponentially in time.

On the other hand, on short distances, multiple phonon scattering processes have been
establishing a local thermal equilibrium, including local detailed balance, which features
exponentially decaying fermionic correlations corresponding to a Luttinger Liquid a fi-
nite temperature. However, since the energy density in this region is larger than in the
infrared, there is still energy transfer from the large momentum modes to the small mo-
mentum modes, resulting in a decreasing effective temperature. As local detailed balance
does not allow for a fast energy redistribution, the energy transport over large distances
relies on dynamical slow modes, witnessed by the algebraic decay of the effective temper-
ature with the same exponent as found for the relaxation dynamics in Sec.[4.6] Therefore,
even though the system has reached a local thermal equilibrium for small distances, the
equilibration process is still observable.

On intermediate length scales, where collisions have not yet established equilibration but
to which propagating phonon have transported information about the quench the fermionic
observables are governed by the dynamical fixed point of the non-interacting theory, i.e.
by a prethermal behavior, which is characterized by an algebraic decay of correlations with
a non-equilibrium exponent and a global exponentially decaying prefactor in time.

In this chapter, we have for the first time investigated the thermalization dynamics of in-
teracting Luttinger Liquids and computed the corresponding observables. We have further
addressed and answered the question, in which way the non-interacting dynamical fixed
point, i.e. the prethermal state corresponding to the quadratic Luttinger theory, plays a
role in this dynamics and can be used to gain information on the system without computing
the complete thermalization dynamics explicitly. This information is consistent with recent
experiments performed with one-dimensional interacting bosons, which have observed the
emergence of a prethermal state and only on larger time scales the onset of thermalization
[1, 1211, (172, [74].
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6 HEATING DYNAMICS OF OPEN; IN-
TERACTING LUTTINGER LIQUIDS

We establish a new non-equilibrium scaling regime in the short time evolution of one-
dimensional interacting open quantum systems subject to a generic heating mechanism.
This dynamical regime is characterized by uncompensated phonon production and a super-
diffusive, universal scaling of quasi-particle lifetimes with momentum ~ q~°/3 distinct from
finite and zero temperature cases. It is separated from a high momentum regime by a time
dependent scale fading out as qo(t) ~ t=%5. In the latter region we observe thermal-
ization to an effective time-dependent equilibrium with linearly increasing temperature.
By mapping out the dynamical phase diagram and computing the dynamical structure
factor within an open system Keldysh functional integral approach, we show how these
predictions can be explored in cold atom experiments by means of Bragg spectroscopy.

6.1 INTRODUCTION

Universality — the insensitivity of long wavelength macroscopic observables to the micro-
scopic details of a given physical system — is a powerful concept in equilibrium many-body
physics. Particularly low dimensional systems show a strong degree of universality, which
is reflected in the low-energy description of both bosonic and fermionic one-dimensional
systems in terms of Luttinger liquids [80, [67], where microscopic physics enters only via the
value of two independent parameters governing the non-interacting Luttinger Hamiltonian.
Static equilibrium properties are accurately described in terms of the correlation functions
for this free Hamiltonian. In contrast, as recognized in seminal early work by Andreev,
dynamic, finite frequency equilibrium observables, such as the dynamic structure factor,
are governed by non-linear effects [§]. In particular, Andreev predicted a universal, super-
diffusive scaling of the particle lifetime with momentum ~ q=3/2 for finite temperatures
(see also [176 [145] 124]). This result has been related to the famous Kardar-Parisi-Zhang
equation [102] recently [198, [120], and put into a domain of validity for ultracold gases in
[12]. Moreover, the zero temperature quantum limit has been shown to exhibit a different
universal, diffusive scaling ~ q=2 [150, 161, [36].

Given the strong notion of universality in equilibrium in one spatial dimension, a key

question is whether and in which precise sense this leverages over to non-equilibrium con-
ditions. This is particularly pressing in the light of recent experiments preparing and
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probing the nature of low entropy quantum wires [74] 122} 197, 132]. From this, but also
from a fundamental theoretical perspective, it is highly desirable to identify universal yet
directly observable aspects of many-body dynamics, where the notion of insensitivity not
only refers to the microscopic details, but also extends to the initial conditions. Beau-
tiful examples of dynamical universality have been identified in the dynamics of closed,
Hamiltonian systems in |17, 130} 136] 137, 103, 194} 90, [85], 129].

In this work, we address a natural situation in the context of open quantum systems: The
many-body dynamics of bosons prepared in their ground state, and exposed to a weak,
number conserving heating mechanism, as ubiquitous in experiments with ultracold atomic
systems. Specifically, we focus on the short time domain of such a system — which ulti-
mately reaches the infinite temperature state — where it is well described by a non-linear
Luttinger liquid. This setting may be viewed as a continuous counterpart of a quantum
quench [33], where energy is injected softly but permanently, instead of suddenly. We
develop the theoretical framework and a first physical picture of universal aspects in this
interacting quantum dynamics. In particular, we find that the specific nature of the inter-
actions leads to a remarkably simple structure characterized by a decoupling of the forward
or “ageing” time evolution, and the frequency resolved dynamic properties. The latter have
to be treated fully non-perturbatively, while former is captured by a quantum kinetic equa-
tion in the self-consistent Born approximation, featuring the non-perturbatively evaluated
self-energies at each time step. On this basis we obtain the following key results. (i) Low
momentum non-equilibrium scaling — We demonstrate the robust presence of a window
of momenta g, which is dominated by phonon production and governed by quasi-particle
lifetimes which are neither thermal ~ q~%/2, nor zero temperature ~ q~2, but rather
are dictated by a new non-equilibrium super-diffusive scaling law ~ q~5/3 in between the
known cases. The existence of this regime is granted for low temperature intial states by
a combination of particle number conservation and systematic derivative expansion of the
gapless problem.

(ii) High momentum effective thermalization — The phonon production regime is sepa-
rated from a scattering dominated region, where we observe thermalization into a quasi-
equilibrium with a time-dependent, increasing temperature (see also [I77] for a numerical
investigation). The crossover momentum scale between both regimes itself satisfies a scaling

law qo(t) ~ t=%5 — 0. It thus ultimately erases the non-equilibrium momentum window
in favor of a time-dependent equilibrium state, but delimits the speed of low-frequency
thermalization in a power-law fashion. We determine a dynamical phase diagram in Fig.
[6.4.3] The large extent of the genuine non-equilibrium regime is promising for exploring
these results in experiments, and we show that Bragg spectroscopy is a suitable tool for
probing both the universal forward time and the frequency resolved dynamics.

