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Abstract

Controlling and manipulating complex many-body quantum systems will be a key in-
gredient for the development of next-generation technologies. While the realisation of a
universal quantum machine is still out of reach, in recent years experimental systems of
ultracold atoms have already evolved into a vivid field of research for quantum simulation.
Crucially, such systems even allow for the successful quantum engineering of targeted
many-body systems by means of coherent periodic driving. The essential properties of
these Floquet systems encompass two main aspects: fast driving facilitates the simulation
of effective static systems, and interactions lead to unique heating effects as energy is only
conserved modulo the driving frequency. Within this thesis we theoretically study both
of these aspects in respective model systems.

In part I of this thesis, we investigate the dynamics of excitations of a bosonic Mott
insulator in a designed one-dimensional Floquet system. Here, periodic driving in combi-
nation with breaking all mirror symmetries of the system can induce directed motion of
particles. In the limit of small excitation densities, the effectively non-interacting quantum
ratchet determines the motion of holes and doublons in the Mott insulator and can in fact
be used to manipulate the dynamics of such. This little quantum machine can also be
used to drive particles against an external force, where transport is possible but requires
the fulfilment of a commensurability condition for long times.

In part II, we discuss the role of interactions for periodically driven systems by means
of a Floquet version of the Boltzmann equation. Starting from the Keldysh approach,
we develop this semiclassical formalism based on a clear separation of time scales. The
result is a description of the dynamics and the scattering of Floquet quasiparticles in
such systems. Here, the property of discrete energy violation is naturally encoded in our
formalism predicting the heating of interacting Floquet systems to infinite temperatures in
the long-time limit. As a first application of this approach, we investigate a cold atom setup
realising the Haldane model by means of periodic shaking. While homogeneous systems
heat up globally, a confining potential evokes thermoelectric transport effects resulting
from spatially dependent heating characteristics. Moreover, we show that the interplay
of intrinsic heating, macroscopic diffusion and non-trivial topological properties of the
Haldane model lead to an anomalous Floquet-Nernst effect, which describes anomalous
particle transport as the result of developing temperature gradients.

In part III, we elaborate on the quantum simulator aspect of ultracold atoms by pro-
viding a theoretical framework for a possible simulation of a topological edge state in a
one-dimensional optical lattice. In this case, the one-dimensional Dirac equation with
spatially varying mass is important, which captures the topological properties of a cor-
responding system of the BDI symmetry class. We analytically discuss such system and
investigate the role of mean-field interaction effects. We also identify the emergence of
dynamical instabilities in a realisation with bosonic atoms.






Kurzzusammenfassung

Die Steuerung und Manipulation komplexer Quanten-Vielteilchensysteme wird ein wich-
tiger Bestandteil fiir die Entwicklung von Technologien der néchsten Generation sein.
Wiéhrend die Umsetzung einer universellen Quantenmaschine allerdings noch nicht erre-
ichbar ist, haben sich in den letzten Jahren bereits experimentelle Systeme bestehend
aus ultrakalten Atomen zu einem lebendigen Forschungsgebiet fiir die Quantensimulation
entwickelt. Solche Systeme erlauben sogar das erfolgreiche ’quantum engineering’ von
gezielten Vielteilchensystemen durch kohérentes periodisches Antreiben. Die wesentlichen
Eigenschaften dieser Floquet-Systeme umfassen zwei Hauptaspekte: zum einen ermdglicht
schnelles Treiben die Simulation effektiver statischer Systeme, zum anderen fithren Wech-
selwirkungen zu einzigartigen Heizeffekten, da die Energie nur modulo der Antriebsfre-
quenz erhalten ist. Im Rahmen dieser Arbeit untersuchen wir theoretisch beide Aspekte
in jeweiligen Modellsystemen.

In Teil I dieser Arbeit untersuchen wir die Dynamik der Anregungen eines bosonischen
Mott-Isolators in einem speziell entworfenen eindimensionalen Floquet-System. Hierbei
kann das periodische Antreiben in Kombination mit dem Brechen aller Spiegelsymme-
trien des Systems eine gerichtete Bewegung von Teilchen induzieren. Im Limes kleiner
Anregungsdichten beschreibt die effektiv nicht-wechselwirkende Quanten-Ratsche die Be-
wegung von Lochern und Dublonen im Mott-Isolator und kann in der Tat dazu verwendet
werden, die Dynamik solcher zu manipulieren. Diese kleine Quantenmaschine kann auch
benutzt werden, um Teilchen entgegen eine duflere Kraft zu treiben. Hierbei ist Transport
der Teilchen moglich, aber gleichzeitig ist die Erfiillung einer Kommensurabilitdtsbedinung
fiir lange Zeiten erforderlich.

In Teil IT diskutieren wir die Rolle von Wechselwirkungen fir periodisch getriebene
Systeme mittels einer Floquet-Version der Boltzmann-Gleichung. Ausgehend von der
Keldysh-Methode entwickeln wir diesen semiklassischen Formalismus auf der Grundlage
einer klaren Trennung von Zeitskalen. Das Ergebnis ist eine Beschreibung der Dynamik
und der Streuung von Floquet-Quasiteilchen in solchen Systemen. Die Eigenschaft der
diskreten Energieverletzung ist hierbei auf natiirliche Art und Weise in unserem Formalis-
mus codiert, welche das Autheizen des wechselwirkenden Floquet-Systems auf unendliche
Temperaturen im Limes langer Zeiten vorhersagt. Als erste Anwendung dieser Beschrei-
bung untersuchen wir ein System aus kalten Atomen, welches das Haldane-Modell durch
periodisches Schiitteln realisiert. Wéhrend sich homogene Systeme global erwirmen,
ruft ein KinschlieBungspotential thermoelektrische Transporteffekte hervor, die sich aus
rdumlich abhdngenden Heizcharakteristiken ergeben. Dariiber hinaus zeigen wir, dass
das Zusammenspiel von intrinsischen Heizeffekten, makroskopischer Diffusion und nicht-
trivialen topologischen Eigenschaften des Haldane-Modells zu einem anomalen Floquet-
Nernst-Effekt fihrt, der anomalen Teilchentransport als Ergebnis der Ausprdgung von
Temperaturgradienten beschreibt.

In Teil IIT gehen wir ndher auf den Quanten-Simulator Aspekt von Systemen aus ul-
trakalten Atomen ein, indem wir einen theoretischen Rahmen fiir eine mégliche Simula-
tion eines topologischen Randzustands in einem eindimensionalen optischen Gitter liefern.
Hierbei ist die eindimensionale Dirac-Gleichung mit rdumlich variierender Masse von Be-
deutung, welche die topologischen Eigenschaften eines entsprechenden Systems der BDI-



Symmetrieklasse erfasst. Wir diskutieren ein solches System analytisch und untersuchen
die Rolle der 'Mean Field’ - Interaktionseffekte. Zusétzlich identifizieren wir die Entste-
hung von dynamischen Instabilitdten in einer entsprechenden Realisierung mit bosonischen
Atomen.
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1. General Introduction

Ever since the dawn of quantum mechanics more than 100 years ago, this intriguing the-
ory of physics has revolutionized our understanding of the world and yet surprises us
by its predictions up until today. Based on the quantum mechanical description of the
microscopic world of atoms, molecules and condensed matter, important technological
achievements were accomplished which have had an immeasurable impact on science just
much as they had on society. In particular, we remark the early developments of semi-
conductor transistors as well as lasers in the middle of the last century. However, the way
we approach the laws of quantum mechanics has fundamentally changed over the course
of time: predominantly driven by technological advances, humans do no longer have to be
mere observers of nature, but are moving more and more into a position where the control
over the quantum world can be facilitated and utilized. This transition from being passive
observers to becoming active doers is known as the second quantum revolution [1].

At the very end of this technological revolution stands the ultimate goal of developing
and building a macroscopic quantum machine, such as a universal quantum computer [2].
To this day, however, the realisation of such devices is unfortunately still out of reach. Yet,
first crucial steps have been taken in this direction, allowing to hope for the realisability of
quantum technology for everyday purposes in the near future. One of these steps was the
implementation and development of quantum simulators. Due to natural limitations of
classical computing machines in combination with an exponentially growing Hilbert space
of a many-particle system, it becomes very often impossible to predict and understand
the behaviour of complex quantum systems at macro- and mesoscopic sizes. Here, it is
not the property of the single quantum particle that determines the physics, but rather
the collective interplay of a large number of such particles. For instance, some exciting
phenomena emerging from this interplay, which are yet to be (fully) understood owing to
their complexity, are quantum magnetism and high-temperature superconductivity [3]. As
was originally pointed out by Feynman [4], a general strategy to yet obtain information
may be the quantum simulation of such systems: a complex many-particle quantum system
is substituted by a different, more controllable one mimicking the physics of the target
system. Insights obtained on the second system can then be directly used to interpret
the original one. Nevertheless, despite the tremendous technological advancing we have
seen until today, the creation, control and manipulation of such auxiliary many-particle
quantum system is still a very demanding task.

One of the most versatile tools in the context of realisable quantum simulators are
systems made of ultracold atoms in optical lattices [5]. These systems are composed of gases
of neutral atoms that are cooled to incredibly small temperatures (as low as ~ 10710 K)
and captured in the interference pattern of overlapping laser beams. The regular spatial
structure of the optical standing waves hereby resemble the periodic potential caused by
positively charged nuclei fixed to lattice positions in a conventional solid. Since interactions
between the trapped atoms can additionally be imposed and varied by means of external
magnetic fields, these systems can be used to simulate the general setting of a typical
condensed matter system. Due to the absence of lattice vibrations and defects, cold atoms
in optical lattices are particularly well suited to analyse the physics of microscopic model
systems, such as Hubbard-type models. Here, the implementation of the optical lattice is
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not restricted by geometry or dimension [6]. At the same time, experimental methods have
advanced into a state where atoms can be controlled, manipulated and detected on the level
of a single lattice site both for bosonic [7,8] and fermionic [9,10] systems. Moreover, time
scales of cold atom systems are one of their crucial advantages: atoms in optical lattices
tunnel within milliseconds, while the dynamics of electrons in ordinary matter takes place
on time scales of femtoseconds. Thus, cold atom systems cannot only be spatially resolved,
but also dynamical aspects of respective model systems can be easily detected by modern
day technology. First hallmark achievements of ultracold atomic systems encompass the
modelling of equilibrium phases of matter, such as superfluid, metallic and Mott-insulating
states [11,12]. In addition, also dynamical studies have drawn much attention, such
as studying the coherent time-evolution after a quantum quench [13,14], the expansion
of a cold atomic cloud in a Hubbard model [14], or monitoring the equilibration of an
isolated quantum system [15]. Particularly the last example highlights the success of
quantum simulators by explicitly outperforming calculating abilities of state-of-the-art
supercomputers.

Building on the tremendous success of quantum simulators, most recently, the engi-
neering and designing of targeted quantum systems and even novel types of matter was
proposed by relatively simple means: coherent periodic driving. In fact, time-periodic
coherent manipulation of small quantum systems such as single atoms has been a long es-
tablished tool. In the context of complex many-body systems, however, such manipulation
schemes have become available only most recently due to technological advances. Interest-
ingly, periodically driven quantum many-body systems can exhibit rich dynamics and also
show exotic phases which are absent in associated undriven versions [16]. Connecting to
the discussion of building quantum machines and having this extended ’quantum toolbox’
at hand, one might hope to build such a machine not just from assembling individually
controllable constituents, but rather from an already existing, possibly complex many-
particle quantum system dressed with periodic driving as an additional ingredient. In
the field of ultracold atoms in optical lattices, the idea of coherently manipulating many-
body states and their dynamics by means of periodic driving has therefore swiftly evolved
into a vivid field of research on its own [17]. First remarkable achievements of such Flo-
quet systems were the implementation of quantised particle pumps [18,19], the generation
of effective magnetic fields to study quantum spin systems [20] and the proposal for a
Floquet topological insulator [21]. Indeed, a large fraction of last-generation realisations
particularly aim at the quantum simulation of topological states of matter [22]. The most
prominent example in this context is the realisation of the Haldane model [23] by means
of lattice shaking.

Nevertheless, while quantum simulator realisations with cold atoms are implemented
for varying interaction strengths, so far most Floquet engineered systems are built on
non-interacting systems. One of the reasons is that interacting Floquet systems naturally
connect to the unique behaviour of cold atom systems regarding non-equilibrium situa-
tions. In general, ultracold gases are very well isolated quantum systems, as they do not
couple to a bath. This is in strong contrast to conventional condensed matter systems,
where lattice vibration excitations, i.e., phonons, provide a natural thermal bath for the
electronic system. So systems of ultracold atoms are not only predestined to work as quan-
tum simulators, but also appear as ideal testbeds to study non-equilibrium dynamics of
quantum many-body systems [24,25]. For instance, interacting cold atoms have been used
to study coherent non-equilibrium dynamics [26] as well as the corresponding relaxation of
such systems [15,27,28]. But also the absence of thermalization in integrable models [29]
or in terms of many-body localisation [30] can be investigated in these systems. A Floquet



system is inherently out-of-equilibrium due to the external periodic drive and therefore
challenges the thermalization and dynamical aspects of static cold atom systems. The
key feature here is the fact that interacting Floquet systems do not preserve energy and
are therefore expected to render unique properties in terms of thermalisation and equi-
libration. In fact, it was only recently shown that a generic interacting isolated Floquet
system cannot equilibrate in a conventional sense and must instead approach an infinite
temperature state in the long-time limit [31,32].

Periodically driven systems hold tremendous potential as a tool for engineering exciting
quantum systems and creating novel states of matter. Interacting Floquet systems exhibit
unique non-equilibrium physics. Eventually, all experimental system are (at least weakly)
interacting. Hence, in order to be able to describe Floquet engineered systems in all
relevant aspects, it is inevitable to also include interaction effects in respective studies.
This will not only help to understand such designed quantum systems in more details, but
might also lead to emerging new qualitative aspects within this vibrant field of research.
Technically, however, dealing with such interacting Floquet systems is far from trivial, as,
e.g., standard linear response theory treatments for periodically perturbed ordinary matter
fail for arbitrary strong and fast external driving. Therefore, it comes at no surprise that
there are still many open questions regarding interacting Floquet systems. One particular
interesting and also experimentally highly relevant question is how Floquet systems are
affected by interactions as a function of time. It is the central question of this thesis to give
an answer to this question for the specific case of considering weakly interacting systems.

In general, the content of this thesis can be viewed as residing at the interface of the three
main fields of research discussed above: quantum simulation with ultracold atoms, Floquet
engineering by periodic driving and non-equilibrium dynamics in interacting many-particle
systems. The precise outline of our purely theoretical work is as follows:

In part I of this thesis we consider effectively non-interacting periodically driven systems,
thereby focussing on the engineering potential of such. In chapter 2 we first briefly sketch
aspects of the creation of ultracold atoms in optical lattices and their associated character-
istics. We then give an introduction to concepts and notations of non-interacting Floquet
theory. We also aim at providing a list of main recent achievements of non-interacting
Floquet systems, thereby stressing the position of such systems at the forefront of research.
A concrete Floquet engineered system is presented in chapter 3, where we consider the
dynamics of excitations of a bosonic Mott insulator in the presence of a periodic drive. By
simultaneously breaking the mirror symmetries of the system, a quantum ratchet is estab-
lished allowing to control the dynamics of such particles. We find that this little quantum
machine can be utilized to, e.g., drive the excitations against an additional external con-
stant force. Furthermore, we discuss possible topological stabilization mechanisms for such
ratchets, which, however, appear to be not realisable.

In part II we then consider interactions in Floquet systems. Here, we also give a more
in-depth introduction to general interacting Floquet systems, including an overview on
recent accomplishments on this matter. Among different interacting Floquet settings,
we choose to investigate weakly interacting periodically driven systems by means of a
kinetic equation approach. Since the external drive is fast and coherent, the form of
such an equation is a priori not entirely obvious. To this end, we present a detailed
derivation based on a clear separation of time scales starting from a full quantum field
theoretical approach. In this context, we first introduce basic notations and re-derive
the conventional Boltzmann equation in chapter 4. Subsequently, we adjust the setting
to derive a Floquet-Boltzmann equation in chapter 5 which describes the scattering of
associated Floquet quasiparticles and allows for scattering processes that violate energy
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conservation modulo the external driving frequency. In order to show the working principle
we apply this formalism to an interacting version of the recently realised Haldane model
[23]. We apply the Floquet-Boltzmann equation to a homogeneous system in chapter 6 and
to an inhomogeneous version in chapter 7, thereby calculating the heating behaviour of the
respective system. Interestingly, we find for the inhomogeneous case that the presence of
a non-trivial topological structure of the underlying lattice model gives rise to anomalous
particle currents as a consequence of temperature gradients. We predict this anomalous
Floquet-Nernst effect by a hydrodynamic description of the system.

In part III we slightly change gears and solely focus on the quantum simulator aspect of
cold atom systems. Here, we present results of a joint collaboration with the experimental
group of M. Weitz from Bonn on the simulation of a topological edge state in an optical lat-
tice. In chapter 8, we first discuss the topological properties of a standard BDI-symmetry
class model and show how the essential properties can be captured by a massive 1D Dirac
equation. By using an adjusted mean-field description of the problem we crucially show
that interaction effects are negligible and that therefore experimental results can be safely
interpreted in terms of the 1D target system. A quantitative comparison between exper-
imental data and numerical results then indeed suggests the successful simulation of a
topological edge state. In chapter 9, we discuss peculiar interaction effects of the bosonic
Dirac system. A study of the fluctuation spectrum reveals the emergence of dynamical
instabilities, which yields the possibility to study interaction effects in topological matter
in the future.



Part |I.

Non-interacting Floquet systems






2. Periodic driving as a tool for quantum
engineering

A main goal for utilizing the laws of quantum mechanics for everyday life applications is
to build a macroscopic quantum machine. Such a device can be the analogue to a clas-
sical mechanical machine [33] or a universal quantum computer [2,4,34,35], for example.
In general, scientists hope that such machines can be more efficient and powerful than
conventional, classical devices. Nevertheless, despite the fact that in 1996 Lloyd indeed
confirmed [36] Feynman’s original conjecture [4] that any (local) quantum system can be
simulated by a quantum computer (or likewise by another quantum system), the reali-
sation of a universal quantum computer or machine still faces huge challenges. One of
the main issues being the lack of scalability due to decoherence [35]. Having said this,
there do exist candidates for quantum computing that are believed to be notably robust
against decoherence, such as topological quantum computing by anyons [37,38]. Leading
researchers have therefore only recently expressed their optimism for commercial progress
of quantum computers in the near future [39].

In the meantime, however, the idea of Feynman and Lloyd to simulate a quantum system
by another one has evolved into a vivid field of research on its own. The general goal of a
quantum simulator is to mimic the behaviour of a system of interest using a second, more
accessible and well-controlled quantum system. This allows to study the physics (and
potentially beyond) of complex quantum systems that would be otherwise intractable
by classical means, e.g., by conventional computers. Typical quantum simulators that
have emerged over the last decades are, among others, neutral atoms (in optical lattices)
[6,11,40], trapped ions [41,42], superconducting circuits [43,44], photonic systems [45] and
nuclear spins [46]. The list of possible fields of applications of such quantum simulators
is broad and ranges from high-energy physics over cosmology to open systems. In order
to obtain an in-depth report about the vast areas of applicability and the tremendous
potential of quantum simulators we refer the reader to recent reviews in this topic, such
as Ref. [47] and references therein.

The perhaps most important field in the context of quantum simulation is the one of
condensed matter physics. Here, particularly systems made of ultracold atoms (bosonic
and fermionic) in optical standing waves have developed into a very versatile tool. The
reason being that this setup has the potential to mimic the behaviour of electrons experi-
encing the periodic potential in a solid state system. Important hallmarks in this context
were, e.g., the realisation of the Bose-Hubbard model and the successive study of the su-
perfluid to Mott-insulator transition [11] as well as the quantum simulation of ultracold
Fermi gases investigating the so called BEC-BCS crossover [48]. Moreover, scientists were
able to simulate the effect of electromagnetic fields on charged particles using artificial
gauge fields [49-51]. The latter paved the way to studying quantum Hall physics in the
context of cold atoms. More recently, researchers have even advanced to simulating rela-
tivistic equations [52] and topological states of matter [22]. In fact, chapter 8 of this thesis
is dedicated to a recent simulation of a 'massive’ Dirac equation using ultracold rubidium
atoms, verifying a one-dimensional topological edge state [53].

Despite the huge progress quantum simulators have had so far, they mainly aim at
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analysing and simulating already known models and materials. In recent years, however,
research has also progressed into a direction where one not merely simulates known ma-
terials, but rather manages to realise completely new states of matter. A main player of
such quantum engineering in the context of ultracold atoms has become the method of
periodic driving. Such periodically driven systems at arbitrary frequency and strength are
also called Floquet systems [54]. These systems give rise to exciting phenomena such as dy-
namic localization [55], frustrated magnetism [56], the Floquet analogoue of a topological
insulator [21] or the realisation of the Haldane model [23]. Moreover, Floquet systems offer
also the chance of building little quantum machines as discussed at length in chapter 3
of this thesis. While nowadays periodically driven systems are a major tool for the field
of ultracold atoms [17], there are still many aspects to be understood. The latter mainly
concerns the effect of interactions in these Floquet system, which is the central topic of
this thesis. Nevertheless, understanding the basic, non-interacting principles of these pe-
riodically driven systems builds the fundament to the success of Floquet engineering as
well as to our work in the following.

To this end, we will introduce important aspects of Floquet engineering in this chapter.
First, we will shed light on the topic of ultracold atoms in optical lattices and will briefly
elaborate on details that will be important for the remainder of this thesis. Second, we will
introduce the Floquet formalism which is the natrual language describing those respective
systems. Third and last, we will aim at yielding a small overview on recent developments
in the context of Floquet engineering - including both experimental advances as well as
theoretical ideas.

2.1. Ultracold atoms in optical lattices

Ultracold atoms in optical lattices are engineered closed quantum many-body systems that
are highly controllable and therefore offer a unique setting for the quantum simulation of
condensed matter systems and for the creation of novel states of matter [6]. In contrast to
conventional solid state systems, the microscopic physics of cold neutral atom systems is
precisely known owing to their cleanliness and isolation. This allows for a very controlled
way of studying also macroscopic phenomena and interpret them faithfully in terms of
microscopic constituents and details.

Cold atoms in optical lattices rely on the coherent collective interaction of matter with
light, thereby mimicking the physics of a crystalline solid where the ultracold quantum
gas resembles electrons. Such systems have not only driven the development of new types
of experimental realisations, but also boosted theoretical ideas and tools in the realm of
condensed matter physics. This rapidly growing field of research provides an enormous list
of remarkable contributions ranging from the detection of the superfluid to Mott insulator
transition [11] over the general realisation of topological quantum matter [22] such as the
Haldane model [23] to first direct observations of antiferromagnetic correlations in such
systems [57]. Technical aspects, experimental details and theoretical visions have been
summarised in numerous works. In particular, we like to highlight the reviews by Bloch,
Dalibard and Zwerger [5] and by Bloch, Dalibard and Nascimbene [6] as well as recent
proceedings on ’quantum matter at ultralow temperatures’ [51]. Note that large parts
of this section are built on these reviews and that a more in-depth view on the general
capabilities of ultracold atoms can be found therein.

In the following, we roughly elaborate on different general aspects of ultracold gases
before explaining how they can be trapped by means of laser-light fields. We then demon-
strate how these peculiar traps give rise to periodic structures putting the emphasis on
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(a) (b)
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Figure 2.1.: Visualization of state-of-the-art control, manipulation and detection capabilities for
systems of ultracold atoms in optical lattices: images of (a) bosonic and (b) fermionic atoms in
an optical lattice taken by a quantum gas microscope. The initial state preparation as well as
the single-site resolution becomes clearly visible. Figures are taken from Refs. (a) [6] and (b) [10],
respectively.

the realisation of Hubbard type models. Due to the high level of controllability such sys-
tems can be easily extended to more sophisticated versions. One powerful extension is
the implementation of periodic driving leading to the realisation of Floquet systems. The
capabilities of such systems will then be exposed in the following sections.

2.1.1. Ultracold quantum gases

Over the last half a century or so, the production of coherent light sources, i.e., lasers,
have seen a tremendous progress. This resulted not only in a remarkable progress of inves-
tigating microscopic details of single atomic or molecular species using, e.g., spectroscopy,
but also opened up the possibility to create and study coherent light-matter mixtures.

The first milestones along these lines was reached by producing a Bose-Einstein conden-
sation (BEC) from an atomic vapour in the mid 90’s [58,59]. Since densities of such gases
are extremely low (up to 10~7 smaller than air at room temperature [5]), temperatures
ought to be reduced to extremely low values, as well. For this purpose, sophisticated trap-
ping and cooling mechanisms have been developed [60,61]. In particular, these techniques
benefit immensely from a simple electronic structure of the used atomic species. Hence,
ultracold gases are typically created from alkali atoms which possess only a single valence
electron. Degenerate quantum gases have been achieved for many atom species such as
"Li,23Na,®"Rb which are all of bosonic type [51] and also for fermions such as 5Li, 4°K [62].
More recently, degenerate quantum gases of alkaline-earth(-like) species such as ytterbium
or strontium became available [63]. Present-day temperatures in such setups are decreased
to values as low as 10719K for bosons [64] and 107%K for fermions® [62]. Remarkably,
these ultracold quantum gases therefore describe the coldest place in the universe.