This article is structured as follows. In Sec. we introduce the underlying microscopic
model, the one-dimensional Bose-Hubbard model (BHM) subject to permanent but number
conserving heating. We also specify its low energy representation, the heated interacting
Luttinger Liquid in a Keldysh path integral framework. In Sec. we discuss the theo-
retical approach to address the non-equilibrium dynamics in the present system, based on
diagrammatic methods, and derive the kinetic equation and self-energy for the elementary
phononic excitations of the Luttinger model. Subsequently, we discuss the results obtained
within this approach in Sec. [6.4] with a focus on the scaling solution for the self-energies
and the time-dependent phonon density. We conclude in Sec. [6.5]

6.2 MODEL

We consider the dynamics of bosonic atoms in a one-dimensional optical lattice, as de-
scribed by the quantum master equation (h = 1)

8tp = _i[H> P] + 7e Z[Qﬁipﬁi - {ﬁi2> ,0}], (6'2'1)

1
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where H = Zi[—J(bjbiH + h.c.) + Sf(f; — 1)] is the Bose-Hubbard Hamiltonian with

creation (annihilation) operators biT (b;) and f; = biT b;i. J, U are the hopping and interaction
constants, respectively. The dissipative dynamics, generated by hermitian Lindblad oper-
ators nj, is the leading, generic contribution due to spontaneous emission from the lattice
drive laser [I54] with a microscopic heating rate ~g. This is equivalent to a locally fluctu-
ating chemical potential and it leads to dephasing and to a linear increase of the system’s
energy, (H)(t) ~ vgt [154]. We will be interested in a regime of low filling po = (i) < 1,
weak interaction and heating, U,y < J, and an initial state of the system close to the
(superfluid) ground state of the Hamiltonian.

6.2.1 Master Equation in the Luttinger Description

For the description of the long wavelength, low frequency dynamics we can work in the
continuum limit b; — b(x), and introduce a standard Luttinger liquid representation of
the field operators [80, [67],

p(x)el?) (6.2.2)
po + Oxp(x)/m. (6.2.3)

& Q

The smooth component of density fluctuations ¢(x) and the phase fluctuations 6(x) are
conjugate variables, [0x$(x), 0(x)] = imd(x—x'). The resulting continuum master equation,
valid on length scales larger than x. ~ 1/(y/poUm) !, thus reads

o = —iltlpl+ 3 [ [20:000.6 ~ (2.9 ) (6.2.4)

H = & /X[VK(OXQ)Q = % (0x0)” + Ke(0x0) (90)7],

with an effective heating rate vy 2. At weak coupling, the Luttinger parameters are

v = \/%, K=7./&%. We keep the leading non-linearity resulting from the expan-

sion of the quantum pressure term in the effective low energy Hamiltonian (k. = 1/m) 3.
The non-linearities are irrelevant for the description of any static correlation function of
the Luttinger liquid, but indispensable for capturing quantitatively dynamic correlation
functions [8] as well as the forward time dynamics addressed below. The heating term
becomes quadratic in the Luttinger representation, and crucially preserves the gapless,
collective nature of the Hamiltonian problem.

The above heating mechanism may seem rather specific to optical lattices. However, the
linear increase in system energy is ubiquitously observed, also in experiments in the spatial
continuum [I72]. This effect is captured by the continuum heating term in Eq. ,
and we may thus view it as the leading order in a generic model for heating in the long
wavelength limit 4. The key property of the heating term exploited here is its particle
number conserving nature. This guarantees the existence of a hydrodynamic linear sound

!The effective mass m~! = aieq in the lattice evaluates to m = (4Ja?)™!, a being the lattice constant.
2The effective heating rate is defined as yg = & (Z q<A 2Vq2) 1

3A term ~ (0x¢)?, not present in the microscopic theory, only slightly modifies prefactors, but not the
scaling laws, while a contribution ~ (9x6)? is ruled out by the § — —6 symmetry of the Hamiltonian.

4While the present heating mechanism corresponds to a fluctuating chemical potential, i.e. to the class
of Langevin equations with additive noise, it is also possible to imagine mechanisms with multiplicative
noise, such as fluctuating interaction parameters. However, while these would correspond to a completely
different universality class, typically featuring an exponential energy increase, which is not relevant for

optical lattice experiments, where the energy increase is linear in time.
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mode as long as the system is in its low entropy ordered phase, where the Luttinger
description is appropriate. This sharp mode in turn underlies the universality established
here, as argued below. It is in stark contrast to an open system with particle number
exchange, where the low frequency dynamics is diffusive to leading order. Clearly, the
permanent heating ultimately leads to a breakdown of the Luttinger description, and the
corresponding time scale is determined below. Our analysis concentrates on the preceeding
short-time behavior, and is complementary to the late time asymptotics studied in [156),
155, 132].

A further comment on the heating is in order at this point. As one can see from Eq. ,
the effect of the heating term is becoming stronger for shorter wavelengths. Without an ap-
propriate cutoff, this leads to an immediate breakdown of the Luttinger description, since
high momentum modes become very strongly populated. However, as has been shown in
Ref. [I54], the population of higher bands due to spontaneous emission is suppressed expo-
nentially strongly, such that there exists a very natural cutoff, which on a microscopic scale
is set by the inverse lattice spacing. We have verified with explicit numerical simulations,
that the exact value at which the heating is cut off does not modify the dynamics of the
system as long as the rate with which energy is pumped into the system is kept fixed. The
non-universal properties in the heating dynamics depend on numerical value of this heat-
ing rate (and therefore implicitly on the way in which the heating cutoff is implemented).
However, we want to stress that the universal results, which we focus on in this work, are
independent of the heating rate and the cutoff and are in this sense indeed universal.

In order to prepare for a detailed theoretical analysis, we perform a canonical Bogoliubov
transformation of both quadratic and cubic terms. That is, we expand the hermitian field
operators into physically more transparent phononic creation and annihilation operators

T .
aq, aq according to

O(x) = 6o+ i/q <2|C7:|K)1/2 e lax (aui1 - a,q) ) (6.2.5)

: K 1/2 —igx t
d(x) = ¢o—1i <m> sgn(q) e (aq + a_q> . (6.2.6)
a
The master equation in the phonon basis is
Op = —i[Hu pl+ > 2yl [(&L + a_q) p <aq + a*_q)
q

- (et () ol 021

with the phonon Hamiltonian

3
H, = Z V]q\agaq + th). (6.2.8)
q

Here, HS’) contains cubic phonon scattering processes, resulting from the cubic part of the

Hamiltonian in Eq. (6.2.4).

Dynamics from the Quadratic Part

The quadratic part of the master equation (6.2.7) describes the heating of linear dispersing
phonon modes, which leads to a linear increase of the phonon occupation in time. This is
most easily seen by evaluating the time evolution of quadratic operators by neglecting the
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cubic part of the Hamiltonian. Using the adjoint equation of the master equation (6.2.7)),
one derives the Heisenberg equations of motion for the operators

Ailq = vula| = 0q(t) = 0q(0) + yulalt, (6.2.9)

with 1y = al;aq. For the anomalous operator mg := agaiq, one finds

Og = —7ulal — 2iv|qng (6.2.10)

= g (t) = i3 (720 - 1) 4 eIl (0).

The linear increase of the phonon number in time, with a momentum dependent rate
I'q = 7ulql, in turn leads to a linear increase of the system energy in time, consistent with
previous results [I54]. In contrast, |mq(t)| is bounded to a very small value and therefore
of negligible influence on the dynamics as we briefly discuss later.

At this point, two further comments are in order.

(i) UV cutoff — In order not to pump an infinite amount of energy into the system, the
heating has to be cut-off at some ultraviolet (UV) momentum qi,. This is an artifact of tak-
ing the continuum limit of the heating Liouvillian in the main text without accounting for
the finite width of the lowest Bloch band, for which £ is defined. A similar problem occurs
for correlation functions in the Luttinger Liquid theory, which are commonly regularized
introducing an exponential cutoff e~ Pl for the creation and annihilation operators[67].
However, the precise form of the cutoff does not modify the results of our analysis, as long
as qp, is sufficiently large to not cause discontinuities in the time evolution, and we there-
fore set q, = A, with A the cutoff of the Luttinger theory. For a given heating rate, the
microscopic heating rate yg = 9;E(7) must be independent of the cutoff and determines
the effective heating rate vy implicitly via yg = vy Zq < 2vq2.

(ii) Adequacy of the Luttinger representation — The main physical ingredient of the Lut-
tinger representation of the bosonic field operators Eq. is the fact that the density
fluctuations dp(x) = Ox¢(x) are gapless, which is due to the collective nature of one-
dimensional systems. Intuitively, this collective nature should be preserved in an exactly
number conserving system such as the one considered here. Indeed, formally the dissipa-
tive term in the master equation with hermitian Lindblad operators p(x) = po + 0x¢(x) is
invariant under a constant shift p(x) — p(x) — pp, which together with the familiar form
of the Hamiltonian demonstrates the gapless, collective nature of the master equation.
This underlies the existence of a sharp collective, coherent phonon mode with dynamical
exponent z = 1 and subleading dissipative corrections. This should be contrasted with a
number non-conserving system, where a finite density results from a balance of loss and
pumping terms, as e.g. described by non-hermitian Lindblad operators such as b(x), bf(x).
The dissipative term in a corresponding master equation does not exhibit the above shift
invariance, and so its gapless nature is not obvious. In fact, in such a situation no coher-
ent mode exists at long wavelength. Instead, the leading dynamics is dissipative, with a
dissipative dynamical exponent governed by the Kardar-Parisi-Zhang universality class [4].
This circumstance would completely invalidate the approach taken here.

Resonant Three-Phonon Scattering

Applying the transformation (6.2.5)), (6.2.6) to the cubic part of the Hamiltonian (6.2.4]),

leads to the cubic phonon scattering term

3 _ 1
th - qu’pﬁp*qaqapaqup
9;p

+ Vq7P7p+qaL+qaqap + hC} (6211)
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with the permutation invariant vertex

V(k,q,p) = VIp-k-qlv(k,q,p), (6.2.12)

v(k,q,p) = \F{\qk\ + g+ |pq|}

While momentum conservation is guaranteed by the Hamiltonian , not all of the
processes are also energy conserving with respect to H®). For instance a process in which
three phonons are destroyed or created (aqapa_p_q or its hermitean conjugate) violate
energy conservation since there is a positive energy associated to each phonon. In contrast,

¥ . . . L .
the process a,,,apaq can be energy conserving. Since the dispersion is linear (eq = ulq|),

the process is resonant if

Ip+al = Ip|+ lal. (6.2.13)

Due to the RG-irrelevant nature of the interaction, only those processes can become rel-
evant for the dynamics, which describe phonons interacting with each other for arbitrary
long time without dephasing. These are exactly the resonant processes and we will from
now on only consider these [8, [I6I]. For the case of resonant scattering, the function
v(p + q,q,p) takes a constant value

vo = v(1,1,1) = 3kcy/ 5. (6.2.14)

Since k. is only roughly determined by microscopic parameters k¢ = %, the full interaction
strength vy has to be determined by numerics or inferred from experimental data. The
corresponding Hamiltonian is

!/
H,. = Vo/ lap(p + ) ( L+qa a, +h.c. ) (6.2.15)
q

)P

Here, [ " indicates that the integral runs only over momenta for which the integrand de-
scribes resonant scattering.

6.2.2 Keldysh Action

The scale invariant, gapless nature of the continuum master equation rules out a
perturbative treatment of the non-linearities, which could be performed on the level of the
master equation [109, 52, 125]. It is therefore advantageous to map the master equation
into a fully equivalent Keldysh functional integral [50, [I81], which opens up the problem
to non-perturbative techniques from many-body physics.