Those very low temperatures in the respective many-body quantum systems also have
a significant impact on the role of interactions [5]. Generally, the interaction between two
neutral atoms can be modelled by a van der Waals potential Viqw(r) = —Cp/r%, which is
cut off at some short distance |r| = r. corresponding to the extension of the atom in space

! Note that the significant difference between bosons and fermions can be traced back to the statistical
properties of fermions. In fact, standard cooling techniques applicable to bosons fail for fermions and a
sufficient cooling of the latter is a much harder experimental task. A comprehensive review of ultracold
fermi gases can be found in Ref. [62].
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and Cg is the atom dependent van der Waals coefficient. Alkali atoms, for instance, are
associated with relatively large Cg-coeffiecients, since they are strongly polarizable. The
low-energy scattering properties are also determined by this quantity. In general, two-body
scattering events involving a finite relative angular momentum quantum number [ # 0
are allowed. These processes are characterised by a centrifugal energy barrier of height
o 1/(Cs)"/2. However, for I = 1 these energies correspond to temperatures of ~ 1mK
for typical atomic masses. So as soon as atoms - irrespective of their species - are cooled
substantially below this threshold, only lowest angular-momentum scattering events are
supported by the gas. For bosons this corresponds to s-wawve collisions. Fermions, on the
other hand, undergo s-wave scattering processes only in the presence of a spin-mixture due
to the Pauli principle. Assuming that we only need to consider s-wave scattering in the
low energy limit, the scattering amplitude as a function of momentum k is approximated
as f(k) = —as/(1+4ikas). This scattering amplitude is the result (irrespective of the value
of k) for the pseudopotential [5]

7 2(1
V(r) = Amh7as 5(r), (2.1)

m

with m being the atom’s mass and, most crucially, as describes the scattering length which
fully specifies the interaction strength of the quantum gas. So while the pseudopotential
(2.1) captures all scattering properties in the low energy regime, the characteristics of the
degenerate quantum gas depends qualitatively as well as quantitatively on the scattering
length as. For example, a repulsively, as > 0, yet weakly interacting bosonic ultracold gas
still forms a Bose-Einstein condensate that is well described by a Gross-Pitaevskii equation
(GPE). This is in fact the natural experimental situation. For a discussion of the GPE we
refer the reader to Ch. 8 of this thesis. In contrast, if the interactions are made attractive,
as < 0, the bosonic gas is unstable against a collapse. For fermions, a transition from
as < 0 to as > 0 is expected to trigger the infamous BCS-BEC crossover [6,62,65], where
particles form weakly bound Cooper pairs for attractive interactions and are grouped into
strongly bound bosonic molecules for repulsive interactions.

At first sight, this tuning of the scattering length seems like a purely academic prob-
lem. However, there is indeed a relatively simple way of varying as also in experimental
circumstances using so called Feshbach resonances [66]. The essence of this mechanism is
the usage of bound states offered by the atomic gas that are not captured by the simple
interaction mechanism of Eq. (2.1). To be more precise, Feshbach resonances emerge in
situations when an energy state in an open channel is resonantly coupled to a bound state
in a closed channel. In this resonant process, the initially free, scattered particles get
temporarily captured in a quasibound state giving rise to a resonance in the scattering
cross-section. In the case of ultracold atoms, for instance, such channels may correspond
to different spin configurations. This is particularly useful as it allows the tuning of the
associated resonances, and therefore of the scattering length by means of magnetic fields.
Phenomenologically, this allows to redefine the scattering length as

AB,
B - B’

as(B) = ang |1 - (2.2)
where B descibes the magnetic field strength, B, and A B, mark the position and width of
the corresponding Feshbach resonance and ayg is the off-resonant background scattering
length. Note that such Feshbach resonances are much better applicable to fermions than to
bosons due to a huge lifetime difference resulting from three-body collisions. Interestingly,
these Feshbach resonances even allow for studying the limit as — oo [67]. Here, a fermonic
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system becomes scale invariant and the knowledge about the physics of such a unitary fermi
gas can be applied to other scenarios happening at much larger scales, such as the physics
of neutron stars [6].

Hence, ultracold quantum gases are already by themselves very fascinating systems.
Using additional trapping techniques their complexity and capability, e.g., in terms of
representing quantum simulators for conventional condensed matter systems, can be even
enhanced. This additional trapping can conveniently be obtained by means of optical
devices and is discussed next. Note that while neutral atoms can also be trapped by
magnetic fields (cf. Ch. 8), particularly in fermionic systems the 'magnetic degree of
freedom’ is often reserved for controlling the interactions as outlined above.

2.1.2. From optical trapping to optical lattices

Optical potentials created by laser light are a powerful tool to confine neutral atoms to
setups of reduced dimensionality or even geometry in cases of periodic lattices. The basic
concept of such potentials relies on the interaction of the atoms with far-detuned (laser)
light. This light-matter interaction is most intuitively understood in a (semi)classical
setting. Here, the mathematical framework is developed for a classical electromagnetic
field interacting with an atom described by a many-level quantum system, where the
atom is typically considered as an effective two-level system with ground |g) and excited
state |e) separated by an energy difference of wy.

Placing an atom into a monochromatic laser-light field of frequency wy described by
E(r,t) = éEp(r)e Lt + c.c., with & being the polarization vector, induces an atomic
dipole moment p with amplitude py = a(wr,)Ey. Here, a denotes the polarizability, where
its real part is responsible for the dispersive properties of the light-matter interaction
and the imaginary part describes absorption. In cases where the size of the detuning,
A = wyp — wy, is small compared to the transition frequency itself, i.e., |A|/wy < 1, the
rotating-wave approximation is applicable, and the real part of the polarization can be
approximated by Re(a(wr)) = |{e|dg|g)|?/h(wo — wr), where dg is the dipole operator
in the direction of the field [5]. The induced dipole moment gives rise to an effective
light-matter interaction potential for the atom - the dipole potential - of the form [61]

77(32
Vip(r) = —3 (p(r) - B(r)), ~ 32%; L), (2.3)

where (.), denotes a time average, we introduced the decay rate I' = %| {e|dg|g)|? and
I = ¢gc (E?), = 2epc| Eo|? is the light-field intensity, with €y being the vacuum permittivity
and c¢ is the speed of light. The form of the dipole potential (2.3) is equivalent to the
energy shift obtained from a second order perturbation theory in a full two-level quantum
mechanical treatment. This shift is commonly known as ’AC-Stark’ shift. Note that the
reason for the dipole potential being proportional to the intensity of the laser can be traced
back to the fact that the center-of-mass motion of atoms is much slower that 1/wy.

A spatially varying density profile I(r) therefore creates a trapping potential for neutral
atoms, with associated trapping force Fqi, = —V,Vqip o< V1. Here, the spatial depen-
dence can either result from a focussed laser beam, as used in conventional dipole traps,
or from an interference of beams, as exploited in order to establish effective optical lattice
structures for neutral atoms, see below. Most importantly, the trapping potential can
either be attractive or repulsive depending on the sign of the detuning A. For A < 0,
the laser beam is said to be 'red-detuned’ and atoms are attracted to regions of large
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light intensities. In contrast, a blue detuned laser, A > 0, repels atoms from high to low
intensities.

However, it is crucial to note that the dipole potential of Eq. (2.3) is not conservative due
to spontaneous absorption and emission processes captured by Im(«). The contribution
of the absorption is given by [61]

2 2
Ty = %Vdip with  Ty(r) = :2))253 (Z) I(r) (2.4)
being the scattering rate determined within the same two-level approximation as above.
In order to obtain maximally controllable traps, one desires to minimize scattering events
while keeping the dipole depth fixed. This is indeed possible by tuning the laser intensity
against the detuning: while the dipole potential scales as I /A, the scattering rate follows
I/A2. Thus, one usually employs large detunings and high intensities which allows for a
sufficient suppression of spontaneous scattering events.

The perhaps easiest way to implement a dipole potential is the use of a focussed laser
beam that has a spatial profile of I(r,2) = Io(2)exp(—2r?/w?(z)), where r denotes the
radial coordinate with respect to the direction of propagation of the laser, z, and w(z)
is the 1/e? radius. Around the intensity maximum at r,z = 0 the dipole trap is approx-
imately harmonic. More interestingly, however, periodic potentials can be generated by
overlapping counterpropagating laser beams. In the simplest case, where two laser beams
of the same wavelength A interfere, an optical standing wave with a regular lattice spacing
of \/2 forms. The resulting trapping potential of a red-detuned laser is then given by [5]

V(r, z) ~ —Vp exp [— 2r* /w?(z)] sin®(koz), (2.5)

where ko = 27/ is the wave vector of the laser and Vj describes the maximum depth of the
potential. By adding additional counterpropagating lasers along perpendicular directions
periodic potentials in two- and three dimensions can be formed, respectively. For example,
a setup in which the total optical potential is simply the sum of three independent standing
waves allows for an approximate description near the center of the trap of [5]

V(x,y,2) ~ Vy (sin®(kox) + sin?(koy) + sin®(koz) ) . (2.6)

Note, however, that an additional external harmonic confinement due to the Gaussian pro-
file of the laser beams is still present in most cases. While experiments originally focussed
on realising cubic 3D optical lattices [11], by superimposing laser beams of different wave-
lengths at various angles any lattice geometry that can be conceived by Fourier synthesis
can thereby be realised in experiments [6]. Thus, also triangular [56], honeycomb [68] (see
also Ch. 6) and Kagomé [69] lattices have among others been achieved experimentally.
In addition, more sophisticated dipole trapping schemes allow for, e.g., additional spatial
dependences of the lattice. A corresponding example is presented in detail in chapter 8 of
this thesis.
A natural energy scale for atoms in optical lattices is the associated recoil enerqgy

G

B, =0 (2.7)

2m
where m describes the mass of the respective atom species used in the experiment. For
instance, bosonic rubidium atoms of type 87Rb in a lattice with A\ ~ 1um have a recoil
energy of about F, ~ 2kHz. In practise, lattice depths can generally be made deep with
relatively little effort in the sense that Vy/E, > 1 with Vp ~ O(10kHz — 100kHz). This
limit allows for a strong confinement of the atoms in the intensity maxima (minima) of
a red (blue) detuned optical lattice. The natural description of such situations at low
energies is in terms of Wannier functions and, eventually, of a tight-binding picture.

12
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2.1.3. Band theory and Hubbard models

To model the situation of trapping an ultracold quantum gas in a periodic optical po-
tential we assume that the lattice is homogeneous, e.g., described by Eq. (2.6) for a
cubic geometry, and neglect all effects stemming from the Gaussian beam profile dis-
cussed above. We also assume that no further trapping mechanism, e.g., in form of a
magnetic field, is present. One of the central concepts to model conventional condensed
matter systems is the Bloch theorem [70]: the eigenstates of the single-particle Hamiltonian
Hy = —h?*V? /2m + Viat capturing the dynamics of electrons in the presence of a periodic
lattice potential, Viot(r) = Wat(r + R;), where R; is a vector connecting two (Bravais)
lattice sites, can be chosen to be a Bloch function

Y i(r) = kT Un k(T), (2.8)

with up, (r) = up k(r + R;). Here, k denotes a quasimomentum within the first Brillouin
zone of the reciprocal lattice, and n encodes all other quantum numbers, such as band
index and spin. An alternative complete basis, which becomes particularly useful in the
limit of deep lattices, is provided by Wannier functions, wy, ;(r). These Wannier functions
are connected to Bloch functions via Fourier transformation [70], i.e.,
1 _ikR;
Wnp, Z(r) =1 dk e P, k(r) ) (29)
’ VBz JBZ ’

where Vgyz denotes the volume of the Brillouin zone.

While for arbitrary lattice depths the benefit of Wannier functions is not apparent, they
will eventually pave the way to the successful description of discrete lattice models. To
this end, we switch to a second quantization picture: the operator that creates a particle
at a given point in space r can be expanded as [5]

() =37 wni(r) ¢, (2.10)

where cf (r) creates a particle in the corresponding Wannier state wy, ;. The Hamiltonian
is then expressed in second quantization form as

H() = — Z Jn,ij CLian N (2.11)
ij,m

where the hopping strengths J,, ;; are matrix elements for transitions between different
Wannier states and read as

Jnij = — /dr w;i(r) (— %V + V1at(r)> Wy, (1) . (2.12)
In general, these matrix elements connect lattice sites at arbitrary distances. Moreover,
they can be understand as the Fourier transformed Bloch energy bands given by [5]

en(k) = Jnie™ R (2.13)

In the following, we will consider the interesting regime of having a deep lattice, i.e.,
Vo > E,. In such situations two properties emerge: first, the deeper the optical potential,
the larger becomes the energy gap between the lowest and excited bands. Assuming
that thermal energies of the atoms are low compared to this gap, the description can be
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effectively reduced to the lowest Bloch band only, n = 0. Second, the Wannier functions
become exponentially confined in space in the same limit, which strongly suppresses the
hopping of particles to non-nearest neighbour sites. This allows to write Eq. (2.11) in its
associated tight-binding form

Hy=—-" Jijcle;, (2.14)
(i.4)

where J;; = Jyi; and (4, j) indicates summation over nearest-neighbour indices only.

While Eq. (2.14) is equally valid for bosons and fermions, the form of the particle
species does matter when incorporating interactions. Nonetheless, assuming that a pseudo-
potential given by Eq. (2.1) describes the scattering well for both species, one straightfor-
wardly finds the Bose-Hubbard model for bosons

U
Hpy = _ZJZ'J' a,}Laj—l—?Zni(ni—l)-i-Z&im? (2.15)
(i) i :

and the original Hubbard model for fermions

HFH = — Z Jij C;JCj’U + UZ UZRNLN) + Zé‘i N o, (2.16)
<i,j>,0 ( i’”

where n; = azai (nio = cj’aci,a) is the bosonic (fermionic) number operator. Also, the

on-site interaction strength U is given as [5]

2
U:“h%/Mwm% (2.17)
m
Note that keeping track of the spin index in the fermionic Hubbard model is crucial, since
on-site scattering is prohibited for identical particles due to the Pauli exclusion principle.
In both cases, we also added an extra on-site energy shift that may be caused by an
additional external potential, cf. Chs. 3 and 7.

The Bose-Hubbard model has two quantum phases: the Mott-insulating phase (U > J
for (n) € N) and the superfluid phase (J > U). The experimental verification of these
two phases [11] as a function of the ratio U/.J denotes the hallmark in the field of ultracold
quantum gases in optical lattices. At the same time, this model strongly demonstrates the
potential of ultracold atom systems as quantum simulators: despite its simple structure,
solving the bosonic Hubbard model is in fact far from trivial (particularly near the phase
transition) and demands advanced numerical techniques [5, 71].

The fermionic Hubbard model - also seemingly simple - has an even richer phase dia-
gram than its bosonic counterpart (with (n) = 1) [72]. For instance, for large interaction
strengths, U > J, a fermionic Mott insulator forms [12]. Moreover, in this strongly
interacting regime superexchange processes provide the basic mechanism for an antiferro-
magnetic coupling between spins on neighbouring lattice sites [6]. Nonetheless, no direct
observation of such a quantum antiferromagnet has been observed until today. Recently,
only associated correlations could be measured [57,73]; at temperatures, however, larger
than the antiferromagnetic transition temperature. This reflects one of the main issue of
systems with ultracold atoms in optical lattices prohibiting the simulation of arbitrary
phases of matter: so far, entropies per particle cannot be lowered to sufficiently small
values in the preparation process (cf. discussion of Ch. 6).

Hubbard models of different geometry, interaction type and hopping mechanism build
the foundation of the field of ultracold atoms in optical lattices. Variants of these models
will be encountered by the reader throughout this thesis. Importantly, periodic driving is
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easily encoded in these Hubbard systems by, e.g., lattice shaking, see Sec. 2.3. In order
to understand the motivation behind dressing static systems with an additional periodic
drive from a quantum engineering perspective, we first introduce the Floquet theory in
the following section.

2.2. Floquet theory

The natural language to deal with periodically driven systems - the Floquet formalism
- dates back to the original work by Floquet himself in 1883 [54]. Later, this formalism
was also introduced in the context of physics when Shirley considered a solution to the
Schrodinger equation with a the time-periodic Hamiltonian [74]. In 1973, Sambe developed
the formalism even further by adding some mathematical rigor to it [75]. Being then mostly
ignored for a couple of decades, the Floquet formalism re-emerged as the natural language
in describing the coherent manipulation of atomic systems, which became more and more
experimentally realisable due to the technical developments of lasers [76,77]. Nowadays,
researchers are able to coherently manipulate even many-particle systems made of ultracold
atoms, see above, by means of (strong) periodic driving. A direct consequence has been
the utilization of this driving mechanism to create novel systems and types of matter. The
role of the Floquet languge in this context has been summarized recently in a number of
works [17,77-80]. Within this section we will elaborate on the key features of the non-
interacting Floquet formalism that are relevant for the course of this thesis. Note that
the following parts of the section are strongly inspired by the reviews by Hénggi [77] and
Eckardt [17]. Later in chapter 5, we will investigate how this basic notion of describing
periodically driven system is extended to capture the presence of interactions.

2.2.1. The Floquet theorem

Throughout the main part of this thesis we are interested in driven quantum systems.
In the context of cold atoms as well as other solid state systems, this drive is typically
implemented by electro-magnetic fields. It is known that for intense fields, i.e., when
fluctuations in the photon number can be ignored, both theories describing the light clas-
sically and fully quantum mechanically give the same result [74]. Assuming this situation
to hold, a quantization of the drive itself is therefore not necessary. Hence, the system of
interest might simply be described by a time periodic Hamiltonian

H(t)=H(t+T), (2.18)

with T being the period of the drive, and associated driving frequency = 27/T. The
discrete time translation symmetry of the system, ¢ — t+7', allows us to apply the Floquet
formalism [54], which is the main working horse for strongly driven quantum systems.

To elaborate on this Floquet formalism lets start by looking at the Schrédinger equation,
which is given by

.0
iha [9(1) = H(t) [ (1) - (2.19)

Note that from now onwards we set i = 1, and we will follow this convention unless stated
otherwise. The solution to this equation can formally be given as [1(t)) = U(¢, to) ¢ (o))
with the help of the evolution operator

Ut to) = Tr exp {—z' tdt’H(t’)] , (2.20)

to
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where 7T; denotes the time-ordering operator. Generically, it is hard - and often even
impossible - to evaluate Eq. (2.20). Here, however, the temporal periodicity of H will

significantly simplify the problem. To this end, we introduce the Flogquet Hamiltonian?
oo 0
H"(t)=H(t) — z& (2.21)

Note that the Floquet Hamiltonian is still a Hermitian operator.

One can easily show that HY is also periodic in time, i.e., H¥ (t)=H (t + T). It can,
thus, be proven that the Floquet Hamiltonian commutes with the evolution operator over
one single period, U(t + T,t) = U (t),

Ur@H (t) = UT ) H" (1) [UT ()] TUF@) = HE (- TYUF (1) = HE ()UF (). (2.22)

The operator U is often called Floquet operator in the literature. Owing to their com-
muting property, Hf and U’ share a common set of eigenstates {|¢,())}. Here, the
index v encodes the usual quantum number (e.g., spin, band index, momentum). Since
the time-evolution operator must be unitary, the eigenvalue equation for U reads®

U (1) [y (1)) = 0 |y (1)) - (2.23)

In order to find the relation between the phase 6 and the period T we look at the time-
evolution over n periods (without loss of generality we assume ¢y = 0)

U(nT,0) =T, exp {— ant’H(t')] Ti exp {— i Z/ dt' H(t ] (2.24)

0

Using the temporal periodicity of the original Hamiltonian, H(t) = H(t+ T'), one obtains

U(nT,O):ﬂkli[lexp{—z/ dt' H(t ] HTexp{—z/Tdt’H(t’)}. (2.25)

Here, the fact that equal terms commute has been used in order to move the time-ordering
operator in front of the exponential. It finally follows that

U(nT,0) = [UF(0)]". (2.26)

10, (nT) inb, (T)

Combining this result with Eq. 2.23 then yields e , requiring that 6, is
directly proportional to 7. Introducing a proportionality constant we write 8, = —e, T,
where ¢, € R describes the Floquet exponent or quasienergy. The quasienergy is a real
parameter and unique up to multiples of Q = 27/T. The eigenstates |1, (t)) thus acquire
a phase according to £, when evolved over a single period T'. So if the Floquet operator
could be (numerically) determined, one would, in principle, be able to solve the eigenvalue
equation (2.23). By doing so one would obtain all information about the system in form
of the eigenstates and quasienergies. In practice, however, this is often not very appealing
due to the time-ordering operator appearing in the expression for UF".

= €

2Note that there is a slight confusion in the literature regarding this nomenclature: sometimes the
operator in (2.21) is also called quasienergy operator, and the term ’Floquet Hamiltonian’ is reserved
for an effective time-independent Hamiltonian describing the stroboscopic dynamics of the system (see
Sec. 2.2.3).

3Note that the eigenvalues A = e do not depend on t, since U(t' + T,t + T)U(t)|¢.(t)) =
UF () [ () = M @UE 1) [¢u () = Au(t) [0 (t)), e, A(t) = A(t)) = €. Here, it was used
that U(t' + T,t+T) = U(¢', t).
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Moreover, it turns out to be convenient to rewrite the eigenstate in the following form

[ (£)) = e 70 gy (1)) (2.27)

One can now straightforwardly show that the state |¢,(¢)) inherits the time periodicity of
the original Hamiltonian (again set ¢ty = 0 for simplicity):

6u(t + 1)) = =D [y, (¢ + T)) = = DU () [, (1)) = € [, (1)) = |0 (1)) -

(2.28)
This time-periodic state |¢,(t)) is also called Floquet state. Consequently, the solutions to
the time-dependent Schrodinger equation with a time-periodic Hamiltonian can be written
as a product of a plane wave characterised by the quasienergy and a time-periodic Floquet
state. This is the celebrated Floquet theorem [54]. Note that this theorem is in its spirit
very much related to the Bloch’s theorem for spatially periodic systems [70], see also
Eq. (2.8). There are crucial differences, however, and some of the consequences will be
discussed in the following. Lastly, we note that any general quantum state |¥(¢)) can be
written as a coherent superposition of eigenstates of Eq. (2.27), i.e.,

(U(t) =D cve ™ du(t)) (2.29)
where ¢, = €% (¢, (t9)|¥(to)).

2.2.2. The extended Hilbert space

In order to gain more insight into the structure of the quasienergies and Floquet states,
respectively, we substitute the so called Floquet-state solution (2.27) into the Schrodinger
equation (2.19). One obtains

HE (1) |u (1)) = v | (1)) - (2.30)

This equation makes one major strength of the Floquet theory immediately apparent: de-
spite having a time-dependent problem, it is sufficient to solve a time-independent eigen-
value problem in order to acquire all information about the system. The drawback is
obviously that the Floquet state still depends on time, and, hence, the eigenvalue problem
(2.30) would need to be solved for all t € [0, 7). Nonetheless, we will show later why this
is often unproblematic in practice.

When looking at the eigenvalue problem (2.30) a bit closer, one realises that there is a
certain redundancy in the occurrence of Floquet states. For a given |¢,) and quasienergy
€, one can find a new Floquet state

|60 () = €™ |60 () = dun(t)) , (2.31)

with n € Z, which produces the same physical eigenstate |1/, (t)) under a simultaneous
shift of the quasienergy of the form

ey =, — N =¢€pp. (2.32)

Thus, every unique physical eigenstate labeled by v defines an entire class of solutions
(v,n) with an infinite number of replicas of Floqut states indexed by n. Furthermore, the
quasienergy spectrum is periodic with a periodicity of €2 (for a pictorial representation of
this periodicity see Fig. 3.3 in Sec. 3.2.1, where eigenvalues take on the form of bands.).
Owing to this redundancy, one has the freedom to formulate the problem in such a way
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2. Periodic driving as a tool for quantum engineering

that the unique quasienergies €, = €, always lie in a certain energy window of width €2,
e.g.,

Q Q
- =< —. .
2_El,<2 (2.33)

In analogy to the Brillouin zones of spatially periodic systems, we call this window the
first Floquet zone (1FZ). Throughout this thesis we will follow the convention that Floquet
states |¢, n—0(t)) correspond to quasienergies that lie in the 1FZ. Also, we always refer
to these particular Floquet states if no information about the replica index is given. We
want to remark, though, that while the quasienergy window (2.33) corresponding to the
1BZ can indeed be chosen arbitrarily for non-interacting systems, more care about this
choice needs to be taken for interacting systems. We will elaborate more on this matter
in Ch. 5.

Moreover, due to the fact that the Floquet states are time-periodic one can write them
in terms of a discrete Fourier transformation, i.e.,

60 (1)) =Y e ¥ gp) (2.34)

with |¢7) being a Fourier mode of the respective Floquet state. The time dependence of
every Floquet state is hence solely encoded in the Fourier functions e =¥, These functions
form a complete orthonormal set in the vector space T of T-periodic functions. The basis
{|n)} spans this vector space T, where we define (t|n) = e~ It is now convenient to
view the Floquet Hamiltonian H* as an operator acting on the composite Hilbert space
F = H®T, with H being the physical Hilbert space spaned by some basis {|a)}. In
the literature F is also known as the extended Hilbert space or Floquet space [75]. In the
following, an operator that is explicitly promoted to act on F shall be denoted by an
overbar, e.g., HF'(t) — H¥. The scalar product in F is defined as

1 T
(wlo) = 7 [ dt wile() (235)

i.e., it is a combination of the typical scalar product in H and a time averaging over a
single driving period T'. Here, the 'double ket’ notation |¢)) is used to represent elements
of F, which can be viewed as vectors of the form (see also Fig. 2.2(a))

) = (coeuloy ) 1090 loly . )T (2.36)

Note that |¢)) does not depend on time. All temporal dependencies have been absorbed
into the structure of the Hilbert space itself. The corresponding state at time ¢ in the
physical Hilbert space #H is given by |¢(t)) according to Eq. (2.34).

One can now reconsider the eigenvalue equation (2.30). Formulated in the extended
Hilbert space the expression reads as

HY |$un)) = eun |dun) - (2.37)

Clearly, the eigenstates of HF fulfil the orthonormality condition in the composite Hilbert
space F, i.e.,

1 T
(onlyms) = 5 [t (Gun (D16 (8)) = o (2:33)

The Floquet states also form a complete set in F, i.e., [77]

> Abun ()| pun(t)) = 5(t —t'). (2.39)

v,n
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2.2. Floquet theory

(a) . (b)
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Figure 2.2.: Pictorial representation of objects in the extended Hilbert space F: (a) a Floquet
state, see Eq. (2.36), and (b) the Floquet matrix given by Eq. (2.40). Both objects have an infinite
extension with respect to the Floquet index. For a monochromatic drive the Floquet Hamiltonian
HF is tridiagonal.

It is useful to stress that while Floquet states of the same class produce the same physical
state, they are independent orthogonal solutions in the extended space. As a consequence,
the sum in Eq. (2.39) indeed needs to run over all replica states in order to guarantee
completeness. Note, however, that for fixed times ¢t =¢" already the Floquet states of the
first Floquet zone only |¢,0(t)) form an orthonormal set in H.

For practical purposes the Floquet matriz, i.e., the matrix representation of HY is
needed. By using the basis of Fourier functions {e~"} the matrix elements of the
Floquet matrix are straightforwardly found to be

1 rT ) .
How = 7 /0 dt ™" HY (t) e (2.40)

(221) Hy_py — mQ 0y 1,
with

1T
H, = f/ dt ™ H(t) = H' (2.41)
0

n

being the Fourier components of the original Hamiltonian. A pictorial representation of the
Floquet matrix is given in Fig. 2.2, where every block represents an operator acting on the
Hilbert space H. The structure shows two main characteristics with respect to the Floquet
indices, n, m. First, the time-independent part of the original Hamiltonian is repeatedly
placed on the diagonal, but shifted in energy by €2 from entry to entry. Second, the Fourier
components of the drive couple different 'Floquet sectors’, meaning that they provide an
effective hopping in Floquet space. If the driving part of the Hamiltonian is monochromatic
(as it is the case for all 'Floquet problems’ in this thesis), the Floquet matrix becomes
block tridiagonal. As initially described, this picture resembles the coupling of a quantum
system to a classical photon bath. The Floquet index n takes the notion of a relative
photon number in this picture. Similiarly, the action of H, can be viewed as an 'n’-
photon process. Alternatively, one could see the Floquet matrix as a representation of
quantum particles hopping on a 1D lattice (in energy space). This picture might be
helpful to understand transport processes (see Sec. 3.3) or could even be used to engineer
novel topological systems [81].

From a practical point of view it still remains unclear, though, how the knowledge
about the Floquet matrix simplifies the calculation of Floquet eigenstates and associated
quasienergies. A diagonalisation of this matrix is seemingly problematic, because it is
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2. Periodic driving as a tool for quantum engineering

infinite in size. Here, however, one can exploit the redundancy of Floquet states. Because
the number of physical solutions is only given by dim(7?), one can safely truncate the
Floquet matrix. So in a numerical diagonalisation procedure the Floquet indices of the
Floquet matrix are restricted and only run from —Ny to Ny. The first term in Eq. (2.40)
linear in 2 ensures that modes with large |n| are suppressed. In order to obtain numerically
exact results it is required that QNy>> Fy ., where Ey.x is the maximal energy scale set
by the original Hamiltonian H. One should construct the Floquet matrix in such a way
that the first Floquet zone lies in the middle on the quasienergy spectrum. If this is
the case, the corresponding Floquet states and quasienergies are least affected by the
truncation. Once all €, and |¢,)) associated with the 1FZ are numerically found, all other
states as well as the full quasienergy spectrum can be constructed from Eqgs. (2.31) and
(2.32). Note that typical driving frequencies in this thesis (and also in many relevant
experiments, see, e.g., Ch. 6) already fulfil the condition Q2 Ey.x. Therefore, it is often
sufficient to truncate the Floquet matrix quite rigorously with Ny ~ O(1)—0O(10). A
concrete example of a readily diagonalisable Floquet Hamiltonian is given in Sec. 3.2.1,
where the quasienergies yield (Floquet) bands because of an underlying spatially periodic
lattice system.

We conclude this section by looking once again at the redundancy of the Floquet struc-
ture and its origins: in the case of spatially periodic systems, using Bloch’s theorem
enforces a nominally infinite number of (electronic) bands. In the Floquet case, in con-
trast, the resulting infinite bands are not unique, but rather replicas of each other. This
can be traced back to the very different role taken by space and time in single-particle
quantum mechanics: while the first one is promoted to an operator, r — t, this is not the
case for time. Thus, when trying to absorb time into a band index, it is this fundamental
property that requires the extension of the original Hilbert space.

2.2.3. Effective Hamiltonians and the Magnus expansion
Stroboscopic time-evolution of non-interacting Floquet systems

In the previous sections 2.2.1 and 2.2.2 all tools have been provided to solve a non-
interacting periodically driven quantum system. However, while for some systems the
temporal periodicity might be inherent, it is not yet apparent why a periodic drive might
be beneficial or even desirable in the light of designing systems. In order to get a bet-
ter intuition for potential advantages of Floquet systems we want to focus again on the
time-evolution operator U (¢, ty), see Eq. (2.20). Using the arguments from Egs. (2.24) and
(2.25) it is clear that U(t +T,to + 1) = U(t, to) holds. Thus, any evolution operator can
be written as

Ult,to) = U(t' + to, to)U(nT + to, to) = U(t' + to, o) [UF (t0)]", (2.42)

where t =t' + tg +nQ, t' €[0,T) and n € Z. The first operator on the right-hand side,
U(t' +to, to), describes the evolution within a single driving period, and is associated with
the micromotion of the system. When being interested in evolution times that are much
larger than T, i.e., n > 1, one can typically ignore this micromotion part. The knowledge
about U¥'(g) is then sufficient to explore the long time dynamics of the quantum system.
This is because once the Floquet operator is diagonalised such as

STU (tg) § = 7P (2.43)

with S being a unitary matrix built from Floquet eigenstates, and D describing a diagonal
matrix composed of quasienergies of the first Floquet zone {£,}, one trivially obtains the
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2.2. Floquet theory

evolution operator after n cycles to be
Uty + nT,ty) = S e *PnT gt (2.44)

So an arbitrary initial state |W(tg)) = 3, ¢y ¢, (t0)), where ¢, = e¥% (¢, (to)|¥(to)), is
propagated in a stroboscopic manner by this relation. Because of the linear phase evolution
given in Eq. (2.44), this stroboscopic evolution resembles the time evolution generated
by a time-independent Hamiltonian. Hence, one can find* an effective time-independent
Hamiltonian H®T that describes this stroboscopic time evolution. It is defined as

_ spyeft
e HinT = UF(t,). (2.45)
By using Eq. (2.43) this effective Hamiltonian can conveniently be expressed as

H{T = SDS' = Zeyy@ to)) (b (to)] - (2.46)

Note that the effective Hamiltonian depends parametrically on the initial time #g.
Using the fact that the eigenstates |1, (t)) (see Eq. (2.27)) form an orthonormal basis
at any fixed time ¢, one can write the evolution operator for arbitrary times as

U(t,to) = Ze_”” =100 g, (1)) (d (to)] - (2.47)

Note again that this generalizes the familiar form of propagators for time-independent
systems to Floquet systems. By introducing the micromotion operator [17,78,80]

(L, to) Zlcﬁu ) (dw(to)] , (2.48)

which captures the time dependence of the Floquet states by evolving them in time, one
can rewrite the time-evolution operator in terms of H°f and U™ as [17,78]

Ult,to) = e iHT gmg 40y = Um(t, 4) e "1 (2.49)

So knowing the effective Hamiltonian as well as the micromotion operator allows a direct
formulation of the time-evolution operator for all times. However, one might still be
worried about the fact that Hff has a parametric dependence on the initial time ¢y3. To

solve this issue one can find a new unitary one-point operator U™ () which satisfies [17]
_ . f
HEf = U™(to) HT |[T™(t0)] (2.50)

where He is independent of ty. At the same time it holds that U™(¢) [ﬁm(to)] o Uu™(t,to),
such that the propagator takes the form

Ut ty) = U™(t) e -t H grmy oy (2.51)

eff

So the dependence of H{" on tg can be understood as a simple gauge transformation.

Note that promoting any Um(t) to act on the extended Hilbert space F, leads to an

4In fact, as we will point out later, see Sec. 5.1, there are limits to finding such effective Hamiltonians.
One particular class of examples were this (often) fails are interacting systems. Here, the fact that
periodically driven quantum systems are inherently not protected against heating, will cause problems
in formulating local effective Hamiltonians [31].

21



2. Periodic driving as a tool for quantum engineering

operator U™ that block diagonalises the Floquet matrix (see Fig. 2.2) with respect to
its Floquet indices. The fact that this block diagonalisation is not unique represents
the role of the initial time ¢3. Sometimes the one-point micromotion operator is also
expressed as U m(t) = e () where K is called a kick operator [78]. In this picture the
system experiences an initial and final ’kick’, and evolves according to some effective time-
independent Hamiltonian in between. While the predicted long-time dynamics are the
same for all effective Hamiltonians that are connected by a unitary transformation (2.50),
quantitative differences may arise due to the ’kicks’ (e.g., a change of band populations,
see Sec. 3.2.2). Note that throughout this thesis the focus lies mainly on the long time
properties of the respective Floquet systems. Hence, unless stated otherwise, the initial
time is typically set to zero, tg = 0, and the micromotion is ignored. Having said this,
there are actually cases where the micromotion yields interesting physical insights. For
example, only recently a setup was proposed [82] in which the micromotion gives direct
access to observing the topological invariant of a Floquet system.

In summary, the time evolution generated by a time periodic Hamiltonian can be de-
scribed by a stroboscopic evolution of an effective time-independent Hamiltonian plus a
micromotion part. It has become clear from Egs. (2.46) and (2.48) that these operators
can be built from Floquet eigenstates and quasienergies. However, it is also obvious that
solving the Floquet eigenvalue problem can be an extremely hard numerical task or can
even become impossible for complicated Hamiltonians, e.g., describing many-body quan-
tum systems on a lattice. Thus, the following is a very natural and practical question to
ask: how can one find or even purposely build a targeted effective Hamiltonian without
the prior knowledge about the respective Floquet states and associated quasienergies?

If there was indeed a positive answer to this question, one could even turn the per-
spective around and claim that time-periodic Hamiltonians can be exploited in order to
stroboscopically simulate the dynamics of time-independent systems. This approach is
precisely the way that opened up the field of Floquet enigneering. Here, properties of
(effective) Hamiltonians of interest are tailored by tuning the time-dependence of some
original Hamiltonian H (t). This powerful and novel way of engineering quantum systems
has had a tremendous impact on the experimental field of ultracold atoms as well as trig-
gered many exciting theoretical proposals. A small overview regarding these ideas will be
given in Sec. 2.3. In the following it will be sketched how to determine even complicated
effective Hamiltonians within a suitable approximation scheme.

Large frequency expansions of the Floquet operator

A widely used and very powerful approximation to compute effective Hamiltonians from
Floquet systems goes by the name Magnus expansion [79,80,83,84]. This method is a high-
frequency expansion, and, thus, requires that the driving frequency € is larger than the
largest energy scale of the problem at hand. One starts again with the Floquet operator

exp [—iTHET| = U (to) = Trexp [— i / T H(t)] : (2.52)

to

Inverting this equation then yields

) T+t
H;f = %log {72 exp ( - 2/t ’ dt H(t))} . (2.53)

0
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2.2. Floquet theory

Expanding the right hand side of Eq. (2.53) allows to systematically find a series repre-
sentation of the effective Hamiltonian [79], i.e

m .
HT =S H (2.54)
1=0

where the first few terms are given by

Hfoff(o) _ % tT+t0dt1 H(ty), (2.55)
eff( ) 1 (?T+to t1

' = dty [ dta [H(t), H(t) (2.56)
off(2) _ THO

B — 2 dty /t dts /t dty ([H (1), [H(t2), H(t2)]| + (15 3)) . (257)

Typical frequency values in this thesis are indeed large compared to all other energy scales
within the respective problems. In such situations already the first two terms of the
Magnus expansion, i.e. Egs. (2.56) and (2.57), are sufficient to give a good analytical
representation of the effective Hamiltonian.

After decomposing the time-periodic Hamiltonian into its Fourier components,

H(t)=> e ™"H,, (2.58)

n

the expressions above can be conveniently evaluated further to yield
2O = Hy, (2.59)

1y QZ L ([Hoy, H) — %0 [Ho, H,] + 60 [Ho, H_,]) (2:60)

0

So to lowest order, the effective Hamiltonian Hfoﬂ simply equals the time-independent part
of H. One observes that the initial time ¢ then enters only at the next order in Eq. (2.60).
As described above, the starting time ¢y should not affect the quasienergy spectrum, and
is, therefore, irrelevant for experiments where the drive is switched on adiabatically, for
example. This is, however, not guaranteed by the truncated Magnus expansion above. To
this end, one should choose to absorb the initial time dependence into additional kick-
operators, see Eq. (2.51), which yields a similar series expansion of H°f with slightly
different looking terms for ¢ > 1 than above [78-80]:

HAO) = gy and g Z [H_,, H,]. (2.61)

In general, for the purpose of quantum simulation one aims to tune the external drive in
such a way that this alternative truncated Magnus® expansion,

HeT s grefi0) 4 preff(t) (2.62)

matches the form of a target Hamiltonian which one desires to study. A detailed example
of this procedure can be found in chapter 6, where it is shown how a periodically driven

5Note that throughout this thesis we will somewhat loosely use the term 'Magnus expansion’. While
there is a clear distinction regarding the nomenclature in the literature between the original form of
the Magnus expansion and the alternative form of Eq. (2.61), in this thesis we will also call the latter
one ’(alternative) Magnus expansion’.
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2. Periodic driving as a tool for quantum engineering

tight-binding model describing graphene gives rise to the Haldane model in the spirit of
Eq. (2.62). Furthermore, if one was truly interested in a description of the evolution at
all times, one would need to perform a similar series expansion also for the micromotion
operator U (¢,ty) above [79,80].

Generally, the Magnus expansion is a powerful tool to approximately determine the
effective static Hamiltonian in the high-frequency regime. In fact, the recent triumph of
experimental Floquet systems, see Sec. 2.3, can mostly be attributed to this approach.
Nonetheless, the success of finding a proper series expansion and being able to truncate
it for practical reasons is determined by its radius of convergence. It is understood that
the question of convergence of the Magnus expansion can be linked to the presence of
heating in periodically driven systems [31]. For a convergent series, the resulting effective
Hamiltonian must be static in the sense that it conserves energy at all (stroboscopic)
times. However, a generic interacting Floquet system does fundamentally heat up (see
Ch. 5). Hence, the Magnus expansion diverges in these cases indicating that there is no
local effective Hamiltonian that could describe the stroboscopic time-evolution [31,79]. In
fact, many aspects of interacting Floquet systems are still not fully understood and form
the ground of a very active field of research (see Sec. 5.1). The main part of this thesis is
dedicated to these peculiar systems.

2.2.4. Adiabaticity in Floquet systems

So far it was assumed that the systems at hand are described by Hamiltonians which are
truly time periodic, H(t +7T') = H(t). In most real physical situations, however, this will
never be the case. The system rather drifts or changes slowly in time, which makes the
Hamiltonian only approximately periodic

H(t+T)~ H(t). (2.63)

If the non-periodic part of H(t) is indeed slow and weak, one can absorb this behaviour
into a mere time-dependent parameter. Here, the trick is to introduce a second time
argument ¢ such that it describes the slow dependence, while the time ¢ still captures the
time-periodicity of the problem. By doing so, one can recover a perfectly time-periodic
Hamiltonian that parametrically depends on ¢, i.e.,

Hy(t+T) = Hy(t). (2.64)

This representation is called the (¢,')-formalism® [85-89]. The key feature of this approach
is that the time-dependent solution to the ordinary Schrédinger equation (2.19) can be
determined from

i) = ee@) |, (2.65)
where the state |Uy(¢)) fulfils the Schrodinger-type equation
.0 P
i 1P () = Hy () [P (1)) (2.66)

with H¥ being the Floquet Hamiltonian defined in Eq. (2.21). The initial condition needs
to fulfil |Wy,(t0)) = |1(to)). So t' can be seen as a time coordinate in the extended

5Note that this formalism actually holds for arbitrary time-dependent Hamiltonians H(t). However, the
treatment always requires to rewrite the Hamiltonian into a time-periodic Hamiltonian which depends
parametrically on a second time argument, H(t) — H,(¢). This decomposition in itself might already
be an extremely demanding task. Hence, this formalism naturally describes those systems that are
inherently of Floquet nature with an additional weak or slow temporal variation.
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Hilbert space, and H' generates the evolution with respect to that ’time’. The validity of
Eq. (2.65) is straightforwardly shown by realising that

0

) 0
o [00) = 5 W) |+ 5 1Te(®)

L/:t‘ (2.67)
Of course, the (¢,t')-method also works for cases where the original Hamiltonian is perfectly
periodic at all times. At first sight, the procedure does not look very beneficial in these
circumstances. However, it has been shown that this method can be very useful where
standard Green’s function techniques are applied to the auxiliary evolution problem in
F of Eq. (2.66) [90-92]. We will show later how a similar Green’s function technique is
strongly related to this picture, see Ch. 5.

If the Hamiltonian is indeed not perfectly periodic as outlined above, one can argue that
a simplification of the problem is not guaranteed, since the Schrodinger-type equation
(2.66) still describes an evolution that is generated by a time-dependent Hamiltonian.
However, because the dependence on t' is very slow, one can apply a Floquet version of
the adiabatic theorem [86,89,93,94]. First, using again the definition of Floquet states
(see Eq. (2.27)) one needs to solve the parametric (or ¢'-instantaneous) Floquet eigenvalue
problem

HE b)) = v | o)) - (2.68)

In the next step the adiabatic evolution equation (2.66) is solved. We now denote the
parametric time dependence of the Floquet Hamiltonian by a set of parameters A(t) =
(M (1),..), H — H f(t). Assume also that the system is initially prepared in a certain
Floquet state, [Py, (to)) = |¢v(to)). Adiabatic evolution states that the system follows
and remains in that very eigenstate, and can only acquire a phase. Hence, the time-
evolved state is given by |Uy(t)) = e vt/ |®aqy(t)). An expression for 6, is obtained
by substituting the ansatz into Eq. (2.66). Multiplying with the same Floquet state from
the left and integrating over the fast time dependence, i.e., taking the scalar product in
F, eventually yields the expression

t/

~ . tl ~ N ~,
O = [ i ey =i [ dl 30D (G0 a0 (269

to to i

The result is familiar from the adiabatic evolution of a non-Floquet system: the first term
represents the dynamical phase of the system, and the second term can be interpreted as
a Floquet version of Berry’s phase [95]. One can now identify both time arguments with
each other, t = ¢/, in order to obtain the physical state

c oty .
p(8)) = & o B i fe AL g g (2.70)

where we also introduced a Floquet version of the Berry connection

0
Apni = if0ual 5y 10ua) - (2.71)

In Eq. (2.70) a line integral along a path C := A([to,t]) has been introduced illustrating
that the geometric phase indeed does not depend on the velocity (as long as the adiabatic
condition is fulfilled), but only on the path taken in parameter space. The scalar product
dX - A, indicates a summation over all parameters. Note the crucial fact that neither the
Berry phase nor the Berry connection are invariant under gauge transformations. This
leads to the fact that, in principle, one can always find a gauge such that these quantities
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due not contribute. The scenario is, however, different for closed paths. For more details
about Berry phases in general the reader is referred to [96].

In short, the results for adiabatic evolution in periodically driven quantum systems
with an additional slow time dependence are similar to those obtained for conventional
Hamiltonians. The main difference is that the role of the energy eigenstates of ordinary
systems is now played by the Floquet states of the problem. Nonetheless, there is a
peculiar issue with the Floquet adiabaticity: adiabatic transport requires a time scale
which is larger than the encountered energy gaps of the system. Owing to the quasienergy
structure of a Floquet system (see Sec. 2.2.1) all energies of the original problem can be
folded into the first Floquet zone. Consequently, it is hard to believe that the adiabaticity
condition can always be met if there is a large number of states [97]. However, it can be
claimed that one is only interested in adiabatic processes for finite times. This circumvents
the problem because folded eigenvalues might be close in quasienergy, but might only be
connected via ‘'multi-photon’ processes. Such processes are typically highly suppressed and
set a (very long) time scale themselves. So even for systems with crowded quasienergy
spectra the adiabatic principle can be well justified [89]. This is, of course, particularly
true for systems that are purposely designed. The idea of solving a Floquet problem which
parametrically depends on an additional slow time-dependence will be of great importance
in the course of this thesis, see chapters 5, 6 and 7.

2.3. Floquet systems: experimental examples and theoretical
ideas

The coherent manipulation of matter by means of time-periodic forcing using radiation is
traditionally applicable to small quantum systems such as single atoms [17]. However, the
fact that ultracold atoms are highly controllable and well isolated systems, as outlined in
Sec. 2.1, allowed for the recent development that periodic driving can also be promisingly
used for the coherent manipulation of many-body states. Here, the characteristics of

the Floquet operator, U (ty) = e T (see also Eq. (2.45)), play a central role: the
fact that periodic driving stroboscopically simulates the dynamics of an effective static
Hamiltonian H®T with potentially exciting and novel properties has boosted the field of
Floquet engineering using ultracold atoms and beyond. In the following, we give a small
overview on major achievements of both experimental as well as theoretical nature which
have shaped this field of research over recent years. Crucially, most of the examples and
ideas presented in this section build on non-interacting systems. Floquet realisations and
associated phenomena depending on interactions are discussed in Sec. 5.1. Furthermore,
we refrain from including quantum ratchets in the discussion below, since we already
dedicate chapter 3 to these systems. Note that the progress of Floquet realisations with
cold atoms has been summarized only very recently in a review by Eckardt [17], which
also inspired parts of this section.

First experiments with ultracold atoms conducted in the spirit of Floquet engineering
showed that periodic driving can effectively change the strength as well as sign of the
hopping of atoms in an optical lattice, hereby controlling the ballistic expansion of Bose-
Einstein condensates [55], dynamically controlling the quantum phase transition between
a bosonic Mott insulator and a superfluid [98] or implementing the simulation of frustrated
classical magnetism [56], respectively. More recently, the creation of artificial gauge fields
as well as the realisation of topological band structures have moved into the focus of many
experimental groups. Examples of such experiments include the general realisation of
strong effective magnetic fields [50], the creation of tunable gauge fields [99] to engineer
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Ising-XY spin-models in triangular lattices [20], the generation of topological quantum
walks [100] and of effective electric fields in a discrete quantum simulator [101], the reali-
sation of the Harper [102] and Hofstadter Hamiltonian [103] and variants thereof [104] as
well as the direct measurement of associated Chern numbers [105], and the observation of
Bose-Einstein condensation in strong synthetic magnetic fields [106]. Also, the generation
of spin-orbit coupling was achieved [107,108] and chiral currents in bosonic ladders were
observed [109]. Furthermore, topological quantum pumps based on periodic driving have
been realised for bosonic [18] as well as fermionic [19] systems made of cold atoms. A re-
cent experiment with cold atoms was even able to simulate the Haldane model [23], i.e., a
model that demonstrates the existence of a quantum Hall state without external magnetic
fields. Along these lines, Berry phases could be reconstructed from experimentally realised
topological models [110] and it has been claimed that a dynamical topological phase tran-
sition was experimentally observed [111]. Note that spectacular Floquet experiments were
also performed outside the field of ultracold atoms, where, for instance, a Floquet topo-
logical insulator with photons was realised [112]. In addition, circularly polarized light
was used to manipulate the surface states of conventional topological insulators [113].

So far, all presented examples describe experimental achievements. However, also many
proposals have been made from the theory side pointing out that periodically driven states
can be used to realise a wide range of states of matter. Such proposals often have a wide
range of applicability and go generally beyond potential realisations with ultracold atoms.
One of the very first of such ideas was the creation of photoinduced quantum Hall states
in irradiated graphene [114,115]. Moreover, various topological Floquet states have been
discussed theoretically. Examples include the proposal for a Floquet topological insula-
tor in semiconductor quantum wells [21], the general classification [116] and characterisa-
tion [117] of periodically driven lattice systems, transport properties of Floquet topological
insulators [118], Floquet topological transitions in driven topological insulators [119] and
dissipative Floquet topological systems [120]. In addition, owing to the unique property
of the Floquet zone being periodic in the direction of energy, anomalous topological edge
states were identified in Floquet systems [121]. Recently, quantized magnetization den-
sities in periodically driven systems as a signature of topological bulk properties have
been studied [82]. Furthermore, the potential realisation of Majorana fermions in driven
quantum wires [122], of non-abelian gauge fields [123], of a Floquet fractional Chern insu-
lator [124] and various quantized pumping schemes [125-127] have been proposed. Very
recently, it was further suggested how time crystals can form in Floquet systems as a con-
sequence of spontaneously broken time translation symmetry [128] and how many-body
localisation effects can survive [129] or even be imposed [130] by periodic driving.

So indeed, ideas for Floquet realisations are vast. In the following, we elaborate on the
main principle that is sufficient to understand most ultracold atom experiments employing
periodic forcing. Starting point is a non-interacting tight-binding lattice Hamiltonian of
the form (see Sec. 2.1)

H=-— Z Jij c}cj + Z £ c;rci7 (2.72)
i i

with J being a hopping strength, ¢ describes an on-site energy shift and ¢! (c) is a creation
(annihilation) operator of a bosonic or fermionic particle, respectively. Note that the
respective geometry of the underlying lattice is undetermined at this point. The temporal
periodicity, H — H(t) = H(t + Tp), can then be experimentally imposed in various
ways (see also below), such as by direct lattice shaking [20, 23,55, 98,99], by including
additional moving lattices [102,103,105,106] or by time-dependent external fields [131,132].
Here, immediate consequences for the initial Hamiltonian (2.72) depend specifically on
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Figure 2.3.: Illustrations of prototypical experimental Floquet realisations with ultracold atoms.
(a) Laser-assisted tunnelling imprints Peierls phases which leads to effective gauge potentials ex-
perienced by the used rubidium atoms [105]. Here, the smallest possible squares described by four
different lattice sites define a plaquette P (see text). (b) Periodic forcing of a triangular lattice
geometry allows for the realisation of tunable artificial gauge fields leading to the engineering of
spin-models [20]. (c¢) Haldane model realised by circular shaking of a distorted honeycomb lattice
and subsequent emergence of complex next-nearest-neighbour hoppings [23], see also Ch. 6. Taken
from (a) [105], (b) [20] and (c) [23].

the selected method. Most crucially, however, by performing a gauge transformation
H' = U'HU — inU'9,U, with U(t) encoding the introduced time-dependence, one can
fully absorb the periodic forcing into a time-dependent Peierls phase 6;;(t), i.e.,

Jij — Jij(t) = €i9ij(t) Jij . (2.73)

Note that while this procedure is deliberately presented in a somewhat vague way at this
point, we give an explicit detailed example of such a gauge transformation in Sec. 6.1.2.
Experiments are typically conducted in the high frequency regime, €2 > J, allowing for
a Magnus expansion treatment according to Egs. (2.61) and (2.62). This leads to the
emergence of effective static hopping strengths of the form [17]

. 1 [v
Jot) = FE= I e =L Caean, e

where the effective static Peierls phase can be written in terms on an effective vector
potential Af(r).