In a Keldysh path integral framework [3, 99|, the partition function is defined as the

functional integral Z = [ D[ag, ag, ag, aqle i The microscopic action S is a functional of

the complex classical and quantum fields ag/ 4 ag/ 4. which can be derived directly from the
markovian master equation (6.2.7)) according to the translation table described in Refs. [50),
182]. The Keldysh action S = Sy + Sp is composed of the Hamiltonian contribution Sy

and the dissipative part Sp, which reflects the Liouvillian. The Hamiltonian parts of the
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action, including the nonlinearities, read [29]

1 0 DR, ac .,
Sy = o (af),t,ag,t)< A %t,t >< gt )
T Jtt'p Dp,t,t' Dp,t,t’ ap v/
Vo ! \/ﬁ 95° ¢ .d
+E e ’p ( +p)| A4+ p, %, tdp t
taf o (a5 405, +alal,) + b, (6.2.16)

with the bare inverse retarded /advanced propagator

Dpyw = 0(t—t) (10 —ulp|+i0%), (6.2.17)
Dy = (Dﬁt,v)? = 6(t —t') (10 — ulp| —107) (6.2.18)

and the Keldysh component of the inverse propagator

DK

p,t,

o = 2i01F(p, t,t/). (6.2.19)

The dissipative action, determined by the Liouvillian is

SD:i/ lpl (@ ad ) (] 2 (6.2.20)
o U B AN

and modifies only the quantum-quantum part of the action. It describes permanent phonon
production with a momentum dependent rate yy|q| in the diagonal phonon channel, as
already derived on an operator level in Eq. . Clearly, this cannot be compensated
by the non-linearities, which can redistribute energy between the phonon modes but not
counteract the energy pump. Therefore a time-independent fluctuation dissipation relation
in this system can only be established at t — oo — when an infinite temperature steady
state is reached.

The off-diagonal phonon production, represented by the z‘x%égp + h.c. terms is however

affected by the quadratic Hamiltonian (c.f. Eq. (6.2.10)). The off-diagonal density is
not continuously pumped by the heating but instead shows oscillatory behavior with a

maximum ](a;r)aip)]max = V%d < 1, due to the interplay of quadratic unitary and dissi-

pative dynamics. Due to the dominant resonant scattering, there is no scattering from
the normal phonon mode into the anomalous phonon mode, which would require a reso-
nant scattering vertex that is cubic in creation operators. However, such a cubic vertex
is unable to fulfill energy and momentum conservation (for a detailed discussion of the
technical details see [29]). As a result, the kinetic equation for the diagonal elements
can be solved independently of the off-diagonal elements. Furthermore the occupation of
the off-diagonal correlator remains small even in the presence of interactions, as shown in
Eq. Therefore, we neglect the latter and project the dissipation onto diagonal
terms. The corresponding dissipative action is

Sp = i’yH/ Ip| ajag. (6.2.21)

)

In this section, we have derived the Keldysh action for the low energy dynamics of in-
teracting lattice bosons subject to dephasing. The dephasing is caused by spontaneous
emission processes of the bosonic atoms. The action & = Sy + Sp consists of a Hamilto-
nian part Sy, describing an interacting Luttinger Liquid with resonant phonon scattering
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processes, and a dissipative part Sp representing the dephasing, which leads to a permanent
production of phonons in the system. Here, we have justified and already implemented
two approximations, namely the resonant approximation, taking only energy conserving
phonon scattering processes into account and leading to the Hamiltonian action ,
and the "diagonal" approximation, which neglects the off-diagonal phonon density and
results in the dissipative part . Both of them will be used in the next section to
derive the quantum kinetic equation and phonon self-energy for the present system.

6.3 PHONON GREEN’S FUNCTIONS

We are interested in the full phononic single-particle Green’s functions, i.e. the retarded
Green’s function

-1

R _ (DR R
Gpew = (D" =3%) 1, (6.3.1)
and the Keldysh Green’s function
th’t, = (GR oF -Fo GA)p,t,t’ . (6.3.2)

Here, ¥R is the retarded self-energy generated by the resonant phonon interaction and
Fg,t,tv is the non-equilibrium phonon distribution function depending on the interplay of
dissipation and interaction.

6.3.1 Non-equilibrium Fluctuation-Dissipation Relation

For an out-of-equilibrium situation with explicitly broken time translational invariance,
it is useful to introduce Wigner coordinates. Accordingly, a two time function Fg ¢ is
expressed in terms of relative time Ay = t — t' and forward time 7 = % The Wigner
transform of F ¢ is defined as

Fq,w,T = /dAt eiwAth,T+At/2,7'fAt/2~ (633)
In Wigner coordinates, the non-equilibrium fluctuation-dissipation relation (FDR)

O Fqur =155, —1(Z®oF —Fox4)

q?w?T

(6.3.4)

q’w’T

yields the time-evolution of the distribution function in terms of the Keldysh self-energy ¥
and the retarded /advanced self-energies YR/AIn the present case, the Keldysh self-energy
(fluctuation contribution)

ngﬁ = —iulqf + i}f,wﬂ' (6.3.5)

consists of a term %K generated solely by the phonon scattering and a term ~y|q| stemming
from the dephasing. The latter drives the system away from equilibrium: It generates a
permanent time evolution, which cannot be compensated by the dissipation contribution
(term in brackets in Eq. ) generated entirely by conservative Hamiltonian contribu-
tion to the dynamics.
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In the following, we will use two distinct approximations in order to simplify this equation
and solve for the phonon Green’s functions. We will justify these approximations at the
end of the section.

First, we exploit the fact, that the forward time evolution and the frequency dynamics
decouple due to the subleading nature of the interactions. This justifies the Wigner ap-
proximation in time and simplifies Eq. significantly. In Wigner approximation, the
time evolution can be solved first, and independently of the frequency dynamics, yielding
a time-dependent single particle distribution function. In a second step, for each instant
in time the impact of the non-linearities on the frequency dynamics can be studied in a
quasi-stationary state. This can be seen as a “local time approximation” in some analogy
to a local density approximation in space. Technically speaking, in Wigner approximation,
the Wigner transform of a convolution is identical to the product of the Wigner transforms.
Second, due to the RG irrelevant interactions, the phonons become dressed, yet still well-
defined quasi-particles. This is expressed by the fact that the phonon spectral function

A =1(GR = G4) (6.3.6)

q7w7T

is sharply peaked at the bare phonon energy w = €4 with a typical width v, < €4 much
smaller than the energy. Consequently, all the quasi-particle weight is located at w = ¢
and the self-energy and distribution function can be evaluated on-shell. The on-shell self-
energies can be parametrized as

R : R K - K
quw—ecq,r = Ti0q7:  Dgueeg,r = —2i0g (6.3.7)
Here, o%/X are positive and real functions of momentum and forward time [29]. The

on-shell distribution function for well-defined quasi-particles
Fquw=cqr = 20g,r +1 (6.3.8)

is simply the phonon density [99].