The realisation of modified hopping strengths according to Eq. (2.74) represents the
essence of most of the recently realised Floquet systems with ultracold atoms. Such
experiments can be coarsely divided into two groups: those with 6°f = 0,7 and those
for which 6°% £ 0,7. In the former case, J are real and Floquet engineering creates
models with renormalized hopping strengths. For instance, considering a Bose-Einstein
condensate in a shaken one-dimensional optical lattice [55,133] leads to effective tunnelling
rates of JT = JJo(K/(hQ)), with Jy being the zeroth-order Bessel function of the first
kind and K parametrizes the amplitude of the shaking. For certain values of K the effective
hoppings vanish leading to ’dynamical localization’ [134]. Moreover, #° = 0,7 not only
allows for modifying the amplitude of J but also for changing its sign. Such a sign
change is expected to cause frustration effects in triangular Bose-Hubbard models [135].
A quantum simulator that uses this property to study frustrated classical magnetism was
indeed realised by the Sengstock group [56].
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In contrast, the scenario of #°f # 0,7 generates effective complex hopping strengths.

Here, cases of particular interest are those where the Peierls phases (2.74) lead to an
effective finite magnetic flux ®$f = S, ijﬁ through a plaquette P, see Fig. 2.3(a). Note
that the emergence of such fluxes is fundamentally connected to the breaking of time-
reversal symmetries’ [17]. In recent years, particularly the Bloch group [50,103,105,109]
as well as the Ketterle group [102,106] has realised such systems experimentally by periodic
forcing in order to study the effects of effective strong magnetic fields on charge-neutral
atoms. Most recently, the Greiner group has extended respective studies also to the
interacting case [104]. The remarkable aspect of these Floquet engineered systems is the
fact that extremely strong magnetic fields can be simulated: in order to obtain similar
fluxes for say electrons in graphene magnetic field strengths of about B ~ 3.9x 10T [17]
would be necessary, which is about two orders of magnitude larger than experimentally
realisable real magnetic fields. Moreover, even if net fluxes are zero, complex hopping
strengths can still have a huge impact in triangular or honeycomb lattices, as demonstrated
by the Sengstock group [20] in engineering quantum spin models, see Fig. 2.3(b). Most
importantly, such scenario was used by the Esslinger group [23] to realise the Haldane
model, i.e., to simulate a quantum Hall state without Landau levels [138], see Fig. 2.3(c).

The aforementioned Floquet systems with ultracold atoms are mostly realised by two
different methods: laser-assisted tunnelling and shaking of the optical lattice. We will
close this section by briefly elaborating on these two methods.

Laser-assisted tunnelling This technique is mainly implemented in setups that aim at
the simulation of strong magnetic fields [50, 102,103,105, 106, 109]. Originally proposed
by Jaksch and Zoller [139], this concept builds on the idea that tunnelling is prohibited in
the static system, i.e., J < A in Eq. (2.72). The presence of two slightly detuned lasers of
frequencies wq, wa, see Fig. 2.3(a), then gives rise to an effective shallow second lattice that
moves with respect to the original one [17]. This moving lattice causes an effective time-
periodic modulation that varies from site to site [51]. The temporal modulation resonantly
activates tunnelling in the system thereby allowing for respective achievements. Note that
extensions of this Floquet scheme for the realisation of topological insulators [140] or Weyl
semimetals [141] have been proposed.

Optical lattice shaking The perhaps more direct way of implementing Floquet engi-
neering with ultracold atoms is the global shaking of the entire lattice. The very first
experiments on dynamical localisation [55] used this technique as well as the most mod-
ern versions of realising topological states [23,110] and observing dynamical topological
phase transitions [110]. Technically, the shaking is implemented, e.g., by introducing a fre-
quency difference between the lattice beams by means of acousto-optical modulators [55]
or by vibrating the mirrors that retro-reflect the lattice beams using Piezo-electric actu-
ators [23], cf. Fig. 2.3(c). Building on this experimental technique, ideas have been re-
cently developed in order to create topological interfaces and to detect chiral edge modes
in two-dimensional lattices [142], to simulate synthetic dimension from shaking harmonic
traps [143], to realise Floquet topological phases without static counterpart [144] and to
control the Floquet state population in a periodically driven system [145].

We conclude by remarking that detailed examples of non-interacting Floquet realisations
can be found within this thesis in the context of a quantum ratchet model in Ch. 3 and in

"Note that these symmetries are identical to the ones that need to be broken in order to allow for
ratchet-type transport effects [136,137], as also discussed in Ch. 3
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the discussion of the effective simulation of the Haldane model in Ch. 6. We also stress that
the collection of examples given in this section are far from complete. More information
about many aspects of Floquet systems realised with ultracold atoms can be found in, e.g.,
Ref. [17], and references therein. Lastly, we stress again that all Floquet effects discussed in
this section fundamentally build on the simulation of an effective Hamiltonian describing
the Floquet operator, see Eq. (2.45). New qualitative behaviours, however, will emerge in
the presence of heating due to the lack of energy conservation. We devote part II of this
thesis to these peculiar extended Floquet systems.
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3. A quantum ratchet for excitations of a
bosonic Mott insulator

One of the most simple quantum machines is a Hamiltonian where parameters are changed
periodically in time. Such periodically driven systems can lead to a directed motion
of particles. In this chapter we present a possible blueprint for such a machine in a
most simplified form by introducing a quantum ratchet for the excitations of a thermally
activated Mott insulator [146]. We first elaborate on the concept of a ratchet in general
before discussing our chosen model. We then study the dynamics of doublons and holes
in such a periodically driven setting for different external potentials. We finally close
the discussion by remarking on potential topological aspects of such a Floquet quantum
system.

3.1. From classical ratchets to small quantum machines

Typically, the working principle of a machine is fundamentally linked to a certain transport
mechanism. A very peculiar idea of such a mechanism is to convert random motion
into work. This idea was put into a Gedankenexperiment first by Smoluchowski [147]
and later with more popularity by Feynman [148]. The potential machine is depicted in
Fig. 3.1(a) and is based on the following logic [149]: being surrounded by a gas at thermal
equilibrium, atoms or molecules randomly hit paddles at one end of the machine. Attached
to these paddles via an axle is a circular saw with asymmetric saw-teeth. This ratchet
is completed by a pawl that breaks the rotational symmetry of the setup and is thought
to cause a rectification of the initial random motion by letting the system only rotate
in one direction. If, in addition, there was also a load attached to the rod, one might be
tempted to argue that this load gets lifted and that work is indeed done by the ratchet. Of
course, this thought is false and one needs to conclude that this machine cannot succeed
to work, since it describes a perpetual motion machine which would be in contradiction
with the second law of thermodynamics [149]. A short-cut explanation for the failure of
this Feynman ratchet is the fact that in thermal equilibrium the pawl experiences as much
thermal fluctuation as the paddles, rendering the same likelihood of rotating clockwise
and anticlockwise, respectively.

Nevertheless, despite the fact that the above described perpetual motion machine is
prohibited to work, the concept of witnessing directed transport in an unbiased environ-
ment based on deliberate symmetry breaking has become quite prominent, particularly
for spatially periodic systems. To be precise, this ratchet effect requires a system that is
driven away from equilibrium by periodic driving and all spatial inversion symmetries are
broken [149,150]. In addition, in classical systems the presence of thermal noise is crucial
in order to guarantee irreversibility. Fulfilling all these conditions offers the possibility to
observe directed motion in spite of the fact that the external forces driving the system
vanish on average. In Fig. 3.1(b) we present a most intuitive picture of the working princi-
ple of such a ratchet: first, particles reside at the valleys of a periodic sawtooth potential.
The potential is then assumed to be switched on and off at a certain frequency. During the
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Figure 3.1.: Illustrations of (a) the Feynman ratchet and (b) 'Brownian ratchet’ with classical
particles. While the example in (a) cannot yield directed motion due to its nature of being a
perpetual motion machine (see text), the ratchet of (b) indeed does show unidirectional transport
as a consequence of the external drive. The schematics of (a) and (b) were taken and adopted from
Refs. [149] and [137], respectively.

time when the potential is temporarily absent, the particles undergo Brownian motion in
free space and diffuse. Switching the potential back on causes the particles to 'roll’ back
into the minima. However, not all particles will end up in the same minima as before, and
since the potential is spatially asymmetric, this will lead to a steady particle current.

This ratchet mechanism (and variants thereof) can in general be used to explain a broad
range of phenomena. For example, ratchet effects are thought to be the cause of certain
types of biological motors on the micro-scale [151-153]. In these systems that are typically
strongly dominated by thermal noise, the ratchet effect explains transport properties of
molecules or molecular structures [154], and even entire cells [155]. In the realm of physics,
the ratchet effect has been mainly exploited to create man-made machines in the spirit
of Fig. 3.1. For instance, in solid state systems ratchet effects have - among others -
been used to experimentally realise electron-pumps [156,157], to create spin-currents [158]
or to detect asymmetries in graphene [159]. Due to their high level of controllability,
systems made of cold atoms in optical lattices (see Sec. 2.1) have been an ideal test bed
for implementing and investigating ratchets. The very first of these (cold atom) ratchets
relied on dissipative processes breaking the time-inversion symmetry in combination with
a periodic phase modulation of the optical lattice [160-162]. Note that comprehensive
reading material on all aspects of (semi)classical ratchets (and their implementations) is
provided by the reviews of Reimann [149] and Hénggi [150], for example.

Most importantly, however, cold atom systems do not solely offer the implementation
of classical, dissipation based ratchets, but rather allow to extend the manufacturing to
fully coherent quantum versions. These quantum ratchets are built on the property that
transport is evoked by deterministic symmetry breaking instead of stochastic processes,
such as thermal noise. One can therefore formulate the following two criteria for obtaining
a quantum ratchet, which demands

1. coherent periodic driving with vanishing quantities on average, and

2. explicit breaking of both spatial inversion and time reversal symmetries on the Hamil-
tonian level.

Early experimental (cold atom) realisations of such quantum ratchets were based on
’kicked rotor models’ [163-166]. A more elegant version is, however, the alternative imple-
mentation of a continuous external drive [136,167,168]. A recent experiment [137], which
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was conducted in the group of M. Weitz in Bonn, demonstrated a quantum ratchet using
this approach by loading an atomic Bose-Einstein condensate into a periodically changing
potential. Here, once the inversion and time-reversal symmetries are broken, the atomic
cloud drifts with an average velocity. Even more recently, they extended on this study by
investigated the quantum ratchet effect in the presence of additional external forces [169].
Theoretically, one can describe the dynamics of such systems most conveniently within the
Floquet formalism, see Sec. 2.2. Note that, in this spirit, other engineered ’quantum ma-
chines’ such as quantum conveyor belts [170,171] or topological particle pumps [18,19,172]
(see Sec. 3.4) are also related to the quantum ratchet systems. As outlined in Ch. 2, such
quantum machines are the next logical step in utilizing the laws of quantum mechanics
for our everyday lives.

Based on the criteria above, we will develop a simple model for the controlled manipula-
tion of doubly occupied sites (doublons) or empty sites (holes) of a bosonic Mott insulator
using the quantum ratchet effect in the following.

3.2. Directed motion of doublons and holes in a periodically
driven 1D lattice

3.2.1. A designed ratchet model

Motivated by the capability of ultracold atom experiments (see Sec. 2.1), we consider a
Bose-Hubbard Hamiltonian with time- and space-dependent hopping strengths as well as
external potentials of the form

H(t) = = 3 Ji(t) (a0, + afay ) + % Doni(ni = 1)+ 3 Vi)mi,  (3.1)

j(ai) creates (annihilates) a bosonic particle at site i, n; = a;-rai is the particle

number operator, J; is a hopping matrix element, V; is an external potential and U de-
scribes the on-site interaction strength. Units are chosen such that 7 = 1. As pointed
out in Sec. 2.1 solving the static Bose-Hubbard model in its most general form is already
a demanding task and yields two quantum phases depending on its parameters. If the
interaction strength dominates over the hopping, U > J, such that to lowest order in J/U
the latter can be neglected, the Mott-insulating phase will emerge. Because this quan-
tum phase is very robust, it might a qood starting point for designer quantum systems
in order to perform quantum computation, for instance. However, despite having great
control over all experimental parameters, the effective temperature of a cold atom setup
will inevitably create excitations in the Mott insulator. In the spirit of creating a reliable
and reproducable quantum system these excitation might indeed be undesired.

where a

We, thus, propose to implement a quantum ratchet mechanism in order to gain dy-
namical control over such excitations. In order to meet one of the criteria of a quantum
ratchet space inversion symmetry needs to be broken (see above). Since there are no fur-
ther constraints on the spatial structure, this can be done in the easiest possible way. We,
therefore, demand that the system is described by staggered hopping amplitudes J; as well
as staggered potentials V;. For example, as shown in the experiment by Salger et al. [137]
this can be achieved by an optical lattice which is characterised by two wavelengths A
and 2X. To be able to see a quantum ratchet effect one additionally needs to drive the
system periodically in time. Here, the hoppings and potentials are modulated with the

33



3. A quantum ratchet for excitations of a bosonic Mott insulator

unit cell

Figure 3.2.: Illustration of the lattice model causing the ratchet effect shown without external
linear potential. Both the local hopping parameter and potential are staggered. The drive is
implemented in such a way that time-reversal symmetry is broken, see Eq. (3.3). The parameters
J1, Ja2, V1, Vo are defined according to Egs. (3.2) and (3.3). The size of the unit cell is given by
a=2ay,t, where we choose aj,=1.

same frequency 2. The resulting parameters read as

) s+ cos(Qt)J, for i odd

Ji(t) = { Js.e + cos(Qt)J. for ¢ even (32)
o ) —gi+ Vs +cos(Q+ )V, for i odd

Vi(t) = { —gi— Vs +cos(Q + @) Ve for ¢ even (3.3)

The first term in the expression of V; account for the effect of a uniform force of strength
g, e.g., caused by gravity or an effective ’electric field’. A sketch of the effective hoppings
and potentials is given in Fig. 3.2 for ¢ =0. To fulfil the last requirement of a quantum
ratchet the symmetry of time inversion must be broken as well. The is done by a relative
phase shift ¢ in the time dependence of the oscillating hopping terms (J, J,) and the
corresponding potential terms (V;, V,). Throughout this chapter, all coupling constants,
frequencies and times are measured in units of the average static hopping rate of doublons,
i.e., (Jso+ Jse), which is set to unity in the following (see also Tab. 3.1).

Before aiming at solving the full time-dependent problem described by Eq. (3.1) a few
remarks should be made. As discussed above, we consider the limit where the on-site
interaction U is considerably larger than the hopping rates, the frequency ) and the
initial temperature of the system (before the ratchet is switched on), U > J;,V;, Q,T.
Furthermore, we consider an average occupation of the system of one boson per site. In
this limit the main excitations of the system are doubly occupied sites (doublons) and
empty sites (holes) with creation operators dj and hl, respectively. We assume that they
are so diluted that we can neglect their scattering on the time scale of the experiment.

In the considered limit one can also safely neglect all processes in which the number of
doublons and holes change. In any of such annihilation or pair-creation events an energy
of order U is either released or absorbed. To provide or absorb such an amount of energy,
either U/Q quanta of the driving frequency or the kinetic energy of U/J particles (or com-
binations thereof) is needed to meet the requirement of energy conservation. Consequently,
additional excitation or relaxation processes are indeed higher-order processes which are
exponentially suppressed in U/$2 and U/J, respectively. This suppression has been studied
in a number of theoretical works [173-176] and was in fact also confirmed experimentally
by Strohmaier et al. [177] by studying the hole-doublon annihilation rates. Therefore, the
single-particle dynamics of doublons and holes is described by non-interacting Hamiltoni-

34



3.2. Directed motion of doublons and holes in a periodically driven 1D lattice

ans, which to leading order in 1/U have the simple form
=" 2J5(t) (dd; +dld; ) + Vi(t) dld, , (3.4)

= > —Jit) (hly iy + hlhi ) = Vi) hlh, . (3.5)

It becomes clear that the dynamics of doublons and holes are different in two aspects.
First, the hopping rate of doublons is twice the hopping rate of holes. This is due to the
fact that doublons experience an enhancement in hopping owing to their Bose statistics.
Second, the potentials felt by the holes are reversed. This is easily understood by realising
that a hole is indeed nothing but a missing bosonic particle.

Because the following treatment is independent of the two particle species, we focus on
doublons for reasons of brevity. In the absence of external forces, g =0, the system can
be described by a two-site unit cell (see Fig. 3.2). It is, hence, natural to define creation
(and annihilation) operators acting on even or odd sites only, i.e., dT = dgj 1 dT = dT
One can then perform a Fourier transformation with respect to the unlt cell 1ndex The
transformations for the operators are defined as

T/a  dk o
ikja gt T _ —ikja gt
ke/o Ze d] e/o = dj,e/o - /—7r/a 27T/CL € dk,e/av (36)

where the size of the unit cell is given by twice the lattice spacing, a =2ay4;. In the following
we use conventions where we set the lattice spacing to unity, aj,s =1. Therefore, the first
Brillouin zone is given by momentum values of —7/2 < k < /2. Using an additional
temporal Fourier decomposition, the respective effective Hamiltonian can conveniently be
described by simple 2 x 2 matrices H g’n that oscillate with e~ j.e.,

Hd(t) 2Z];a ( T7 ) (ZHd —ant) <§Z,:> ’ (37)

where for doublons

d ‘/s _2(J5,o + Js,e e_%k)
Hy o = <—Q(Js,o + Jye €2 V. ) (3.8)
1 eFe v, =2(Jo + Je e_%k)
Hk +1 — < (J +J. e2zk) e$icp‘/6 : (39)

The corresponding expressions for holes are readily found using J — J/2 and V — —V.

Having reduced the initial Bose-Hubbard Hamiltonian (3.1) to the effective 2x 2 time-
dependent problem given by Eq. (3.7) allows now for a practicable Floquet treatment (for
details see Sec. 2.2): the time evolution of quantum states is determined by using the
Floquet theorem. First, the single-particle Floquet Hamiltonian for doublons and holes is
promoted to an operator acting on the extended Hilbert space F, i.e., Hg/h(t) — Flé;h.
One can then solve the eigenvalue matrix equation (cf. Eq. (2.37))

> Him |603) = £0(R) [67,1) (3.10)
m
where the matrix elements of the k-parametrised Floquet Hamiltonian are given by

HkI:nm = (H]ﬁo — nQ) 5n,m + Hk7+1 6n,m+l + Hk7_1 6n,mfl . (3.11)
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Figure 3.3.: Illustration of the quasienergy spectrum of the Floquet Hamiltonian (3.11) for an
arbitrarily chosen driving frequency of Q =3. Shown are bands of the first Floquet zone (gray
shaded area). Other bands above and below the energy window [—/2,€/2) indicate that there
are indeed infinitely many (copy) solutions (see Sec. 2.2.1). In the present case, breaking the space
inversion as well as the time reversal symmetry of the system renders asymmetric bands which
supports unidirectional particle transport, see Eq. (3.21).

Of course, one needs to replace each Hy, , by H Z/nh depending on whether the dynamics of
doublons or holes are of interest. 7

The number of unique physical solutions of the enlarged Floquet problem equals the
dimension of the physical Hilbert space, dim(#). Hence, the Floquet Hamiltonian (3.11)
is described by two distinct energy bands as a function of momentum (and infinitely many
copies thereof). The Floquet index v of a certain Floquet state is therefore interpreted
as a Floquet band index for these kind of models. In Fig. 3.3 we show the resulting
(Floquet) band structure for doublons that are driven with a frequency of Q = 3, which
was chosen arbitrarily. Here, the truncation parameter for the Floquet matrix was set to
N; = 5. We stress again that, in the following, only quasienergies of the first Floquet
zone and associated eigenstates |@, k) (or |¢, x(t)), respectively), see Sec. 2.2, need to be
considered.

This section is closed by drawing attention to the dimensionality of the system: note that
the initial problem (3.1) has been written in its one-dimensional version. It is important
to stress that all the results presented below apply equally also for dimensions d > 1
as long as the modulations of H occur only in one direction of space. In fact, an extra
dimension might even be crucial for the single-particle approximation discussed in this
section to hold. The reason being that in 1D, particles moving with opposite velocities
will inevitably hit each other at some point in time (assuming that they do not move
away from each other right from the start). In 2D, however, the second dimension can be
exploited by the quasiparticles in order to smoothly pass each other.

3.2.2. Quantification of the ratchet effect
The velocity operator

The central objective of this section is to quantify the ratchet effect. A measure for the
transport properties of the system is the particle current. Generally, the current density j
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is given by the continuity equation
Ip(r, 1)
ot
where p describes the density of particles (or charge carriers for electric currents, respec-

tively). In order to reformulate Eq. (3.12) in terms of a total current one introduces the
polarization operator P(t) = [d*rrp(r,t). Tt follows that [178]

P
oP(t) /d3 8'0(% /d3r rV.j( /d37‘ j(r (3.13)

where the last Step requires integration by parts. This total current can now be related

to a current operator J of a tight-binding type model. For now assume that the kinetic

part of the system is described by a generic hopping Hamiltonian of the form H"™P =
=22 Jij a a;. The polarization operator is defined by

P = Z RZ' n; , (3.14)

=V j(r,t), (3.12)

where the index ¢ runs over all sites of a yet to be specified lattice and R;; is its correspond-
ing position. Using the Heisenberg equation of motion one finds the following expression
for the current operator!

J= (3;1; i[H,P] = zZ (R = Ron) o - (3.15)
Note that typical potential terms of the Hamiltonian depend on the particle number
operator n; = azal- (and combinations thereof). Hence, they do not contribute to the
current operator J, because n; commutes with H. The result for the current operator
(3.15) is generic for all fermionic and bosonic tight-binding type systems (a spin index can
be trivially added, as well).

For a 1D system with only nearest neighbour hopping and fixed lattice constant aj.t
as given by the effective Hamiltonians (3.4) and (3.5), the difference of lattice vectors is
(Ryn+1 — Ry) = aaté, with € being the unit vector pointing in the direction of the lattice.
Thus, the projected current operator along the lattice is readily given by J-é = |J|.
The corresponding expectation value (J) is an extensive quantity in the total number of
particles of the system N. However, in order to make quantitative statements about the
ratchet effect of single particles we want a quantity which is independent of N. To this
end, we define the velocity operator

v=J/N, (3.16)
or alternatively v = |J|/N. One can then express the particle current in terms of an
average velocity (v)?V, i.e., (J) = N(v)?".

For the time-dependent problem at hand, the velocities of doublons and holes are then
formally obtained from the corresponding operators

1
Ndn

= Fh ; Jn(t) (hLth - h;rzthrl) . (3.18)

va(t) = 20, (t) (df 1, — did, ), (3.17)

'Note that we chose the same symbol J to describe the current as well as the hopping amplitude of the
Bose-Hubbard model. This is a slightly unfortunate convention, which is widely used in the context of
ultracold atoms in optical lattices. One could have circumvented this issue by representing the hopping
strength by the also commonly used letter ¢t. However, since this quantity is time-dependent throughout
most parts of this thesis, such a labelling appeared to be even more unlucky.
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3. A quantum ratchet for excitations of a bosonic Mott insulator

Here, Ny = >, dIdi and N, = >, hjhi are the total number of doublons and holes,
respectively. Note that we use conventions where a positive <vd/h> describes doublons
(or holes) moving to the right. Despite the fact that the operators (3.17) and (3.18)
formally yield the average velocity of a single doublon or hole, respectively, the expressions
(approximately) coincide with the true single particle velocity operators. The reason
for this is as follows: it is assumed that initially the temperature of the system is low
compared both to the bandwidth and the Mott gap. Therefore, only a few doublons and
holes are present, occupying states with momenta close to zero, and, hence, they all yield
approximately the same velocity.

Since the true transport properties of the system will only emerge for times ¢ > 1/, we
introduce the asymptotic velocity (vg/n)*, i.e., the average velocity in the limit ¢ — oo,
which is defined as

.1t
()™ = lim 7 [t (08 van(®)10AE)) (3.19)
Next, the current operators (3.17) and (3.18) are decomposed into their Fourier compo-
nents, vq/(t) = >, e‘i”mvg/h, and the time-evolved state describing the system is ex-

pressed in terms of Fourier modes of Floquet eigenstates, [(t)) =3, ,, cv e~ et | 4y
with ¢, = (¢,(0)]1»(0)). Note that here the initial time was set to zero for convenience,
to = 0, but that the velocity of a doublon or hole actually does parametrically depend
on the initial time. We will discuss this effect below. The expression (3.19) can now be
rewritten as

: 1 ! * 9 — i(n—m— n|..m
()™ = Jim 5 [t 30 3 auy el e g, jol) (320
Vs mym,l
=3 el O O (S| V) 1)

Vi mym,l

= o (B8 vgn 6571 + (B8] 0 |60) + (@) viyn 100 7))
= sz/ <<¢l/|5d/h|¢u>> )

where p, = |c,|? describes the probability (normalised to 1) that Floquet state v is oc-
cupied. In Eq. (3.20) it has been used that interferences of Floquet states with different
quasienergies as well as interferences of different Floquet sectors average to zero in the
limit ¢ — oo. Hence, transforming the velocity operators (3.17) and (3.18) to operators
that explicitly act on the extended Hilbert space F, vd/h(t) — Ugq/n, allows to calculate
these quantities by taking expectation values of single Floquet states in Floquet space.
This can be straightforwardly implemented in practice as outlined in Sec. 2.2.2.

Alternatively, the asymptotic velocity can be determined by the slope of the quasienergy
bands, i.e.,

(k) = Y, ), 321

This is fully analogous to the conventional semiclassical picture of transport associated
with energy bands, and can be analytically shown by applying the Hellmann-Feynman
Theorem to the Floquet theory [164]. Having expression (3.21) in mind and recalling the
Floquet bands of Fig. 3.3, it becomes instantly apparent why one can expect a quantum
ratchet based on a system of bands to work: breaking the symmetries of the system
simultaneously breaks the symmetry of the quasienergy bands, therefore allowing for a
non-zero velocity for initial states with zero momentum.
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3.2. Directed motion of doublons and holes in a periodically driven 1D lattice

time t <top t> 1o

Jow =067 Vo=0| Jyo=067 V,=04

Joe=033 V,=0| Joe=033 V,=04
Jo=0 Ve=0 Jo=067 V,=-04
Je=0 Je = —0.17

parameters

Table 3.1.: Parameters of Hamiltonian H () as used throughout this chapter. The time ¢y corre-
sponds to the point in time when the ratchet is (fully) switched on. All parameters are measured
in units of (Js.e + Js,0)-

Numerical results for velocities of doublons and holes

We proceed by studying the evolution of a single-particle state with momentum k = 0.
Again, this is justified due to the low temperature approximation mentioned above, which
only allows a few excitations with momenta close to zero. We assume that both doublons
and holes are present in the system with such momenta, and that for ¢ < ty the driving
as well as the staggered potential is switched off, i.e., Vo=V, =V,=J.=J,=0. During
that time the dynamics of the system is captured by a Hamiltonian which we call Hy
in the following. At t = ty both the static staggered potential Vs and the oscillating
terms are switched on. For ¢ > {3 we use the momentum space representation of our
Floquet problem as shown in Sec. 3.2.1, where one understands the Floquet state index v
in Eq. (3.20) as a collection of a (Floquet) band index and a momentum index that is set
to zero, v — (v, k = 0).

In the following we want to show the transport properties of doublons and holes within
the described setting. To this end, we investigate two limits: in the first case we consider
a sudden switching on of the oscillating terms, H = Hy + ©(t—to)(H (t)— Hp). Secondly,
we look at an adiabatic switching on, H=Hy + f(t—to)(H (t)—Hy) where f(t) smoothly
changes from 0 to 1 (for ¢ > tp) on a time scale assumed to be much larger than all
other time scales of the problem. In the latter case, the system evolves adiabatically?
into a Floquet eigenstate while in the former a superposition of Floquet eigenstates has
to be considered. It is clear that in cases where such a superposition of Floquet states
determines the long-time dynamics the starting time of the ratchet, ¢y, can in principle
play an important role. Generally, values of the parameters used throughout this chapter
can be found in Tab. 3.1. Note that the parameters have been chosen arbitrarily, but
we checked that all effects discussed in the following do not depend qualitatively on this
choice.

Finite net velocities are generically expected whenever they are allowed by symmetry.
Due to the presence of both staggered potential and staggered hopping all mirror sym-
metries are broken. So, first, we consider a suddenly switched on ratchet of fixed driving
frequency and look at asymptotic velocities of a doublon as a function of the relative phase
. From Fig. 3.4 one can see how crucial the breaking of time-reversal symmetry for the
functionality of the ratchet is: for the time-reversal points ¢ = 4,0 the ratchet indeed
stops working. In addition, we study the effect of ¢y on the velocities of the doublon. In
contrast to the role of ¢, the initial time ¢y has in most cases only a small quantitative ef-
fect, see Figs. 3.4(a) and (c). Nevertheless, as can be seen from Fig. 3.4(b) for some values
of the driving frequency there is a strong impact on the velocity. This can be explained

2 While we assume that the adiabatic state preparation is possible in the present case, the notion of
‘remaining adiabatic’ throughout the entire initialization process is generally non-trivial for Floquet
systems. For details see Sec. 2.2.4.
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3. A quantum ratchet for excitations of a bosonic Mott insulator

(va)™
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Figure 3.4.: Asymptotic doublon velocities for a suddenly switched on ratchet as function of the
relative phase shift ¢ and initial time ¢5. Values are shown for driving frequencies of (a) Q = 3,
(b) 2 =4 and (c) 2 = 5. Typically, velocities are almost insensitive to changes of ¢, except for
situations where 2 is tuned on resonance (see Figs. 3.5, 3.6, and text).

by the presence of resonances, which will be the subject of study in the following. Bearing
this in mind, we set tg = 0 and ¢ = —m/2 for the rest of this section. Note that the same
discussion also holds for holes.

We continue to investigate the case where oscillating terms are switched on suddenly.
In Fig. 3.5(a) we show the velocities of a doublon (solid red) and a hole (dashed blue) as
a function of frequency. For both species the response is characterised by a number of
resonances at frequencies Q ~ Q,, = AE/n, with n € NT and AF corresponding to the
energy difference between the two bands of the undriven system at £k = 0. As doublons and
holes have different hopping rates, one can see that the resonances and their corresponding
frequencies are fundamentally different. In both cases, however, every resonance can be
associated with a certain number of sign changes. While for n = 1 there is only one sign
change, there are always two sign changes associated with n > 2. It can be shown that
these sign changes persist even in the limit where the oscillating terms in the Hamiltonian
are very weak. These effects can indeed be linked to the presence of resonances and
can therefore be easily understood from perturbation theory. We will elaborate on this
approach below in Sec. 3.2.3. In short, for Q ~ AF/n two entries of the Floquet matrix
become degenerate leading to a pole in the response of the velocity. Since these poles
have the same sign for all n, there must be an additional sign change associated with all
resonances for n > 2. Furthermore, the zero crossing of the velocity right on resonance
reflects the avoided level crossing occurring at each resonance, see Fig. 3.6(a). When
changing from Q < AFE/n to Q > AE/n one effectively changes the band for a sudden
switching on of the ratchet. Right on resonance, the system is in an equal superposition
of both bands. This leads to opposing contributions, and, hence, to a zero crossing of the
velocity. In fact, this also explains the observed effect on the choice of the initial time
to, as was seen in Fig. 3.4(b): on resonance the band population is very sensitive to the
underlying Floquet states. Note, however, that the overall behaviour of the velocities as
a function of €2 is not changed qualitatively when tq is varied.

If the ratchet is switched on adiabatically, the behaviour of the respective velocity as a
function of frequency changes dramatically. This can be seen in Fig. 3.5(b). Here, for n=1
there is no sign change at all, but there is always one sign change for n > 2. Moreover, one
observes that in contrast to the sudden switching, the velocity is strongest right on the
resonance (), for the adiabatic case. This is again a direct consequence of the avoided level
crossing occurring at each resonance, see Fig. 3.6(b). In the adiabatic case one remains in
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Figure 3.5.: Doublon (solid red) and hole (dashed blue) asymptotic velocity for (a) the sudden
switching and (b) the adiabatic case (see text). Velocities are given in units of aiag(Js,0 + Js.e), i-€.,
lattice constant times average static doublon hopping rate. The parameters used are as presented
in Tab. 3.1. Vertical lines indicate the first seven doublon resonances, Q, = AE/n, n € {1,...,7}.

the same band when going over a resonance. Because a single Floquet band experiences
most reshaping when the resonance condition is fulfilled, the velocity is strongest for the
adiabatic case. Note that we do not consider any in-between cases here, i.e., cases of a
finite ramping speed of the oscillating potential. These would map to the Landau-Zener
tunnelling problem in the limit when the ramping time is large compared to the oscillation
period T

Next to the resonances, the limits of large and very small frequencies can also be of great
interest. The latter case describes the situation of an overall adiabatic evolution of the
system. As can be seen from Fig. 3.5, this limit yields zero velocities. Nonetheless, while
the adiabatic driving is seemingly not of importance for the case of (very) dilute doublon
or hole excitations, it might have a huge impact on insulating states, i.e., Mott insulators
or fermionic band insulators. We will discuss this matter in more depth in Sec. 3.4. In
the case of large frequencies the velocities decrease as 1/2. One way to show this is
to use perturbation theory again, see Sec. 3.2.3. A probably more appealing approach
is to interpret this result as arising from an effective vector potential A in the effective
Hamiltonian defined by U(T) = exp[—iHIT] (see Sec. 2.2.3). A vector potential shifts
the momentum giving rise to a finite velocity at k=0, i.e., €9 (k) — &% (k—Ay), where £
describes the eigenenergies of the undriven system. A more detailed discussion about this
can be found in Sec. 3.2.4.

In conclusion, as doublons and holes are characterised by different hopping rates and
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3. A quantum ratchet for excitations of a bosonic Mott insulator
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Figure 3.6.: Avoided crossing at the main resonance €y = AFE of the doublon bands at the lower
edge of the first Floquet zone (gray shaded area). Points illustrate population of the respective band
for (a) the sudden switching and (b) the adiabatic case. Dashed lines correspond to eigenenergies
of HY in the absence of time-dependent terms in the original Hamiltonian. In (a) the system
changes the band as function of , while in (b) it remains in the Floquet band. Parameters as in
Tab. 3.1.

reversed potentials, also the relevant resonance frequencies are different. In fact, specific
Floquet band shapes can be tailored by changing the parameters appropriately. Thus, by
tuning the frequency of the oscillating potential, one can easily reach situations where, e.g.,
holes are driven to the right but doublons move in the opposite direction. Similarly, one
can also reach situations where only one of the two species is moving. In cases where the
ratchet is switched on in a sudden fashion the initial driving time ¢y may also be used to
engineer the desired dynamics of doublons and holes. We have therefore shown that with
the help of ratchets one can selectively control the various excitations of a homogeneous
interacting many-particle system. One can combine this with a spatial control of where the
excitations are moving to by using, e.g., focused lasers which locally change the effective
resonance frequencies of the ratchet [146].

3.2.3. Resonances and Floquet perturbation theory

In Sec. 3.2.2 we have shown the behaviour of doublons and holes in the present ratchet
setup in terms of their velocities. While in the previous section we described the general
behaviour for strong driving strengths, we now aim at a better understanding of the origins
of the observed resonances. In order to do so we assume weak external oscillations such
that the Hamiltonian can be written in the form

H(t) = H, + €JHJ(t) + EvHv(t) , (3.22)

with €y,ey < 1. Here, H, describes the static part of the Hamiltonian, H ; includes all
oscillating hopping parameters and Hy is characterised by time-dependent potential terms
(c.f. Egs. (3.1)-(3.3)). As before, we want to find the corresponding Floquet Hamiltonian.
Promoting this Floquet Hamiltonian to an operator that explicitly acts on the extended
Hilbert space yields

[IF:PIE—FEJPI?-FG\/H‘};, (323)
with matrix elements anm = (H®*—n) dpm, Hfjnm = H? (8pm+1+06nm—1) and H{,’tnm =
H V(e_i¢5n7m+1 —i—ei@(Smm_l). Similarly, the velocity operator acting on F can be expressed

as

V=05 +€507, (3.24)
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3.2. Directed motion of doublons and holes in a periodically driven 1D lattice

with matrix elements vs nm = v*0pm and vy um = v/ (6pm+1+ Onm—1). In the following we
want to calculate the asymptotic velocity (vg /h>asy by means of taking expectation values
in Floquet space, but now using a perturbative approach.

Floquet perturbation theory

In order to formulate this perturbation theory in Floquet space we express the Floquet
states and quasienergies in terms of a respective power series, i.e.,

em =0 +e;eMd fey eV L ere, @IV (3.25)
|bun) = [6D) + s [68) + ev [0V ) +eser [0V ) + ... (3.26)

Since we want to calculate expectation values, we are mainly interested in corrections
to the Floquet eigenstates at this point. Substituting expressions (3.25) and (3.26) into
the Floquet eigenvalue problem defined by Eq. (2.37), and equating components of same
power in e, €y eventually yields

F
oty = 3 Sk ATIO0) o (327

um#  Evn — Eum
vn

F
oy = 3 ekl ATIOD) o, 529
um;é Evn — E,um

6@y =3 3 [ “”\H mm» (i | HE | 9000

nlsﬁ umsﬁ Evn )( lm - 5um)

(o) 1H5|¢u%>> (o5l HT 1650
O — Oy T o) )

Evn — Evn — Epm

(3.29)

These results are structurally familiar from convential perturbation theory for non-Floquet
systems. Here, however, the sum indices run over all states in the extended space, and
only exclude identical copy states. While Eqgs. (3.27)-(3.29) hold in general, we want to
exploit the monochromaticity of the drive in the following. It is therefore convenient to
realise that since y¢£‘32 )) describes an eigenstate of the Floquet matrix without a drive, only
its nth Floquet entry, ]gbff,(lo)) = |v), is non-zero and in fact identical for all copy states.
We are interested in calculating the asymptotic velocity for a particle in a given Floquet
band at k = 0, i.e., v — (v,k = 0). This corresponds to the adiabatic case in Sec. 3.2.2,
where (vg/p)* = ((¢u|0q/nlév). One can straightforwardly verify that in this case the
zeroth-order term as well as all first-order contributions vanish by construction. Further-
more, due to symmetry arguments, only second-order terms that are proportional to € ey
yield finite contributions. Hence, restricting the calculation to second order the velocity
can be approximated by the following compact form after a few steps of simplification:

1 1
asy . . . Vv
(Va/n)™ ~ — 2ie ey sin(p )[v H, <Q 5 Q+5>
4Q vy,
6Q — 63

: (3.30)

" (17,8, 11, )|

with § = 5,(?) — 5,(,), HV = (u|HV|v), etc., and v, € {1,2} but v # p, where we
understand the band label as "1’ (’2’) corresponding to the lower (upper) band. Clearly,
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Figure 3.7.: Asymptotic doublon velocities around the main resonance 2; for different values
of € = ¢/ = €Y. Other parameters are as in Tab. 3.1. Coloured lines represent exact numerical
data. Dashes correspond to predictions by (a) perturbation theory, Eq. (3.30), and (b) degenerate
perturbation theory, Eq. (3.36). The sharp spike appearing on solid curves in (a) correspond to
the second resonance at {23, which is not captured by Eq. (3.30). The inset of (b) shows the height
of the first three resonance peaks, n = 1,2, 3, as a function of e. Dots show exact numerical data
and solid lines are guides to the eye representing a function o €”.

expression (3.30) breaks down at the resonance, where it predicts a pole for the velocity.
Therefore, only the 'wings’ are compared to exact numerical data in Fig. 3.7(a). We
compare absolute values of the velocity, because perturbation theory gives an undesired
sign change. This is due to the fact that the formula for the velocity (3.30) does not keep
track of the correct band labelling when sweeping through a resonance.
In the limit © > ¢, ,,, Eq. (3.30) can be used to describe the velocity for high frequencies
even if e =es=1. The expression simplifies in this case to
asy Pv/u _ diejey sin(yp)

208
(van) e [ TR L CEA A A A7A | B CE

The detailed expression for the velocity of doublons or holes, respectively, is gained by
diagonalising H® and inserting the respective form of v, v/, H/, H" into Egs. (3.30) and
(3.31). Due to the property that HY — —H" when switching from doublons to holes,
one immediately sees that the velocities of the two species must have opposite signs in the
large frequency limit. Moreover, one can indeed observe that for both species the velocity
decays in this limit with 1/Q.

Degenerate Floquet perturbation theory

In order to be able to describe the behaviour around the resonance correctly, one needs to
apply degenerate perturbation theory. Degeneracies leading to the main resonance of the

system are found for = §. Going into the basis that diagonalises HY, i.e. {|¢1(,9L) )}, one
defines the degeneracy subspace

1 J i Vv
o 5(9—5}) (eJH” + ey eYH" )19 i
Hs = ((EJHJ Fey e H Yoy L) =he-o,  (332)

with the notation (.),, referring to the respective operator in the basis {|v)}, where again

v, € {1,2} as defined above, and 6 = (Ego) —ago)). Alternatively, one can define the
Hamiltonian by a scalar product of hg = (hs, hy, h.) and the vector of Pauli matrices
o = (04,0y4,0;). Dividing the original Floquet Hamiltonian into a structure composed
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3.2. Directed motion of doublons and holes in a periodically driven 1D lattice

of such degeneracy blocks, allows to define effective coupling matrices. In the following
we shall only consider those which couple next-nearest degeneracy blocks, which can be
written (for k = 0) as

H’ = H/| 0. and HY = e %H} 0, . (3.33)

The same procedure is done for the respective parts of the velocity operator. The expres-
sions in the degeneracy space yield
v =ivlyo, and DMES 3 vy (05 +10y) . (3.34)
In order to find the asymptotic velocity one first determines perturbatively the basis
states of H. In order to do so we use again Egs. (3.27)-(3.27), but states are now found
with respect to the degeneracy subspace, i.e., |<;~51(,(2>>, etc. Note that all arguments from
above are carried over to this case in an analogous fashion. After doing the algebra, the
asymptotic velocity of a particle (doublon or hole) in given band v with momentum k& = 0
is eventually given by

2 -
= v, Hi by, (3.35)

{EJ(U‘])mﬁy -9

(W)™ ~F —
/ ||

2 . -
-5 eV vi,HY; (cos(go)hy + 81n(<p)hm) } ,

where the —(+) refers now to the lower (upper) band of the original Floquet Hamiltonian,

HY. Using explicit relations for hy, h, and h,, the expression for the velocity (3.35)
simplifies further to read as

as 2ie1€2 sin(p) 205
D R CHE S | RCED
with ) )
A? = 4 ((e'Hy))" + (" HY)" + 26 cos() Hi\ Hyy ) - (3.37)

Comparing Egs. (3.36) and (3.30), one sees that the major modification in the case of de-
generate perturbation theory is the appearance of the A-term. This term turns the naked
pole into a Lorentzian-like function. In Fig. 3.7(b) exact numerical doublon velocities are
shown together with plots of Eq. (3.36) for different values of e.

Furthermore, in order to investigate the height of the velocity peak one sets 2 = §. For
the special case that €/ =¢" =¢ one observes that (va/n)™ =~ O(€?)/O(€e) = O(e). Hence,
the height of the main resonance is directly proportional to e. Generally, the height of
the n'! resonance is given by O(e"). This dependence can be witnessed from the inset of
Fig. 3.7(b). Having said this, peaks for n > 3 already seem to experience a strong cross
talk with tails of more prominent peaks with n=1,2. As before, the analysis of the hole
velocity is completely analogous.

3.2.4. Effective vector potentials in the large frequency limit

In the regime where the driving frequency is large compared to all other energies in the
system one can understand the dynamics as emerging from an effective Hamiltonian that
is derived from a truncated Magnus expansion (see Sec. 2.2.3). One can then interpret the
behaviour of the velocity of doublons and holes calculated in Sec. 3.2.2 as a consequence of
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3. A quantum ratchet for excitations of a bosonic Mott insulator

an effective vector potential A appearing in this effective Hamiltonian. Using Eqs. (2.61)
and (2.62) the effective Hamiltonian can be determined to be

HT = Hy + % [H_1, Hi]. (3.38)
Such a first order Magnus expansion for monochromatically driven quantum systems is
commonly used for Floquet setups, see, e.g., Refs. [23,124]. The analytic form of the effec-
tive Hamiltonian (3.38) can now be straightforwardly determined by using the simplified
expressions for doublons (3.4) and holes (3.5), respectively. Knowing that the calculation
is fully analogous for both species, we will continue by focussing on doublons only.
After inserting the Fourier components (3.8) and (3.9) into the expression (3.38), a few
steps of appropriate simplification allow to write HdEff in the following compact form

V C(k)
eff s
with C approximately given by
C(k) ~ —=2(Joo e 4 Jyp e %K) (3.40)
and where
1, Jo 1 Je
aq = g sin(e) (Vo = Vo) (1+ 5 J&O) and By = g sin(p) (Vo - Vo) (14 ; sze) . (341)

Owing to its simple structure Hfjf,f€ can readily be diagonalised. One can then easily

verify that the eigenenergies of the effective Hamiltonian (3.39), 6?{2, are given as

ey (k) = e, (k — Aa), (3.42)

where 627V(k‘) denote the energy bands of the doublon Hamiltonian without the drive, and

Js,o Js,e

Ag = g — Ba = — sin()(Vy — V) ( (3.43)

o)
20}

being indeed an effective vector potential coupling to the momentum k. Similarly, a cor-
responding expression for holes can be derived using the modified parameters V — —V

and 2J — J,
Ay = —— in )(V—V)(JO— Je):—A (3.44)
n T e T T T T ‘- '
Thus, the effective vector potential for holes is equal, but opposite to that for doublons.
Note that this property is related to the reversed sign of the potential for both species. The

different hopping strengths enter only via the calculation of the respective bands 62 Th

Also, the vector potential Ay, becomes zero (maximal) for ¢ = 0,7 (¢ = —7/2,7/2),
and decays as 1/€Q. This is consistent with the previously discussed dependences of the
dynamics of doublons and holes in Secs. (3.2.2) and (3.2.3).

The resulting asymptotic velocity associated with quasienergy band v for both doublons
and holes is then (approximately) given by (see Eq. (3.21))

d . )
(Vajna (B))™ = el (k) = e, (k= Adp).- (3.45)
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Figure 3.8.: Comparison of doublon velocities of exact numerical data (blue solid) and plots of
Eq. 3.45 (red dashed) as a function of the driving frequency. For very large frequencies 2 >
Jo, Je, Vo, Ve the effective description reproduces the exact results. Parameters of the ratchet are
as presented in Tab. 3.1.

Hence, a finite velocity at &£ = 0 is indeed realised by a shift of the momentum due to the
vector potential. In Fig. 3.8, the velocity (3.45) is compared to exact numerical data for k =
0. It is clearly visible how Eq. (3.45), and hence Egs. (3.38) and (3.42), becomes valid in the
large frequency regime. The interpretation of phenomena in terms of such vector potentials
has become very popular over recent years (for Floquet systems and beyond), where they
have been intensively studied both experimentally [20, 50,99, 102-106, 109, 179-181] and
theoretically [17,123,182,183] (see also Sec. 2.3).

3.3. Ratchet effects in the presence of an external force

In the previous section the ratchet effect for doublons and holes was investigated assuming
that the underlying lattice potential is homogeneous. However, in most cold atom setups
an external parabolic potential holds the atomic cloud together. We, thus, want to address
the following question: can a ratchet perform work and move the particles 'up the hill’?
To this end, we consider the effect of a constant force, g # 0 in Eq. (3.3). Note that
such a force resembles the situation of electrons experiencing a static electric field. The
previous analysis from Sec. (3.2) cannot be carried over to this problem straightforwardly,
since the presence of the linear potential breaks the translational invariance of the original
Hamiltonian.

The system is now rather characterised by the fact that the particles gain or lose energy,
respectively, when hopping from one lattice site to the next. In ordinary, time-independent
systems energy conservation holds. As the kinetic energy is bounded, the system cannot
absorb (deposit) the potential energy it would gain (lose) in the presence of a finite net
velocity. As a consequence particles perform Bloch oscillations when they experience weak
external forces and obey the rules of a Wannier-Stark ladder for strong forces. Exceptions
to this can be found in interacting systems, where the energy might be provided or ab-
sorbed via complex many-body processes, see, e.g., [184]. Nonetheless, the situation is
completely changed for time-dependent systems, since energy is not conserved any more.
In Floquet systems energy is provided by the external drive in multiples of 2. Thus,
the energy ngg that is needed to move a particle uphill by ng lattice sites is only avail-
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3. A quantum ratchet for excitations of a bosonic Mott insulator

able in a quantised form of my{2 with mg being an integer. This argumentation yields a
commensurability condition
nog =mo2, (3.46)

with integer mg € 7Z and even ng, % € Z (due to the dimerized structure of the present
Hamiltonian). In the following we will argue that this relation implies that in the limit
t — oo a net motion uphill (or downhill) is only possible when the commensurability
condition is indeed fulfilled. We will also show how this condition becomes more and more
prominent as time evolves.

3.3.1. Dynamics in the long-time limit

We will first investigate the asymptotic dynamics of a system where the commensurability
condition (3.46) is met. The reason being that in this case the problem simplifies techni-
cally in a substantial way. Here, shifting the particle by ng lattice sites to the left costs
an energy ngg which is exactly met by a multiple of Q. This leads to a new ’translation
invariance’ in Floquet space with respect to both position and Floquet indices: when
moving ng lattice sites in real space and simultaneously mg sectors in Floquet space, one
recovers the same Hamiltonian. A more pictorial view of this is taken in Fig. 3.9, where
the vector marks the translational invariance in the extended space. Consequently, the
extended space eigenstates of the Floquet Hamiltonian, see Eq. (2.21), can be chosen as

(i, mlou)) = €™ (i, mlunp) | (3.47)

with
(2, mluy, ) = (i + no,m — mo|uy k) , (3.48)

where i is the real-space index and m represents the Floquet sector. Note that a negative
shift of the Floquet index is necessary due to the definition of the Fourier transformation
in Eq. (2.34) (see also Fig. 2.2). Moreover, k indicates the effective momentum projected
on the space coordinate for convenience, leading to —7/ng < k < w/ng. One obtains now
nor unique (Floquet) bands in the first Floquet zone —/2 < ¢, < /2 for every value of
k. Here, ng, is the reduced denominator of mg/ng.

Within this picture of an extended unit cell, the previously discussed methods to solve
the problem carries over in a straightforward fashion (see Sec. 3.2). However, due to
the size of this new unit cell the procedure might be quite demanding in practice. The
natural first attempt to truncate the Floquet matrix is as follows: one takes the ng X ng
- dimensional blocks for each entry of the Floquet matrix, and fixes a certain interval of
Floquet indices ranging from —Ny to Ny. It is crucial that 2Ny > mg + 2ny, where ny
guarantees that the eigenstates of the first Floquet zone do not experience any finite size
effects. The number of states that one includes in this procedure is given by (2N;+1)ng 2
nomg. While there is nothing false about this truncation scheme, it might indeed be highly
inefficient depending on the values of ng and mg. Looking at Fig. 3.9 one can find a much
more effective truncation scheme: because the physics of the problem is mainly dominated
by the commensurability condition (3.46), it is often enough to consider only Floquet
blocks close to the line connecting (0,0) and (ng, —mg). This leads to a total number
of states of only ~ (2ny + 1)ng. Hence, the necessity of calculating a large number of
redundant states can be avoided by a suitable truncation of the Floquet matrix. Once this
truncated Floquet matrix is found, it again allows for the calculation of numerically exact
quasienergies and Floquet eigenstates. As before, those can then be used to determine
the asymptotic velocities of doublons and holes for the ratchet system with an additional
external force.
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Figure 3.9.: Illustration of states in a mixed real-space/Floquet-space representation. The vector
from (0,0) to (ng, —mg) fulfils the commensurability condition (3.46). The negative ’direction’
with respect to the Floquet space is due to the definition of the Fourier transformation (2.34). The
practical truncation of the Floquet matrix is done around this vector and only states lying in the
blue shaded region are used in calculations. In most cases it is sufficient to take only a few Floquet
states per real-space index into account (see Sec. 2.2.2).