Utilizing both Wigner and quasi-particle approximations, the FDR, Eq. (6.3.4]), simplifies
to

Orng, = 7H2IQI + oK — 0B (2ng,+1). (6.3.9)

This is the on-shell non-equilibrium FDR for an open interacting Luttinger Liquid, driven
by spontaneous emission processes of the microscopic particles. Due to the first term on
the r.h.s. of the FDR, the system is driven away from a thermal equilibrium state and is
unable to thermalize to a stationary finite temperature state.

6.3.2 Self-Energies and Kinetic Equation

The on-shell self-energy 057 and the kinetic equation for Luttinger Liquids with resonant

interactions have been derived in a previous work for an isolated system [29]. Here modifi-
cations arise due to openess of the system, expressed by the presence of the factor o< yg|q|

in Eq. (6.3.9).

We consider a zero temperature initial state with ny,—9 = 0. For this case, the vertex
correction is exactly zero at 7 = 0 [29] and the self-consistent Born approximation becomes
is justified at sufficiently short times. For this situation, the self-consistency equation,
obtained by non-equilibrium diagrammatics, for the retarded self-energy is

P q—p p+q

~ 6.7—11 _
Ucl:L = /0 ( o +2np + 1) <%§J(:1&RP) + %};S_p;{q) > _ (6.3.10)
<p
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Here, we have omitted the forward time index and performed the rescaling 7 = vqr,
7% = o®/vp in order to make this equation independent of microscopic variables. For
a given phonon density n, and its time derivative Ozny, it can be solved self-consistently
either by using numerics or by a scaling ansatz. The latter is applicable only for the special
case for which the phonon density itself is a scaling solution, as we discuss below. In order

to obtain the time dependent phonon density a kinetic equation approach is used.

The kinetic equation for the phonon density is again derived via the diagrammatic ap-
proach, outlined in Ref. [29]. In terms of the rescaled time 7 and self-energy &% it reads

Vil

Omg = 5 (6.3.11)
+/ 2pq(q — p) (npng—p — ng (1 + np +ng—p))
0<p<q 55 + 511; + 55*19
+/ 4pq(q +p) (Rp+q (ng +1np +1) — ngnp) .
0<p G + 0% + Fqrp

The kinetic equation determines the time evolution of the phonon density in the system
ngr. Together with Eq. it forms a closed set of equations for the non-equilibrium
dynamics of the driven, interacting Luttinger Liquid. Both can be solved iteratively ac-
cording to the scheme depicted in Fig. [6.3:2]

A specific but relevant case is the kinetic equation for small momenta q < 1. For this
condition fulfilled, it simplifies to

9rng "= g <%H n Z;) : (6.3.12)
where
2p? (np 7 + 1) np 7
I;:/ P (np;lj ) np7 (6.3.13)
0<p O-pﬂ:

is a time dependent but momentum independent function. Consequently, the change of nq
is linear in the momentum q for small momenta.

One should note, that except for the initial phonon distribution ng,—o and the heating
term o 7y, no additional microscopic information enters the dynamics expressed in the
kinetic equation ((6.3.11)) and self-energy equation . In particular, both equations
are insensitive to an UV cutoff for the Luttinger Liquid ~ /Upem for sufficiently strongly
decaying distribution np, 7, which is provided, e.g., for zero or finite temperature initial
states. Consequently, the dynamics induced by the heating is universal, in the sense that
it only depends on the energy pump into the system o vy and the initial state. We will
now close this section with a discussion of the validity of the above made approximations,
namely the Wigner and the quasi-particle approximation.

6.3.3 Validity

In the previous sections, we have used two essential approximations, namely the Wigner
approximation and the quasi-particle approximation, in order to obtain analytical results
for the self-energy and kinetic equation of the phonons. Although these are quite standard
approximations in the kinetic theory of interacting particles, they have to be justified
properly. In this section, we will show that both approximations are valid in the present
case and give a proper bound for their applicability.
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Figure 6.1: Schematic illustration of the iteration process to determine the time-dependent
phonon density ng . For a given time 7, the self-energy 0&7 is determined via the self-
consistent Born approximation according to Eq. (6.3.10]). Subsequently the time derivative
of ng - is computed via the kinetic equation . Using a Runge-Kutta solver for
numerical differential equations, the density ng -5, is computed and used as the starting

point for the next iteration.

Wigner Approximation

We applied the Wigner approximation in order to simplify the Wigner transform of the
convolution in the FDR (6.3.4)) and approximate it by the lowest order contribution. As
a consequence, the Wigner transform of the product in equals the product of the
individual Wigner transformed functions, i.e.

(9:00-0,0 )
R . R bl TO0w— 0wt
(SRoF), . = Sh, e Fowr
R
N YqwrFawr (6.3.14)

As one can see, in the Wigner approximation, all the terms beyond zeroth order in the
expansion of the exponential are neglected. This is justified, if the contribution of these
terms, which contains derivatives of the self-energy and the distribution function, is neg-
ligibly small. We will now show that the time scale for the breakdown of the Wigner
approximation lies on the order of the time scale where the Luttinger liquid description
breaks down, and thus never poses an additional restriction to our approach.

The condition for which the Wigner approximation in Eq. (6.3.14]) is justified reads

0,2k )
1 | Ster| | Friar | (6.3.15)
Qw,T Ng,r + 2
tag 1/tr

which is equivalent to requesting the first order term of the expansion of the exponential
to be already much smaller than the zeroth order term. Physically, this means that the
characteristic time scale of the forward dynamics t, is much larger than for the relative
dynamics. The characteristic time scale for the relative dynamics is determined by the
Hamiltonian time evolution, i.e. is set by the inverse quasi-particle energy, while the
characteristic forward time scale is set by the dissipation on the r.h.s of Eq. , which
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is generated by the subleading interactions. As we show now, the criterion (6.3.15) is
fulfilled for sufficiently small vy 7, with heating rate vy and forward time 7. To demonstrate
this, we use the result for the phonon lifetimes from the subsequent section and evaluate

it on shell (i.e. for w = v|q|) to find t | e | = 1 |%%0r| o ig = O(1)
e. = v|q A= | TR T U || T e With e =

as seen below. To estimate the time-scale of the forward evolution, we use the decay
integrals in (6.3.11]) and evaluate them in the thermalized regime (this sets a lower bound:
in the low momentum regime, the occupation is much lower than a corresponding thermal
occupation, leading to a slower decay compared to the thermal regime, and the Wigner
approximation is valid for even longer times) to get