Above, we have described the algorithm in a mixed real-space/Floquet-space picture.
A fully equivalent formulation can also be obtained by a simple Gauge transformation
which encodes the constant force (which can be viewed as an electric field) in a time-
dependent vector potential. In this case, one makes the following replacements in the
respective Hamiltonian (3.4) or (3.5): dlei — dZT-Hdieigt and hLlhi — hLlhie_igt.
This leads to a Hamiltonian which is again translationally invariant in real space, but
now characterized by two frequencies. Therefore, one can obtain a representation of the
problem in terms of two independent Floquet indices (one for each frequency) instead of
a single one. Nonetheless, under the condition (3.46) the two frequencies 2 and g are
commensurate, allowing again for a simplified treatment equivalent to the one described
above. In fact, this double frequency structure resembles a two-dimensional lattice struture
in frequency space, which can be used, e.g., to investigate novel topological states [81].

We consider a quantum ratchet with the same parameters as before (see Tab. 3.1) plus
an additional external potential g. Of course, this potential will be equal, but opposite for
doublons and holes, respectively. We also set ¢ = —7 and ¢y = 0. Similar to the studies
in Sec. 3.2, we are interested in the dynamics of an initial single particle excitation with
zero momentum, k = 0. We also want to address the question again of how the dynamics
are affected by ’how’ the ratchet is switched on. In Sec. 3.3.2 below, we combine the
cases of a non-adiabatic switching with incommensurate external forces, and investigate
the dynamics in such situations. Here, however, we focus on situations where the ratchet
is switched on adiabatically and where the commensurability condition (3.46) is fulfilled.
First, we are interested in how the asymptotic velocity behaves as a function of frequency
Q and as a function of the external force g. Asymptotic velocities of doublons and holes,
(vayn)™, are calculated by means of Eq. (3.20) (or alternatively Eq. (3.21)). The results
are shown in Figs. 3.10(a) and 3.10(b) for doublons and holes, respectively. Negative
velocities describe left-moving (red) and positive velocities right-moving (blue) excitations.
Within the conventions used a positive g yields a force pointing to the right. The results
are given as continuous functions of 2 and g for fixed ratios mg/ng. The set of ratios
mo/no for which results are represented is, however, limited: we combine for our plots
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Figure 3.10.: Asymptotic (a) doublon and (b) hole velocity as function of driving frequency 2
and external force g for an adiabatically switched on ratchet. All velocities are measured in units
of aat (Js,0+Js,e) and system parameters are as presented in Tab. 3.1. Combined results are shown
for real-space unit cell sizes ng = 14,16, 18 and 60 and arbitrary values of mq (see text).

data for ng = 60 with data for ng = 14, 16 and 18 with arbitrary values of mg and € (and
therefore also g). This allows to cover all fractions with ng,/2 = 1,2, ..., 10.

The reason for this choice of ratios being that, in general, the motion of the particles
is most pronounced when ¢/ = mg/ng can be written as a fraction with small integers
mo and ng. To explain this observation, we first recall that for static band Hamiltonians
a static external force does not lead to a finite net velocity of the particles; only Bloch
oscillations can occur. As outlined above, this can be understood from energy conservation.
In the presence of oscillating terms in the Hamiltonian, the energy is still conserved modulo
Q). This implies that an energy conserving transport process is possible if the energy gain
gng obtained by hopping ng steps to the right, is an integer multiple of ) as described
by Eq. (3.46). For large values of either mg or ng, this process is, however, exponentially
suppressed as the particle has to tunnel through long distances in either real- or Floquet
space until the resonance condition is met. This further implies that for ¢ — oo a finite
average velocity is only possible if g and ) are commensurate, while it is expected to
vanish for all incommensurate ratios (i.e., it is finite only on a set of measure zero).

By considering only those values of 2 and g where one can indeed observe transport,
one recovers similar conclusions already drawn for the ratchet without external potential:
depending on both frequency and ’electric field’, the particles can move either 'up’ or
"”down’. Moreover, by comparing velocities, one realizes that by choosing convenient values
for g and €2, doublons and holes can be forced to move in the same or in opposite directions.
Alternatively, one can tune parameters such that only one species is moving. So, indeed,
the quantum ratchet seems to work for long times even when an external force is present.

3.3.2. Finite-time velocities and effective Bloch oscillations

The situation is, however, different when finite times ¢ are considered. Here, velocities
might still be detectable even though the commensurability condition (3.46) is not (well)
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3.3. Ratchet effects in the presence of an external force

fulfilled. In order to study such systems where arbitrary values of g are chosen we need
to compute the average velocity for finite systems. However, there is an immediate prac-
tical question arising: how can the above demonstrated Floquet space algorithm be used
for arbitrary (and even non-commensurate) values of g7 To circumvent this seemingly
troublesome issue a modified potential is introduced

V(g,n) = —gn — Z O(n — ing) (m(g)Q — g)ng , (3.49)
i€l o

where the ©-function is defined by O(z) = 1 for > 0 and ©(z) = 0 for z < 0. Within the
unit cell of real-space size ng this potential describes the true potential gn. However, by
enforcing translational invariance in Floquet space the potential is simultaneously enforced
to jump at the boundaries of the unit cell, n = ing with ¢« € Z. Thus, the commensurate
property becomes V(g,n + ng) = V(g,n) —m(g)Q2 and the size of the jump is given by
AV =m(g)Q2—npg (< ©/2). Here, m(g) is an integer which is chosen to be the best
approximation to gng /<, i.e., m(g) = |gno/?]. The size of ng is set at convenience, but it
is clear that the larger ng becomes, the smaller the potential jump AV is. For all studies
in this section we set ng = 120.

So as soon as g cannot be written in the form g = ’;Z—(‘;Q there emerge finite size errors.
Due to these jumps one cannot use the model of Eq. (3.49) together with the previously
discussed Floquet space algorithm (see Sec. 3.3.1) to calculate the long-time asymptotic
behaviour of the system. However, the model is valid for short times if one determines
the velocity of the bosons only in the center of the unit cell, i.e., far away from the
boundaries. This is true because it was shown by Lieb and Robinson [185] that (up to
exponential precision) information propagates maximally at a fixed velocity vr through
the system. This Lieb-Robinson velocity vrr is on the order of twice the hopping rate,
and guarantees that for short times, ¢t < ng/(2vLR), the result is not affected by the jumps
at the edge of the unit cell.

As an initial state we consider a doublon at zero momentum k = 0 with wave function
11(0)) = 1/v/N 2N, |i) in real space. At time to = 0 the ratchet is suddenly switched
on. In order to calculate |¢)(t)) we follow the Floquet protocol as above: first, |1(0)) is
projected onto the Floquet eigenstates, (¢, (0)[1(0)). Second, |1 (t)) is evaluated using the
Floquet theorem. At every point in time the expectation value of the velocity operator
(see Eq. (3.17)) can then be determined. However, to avoid finite size effects we evaluate
the expectation value of the single-site velocity operator (¢ (t)|vq,(t)[¢(t)), with vy(t) =
> i va,i(t), only in the middle of the unit cell, i, = no/2. The average velocity for the
interval [0, ] at that lattice site is then calculated by (v4;,, (£))* = + 5 (va,, (t)). Because
the initial state of the doublon is chosen to be homogeneous in space, the total average
velocity is simply given by

i) = [ d W)l (350

i=1lm

For the chosen normalization (vg(t))*" directly gives the average velocity of the doublons
in the interval [0, ].

The average velocity as a function of g is shown in Fig. 3.11 for a fixed frequency §2.
The plot shows how for increasing time t the average velocity (solid line) approaches the
t — oo limit (dots). The curves are characterized by oscillations with a width that shrinks
with 1/¢t. With shrinking width, only those external forces give a sizeable contribution
which fulfil the commensurability condition (3.46) with a precision determined by 1/,
nog = mo(Q2 + O(1/t)). Close to each point where the commensurability condition is
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Figure 3.11.: Average doublon velocity (solid lines) at times ¢ = 10,25 and 50 after a sudden
switching on of the ratchet potential as function of the external force g. The driving frequency is
fixed to © = 4.4 and the real-space unit cell size is set to ng = 120 (see text). Ratchet parameters
are as in Tab. 3.1 and velocities are measured in units of ajat(Js,0 + Js,c). The discrete points at
ge = 28 show the average velocity in the limit ¢ — co. The inset in (c) reveals the characteristic
pattern of minima and maxima caused by effective Bloch oscillations (see text) near the 20z = 3
resonance.

fulfilled, there is a characteristic pattern of oscillations (see inset of Fig. 3.11(c)). These

oscillations can be interpreted as Bloch oscillations of an effective Floquet band structure

and an effective electric field: at a point of commensurability, g =g.= ’:—SQ = %Q, with

% being the reduced fraction, one obtains a number of ng, Floquet bands in theTenlarged
unit cell®>. These bands incorporate the effect of the constant force g and of the oscillating
Hamiltonian. Hence, if the external force g is tuned away from g., the difference g — g,
can be interpreted as a small effective electric field acting on these Floquet bands. This
small electric field then induces Bloch oscillations. The period of such oscillations can be

computed semiclassically using F' = 0yp = g—¢. as an expression for the effective force and

3See, e.g., Refs. [101,186] for a similar discussion about effective Floquet bands in the presence of a
constant external force.
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Towp = %. The last equality describes the fact that the system traces out an entire circle
in the Brilouin zone over a single period T'. The period of these effective Bloch oscillations
is therefore given by
_ 27
nOr‘g - gc| .

Hence, one observes peaks for (v(t))*" as a function of g not only close to the commen-

surability points g., but there is an emerging series of minima and maxima separated by
s

Ag =~ ;™= as can be seen in the inset of Fig. 3.11(c). Note that while the calculation

was done for doublons only, the results carry over to the species of holes in an analogous
fashion (cf. Sec. 3.3.1). Since they do not show any qualitative difference we refrain from

showing explicit results here.

(3.51)

3.4. Prospects of a topological quantum ratchet

While the main goal of this chapter is to investigate ratchet effects for dilute doublon and
hole gases as done in the previous sections, we briefly want to review the consequences
of our discussion for insulating states, i.e., Mott insulators or fermionic band insulators.
In these cases one has to investigate the current (or particle velocity) when all states
of a given band are occupied. Of course, the dynamical response is typically absent for
these insulating materials. However, in some cases the dynamics of the system is not
only composed of the sum of individual contributions, but might also be characterised
by global properties. Materials that exhibit these kind of properties are said to have
topological order. Recently, the concept and understanding of topology has become very
fertile in the context of condensed matter systems. The first crucial steps along these
lines was the discovery of the integer quantum Hall effect [187] and its explanation in
terms of a topological invariant by Thouless and collaborators [188]. Meanwhile, there
have appeared many more topological materials such as topological versions of insulators
[189,190], superconductors [190] and metals [191]. Also certain types of quasiparticles
and magnetic textures have attracted a lot of scientific attention, because they exhibit a
strong robustness due to their topological nature. A particularly interesting example in
this context are magnetic skyrmions [192,193]. The ultimate proof of how much the notion
of topology has shaped the field of condensed matter physics (and beyond) was brought
in 2016 when three pioneers of this field, David Thouless, Duncan Haldane and Michael
Kosterlitz, were jointly awarded the Nobel prize.

While the reader is referred to comprehensive review material in order to study the
general aspects of topological matter (see, e.g., Refs. [189, 190, 194, 195]), we shall be
interested in consequences of topological aspects for the dynamics of the presented ratchet
setup. The main goal is to connect the notion of topology for static band Hamiltonians
to the properties of Floquet systems. Here, we will strongly follow the ideas by Kitagawa
et al. [116] and Qi et al. [196]. In doing so we want to address the question whether a
topological pump is also achievable at large driving frequencies 2. In other words, we
want to investigate if it is possible to merge the characteristics of a quantum ratchet, as
seen in Secs. 3.2 and 3.3, with potential topological properties.

3.4.1. Examples for topological transport in periodically driven systems
Thouless pump

In 1982, Thouless, Kohmoto, Nightingale and den Nijs succeeded in explaining the strange
quantised behaviour of the conductivity for the integer quantum Hall effect [188]. They
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3. A quantum ratchet for excitations of a bosonic Mott insulator

considered a 2D insulating electronic (fermionic) system that has a rectangular shape and
is translational invariant. Furthermore, the system is non-interacting allowing for a many-
particle description by ’filling up’ the single particle spectrum with associated energy
eigenstates |u,x), where n is the band index and k describes the momentum. Having
an insulator means that the Fermi energy €p lies in between a band gap of the system
guaranteeing that bands below (above) ep are completely filled (empty). Applying an
electric field E to this system creates a current density j. Here, the Hall conductivity,
Ozy = 0J3/OE,, quantifies the response of the current in x direction due to an electric
field in the direction of y (see Ch. 7 for more details). Using the Kubo formula one can
show [96,197] that the Hall conductivity is eventually given by

i62 d2k2 8unk 8unk 8unk 8unk 62
oy = _hzn:/gz (2m)2 << Ok, | Ok, > B < ok, >) = ~om ¢ (392

Ok 27h
with e being the charge of an electron, & is the reduced Planck constant and C' =", C,
describes the sum over all first Chern numbers of occupied bands of the system. Note that
while the first part of Eq. (3.52) does not immediately reveal the quantised nature of the
conductivity, identifying its expression in terms of Chern numbers indeed does.

These Chern numbers ought to be integer values, C,, € Z, because they represent topo-
logical equivalence classes: they generally classify band Hamiltonians that can be deformed
into each other without closing a gap [189]. They are, hence, topological invariants and
can only be of integer form. Chern numbers are mathematical objects that are connected
to the notion of fibre bundles [198]. However, they can alternatively be expressed in terms
of an integration over the Berry curvature

1
n = 5_ dzk Qn i .
C I BZ >8] (3 53)
where the Berry curvature is defined as
0A,; OAL; 0
Qni': ol L d ng =1 n n 54
g Ok; 8k] an A N ? <U’ k‘akj ’u k> (3 5 )

is the U (1) Berry connection (cf. Eq. (2.71)). It is easily shown that with these expressions
Eq. (3.52) is fulfilled. This expression of the Chern number in terms of an integration
of the Berry curvature over the two-dimensional momentum torus is also known as the
TKKN invariant in the literature. A more elaborate discussion of the quantised nature
of Chern numbers and its deep connection to Berry curvatures can be found in, e.g.,
Refs. [96,195,199]. Chern numbers and other topological quantities have become of great
importance lately, since they are the key to understanding topological insulators. We will
present more on this matter in Chs. 6 and 8.

After having briefly discussed the importance of topological aspects and its consequence
for the quantum Hall system, one might rightfully wonder where the connection to dy-
namical systems, such as Floquet systems is. Here, it is crucial to realise again that the
concept of Chern numbers is not only preserved for two-dimensional Brillouin zones, but
rather holds for any parameter space that forms a torus T2. The model that we want to
study now is a 1D insulating lattice system which is driven periodically in time. We require
that the drive is performed adiabatically such that energy bands are ensured to remain
gapped throughout the driving cycle. Note that we are not yet introducing the notion of
'Floquet’. The system is then indeed described by a toric 2D parameter space spanned
by momentum k € [—7/a,7/a) and time ¢ € [0,7"). In 1983, Thouless showed [172] that
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the particle transfer of such a system without any additional forces is indeed given by the

total Chern number .
1
C:—g//den ) 3.55
2 <~ Jo JBz i (3.55)

Therefore, for C' # 0 one expects to have a quantised movement of particles per driving
period in the system. Due to its close analogy to the quantisation of the Hall conductivity
above one can in some sense view this Thouless pump as a dynamical version of the
integer quantum Hall effect. Note that while the above model seems very simplified,
one can in principle extend the result of having a quantised pump also to the presence
of (weak) disorder or interactions [200]. We stress again that a quantised and robust
particle pump requires insulating states, such as fermionic band insulators or bosonic
Mott insulators. Both scenarios have been demonstrated only recently in experiments
with ultracold atoms [18,19].

Quantum conveyor belts

While the Thouless pump relates a rigorous mathematical object to the occurrence of
quantised transport, the picture misses out on yielding a simple physical intuition. We
therefore present a different example of a quantised particle pump: the quantum conveyor
belt. Here, one first engineers the desired transport behaviour of the system and then tries
to find some underlying mathematical explanation. Note that while at first this quantum
conveyor belt might seem like a purely academic problem, actual experimental realisations
have been achieved by using cold atoms in optical lattices [170,171].

We consider again a one-dimensional non-interacting lattice system. Quantum particles
are positioned at lattice sites 7 in corresponding states |i) and have an SU(2) spin attached
to them. Assume that the lattice is very deep, i.e., that to lowest order no hopping between
different sites take place, and that the lattice is spin-dependent. We require now that the
potential for the spin-down part remains static, while the spin-up lattice drifts to the right.
This drift has to be slow enough such that no particles are excited into higher bands of
the system. After a certain time 7' the spin-up part of the potential will coincide with the
spin-down part again. The resulting evolution operator reads as

U(T,0) =" li+1,1) (i, +1i,1) (i, 4| = UT(0), (3.56)

7

where we set the lattice constant to unity, aj,; = 1. Indeed, by assuming that the movement
of the spin-up lattice is continuous we can identify this evolution operator with the Floquet
operator U = exp(—iHT) (see Sec. 2.2.1). Clearly, the dynamics predicted by such an
evolution is that particles with spin-up are pumped exactly one lattice site per driving
period to the right. This is very similar to the Thouless pump above. Going to the
momentum basis the system is described as

UF = e ® 1) (4 + [ (] and Hsz=<’“{)T 8>. (3.57)

The dynamics of the particles in this peculiar system are therefore described by the
quasienergy bands of the effective Hamiltonian (3.57), which are shown in Fig. 3.12(a)
below. The average velocity of a fully occupied Floquet band v is given by (cf. Eq. (3.21))

_ [dk Oey(k)  n, Q2  ny

“Jor 9k T 2 T (3.58)

<v>av
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with n, € Z. Hence, one might argue that the quantisation of the pump is linked to the
winding of a quasienergy band around the Floquet zone.

After having introduced the concept and idea of topological pumps, we will look into
a deeper mathematical grounding of these effects in a Floquet setting. Moreover, we will
address the fundamental question whether such topological pumping processes are also
applicable to large frequencies as seen for the quantum ratchet transport, see Sec. 3.2.

3.4.2. Topological invariants and dimensional reduction

In order to establish a connection between the dynamical properties of a quantised par-
ticle pump and its Floquet description we present a topological classification in terms of
homotopy groups following closely Ref. [116]. A small general introduction to the theory
of homotopies can also be found in Sec. 8.1.1.

While the discussion can in principle be extended to higher dimensions, we restrict
ourselves again to a spatially one-dimensional problem that is translationally invariant
(lattice constant being set to unity, aj. = 1). Here, the set of Floquet operators {U%'}
defines a map from the first Brillouin zone to the space of m x m-dimensional unitary
matrices, with m describing the number of bands of the system. Note that for a full
description the number of bands are nominally infinite. However, in many circumstances -
as it is also the case for the Bose-Hubbard model in Eq. (3.1) - the system can be projected
onto some low-energy subspace. As a consequence, m becomes finite and the physics is
described by an associated effective low-energy Hamiltonian.

The periodic nature of the Brillouin zone causes the map to the space of unitary matrices
to trace out a loop. A topological classification can now be conducted by equating all such
loops that can be smoothly deformed into each other. Each of these homotopy classes are
represented by an integer-valued topological invariant w € Z. For the system at hand this
'winding number’ is defined as [116]

w=o— | dk T[(UF) 0Uf], (3.59)
21 JBZ
where the trace is taken over the m-dimensional (sub)space. Clearly, due to the cyclic
nature of the trace the winding number does not alter under a similarity transformation
of UF. We can therefore gain a good intuitive picture of w by expressing the Floquet
operator in terms of Floquet eigenstates. The expression reads as

_T Oey (k) _
w_%zyj/Bde o = (3.60)

with T being the driving period. This picture of w is particularly useful as it allows
the non-trivial topology to be identified through simple inspection of the quasienergy
spectrum: the topological invariant is indeed nothing but the sum over all windings of
individual Floquet bands?. We want to stress again that this is a unique property of
Floquet systems. Due to the fact that the spectrum must not only be periodic in k
but also in the quasienergy, one can have bands that leave the Floquet-Brillouin zone to
one energy side and emerges simultaneously at the other, see Fig. 3.12. This leads to a
winding of the respective band around this torus in a very literal sense. Therefore, for any
local, static (non-driven) system the winding number is trivial (w = 0). Again, if there
is a net winding of a single Floquet band, its average velocity must be quantised, and

“Note that when there are degeneracies in the spectrum one should choose the definitions of &, (k) such
that they become smooth functions of k [116].
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Figure 3.12.: Examples for Floquet bands that wind in quasienergy space. (a) Floquet band
representation of the single spin conveyor belt, see Eq. (3.57). (b) Perturbations open a gap at
(0,0), but leave the net winding unchanged. (c¢) Demonstration of how single band winding is
not protected under perturbations. The energy gap defines an adiabaticity condition for, e.g.,
(approximate) quantised particle pumping in these cases.

it follows what was predicted by Thouless [172]: the displacement of particles over one
driving period is exactly w unit cells, which yields a quantised charge current for charged
(fermionic) particles.

Being equal to a topological invariant, the net winding of Floquet bands is topologically
protected, meaning that it is insensitive to (weak) perturbations. This is best visualised
by our example of a quantum conveyor belt (see above): the ideal case is described in
Fig. 3.12(a), where one band is completely flat and the other one goes straight from
(—m,—/2) to (m,2/2) in the mixed Floquet-Brillouin zone. Switching on a perturbation
that mixes the eigenstates will cause a band gap to open at (0,0). However, one can easily
see from Fig. 3.12(b) that while the band initially corresponding to the spin-up particle
loses its individual winding property, the net winding is indeed preserved.

So the nature of a quantised pump can not only be phenomenologically explained with
a winding of Floquet bands, but has a deeper connection to the topological classification
of the corresponding Floquet operator as outlined above. However, despite the possibility
to directly create or simulate discrete Floquet operators [101,201,202] it is more natural
to start with a static Hamiltonian and only then drive it with a time-periodic term (see
Sec. 2.2). Hence, it is worthwhile to try to formally connect the homotopy classification
above with a topological classification in terms of Chern numbers for time-dependent
Hamiltonians as in the Thouless pump case.

This connection was established in Ref. [196] by means of dimensional reduction: a 2n—1
dimensional insulator characterised by a parameter 6 can be classified by a Chern number
defined in 2n dimensions. This can be done by regarding 6 as an additional component of
the crystal momentum. In contrast to the single band system of the Thouless pump, we
assume that the driving frequency is only adiabatic with respect to some m-dimensional
band space. This means that in the course of a single driving period instantaneous energy
eigenstates are allowed to mix. An example of such a system is indeed the quantum ratchet
model described in Sec. 3.2. The system’s property of not being adiabatic forces us to
introduce the non-abelian Berry connections (cf. Eq. (3.54))

Ausi = 1 ak(@) Slusk(®@)  and Auso = (uan(@lapluse(®)) (361

with |uak(6)) being an instantaneous eigenstate. The expression of the total first Chern
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number then reads as

0A 6“49} . (3.62)

1
C:—j{de dk:Tr{—
27 BZ 00 ok
We now choose a gauge such that 4y is always single valued. Also, for periodically driven
systems we interpret the parametric dependence of Bloch states on 8 as coming from the
evolution of these states under the periodic Hamiltonian. In other words, we identify the
cyclic parameter 6 with the time variable t. The expression (3.62) then yields

C= 2 [ dk Te[A(T)] = Tr[A(0)]. (3.63)
21 JBZ

As long as the adiabatic condition (with respect to the m-dimensional band space) is ful-
filled the time evolution operator U (t) mixes occupied bands only. Hence, the initial state
[uak(t = 0)) evolves into the state |uak(T)) = UL |uak(0)) after one period T'. Inserting
this expression into the Berry connection (3.61) gives

Aap i (T) = i (uar(T)|Ok|upk(T)) (3.64)
= i {uar(0)|(UF) 04 (UF |upi (0)) )

= Aapo(0) + i (war,(0)|(UF) (01UL) lugi (0))

Finally, by substituting this expression into Eq. (3.63) the total Chern number becomes
c=_" | dk [ (Uf) oUl] (3.65)
21 JBZ
which is nothing but the expression for the topological invariant w indexing a certain
homotopy class, see (3.59). Therefore, the sum of all Chern numbers equals the net
winding of Floquet bands.

Both of these quantities are topologically protected. However, this protection does not
hold for properties of single bands: while Chern numbers are quantities of individual
bands, the winding of a single Floquet band is not protected against perturbations as can
be seen from Fig. 3.12. Most crucially, it is known that all local and physical Hamiltonians
possessing a finite number of bands - such as tight-binding Hamiltonians - have the fol-
lowing property: the sum of Chern numbers over all bands of the Hamiltonian must equal
to zero [203]. It is therefore the fate of every generic periodically driven band Hamilto-
nian to reveal a net Floquet winding of zero. Of course, the obvious question now is how
the working principles of Thouless’” pump and of the quantum conveyor belt fit into this
general statement.

Clearly, if the driving is performed adiabatically with respect to some sub-band en-
ergy scale, then there can (approximately) be some Floquet winding due to the fact that
the partial sum over Chern numbers is allowed to be finite. This is the essence of the
Thouless pump, and explains why quantised pumping requires some form of adiabaticity.
Once this adiabaticity condition is lifted Floquet bands inevitably start hybridizing, which
changes the net winding as can be seen from Fig. 3.12(c). Note that this hybridization is
exponentially suppressed in 2 divided by the band gap.

Nonetheless, the quantum conveyor belt is seemingly stable. Here, however, it is crucial
to realise that we directly introduced the Floquet operator without the prior formulation
of a local microscopic Hamiltonian of the system. Indeed, by transforming the effective
Hamiltonian (3.56) to position space one immediately sees that H*" cannot be described
by a local form of a Hamiltonian. It can, thus, be summarised that quantised pumping in
lattice systems is only possible when either the condition of having a local Hamiltonian is
broken, or an adiabaticity condition is introduced.
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3.5. Summary and discussion

In this chapter, we have studied effectively non-interacting periodically driven quantum
systems. Here, we focused on simple lattice models with and without the additional pres-
ence of an external force. First, we have suggested a quantum ratchet setup to gain control
over the dynamics of a thermally activated homogeneous Mott insulator characterized by
a small number of doublon and hole excitations. We showed that these excitations can
indeed be moved across the lattice in a controlled fashion by choosing appropriate values
for the driving frequency 2 and by ensuring that all mirror symmetries of the system
are broken. This ratchet effect can be linked to the emergence of resonances: whenever
a multiple of the driving frequency approximately equals the energy difference of bands
n{)2 ~ AF, unidirectional motion is enhanced. A thorough analysis of such resonances
in terms of Floquet perturbation theory was presented. We have further shown that the
particle transport characteristics qualitatively depend on how the ratchet is switched on:
either adiabatically or instantaneously. Moreover, in the large frequency regime, Q > AFE),
the quantum ratchet connects to a quantum simulator that mimics the dynamics of a
particle in the presence of an effective vector potential A coupling to the momentum.

In a second study we imposed the presence of a constant external force, which naturally
complicates the situation. However, introducing a unit cell in the extended space consid-
erably simplifies the problem. We identified a commensurability condition that needs to
be met in order to allow for transport in the long-time limit: only if the applied force g
and the frequency €2 of the applied driving are commensurate, a net motion of doublons
and holes can be observed. Here, transport is most pronounced in cases where the ratio
of g and () is given by a fraction with small denominator. Note that such a commensu-
rability condition is, for instance, also needed to obtain dynamical localization in kicked
rotor systems [204] or to guarantee ballistic transport in electric quantum walks [101].
Nevertheless, for finite times, transport is also permitted for incommensurate frequencies.
In these cases, the physics is captured by Bloch oscillations in an effective system with an
enlarged unit cell and reduced force. In both cases our analysis supports motion of the
particle 'up the hill. Note that such an effect due to a quantum ratchet has also been
studied experimentally in a different setup [169].

As for future prospects, it will be interesting to generally realise quantum machines by
using specifically designed periodically driven systems. One natural goal in the context of
our work could be the development of a cooling device. Here, such a machine could rely
on the selective transport of doublons and holes to either remove the excitations from the
system or to bring them close to each other for a controlled recombination of both. The
latter would obviously require some additional appropriate time-dependent change of the
Hamiltonian.

In addition, we have shed light on a possible stabilization of the ratchet effect by topo-
logical order. While matter with such topological order is predestined for the purpose
of quantum computation due to its robustness against perturbations, we summarized the
results of such robustness for dynamical properties. By means of dimensional reduction
one can show that the net winding of Floquet bands must correspond to the sum of
Chern numbers over all bands of the original Hamiltonian. This proves that in general
there cannot exist a stable topological quantum ratchet for arbitrary frequencies. Having
said this, there are examples that do support quantised pumping, such as the Thouless
pump [172]. This type of pumping, however, requires the strict following of an adiabaticity
condition. Nevertheless, particularly in designed systems such a condition might be met
relatively easily. It is therefore no surprise that a topological pump was recently realised
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3. A quantum ratchet for excitations of a bosonic Mott insulator

with systems of cold atoms [18,19] and that related forms of (topological) pumping have
been proposed in such designed systems, see, e.g., Ref. [92]. We also note that while a
non-zero net winding of Floquet bands is seemingly unprotected, these bands might be
characterized by some Chern number themselves (cf. Ch. 6). While these systems might be
particularly interesting for realising Floquet versions of topological insulators, see Sec. 2.3,
they can also exhibit exotic transport properties due to anomalous edge states [121,127].
However, this mechanism is not to be understood as a quantum machine in the spirit of
our discussion above.

Lastly, the discussion about transport properties of the investigated quantum ratchet
has neglected a very crucial aspect: the interactions of the doublons and holes among each
other. We claimed that this approximation holds true for small densities of excitations,
but it must fail once this density starts to grow. Generically, the presence of interac-
tions inevitably leads to heating in the long-time limit [31,32,205] (for more details see
Sec. 5.1): ultimately, the only possible stationary state is the infinite temperature state,
which describes the situation of occupying all many-particle states with equal probability.
We expect, however, that even in strongly interacting systems it will be possible to design
quantum machines which on the one hand manipulate a (strongly) interacting system ef-
ficiently and on the other hand do not produce too much entropy. A possible description
of interacting Floquet systems will be one of the central tasks of this thesis, which we will
develop in the following.
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4. From Keldysh formalism to the
Boltzmann equation

In previous chapters, the characteristics and features of effectively non-interacting designed
quantum systems were investigated. Now, we turn our attention to the key principle of
condensed matter physics: interacting quantum many-body systems. It is the ultimate
aim of part II of this thesis to capture interaction effects in periodically driven quantum
systems. While, eventually, our description will take a semiclassical approach, the coherent
and possibly strong external drive of a Floquet system makes it worthwhile to start by
picturing the full quantum mechanical treatment.

In general, an arbitrary quantum system can be described on the microscopic level by
a corresponding many-body Hamiltonian encoding all interactions of participating con-
stituents [206]. However, despite knowing the microscopic structure of a system, conse-
quences for its macroscopic behaviour can generally not be deduced. This reason for this
unsatisfying situation is the sheer number of ~ 10?* particles in systems of macroscopic
size. So how is it at all possible to get theoretical access to the description of complex,
interacting many-body quantum system a from a microscopic perspective? The key to
answer this question is a theoretical framework that uses collective degrees of freedom in
form of fields. Such quantum fields theories (QFT) have indeed developed into a univer-
sal common language in the context of condensed matter physics [207]. Their success is
rooted in the valid formulation of a respective low-energy theory for the collective field.
Perhaps the most popular QFT is based on an imaginary time technique, also called "Mat-
subara formalism’ [208], which is capable of describing the physics of a many-body system
at thermal equilibrium. The list of available literature on this equilibrium QFT is quite
extensive. Here, we highlight the book by Altland and Simons [206].

Interestingly, despite the fact that a much more powerful quantum field theory captur-
ing also aspects beyond equilibrium situations was established around the same time, most
attention has been paid to the less capable but, perhaps, more aesthetic Matsubara tech-
nique. A possible explanation for this development is the fact that true non-equilibrium
situations in the realm of condensed matter physics were perceived as 'too rough’ to pro-
vide delicate and interesting effects beyond equilibrium [207]. Moreover, most traditional
experimental systems such as disordered metals, bulk magnets or superconductors can
hardly be driven away from equilibrium [207]. Here, external disturbances are sufficiently
described by ’linear response theory’ [206,209], which is embedded in the equilibrium QFT
formalism.

Nonetheless, recent experimental and technological developments have dramatically
changed the general perception and triggered also large interest in non-equilibrium many-
body quantum systems. Here, systems made of ultracold atoms (Sec. 2.1) are a major
driving force of this field: since these quantum systems are typically well isolated, they
represent an ideal testbed to study non-equilibrium many-particle physics [13,25,111,137],
holding prospects to even simulate aspects of the highly non-equilibrium situation of the
early universe [210,211]. The theoretical foundations to deal with systems far from equi-
librium were originally laid by Schwinger [212], Kanstantinov and Perel [213], Kadanoff
and Baym [214] and, most prominently, Keldysh [215]. While initial descriptions of
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non-equilibrium theories were build on the ’operator formalism’, in a recent book by
Kamenev [207] the language of non-equilibrium QFT was thoroughly introduced entirely
in a functional integral representation. We stress again that the list of applications de-
manding the usage of this QFT language is growing rapidly. Most importantly, among
the examples are also Floquet systems which are inherently out of equilibrium owing to
an external drive at, in principle, arbitrary strength and frequency. Therefore, our aim is
to ultimately bring together the concept of Floquet theory, see Sec. 2.2, and methods of
non-equilibrium QFT.

Nevertheless, while a quantum mechanical description of many-body systems is indeed
crucial for many scenarios in the field of condensed matter physics, remarkably, a much
simpler approach which captures the semiclassical dynamics of the system works well in
many situations. Such a kinetic equation was initially introduced by Boltzmann more than
one hundred years ago to describe the physics of classical gases [216]. Phenomenologically,
the dynamics of a many-body system is attributed to three different mechanisms: particles
drift due to intrinsic imbalances, external fields couple to particles, e.g., an electric field
acting on charge carriers, and scattering effects due to interactions of particles with each
other or through collisions with defects. The resulting Boltzmann equation can thus be
abstractly written as [217]

g = hk|drift + hk|ﬁeld + ﬁk|scatt ) (41)
with ny describing the distribution function of particles and the three different terms on
the right hand side represent the dynamics evoked by each corresponding mechanism.
Boltzmann equations are a mighty tool to describe how scattering affects the semiclassical
dynamics. Importantly, such kinetic equations do not aim at capturing quantum-coherent
processes at short times, but instead consider the dynamics on time scales set by slow
changes of external parameters and by the scattering time between particles. Thus, kinetic
equations generally build on a clear separation of the associated time scales.

Clearly, any semiclassical theory must be revealed when taking the associated limit of
a corresponding full quantum mechanical description. In this spirit, the Boltzmann equa-
tion (4.1) naturally emerges from a full non-equilibrium quantum-field theory. One of the
central objectives of this thesis is to perform such a semiclassical approximation for an
interacting periodically driven system yielding a Floquet version of a Boltzmann equation,
see Ch. 5. However, in order to make this thesis self-contained, in this chapter we will
present a thorough derivation of a conventional Boltzmann equation from the Keldysh
approach. To this end, we mainly summarize the introductory chapters of Kamenev’s
book [207]: first, we give an introduction to the general Keldysh formalism and its struc-
ture. We then show how to derive quantum kinetic equations by considering the Dyson
equation of the theory. Lastly, we reveal how the assumption of having weak interactions
together with a clear separation of physical scales can be used to derive the infamous
Boltzmann equation by exploiting associated approximation schemes. The main mate-
rial, conventions as well as structure of the corresponding part of this chapter are indeed
provided by Ref. [207], but complementary information can be found, among others, in
the books by Rammer [218], Altland and Simons [206] and in a review article by Ram-
mer and Smith [219]. We then finish the chapter by assembling some general remarks on
semiclassical transport theory.

Note that while we particularly focus on aspects that are relevant for the Floquet case
presented in Ch.5, this chapter is solely an accumulation and a review of technical aspects
that have been expressed in the literature before. We, thus, invite the experienced reader
in this field to continue with the next chapter, Ch. 5.
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4.1. Basics of the Keldysh formalism

4.1.1. The Keldysh contour

We start by considering a most general quantum many-body system which is determined
by a time-dependent Hamiltonian H (¢). Such a system is generally unsolvable. Nonethe-
less, we can formally claim that the state describing the full system at time tg= —o0 is
represented by a corresponding many-body density matrix p(—o0), which is known. The
peculiar reference time of g = —oo is deliberately chosen such that one can safely as-
sume the system to be non-interacting at that point in time. In addition, the system is
neither characterised by thermal nor by quantum fluctuations. The interaction part of H
(independent of the details) is then only switched on adiabatically. Of course, besides the
impact of interactions the Hamiltonian might experience some explicit time-dependence
by, e.g., the presence of some external fields. In chapter 5 these fields will be time-periodic.
Most importantly, it is because of these external time-dependent perturbations that the
system is driven out of equilibrium.

The time evolution of the density matrix p(¢) is given by the von Neumann equation,
Op(t) = —i[H(t), p(t)] (with h = 1). Hence, the evolution is given by

p(t) = Ui —oc p(—00) Ust (4.2)

with Uy, = Tz exp[—i ftto dt'H(t')] being the evolution operator and 7; describes the time-
ordering operator. The latter must be introduced since the Hamiltonians at different times
do not necessarily commute with each other. Eventually, one is interested in calculating
the expectation value of some observable O at a certain time ¢. The expectation value is
defined with respect to the density matrix as

_ Tr[Op(t)] 1

Tl"[p(t)] - Tr[ﬂ(t)] Tr [Ufoo,Jroo U+oo,t O Ut,,OO ,0(—00)} , (4'3)

where the trace is taken over the many-body Hilbert space of the problem. Note that
in order to get the expression on the right-hand side of Eq. (4.3) the equality U_o; =
U_so,+00U+00,t Was used as well as the cyclic nature of the trace. One can also put the
evolution under the trace into a pictorial form: the density matrix at to = —oc is evolved
up to t, where the expectation value is evaluated, followed by an additional evolution to
+0o (the reason for this 'detour’ is clarified below) and finally back to —oo. Thus, taking
the expectation value requires a forward as well as backward evolution in time along a
closed time contour C, see Fig. 4.1. The trace taken in Eq. (4.3) ensures the closing of this
contour.
A central object of the presented theory is the partition function that is defined as

z = Dller®] _ (4.4)

Tr[p(t)]

with Ue = U_o +00U+00,—00 describing the evolution operator along the closed path C. In
realistic situations the Hamiltonian is the same on the backward and the forward branch
of the evolution. Hence, an initial state is perfectly brought back to itself (without any
phase factors) under the evolution of Ug, and it holds that Uz = 1. This enforces that the
partition function Z equals unity.

In order to insert an observable at some point on the forward or backward branch,
respectively, one can work with a source term that makes the Hamiltonian slightly different
on both branches. Thus, by introducing the Hamiltonian Hi:(t) = H(t) + OV (t), where

(O)(®)
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Figure 4.1.: Tllustration of the time contour which is enforced by the expectation value of Eq. (4.3).
This contour is frequently named Keldysh contour. Taking the trace as done in Eq. (4.3) addition-
ally closes the contour at ¢ = —oo. The '+’ (*-’) indicates the forward (backward) time-evolving
branch. Note that this picture is presented in the Schrédinger picture, i.e., it is the density matrix
that is time-evolved along the contour.

the plus (minus) refers to the forward (backward) branch, the evolution operator along the
contour becomes non-trivial, Ue # 1. Equally, the partition function becomes non-trivial
as well and can now be understood as the generating function Z[V]. The expectation
values of an observable O can then be found from

5Z[V]
oI (4.5)

(O)(t) =

| =

Comparing this expression to equilibrium QFT techniques, one instantly realises that there
the observables demand a derivative of a logarithm [206]. This logarithm is void in Eq. 4.5,
because Z[0]=Z=1.

Having started to make comparisons one might wonder how the (potentially more fa-
miliar) notion of equilibrium QF'T fits into the closed time contour picture presented here.
Lets consider for simplicity the zero-temperature formalism [220]. Here, expectation val-
ues are taken with respect to a ground state of the interacting many-body system, |0r).
Since the system is known to be in equilibrium, this ground state is connected to the
ground state of the non-interacting Hamiltonian at {o = —oc by an adiabatic evolution,
ie., [07) = Ut~ |0). Thus, one can write (O) = (0| U_o+tOU; — |0). The key idea is
now that one can write

Usoo,—o0 [0) = €7 0) (4.6)

meaning that evolving the non-interacting ground state while switching on and off the
interactions takes the system back into that very state, up to a phase factor. Clearly, the
phase is given by €'® = (0| Us, —oo |0). Excepting this argumentation and using Eq. (4.6)
explicitly, one can express the expectation value as follows:

<O| U+00,t O Ut,foo |O>
<0| U+ooﬁoo ‘O> ’

So, indeed, the expectation value can be deduced from a forward only evolution. However,
the price to pay here is the evaluation of the denominator of Eq. (4.7). In a diagramatic
picture this division corresponds to the subtraction of the disconnected or vacuum loop
diagrams, which is known as the linked cluster theorem’ [206]. Moreover, the denominator
plays a major role in disordered systems. Here, it is typically desired to determine the
disorder average. But since the accumulated phase depends on the disorder realisation,
this phase cannot be ignored and must be included in the treatment according to Eq. (4.7).
This causes a complication of the averaging procedure in a very substantial way [206]. Note
that for finite-temperature equilibrium formalisms [178,208,220], where the evolution is
performed in imaginary time by means of the equilibrium density matrix e ## (with
B = 1/T being the inverse temperature), similar arguments as for the zero-temperature
case hold.

(0) = e (0| Usoo—ooU—00t OUs—o0 |0) = (4.7)
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Nevertheless, the ansatz (4.6) does not work for non-equilibrium situations. External
influences drive the system away from equilibrium, and, hence, the non-interacting ground
state is not simply evolved adiabatically as above. Consequently, the forward and back-
ward evolution needs to be taken into account for generic time-dependent systems. In
fact, a field theory that follows the structure of the closed time contour in Fig. 4.1 was
first constructed by Schwinger [212]. Around the same time a diagramatic approach to
the closed time contour was developed by Konstantinov and Perel [213]. This formalism
requires an additional propagation along the imaginary time of length 5. Kadanoff and
Baym [214] most successfully advanced this language by deriving an associated kinetic
theory. It was then Keldysh [215] who suggested a formalism that is able to abandon
the imaginary time part in the steps of deriving kinetic equations. We will use the latter
formalism throughout this thesis, because it yields the derivation of the kinetic theory in
the most transparent way.

4.1.2. Partition function and its functional integral representation

The Keldysh formalism as we want to present it here is based on a functional integral
representation for the evolution operator along the closed time contour C, see Fig. 4.1.
Before formally developing this Keldysh functional integral it is crucial to specify the
particle species. Of course, one can perform the derivation for bosons as well as for
fermions, but there will be differences in the formulation. In the following we will show
how the theory is formulated for fermions, for the following reason: as we are eventually
interested in the behaviour of weakly interacting systems we want to avoid bosons in order
to circumvent the occurrence of Bose-Einstein condensation.

For pedagogical reasons we start by considering a single quantum level which can be
occupied by fermionic particles. Due to Pauli’s exclusion principle one can have either zero
or one particle in a particular state. The many-body Hilbert space is therefore spanned by
the two orthonormal states |0) and |1) only. We further introduce the fermionic creation
(annihilation) operator ¢! (c) with properties ¢! |0)=]|1), ¢ |1)=0, ¢|1)=]0), ¢|0) =0 and
where it holds that {c,c’} =1 and ¢® = (c")? =0. One can also find eigenstates of these
operators given by

cly)=vly) and (¥l =y, with (o)) =", (48)
) is a fermionic coherent state and ,1) represent independent Grassmann variables.

The last identity of (4.8) illustrates that the set of coherent states is not orthonormal. A
resolution of unity in terms of these fermionic coherent states takes the form

1= fai [dp e iyl (49)
Consequently, the trace of an operator O, i.e., Tr[O] = >_, (n|O|n), can be written as

(0] = Y [[ dbdv e tulv) @IOIn) = [[ dbdv e @io] v (a.10)

where the minus sign in |—t) comes from commuting two coherent states, and it was
used that >, |n)(n| = 1. The matrix element of a normal ordered operator appearing in
Eq. (4.10) can be written as

W O(c, e) [0y = O, ¢') (') = O, ¢') e’ (4.11)
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We now aim at making progress in calculating the partition function Z, given in
Eq. (4.4). The energy of the single quantum state under consideration is denoted by
€0, and the associated Hamiltonian of this spinless model reads (in second quantised form)

asl

H=¢clc. (4.12)

In order to simplify things we assume that the initial density matrix at tg = —oo is given
in some equilibrium form p(ty) = po = exp[—B(eo — p)c'c], with p describing the chemical
potential. The denominator of the partition function thus reads as Tr[pg] = 1+ p¢,, where
Peo = e Blco=1)  In the next step, one deals with the evolution operator along the time
contour. For this purpose the contour C is divided into 2N —2 time intervals of equal
duration §; ~ 1/N, with é; — 0 for N — oo. Here, it holds that t; = toy = —oo and
tny =tn+1 =4o00. This fragmentation of the contour results also in an incremental time-
evolution of the system by Us, on the forward branch and U_s, on the backward branch,
respectively. One now inserts the resolution of unity (4.9) at each point j = 1,...,2N along
C. The numerator of Z, i.e., Tr[Ucpo], yields the following term

(Van|U—_st|tpan—1) - .. (Ung1|L|YN) - .- (2| Usse|on) (W1 |po| — Yan) (4.13)

where it should be understood that the term is read from right to left. So the matrix
elements appearing in expression (4.13) are determined to be

(i1 |Usseltry) = (w511 eFHE D g (4.14)

~ (i (L FiH (T c) 6y) 1)

e oVi1¥s oFiH ($j41,05)0t

Note that his derivation does not only apply to more general Hamiltonians, but also to
time-dependent ones. This is crucial since we eventually want to treat Floquet systems.
Finally, by collecting all the exponential factors along the time contour one can write the
partition function (4.4) as

’H[lpo] // Jﬁ[d% (] exp( %

]
hi'=

7 = Y, G;‘]} ¢j/> ; (4.15)
1

where the 2N x 2N-dimensional matrix ZG]_J} is given by

-1 ~Peo

iG = (4.16)

hy -1
and h = 1Fi€pd;. The matrix (4.16) has a structure that can be divided into four sectors:
The on-diagonal parts correspond to the exponentials of Eq. (4.14) for the forward and

! Note that throughout this section we will continue to assume the presence of this Hamiltonian. However,
all results below can be analogously derived for a general, time ordered Hamiltonian, as well.
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4.1. Basics of the Keldysh formalism

backward branch of the Keldysh contour, respectively. The upper right element of the
matrix, —pe,, is due to the last element of Eq. (4.13), i.e., (¢1|po| — ¥2n). Note that this
element is in fact the only one containing information on the initial density matrix po.
Furthermore, the upper right element of the bottom left sector of the matrix is due to the
fact that the points NV and N + 1 on the counter are in fact indistinguishable in a physical
sense. Hence, there is no evolution between these two points, see Eq. (4.13). Despite the
fact that these isolated matrix elements seem to be singular for the case that N — oo they
remain crucial in order to ensure normalisation.

Before dealing with the Gaussian integral in Eq. 4.15 explicitly we take a look at the
continuum limit N — oco. Using the notation t; — (t), one formally arrives at the
following expression for the partition function:

7 = / D[y, ] SYl (4.17)

where the short-hand notation [ D[y, 4] = (Tr[po]) " [f TI2Y, [d4b;, dyp;] has been intro-
duced. According to Egs. (4.15) and ( .16) as well as using (5t] = +¢; (depending on the
branch) the action S reads as

S, vl = Z[wgM—eou?jwj_l]étj+i¢1[w1+peowm} (4.18)
.7

N—oo /+°° b (t) (10 — eo) (1) — ¥~ () (10 — eo)z/z_(t)} , (4.19)

where the contour integral has been split? into a forward and backward part with respec-
tively residing Grassmann fields 1" and ¥ ~. Going from the discrete picture (4.18) to
its continuum version (4.19) suggests that in the latter one loses the knowledge about
the boundary term in the upper right corner of the matrix (4.16). If this was indeed the
case, then the fields 1™ and ¢~ were completely uncorrelated. Of course, this is not true.
Hence, the continuum representation should only be understood as an abbreviation of the
underlying discrete description. However, for practical reasons we demand a continuum
version of the theory that does also encode the information about the boundary term.
This procedure goes by the name Keldysh rotation and is presented in the next section.

4.1.3. Green’s functions and the Keldysh action

To present a continuum representation of the functional integral which encodes all infor-
mation of the system we return to the discrete version of the partition function (4.4).
Here, we exploit the identity of Gaussian integration for Grassmann fields [206], i.e

/ D[, ¢)] e Zi¥idi?i = detA. (4.20)

Using this expression the partition function (4.4) is calculated to give

det[iG™1] 1+ p(eo)(1 = RN 1+ p(eg) el0d* V=D
Tr[po] 1+ p(eo) L+ p(eo)
This confirms the argued normalisation of the partition sum of Z = 1, Sec. 4.1.1. Moreover,

Eq. (4.21) underlines once more how crucial the boundary term is: normalisation of the
theory is only achieved by including the upper right matrix element of Eq. (4.16).

N A T A (A s

Z = 1. (4.21)
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The correlator of two Grassmann fields is defined as

(jy) = / D[y, y] ¢ bj exp (iZwk G w) =1 Gy, (4.22)
kK

where again basic properties of Gaussian integrals have been employed. Here, the indices
run over the discretised version of the entire Keldysh contour. Note that the factor of
Z~! which appears in the equilibrium theory is absent due to Z = 1. It is now possible
to invert the infinitely large matrix (4.16) and, hence, find explicit expressions for the
correlators (4.22). As before, it is convenient to split the fields into parts residing on the
forward (backward) branch indicated by ¥ (7). After having found the correlators in
their discretised form one can take the continuum limit for convenience. Without giving
explicit details of this procedure (for details the reader is once again referred to Ref. [207]),
the final result is given by

WY~ () =i GS(1,1) = —npe i@t (4.23)
W™ (O H (1) =i G (1) = (1 —np)e o), (4.24)
W) ) =i GT (1) =i0(t —t') G (L, 1) +i0(t —t) G=(L,1), (4.25)
W=t~ () = z’G’T(t, tY=i0(t' —t)G”(t,t') +i0(t —t')G=<(t, 1), (4.26)

with np = pe,/(1 + pe,) being the Fermi occupation number and (t) representing the
Heaviside step-function, 6(t) = 1(0) for t > 0 (¢ < 0). Note that in order to be consistent
with the discrete description above one finds that for both Eqs. (4.25) and (4.26) the first
term is determined by 6(0) = 1, while the second term follows §(0) = 0. The respective
correlators are identified with the lesser (greater) Green’s function G< (G~) as well as with

the time ordered (anti-ordered) Green’s function G7 (G7). Here, the symbols refer to the
time-ordering with respect to the contour C. The Green’s functions have the properties

(<N = —¢<>)  and  [@7]' = -G7. (4.27)

Note that the Green’s functions are understood to be matrices in time space, and, hence,
conjugation leads to an exchange of time arguments.

Most crucially, one realises that contrary to the action given by Eq. (4.19) the continuum
version of the set of Green’s functions (4.23)-(4.26) still carries the knowledge about the
initial distribution p. In order to bring also the action into a desired form one continues
with the inspection that

GT (1) + GT (1, 8) — G<(t, ) — G (t,') = 0. (4.28)

The Green’s functions (4.23)-(4.26) are therefore not independent. This should allow for
a transformation that eliminates this redundancy. However, note that there is a subtlety
here: following the above normalisation of the step-function at equal times, 6(0), the
identity of Eq. (4.28) does not hold in situations where ¢t = ¢, for which the right-hand side
of Eq. (4.28) equals —i rather than zero. Since t = ¢’ defines a manifold of measure zero,
this subtlety is typically ignored. Nonetheless, whenever evaluating equal-time Green’s
functions this property should be taken into consideration, see Sec. 4.2.2.

Next, we consider a transformation that allows to make progress from Eq. (4.28). This
transformation is called Keldysh rotation, since a set of new fermionic fields is introduced
in the following manner

i 1 (1 1) (vt Pl 1 (1 -1\ [¢*
-560E) = 656 D)
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(a) (b) ()

GH =~y G* = —ilp*?)