1
= = (;0—2'1_‘(7-)(127 (6316)

with ¢g = O(1). The increase in total energy is only caused by the heating term and
is linear in y47. As a consequence, we find T(7) = Toyu7 with Tg = (9(%) typically.
Evaluating at the UV cutoff momentum again in a conservative way, ¢ = A (with
A = v /vy, vo defined in Eq. (6.2.14)) yields

V2

T KL .
conr Tovoyn

(6.3.17)

Comparing this to the criterion for the validity of the Luttinger Liquid description T(7) <
vA, which we can rearrange to

V2

T L ,
Tovoyu

(6.3.18)

shows that the Wigner approximation is justified for times 7, for which the Luttinger
description is applicable.

Quasi-particle Approximation

In the quasi-particle approximation, the elementary excitations (in the present case the
phonons) are dressed but well defined quasi-particles in the sense that their spectral weight
is essentially located at a specific frequency w = €4, the quasi-particle energy. Consequently,
physical quantities like the self-energy and the distribution function can be evaluated on-

shell (at w = €q). As already stated above, this requires eq > ‘Im (ER )

qw=cq,r ) |- I other

words, the imaginary part of the self-energy must be much smaller than the quasi-particle
energy. For the present case, the on-shell self-energy is purely imaginary and the above
condition transforms into

€q > oy (6.3.19)

From the time-dependent phonon density ngr, we determine below the self-energy 057

according to Eq. (6.3.10). Indeed O'&T < €4 for all times and momenta considered. Fur-
thermore
U(lir q—)O

%0 (6.3.20)

€q
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for all times is guaranteed by the subleading nature of the interactions. Thus, obedience of
the quasi-particle criterion is justified a posteriori. For the specific case of an equilibrium
state (for T > 0), the quasi-particle approximation breaks down exactly at the UV cutoff
q=A.

6.4 TIME-EVOLUTION AND NON-EQUILIBRIUM SCALING

In this section, we discuss the non-equilibrium dynamics of a heated interacting Luttinger
Liquid obtained by solving Eqgs. (6.3.11])) and (6.3.10)) numerically as described in the pre-
vious section. The main results are the time evolution of the phonon density n,, and

a scaling solution for the quasi-particle lifetimes t; ~ ¢"® with a new non-equilibrium
exponent g = g The latter is observable in the low momentum regime for momenta

q < qo(7), where qo(7) is a time-dependent momentum scale that separates the non-
equilibrium low momentum regime from a quasi-thermal large momentum regime and

fades out as qo(7) ~ -

6.4.1 Time-dependent Phonon Density

The time evolution of the phonon occupation obtained numerically is plotted for different
times in Fig. [6.4.1 We clearly identify a (time dependent) crossover scale qo(7), which we

find analytically to scale to zero as qo(7) ~ 7~%/5, consistent with numerics. The crossover
scale separates a non-equilibrium low momentum regime nq(7) ~ |q| from a scattering
dominated thermalized high momentum region nq ~ 1/|q.

In the latter regime, the integral and dephasing contributions scale ~ q?, |q| respectively.
As a consequence of this scaling, for sufficiently large momenta, the collision term yields
the dominant contribution to the dynamics compared to the heating term. The dominant
relaxational dynamics for the distribution function then approaches the Bose distribu-
tion function ng(c|q|/T(t)), which is the dynamical fixed point for the collisional term in
Eq. alone, and where there is an approximate detailed balance between phonon
emission and absorption. Indeed, the occupation number is fitted well with a thermal
distribution ny = ng(clql, T(t)) ~ T(t)/c|g| in this regime. In a stochastic wavefunc-
tion interpretation of the underlying master equation, in this regime multiple thermalizing
collisions happen in between two subsequent spontaneous emission events. While the indi-
vidual heating processes continuously create additional phonons, the system finds the time
to relax to a local equilibrium in between two subsequent heating events. Consequently, in
the large momentum regime, the heating is described by a time dependent temperature.
Such a behavior has been observed numerically in [177].

In contrast to this, the low momentum regime is strongly non-thermal; this fact underlies
the new scaling law for the particle decay width established below. Here we encounter
a strongly overweighing phonon production both due to heating and phonon scattering.
Two structural properties ensure the linear rise with no offset, nq(7) ~ |q|. First, both
terms in Eq. contribute ~ |q| for |q] — 0 as emphasized in the discussion of the
low momentum version of the kinetic equation . This dependence is guaranteed by
the form of both dephasing term and scattering vertex, which in turn are dictated by the
collective nature of the system, or technically by the systematic derivative expansion of
the low frequency action to leading order.

Second, the value of ng—o(7) at zero momentum is pinned to its initial value for all times.
This is a key structural property of the problem, related to particle number conservation:
The static structure factor at zero momentum is related to the particle number variance
via S;(q = 0) = ((N?(7)) — (N(7))?)/L = S,—0(q = 0), where N(7) is the total particle
number operator in the Heisenberg picture and L the system length, cf. [130]. The last
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Figure 6.2: Dynamics of the phonon occupation ng(7) in a sequence of times
(11, 72,73, 74) = (1,2,3,4) - V;RQ as a function of q/A, with heating rate 75 = 0.06voA.
(A = 1/x¢ is the high momentum cutoff delimiting the validity of the Luttinger liquid
description. For weak interactions A ~ y/pomU.) Non-equilibrium (nq ~ |q|) and time-
dependent thermalized (nq ~ ng(v|q|)) regimes are indicated by the dotted (dashed) line
for 73 (T(73) = 0.38vA), and separated by the crossover scale qg(7). The dash-dotted
line shows np(T (7)), where T(7.) =~ vA, at which the Luttinger description breaks down.
Inset: Dynamical phase diagram mapped out by the experimentally accessible static struc-

ture factor, which is a direct measure of the phonon distribution (see text).

equality then holds in a particle number conserving system as the present one. Since in
addition nq(7) ~ S-(q) in the Luttinger model, cf. Eq. (6.4.8), this ensures a permanent
“pinning” of the phonon occupation at zero momentum. For zero temperature initial states,
these two facts guarantee the existence of a linear phonon occupation regime described
above. Remarkably, this mechanism leads to very slow, algebraic thermalization of the
low momenta: Establishment of the 1/c|q| Rayleigh-Jeans divergence can only be achieved
due to the scaling of the crossover momentum qop(t) — 0, but not via a direct filling of
the low momentum modes. We conjecture that this is generic for the thermalization of
one-dimensional quantum systems in phases with superfluid order, comprising the setting
of a quantum quench.

6.4.2 Quasi-particle Lifetime Scaling and Dynamical Phase Diagram

We now address the frequency dynamics at each time step. In particular, we are interested
in the scaling behavior of the phonon quasi-particle lifetimes, which results from the overlap
of the coherent phonon mode with the many-body continuum. This is achieved within the
Keldysh framework, where the distribution function is not fixed a priori to its equilibrium
shape, but is replaced by the dynamically determined non-equilibrium distribution. The
quasi-particle lifetimes t, are defined via

q,w=€q,T

tor = — (Imsf )_1 — (o®) 7" (6.4.1)
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As we have seen in the previous subsection, the phonon density can be described by a
scaling ansatz in the two different regimes q < qg and q > qg. For small momenta,
ng, = |qlf;, where f is a positive function of the forward time, while for large momenta

Ngr = % with an effective time-dependent temperature T.. From the form of the self-

energy equation (6.3.10]), we infer directly that if the first factor under the integral can be
written as a scaling form

(@8 ormp + 20 + 1) = arp™ (6.4.2)

with a positive (time-dependent) prefactor a,, the self-energy itself will be a scaling function
(see Ref. [29] for a detailed analysis of possible scaling forms). In the above mentioned
momentum regimes, Eq. is expected to hold since the phonon occupation n, has
a scaling form, which directly translates to a scaling of the left hand side of Eq.
Consequently, we parametrize &5 = v, |q|"™®.

The scaling equation for the retarded self-energy reads

ar ’q‘4+nnfnl:{

B = g™ = I, (6.4.3)

te}

Y
®dx [ |x|mFL(1 - x)
L, = — — —
o= o (R ),

with a dimensionless integral whose value depends parametrically on the scaling exponents
but otherwise is a pure number. It leads to the scaling relation for the phonon lifetime and
occupation exponents 7R, 7n

R =2+ % (6.4.4)

which is a key result of this work. 7, is determined by the solution of the generalized
kinetic equation discussed previously.

Below the crossover scale qg, the phonon density scales linear in momentum nq ~ |q|. Since

~ . . ~ 0 . .
ag‘ ~ |gq|™ with ng > 1, this means that % 7% 50 and Eq. (6.4.2) is dominated

by the first term in brackets. Consequently 7, = 1 — nr, which implies a super-diffusive
behavior g = 5/3 with no equilibrium counterpart.

In contrast, above the scale, nq ~ |q|~* and &Ra%inq % 0 and Eq. (6.4.2) is dominated
q

(2nq+1)
by the phonon density (2nq + 1) ~ |q|™! (or ~ |q|° = 1, for very large momenta). This
leads to n, = —1 and as a consequence nr = %, as it is know for the finite temperature

equilibrium case. In contrast, for the largest momenta n, = 0 and ng = 2, implying the
zero temperature diffusive behavior [I50} 161].

Following the above discussion, we identify the crossover momentum qg between non-
equilibrium and effective equilibrium scaling to be determined by the condition

57-nq0 ~R
Tl _ R 6.4.5
Mg, +1 W (6.4.5)

The scaling behavior of this equation in momentum and time yields

1

Qo(7) ~ (T77) ™ . (6.4.6)
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Figure 6.3: Dynamical structure factor (DSF). Upper panel: The DSF reveals the uni-
versal scaling behavior of the phonon lifetimes and allows us to discriminate the new
non-equilibrium scaling from equilibrium thermal scaling, both of which are clearly sepa-
rated. Inset: Log-Log comparison of tq from ny(7) with the analytically predicted scaling
solutions. For small momenta (in units of the crossover scale qg), one clearly identifies the
non-equilibrium scaling behavior and only for momenta q > qgp the thermal scaling sets
in. Lower panel: DSF for fixed momenta q = (0.1,0.2,0.3). The plots collapse on top of
cach other after rescalings w — |q|~>®(w — v|q|) and S — |q|~/3S, which demonstrates

the scaling tq ~ |q| /3.

Approaching the crossover from the low momentum regime yields (remember ng » = f-|q|

1
for small momenta) ng = 5/3, v, ~ (ff) 8. Using the numerical result f, ~ 72, Eq. (6.4.6)
can be solved semi-analytically and yields qo(7) ~ 77%. This agrees perfectly with our
numerical result for the crossover scale qg ~ 77°8%. The semi-analytical analysis in this
way demonstrates, that the low momentum regime is responsible for the observed scaling
of qo-

6.4.3 Experimental Detection

We demonstrate that Bragg spectroscopy gives immediate access to all the characteristics of
the universal heating dynamics. It enables a direct probe of the density-density correlations
in ultracold atomic gases [185, 187, [189L 22]. More precisely, in a stationary state, the Bragg
signal is directly proportional to the Fourier transform of two-point density-density cor-
relations, or dynamical structure factor (DSF) S(w,q) = [ dtdxe (&=t ({fi(t,x),1(0,0)}).
In the Keldysh formalism and long wavelength limit, this translates into Sr(w,q) =
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—{(pe(T, —w, —q)pe(T,w, q)), for which we obtain the explicit expression

S, (w, q) = 2naDialK f (“515“‘) + (wo-w)), (6.4.7)

R
g q

where f(x) = 1/(1+x2) is the dimensionless Lorentzian. As per the above discussion, time
enters only parametrically, giving a snapshot, effectively stationary DSF. The different
scaling regimes of the quasi-particle lifetimes are clearly identified in Fig. [6.3[ (a).

The time-dependent crossover scale qo(7) obtains most directly from the equal-time DSF,
or static structure factor,

S3(a) Z/S:ST(w,q) = X 9n,(r) + 1), (6.4.8)

which is plotted in Fig. [6.4.1] In particular, it provides direct access to the phonon occu-
pation number, and thus to the scaling of the crossover scale qo(7) and the peak height.

6.4.4 Modifications for T > 0

The computations and results presented in the previous sections have been obtained for
a system initialized in the T = 0 ground state. Here, we discuss how an initial finite
temperature (T > 0) state modifies these results, corroborating that the new scaling regime
remains observable in an experimentally accessible window of parameters T, < qo(7).
This analysis is relevant and necessary since experiments are never carried out for systems
with zero initial but usually very small temperatures. For the Luttinger description to
be applicable, the initial temperature must be much lower than the Luttinger ultraviolet
cutoff, i.e. T < VA, kg = 1, which we consider in the following.

In order to obtain the time-dependent phonon occupation for the case of an initial T >
0 state, we numerically solve the kinetic equation, Eq. (6.3.11)), with an initial phonon
distribution function

vla|

a7 = 0) = na(vla) = (e 1) . (6.4.9)

However, for a finite temperature distribution, the vertex correction is generally non-zero
and has to be implemented in the kinetic equation and self-energy according to the pro-
cedure described in Ref. [29]. As a result, the numerical computation becomes more in-
volved but still feasible. From the time evolved phonon occupation, we then determine the
static structure factor S$(q) (Fig. and the scaling of the quasi-particle lifetimes tq
(Fig. as a function of time and momentum.

Our analysis of the phonon occupation dynamics for T = 0 showed that dynamics is mainly
governed by a fast energy redistribution for the high energy modes and a comparably slow
evolution in the low frequency sector. This results from the structure of the particle
number conserving vertex and the pinning of ny—o(7) = nq—o(7 = 0) to its initial value.
For a T > 0 intial state, the situation does not change and the initial temperature has only
little influence on the dynamics of ny. The latter is dominated by the effect that drives
the system away from equilibrium, i.e. the constant heating. We therefore decompose nq
into an initial part and another one which builds up in time according to

ng(7) = ng(7 = 0) + dng(7). (6.4.10)

From our numerical simulations, we find that dng(7) is almost independent of the initial
temperature and for T > 0 qualitatively equivalent to the T = 0 scenario. While our
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Figure 6.4: Comparison of the time evolved static structure factor S(q) for different
initial temperatures T at different times 7. The black dotted (blue solid, red dashed) lines
corresponds to an initial temperature T = 0 (T = 0.02vA, T = 0.06vA). The different lines

correspond to increasing times (19, 71,72, 73) = (0, 1,2, 3)\/;%. As for the zero temperature

case, S3(q = 0) is pinned to its initial value S_(q = 0) = % due to particle number
conserving dynamics. For 0 < q < qq, the characteristic S%(q) ~ g2 scaling in the non-
equilibrium regime is clearly visible and the T > 0 curves approach the one for T = 0. For
larger momenta, the finite temperature curves lie on top of the T = 0 ones. Inset: Zoom
into the low momentum region.

results are obtained for the full simulation of the kinetic equation, we will use the above
finding to explain the results.

To determine the static structure factor, we employ Eq. (6.4.8)), leading to

(@) = K (an(r = 0) 4 20n4(r) + 1)

s

vlg|<T K
=0 20K AR 95n,(7) + 1). (6.4.11)

Compared to the T = 0 case, this leads to a non-zero structure factor for q = 0, S5 (q = 0) =

For q > 0, we find a ¢? scaling of the structure factor in the non-equilibrium regime as
in the zero temperature case. For larger momenta v|q| > T, nq(7 = 0) vanishes and the
finite and zero temperature structure factor are identical. In particular, the two different
momentum regimes can still be characterized by the T = 0 scaling properties of S*(q), see

Fig.[6.4.4]

In view of the scaling of the quasi-particle lifetimes tq, and thereby the dynamic structure
factor, our analysis fully confirms and corroborates the following expected scenario, cf.
Fig. Most importantly, an additional scaling regime for momenta much smaller
than the temperature v|q| < T occurs. In this regime, lifetimes scale with the thermal
exponent tq ~ q_3/2. For momenta in the range % < |q] < qo, a momentum region showing

5/3 is found, while for |q| > qo, again thermal scaling

non-equilibrium scaling tq ~ q~
behavior emerges. For % < qp, the non-equilibrium scaling regime is sufficiently large to
be resolved numerically and analytically. Such a situation is presented in Fig. [6.4.4] For

this specific example “4> ~ 12, while the non-equilibrium scaling regime has a momentum
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Figure 6.5: Scaling behavior of the inverse quasi-particle lifetime t; ! for system dynamics

initialized at a finite temperature T = 0.02vA and evaluated at time 7 = v;?x?' Due

to the initial finite temperature, we identify three scaling regimes. For momenta smaller
than the initial temperature q < qp = %, the é divergence of the phonon-distribution
~3/2

dictates a thermal tq ~ q scaling behavior. For momenta qr < q < qg in between
the temperature and the non-equilibrium crossover scale qg, the non-equilibrium scaling
tq ~ q~%/3 can be identified, while for qo < q the system obeys thermal scaling again.
As a result, for qr < qp, one will be able to find a sufficiently large scaling regime with
the non-equilibrium scaling behavior. Inset: Corresponding phonon distribution nq(7) for
times 7 = 0 (black dotted) and 7 = vng (blue solid) in units of the crossover momentum.

window ranging from ¢, =~ 0.35q/qp t0 Qmax =~ 2q/qo, i.e. Krﬁ ~ 5.7. The initial
temperatures used here are in reach for current experiments [132, [I83], holding the promise
to resolve the discussed non-equilibrium scaling regime in the lab. We finally note that
while the different scaling regimes may not be very clearly visible in Fig. using the
data collapse procedure described in Fig. will allow to clearly discriminate the different
scaling regimes.

6.0 CONCLUSIONS

We have identified a new universal non-equilibrium scaling regime in the heating dynam-
ics of interacting Luttinger liquids. Its existence is granted by the defining property of
a Luttinger liquid, the presence of a sharp phonon mode, which prevails in the number
conserving, permanently forward evolving open system. This triggers the hope that large
classes of one-dimensional systems subject to non-equilibrium drive could exhibit similarly
strong notions of universality as their equilibrium counterparts. Both extending the the-
oretical concepts familiar from closed systems, and exploring the status of universality in
low dimensional driven open quantum systems, represent fascinating challenges for future
research.
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