————— -}————— >- -—— e o P —

Figure 4.2.: Graphical representation of the (a) retarded, (b) advanced and (c) Keldych Green’s
function. The explicit forms are found by the Keldysh rotation (4.29) and are given by Eqgs. (4.31)-
(4.33) or Eq. (4.41), respectively.

Note that this transformation is not unitary. Since ¢ is in fact not the conjugate field
to 1, but rather an independent Grassmann field, one has a certain freedom in defining
the transformation. The here presented form of Eq. (4.29) was first introduced by Larkin
and Ovchinnikov [221] and has some practical advantages that will become apparent later
on. Employing the Keldysh rotation together with Eqs. (4.23)-(4.26) yields a new set of
Green’s function that can be put into the following compact form

N Gll GAIQ GR t,t/ GK t, tl
G(t,t') = (ém ém) = ( (0 ) GA((tJ/))) ; (4.30)

where G(t,t') = —i (¥*(t)Y°(t')), with a,b = (1,2). Note that here and in the following
we indicate objects by a hat that have an inherent 2x 2 Keldysh structure, e.g., G. The
superscripts R, A, K indicate the retarded, advanced and Keldysh component of the Green’s
function. They are given by

GER(t,t) = % (67 - T -G+ G7)=ot—t) (6" -G6), (4.31)
1 ~

GA(tt) = 5 (GT-GT+G=—Gc”) =0t - 1) (G= - G7), (4.32)
1 ~

GH(1,1) = 5 (GT+GT+G<+G7) =G+ 6. (4.33)

These Green’s functions are the central objects of the Keldysh technique. A graphical
representation of them is given in Fig. 4.2. Furthermore, using the properties of Eq. (4.27)
one finds that

GRT=c4  and  [GF]'=-GF. (4.34)

Also, from Egs. (4.31)-(4.33) and Eqgs. (4.23)-(4.26) the following equal-time correlator
identities can be deduced

GE@t,t)+ GA(t,t) =0  and  GE(t,t) — GA(t,t) = —i. (4.35)

Again, it is crucial to notice that these characteristics are not unique to the toy model
from Eq. (4.12), but are generally true for any system. To this end, we state a formal
expression for the inverse retarded/advanced Green’s function [206]

-1
[GRA] (1) = ot =) (0 + 00" — H(1)) (4.36)
with 0" being an infinitesimal small, positive, real number and H is the Hamiltonian.
Moreover, it is often convenient to parametrize the anti-Hermitian Keldysh Green’s func-

tion (see Eq. (4.34)) with the help of a Hermitian matrix F, i.e.,

GE(t.4) = / di GRDFE) — F(LD)GAIL ) = GRo F—FoGY,  (437)
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4. From Keldysh formalism to the Boltzmann equation

where the "o’ indicates convolution regarding all degrees of freedom. The matrix F'(¢,t') is
also called distribution matriz®. We remark that for general systems the fields and Green’s
function become functions of all degrees of freedom (not only time), i.e., ¥(t) — ¥, (r,t)
and G (t, ') — Ggg,(r,t, r’,t"), where r represents the position space and o indicates a
spin degree of freedom.

We continue by formulating an action associated with the new set of Green’s func-
tions. Similar to Eq. (4.22) we express the Green’s functions (4.31)-(4.33) in terms of an
functional integral

G (¢, 1) = —i / D[, ] v (t) G (t') ST (4.38)

where the action S now reads as

1

e (T G8), (), o

It has been used that [G~ ]R/ A = [GF/ A] which is a direct consequence of the triangular
structure of G, see Eq. (4.30). The Keldysh component of the inverse Green’s function is
determined by G® o [G~1K + GK[GA]~!, which is, by employing Eq. (4.37), rearranged
to yield

(G =[eF o F—FolaA . (4.40)

In general, it is this term that correctly regularizes the action (4.39). Finally, Eq. (4.39)
achieves the goal to formulate an action in the continuum model that carries the knowledge
about all boundary conditions and correlations: while the retarded and advanced Green’s
functions depend only on the spectrum of the underlying Hamiltonian, the Keldysh com-
ponent contains information about the occupation numbers. In the following, the form of
the action (4.39) allows to perform standard diagramatic perturbation theory, see Sec. 4.2.

An alternative method to the functional integral (4.38) for calculating the Green’s func-
tions G, G4 and G¥ is given by taking the (contour ordered) operator expectation value.
Using the fermionic creation and annihilation in their Heisenberg representation, cf(t) and
¢(t), the Green’s functions can be determined from the following expressions [218]

GR(t, ) = —i0(t —t') ({c(t), ()}, (4.41)
GAt,t) =i6(t' —t) ({c(t),c(t)}),
G (t,t) = —i ([c(t), ()],

with {.}/[.] describing the anti-/commutator. These expressions will be particularly useful
in calculating explicit forms of non-interacting Green’s functions (see Sec. 5.2.2).

We close this section by making a short remark on an alternative approach to the
Keldysh time contour: instead of using a functional integral representation, one could have
formulated the entire theory in terms of contour ordered operators, see, e.g., Ref. [218].
While both theories are formally equivalent, the functional integral representation is much
more transparent and approachable; particularly in deriving kinetic equations from an
interacting system.

3 Using expressions (4.23) and (4.24) one can explicitly determine the form of the Keldysh Green’s function
(4.33). Taking the Fourier transformation yields G¥ (¢) = —2miF(€)d(e — €o), with F(e) = 1 — 2nr(e)
being the transformed distribution matrix.
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4.2. Quantum kinetic equations

4.2.1. Dyson equation in Keldysh space

After having introduced the general structure of the functional integral approach in Keldysh
space in the previous section 4.1, we will now give a practical approach to the explicit cal-
culation of Green’s functions of interacting many-body systems. First we claim that the
Hamiltonian is written in the following form

H=H+H"™, (4.42)

with H? being the non-interacting part of the Hamiltonian, and H™ encodes all interac-
tions in the system. Including all relevant degrees of freedom, one can find a functional
integral representation for the Green’s functions of the form

Gty (a,a") = =i [ DI, 0] 03 (w) iy (a') ST Sl (.43

where z = (r,t). The non-interacting part of the Hamiltonian is absorbed into Sy, and
Sint is the part of the action that is caused by the interactions. Crucially, the term Sy
is not quadratic in the fields, but rather of higher order (e.g., quartic for particle-particle
interactions). Hence, there exists no general scheme for the eract inversion of this matrix,
and, indeed, it may even be impossible to invert it in practice (cf., Eq. (4.22)). Nonetheless,
one can make progress by formally expanding the exponential of Eq. (4.43) in powers of
Sint, i.e.,

2 _

Gt (,a') = ~i [ DG, 0] (o) il () (1 -+ i~ Py e (g4
Thus, the total Green’s function G is expressed as a sum of higher order correlators that
are all evaluated with respect to the Gaussian action Sy.

In order to tackle this seeming problem one exploits another main advantage of the
functional integral formalism: the validity of Wick’s theorem. This theorem states that an
average is given by the sum of all possible pairwise contractions. In the case of Grassmann
fields one should bare in mind that every commuting process yields an additional minus
sign. Each combination is therefore multiplied by a factor that represents the parity of
the respective permutation, e.g.,

(W) = — (Y*°) (P90 + (v o) (¥°°) . (4.45)

The logic of Eq. (4.45) carries over to any correlator of arbitrarily high order. Hence, one
can write the Green’s function (4.44) in terms of combinations of non-interacting Green’s
functions Gy = G‘Sint=0' The different combinations of Green’s functions also encode
various integrals over position and time as well as matrix multiplication in Keldysh space.
One can now interpret these collections of Green’s functions and associated integrals in
terms of (Feynman) diagrams. The explicit form of these diagrams depend on the type
of interaction. Examples are given in the next section, Sec. 4.2.2. Generally, one can
rearrange the diagrams, i.e., the terms of the infinite sum in Eq.(4.44), into blocks of
irreducible ones. The collection of all irreducible diagrams is named the self-energy 3.
Here, the self-energy is also a matrix in Keldysh space. With this definition at hand one
can rewrite Eq. (4.44) as

é:Go—i—éooioéo—i—éooioéoOioGAo—l-...:é0+éooioé, (4.46)
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where the notion of o’ has been extended to include the Keldyh space structure. The
only formal difference to the standard (equilibrium) diagramatic expansion [178,206,220]
is indeed the additional matrix multiplication in Keldysh space.

Multiplying both sides of Eq. (4.46) with G’a ! from the left followed by a rearrangement
leads to the Dyson equation

(Gt-%)oG=1, (4.47)

which is an exact equation determining the full Green’s function G. To make progress
one uses an explicit form of the self-energy. This form depends on the Keldysh rotation.
In fact, the reason to choose the transformation as presented in Eq. (4.29) is to have G,
G ! and ¥ all possessing the same structure. Without giving the explicit proof here, the
self-energy takes the form

- R, o Kz, 2
S(z,2') = <2 (0’ ) ;A((xx,D : (4.48)

where the retarded, advanced and Keldysh parts of the self-energy exhibit similar prop-
erties as the Green’s function (see Eq. (4.34)), i.e., £ = [84]T and =K = —[ZK]T. As a
result of Eq. (4.48), the Dyson equation becomes

([Gc’ﬂ _0 -z [Gé]__le 2A> 0 (GEJR gf) —1. (4.49)

Note that it was taken into account that the Keldysh component of the inverse Green’s
function [G_l]K is only a regularization. Thus, it can be omitted in the presence of a
finite Keldysh component of the self-energy L.

The on-diagonal parts of the Dyson equation (4.49) yield for the retarded and advanced
components

([Gg7) ™ = nf4) o Rt =1 (4.50)

These expressions are closed and, assuming the self-energies /4 are known, might even
be solved for simple systems. We, hence, want to focus on the Keldysh component of the
Dyson equation. Using the parametrization of G¥ in terms of the distribution matrix F,
see Eq. (4.37), the expression is given by

([6H1 ™ =5 o (GRoF—FoG*) =K oG =0. (4.51)

One makes progress by multiplying this expression with ([G{'] - ¥4) from the right and
by exploiting Eq. (4.50). Finally, by moving all terms that depend on self-energies to the
right, and all other terms to the left, one finds

Fo[Gg;‘]‘l—[G(?]‘loF:z:K_(zRoF—FozA). (4.52)

This form of separation has an obvious reasoning: the left-hand side depends on the in-
verse of non-interacting Green’s functions and therefore describes the kinetic terms, and
the right-hand side captures interaction effects and thus called the collision integral. Those
parts together in Eq. (4.52) describe the quantum kinetic equation (QKE) for the distribu-
tion matrix F'. Notice at this point that the QKE is formally still an exact description of
a general many-body non-equilibrium system. However, for arbitrary systems and times
this equation is practically impossible to solve. The problem is two-fold: one needs to find
expressions for the self-energies as well as to deal with the convolution of objects. In order
to be able to make progress one therefore has to apply sensible approximation schemes to
Eq. (4.52).
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4.2.2. The self-energy

In order to be able to calculate self-energies explicitly the interaction part of the Hamilto-
nian needs to be specified. We, hence, make the first crucial assumption: in the following
we shall consider two-body interactions that are static and local in space. In true electronic
systems this assumption may only firmly hold in situations where sufficient screening yields
effective short-range interactions. Having said this, we are strongly motivated to find a
theoretical description of systems made of cold atoms in optical lattices (see Sec. 2.1).
Here, the charge neutrality of the atoms typically excludes* any long-range interaction,
and the interaction part of the Hamiltonian of type

TBM

H™ =1 /dr CITCLCNCI"T U Z CITCLCuCz‘Tv (4.53)
i

is indeed the natural description of particle-particle interactions in the system. Here, we
have already indicated what form this interaction type assumes in a tight-binding model
(TBM). In favour of generality, however, we will (first) consider the continuous expression
on the left-hand side of Eq. (4.53). In the following, we also crucially assume that the
interaction strength U is sufficiently small, i.e., much smaller than the energy scale set by
HO, in order to allow for a perturbative treatment of the problem. For general situations
the particle-particle interactions between electrons lead to a space-dependent interaction
potential, U — U(r). A typical approach for a simplification of the problem is given,
e.g., by a Hubbard-Stratonovich transformation [206,207]. Nonetheless, for short-range
interactions, such as the s-wave scattering of cold atoms, the interaction type (4.53) is not
only valid but simplifies the yet to be developed perturbation theory substantially.

The time-evolution along the Keldysh contour under the presence of H'™ leads to a
functional integral representation that includes an associated contribution to the action,
see Eq. (4.43). Considering the original form of the contour, i.e., the form of the contour
before the Keldysh rotation, the interaction part of the action for the explicit interaction
type (4.53) is given by

Sint [¢a Q;Z)] = - % /C dt/dr Z 1/710(1', t) 1/;6(1'7 t) 1/}5(1', t) ¢O’(r7 t) (4'54)

[e.e]

[ afa S [rvdet —ddeveez], @)
where o = (1) for 0 =71(]), and the coordinate variable has been dropped in the second
line for convenience. Note that there is a subtlety regarding the temporal limits of integra-
tion: recall that in the very far past (future) it is actually required that the interactions
are switched off (cf. Sec. 4.1.1). After being turned on adiabatically they remain, however,
present for an arbitrarily long time.

Bearing this information in mind one now performs the Keldysh rotation given by
Eq. (4.29). The action of Eq. (4.55) then acquires the form

Swldovl == [t [ar 3 [Ghibobed + 020202 + (9], (450)

where the last term represents a copy of the first two terms with interchanged labels.
Following the logic of Eq. (4.44) the different terms in Eq. (4.56) generate higher-order
correlation functions by expanding the exponential in powers of Siy. Switching to a

4Exceptions are systems made of Rydberg atoms, for example.
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Figure 4.3.: Graphical representation of the four interaction vertices as the appear in the cor-
responding interaction Si,, see Eq. (4.56). They fundamentally arise from an on-site interaction
type given by Eq. (4.53).

graphical visualisation the interaction terms are represented by a set of vertices. These
vertices are shown in Fig. 4.3.

The full Green’s function can now be determined by evaluating the self-energy diagra-
matically. The nth order contribution to ¥ is given by all possible combinations of n
number of vertices that form an irreducible diagram. Here, irreducibility describes the
fact that the diagram cannot be separated into two by simply cutting a single propagator
line. In the following we will exemplarily evaluate the first and second order contribution
to the self-energies.

1st order

The first order expansion term of Eq. (4.44) yields four terms. Using the Wick’s theorem
(4.45), the first term of Eq. (4.56) describes a contribution to the full Green’s function of
the following form:

(G )™ == 5 [dor 3 () (Bhan) Gblan) v (o) w2 (o) B4()

=5 [don (sh) 101 W3R + (w3h) (o) ki)

=5 [an (GG GH + GGl GR)

:—ig/datl (G§i(z, 21) Gf (21, 21) G (21, 2) )

— [do1 (G SE(@r00) GH(ar.a)). (4.57)

where the superscript ’(1, 1)’ refers to the first term of the first order expansion term. In
the second line it was exploited that the two-point correlators are diagonal in spin space,
since the interaction does not change the spin. Note that because of this property we will
shorten the double spin index of all two-point functions in the following, e.g., 3t = X44.
In the second and third line the space and time variable x7 was dropped for convenience.
Moreover, it was used that G?' = 0, see Eq. (4.30).

The procedure of Eq. (4.57) is repeated for all terms of the first order expansion term
and for both spin configurations of G. Eventually, all first order contributions to the
self-energy are found to be

S (2, 2) = —i% (GF@,2) + GA.x)) 20, (4.58)

SR, x) =24 (2, 2) = —i % GE(z,x). (4.59)
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Figure 4.4.: Diagrammatic representation of (a)-(c) first-order and (d)-(o) second-order contri-
butions to the self-energy resulting from the on-site interaction vertices of Eq. (4.56) or Fig. 4.3,
respectively. First order: (a) contributes to X and (b)-(c) are associated with ¥ see Eqgs. (4.58)
and (4.59). Second order: (d)-(h) are parts of 3, while (i)-(0) contribute to =, see Eqs. (4.60)
and (4.61). The corresponding contributions to ¥* are obtained by using that ¥4 = X, Note
that the spin index assignment as shown in (d) is the same for all second-order contributions.

Diagramatically, Eqs. (4.58) and (4.59) are represented by Fig. 4.4(a)-(c). So the first
order correction to the self-energy is seemingly proportional the Keldysh Green’s function.
Evaluating expression (4.41) at equal times gives G¥ = i(2(cfc) — 1). Hence, due to the
second term of GX the self-energy is predicted to yield a constant offset. However, the
typical mean-field approximation for Hubbard-type models, Unynyg — U (ng) nj+Uns(ny),
does not have this additional contribution. So where have we gone wrong? The answer is
hidden in the validity of Eq. (4.28): recall that for equal times it holds that G7 = G7 =
G~, and, thus, the Keldysh rotation does actually not bring the Green’s function into the
form of Eq. (4.30) at equal times. Nevertheless, by going back to the Keldysh contour
ordered Green’s function given by (4.22) we see that the energy offset indeed vanishes
when taking the correct properties into account. In the following, we will therefore assume
that the energies of the system are simply renormalized by the Hartree corrections in the
familiar sense.

2nd order

The total second order contribution to the self-energy is given by the 16 different com-
binations of the terms of Sj,;. Here, every term is evaluated in the spirit of Eq. (4.57).
Using again that G?! = 0 as well as GA(z,2')G®(x,2') = 0, one eventually finds 12 dif-
ferent and independent diagrams contributing to the Keldysh or retarded component of
the self-energy, respectively. These diagrams are shown in Fig. 4.4. Note that the ones
contributing to ¥4 are trivially obtained from (ER)T. When translating the diagrams into
explicit expressions for the respective parts of the self-energy, the retarded component
takes on the form

2
Ef‘(:ﬂ, ') = —UT [Gé(w', x) Gf—f(x, ') Gf(m, ') + G?(x', x) G?(aj, ') Gf(aj, ')
+ G (2 2) GE(z,2") GE (x,2)) + GE (o, 2) GE (2, 2)) GF (2, 2")
+ G 2) G (2,2) G (2,2) |, (4.60)
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4. From Keldysh formalism to the Boltzmann equation

and the Keldysh component is given by

>z, 2 = —= [fo(x’, ©) GE (2, 2") GE (z,2') + GE(2', 2) G&(z, 2') GE (x, )

+GA(,7) GB(z,2) GE (x,x')} , (4.61)

where still ¢ = (1) when o =1 (). These expressions are simplified further by exploiting
the following general identities for retarded and advanced Green’s functions:

G2’ 2)GA (2, 2") + GA (2, 2)GR(z,2") = —(GR — GN) (), 2)(GR — G (z,2)) (4.62)

as well as
[GB(2,2))* + [GA(z,2)]" = [(G" = G*)(2,2))". (4.63)

The advantage of expressing all quantities in terms of the difference of retarded and ad-
vanced Green’s functions will become apparent in Sec. 4.3. In short, the energy represen-
tation of GF—G# yields a sharply-peaked function for weakly interacting systems. Using
the abbreviation G4 = (G® — G4) one finally finds

2

SH(a,a!) = — [ G 1) GBAw,a!) GEAw, a') + G 1) G (0, ) G (2,)

+ G?f(az', x) Gi—?(m, ') Gf(az, x') + Gg((a:’, x) G?(m, ') Gf(a:, x’)} (4.64)

and
2
5K () = — O [GE G 2) G (r,0') G, 0') + GE (! ) GFA @, o) G )

Note again that ¥4 = (ER)T.

Generally, one can extend this discussion to higher-order contributions of the self-energy.
Note that all terms at all orders are either calculated in the spirit of Eq. (4.57) or, alterna-
tively, by finding the corresponding diagrams and translating them to explicit expressions
as done above. Again, this perturbative approach assumes a small interaction strength U
compared to, e.g., the characteristic energy scale J of a Hubbard-type model, see Sec. 2.1.
This assumption is also necessary for a semiclassical derivation of the Boltzmann equation,
as presented in the next section. Hence, we refrain from calculating higher-order diagrams
and focus on the ones given above in the following.

Before continuing with the main agenda we briefly discuss a crucial aspect of the cho-
sen approximation to simplify the self-energy: the way how the perturbation theory was
presented assumes that the Green’s functions appearing in the diagrams of Fig. 4.4 are in
fact of non-interacting nature. The issue with this is that the resulting Dyson equation
(4.47) is not a closed equation any more for a selected subset of diagrams. This leads to
an uncontrolled method to approximate the Green’s function of the system. In order to
circumvent this problem we claim that the Green’s function is calculated self-consistently.
This leads to the understanding of the self-energy being a functional of the full interacting
Green’s function, i.e.,

> = 3[G]. (4.66)
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Indeed, it was shown by Baym and Kadanoff [222] that macroscopic conservation laws are
not violated when approximating the Green’s function in the correct way. Further, it was
also proven by Baym [223] that conserving approzimations are always guaranteed when
the self-energy can be written as

A A

1G] = 5‘(1;5]

, (4.67)

where ®[G] describes a (truncated) Luttinger-Ward functional [224]. The Luttinger-Ward
functional is the sum of all closed, two-particle irreducible diagrams. Examples for con-
serving approximation schemes are the (self-consistent) Hartree-Fock, second Born or the
T-matrix approximation. For an in-depth view on this matter we refer the reader to the
references given above as well as to the recent book by Stefanucci and van Leeuwen [225].

Consequently, the above derivation of the first and second order contribution to the self-
energy is understood to encode an implicit re-summation of the perturbative expansion of
the full Green’s function: the propagator lines appearing in Fig. 4.4 ought to be full ones.
Finally, we conclude that the equations for the self-energies (4.64) and (4.65) as functions
of the interacting Green’s function together with the Dyson equation (4.47) and a suitable
initial condition define a quantum kinetic equation.

4.3. Semiclassical approximations: deriving the Boltzmann
equation

4.3.1. Wigner transformation and Moyal expansion

The quantum kinetic equation (4.52) is an equation that determines the dynamics of the
distribution matrix F(x,z') = F(r,t,r’,t'). Owing to its two-point character with respect
to space and time as well as its associated matrix structure the quantum kinetic equation
(4.52) is impossible to solve in most circumstances. However, one might take advantage
from a separation of microscopic and macroscopic space and time scales. Assuming that
the latter scales are much larger than the former ones allows for a significant simplification
of the kinetic equations. In the following, we will present a semiclassical representation
of the QKE for ordinary, time-independent systems. To this end, we will introduce the
Wigner transformation [207,218]. Note that later (see Ch. 5) we will combine the separa-
tion of (time-)scales with the rapid periodic oscillations of a Floquet system.

At first we introduce the Wigner or mixed space-coordinates

r+r

T = 5 and Ar=r-r (4.68)
and time variables

_ ot

t:+T and  At=t—1t'. (4.69)

Note that in the following we use sometimes the abbreviated notation z = (T, t) indicating
the central coordinate and Az = (Ar, At) describing the relative coordinate. One can
then express any two-point function, A(x, '), in terms of these variables and perform a
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4. From Keldysh formalism to the Boltzmann equation

Fourier transformation® with respect to the relative coordinate, i.e.,

A@m>=/ﬁAxeﬂﬂﬂﬂi+%%i—%ﬂa (4.70)

with the relative momentum p = (k,w) and pz = kr — wt. The associated inverse Wigner
transformation is then given by

/ dp eP@) Az p) (4.71)

where [dp = [ dk/(27)? [ dw/(27). Considering the expressions for the Green’s functions,
see Egs. (4.64) and (4.65), it is apparent that a Wigner transformation of an algebraic prod-
uct of the form A(x,z’) = B(z,2')C(z,2') is required. Using the definitions of Egs. (4.70)
and (4.71) one finds

A(@,p) = [ da B@.p— ) Cla,q). (472

In addition, it is interesting how a convolution A = Bo C = [dx1B(z,z1)C(x1,2")
transforms. Using again the expressions given by Egs. (4.70) and (4.71) as well as per-
forming a convenient change of variables eventually yields

A(z,p) = //dah dwz/ dpy dpy P2*17P122) B(z 4 2L p 4 py) C(T+ 2,p+p2) . (4.73)

One now proceeds by expanding the objects B and C' in terms of a Taylor series in the
momenta p; and pz. The integrals over the momenta can then be evaluated by using the
identity [dpeTP*p" = (Fi)"6( (x), with 6 denoting the nth derivative of the delta-
function. Following this, the integrals over the spatial coordinates are also evaluated. The
formal expression finally takes the form

A(z,p) = e %P% %% B(z,p) C(z,p), (4.74)

where the differential operator d7(©) acts on two-point function B (C) only, and it holds
that 0;0, = V Vg — 0,0,,. Note that more details about the derivation can be found in
Sec. 5.3.2, where an analogous expression is derived in a Floquet setting. The expression
(4.74) is formally exact and called the Moyal product. Every matrix product indicated by
o’ can thus be formally replaced by this Moyal product.

It is now intuitive why a representation in terms of Eq. (4.74) might be desirable: an
expansion of the exponential function yields terms with increasing order of derivatives. A
physical separation of scales allows to truncate this expansion. This is because under the
above assumptions a general two-point function depends only slowly on the central coordi-
nates, i.e., the associated derivatives give small contributions. The most extreme example
is given by translationally invariant systems. Here, only the zeroth order expansion term
of the Moyal product survives. Generic systems that follow a clear separation of scales are
typically already well described by a first order expansion

A@,p) ~ B@,p) O p) + & (9:B(F.0) 3,C(7.p) ~ 0,B(T.0) 0:C0(T.0)),  (4.75)

where the respective derivative acts on its neighbouring function B,C only. The Moyal
expansion given by Eq. (4.75) is a powerful tool to simplify the quantum kinetic equation
(4.52), provided that a separation of scales is indeed physical reality.

5 Note that when dealing with spatially periodic lattice systems where spatial coordinates are replaced
by discrete lattice sites, A(z,z") — A;j, the Fourier transformation is altered correspondingly. Here,
translatlonally 1nvar1ant objects, Aij = Ai—; = Anaj, are transformed as A(k ZA ﬂkaAJAAj and

fBZ (27r/a)d eZk“AJA( ), with a being the lattice constant. While we shall leave this aspect aside

for now, we will discuss such systems at length in chapter 5.
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4.3.2. Kinetic terms and the mass-shell distribution function

By using the approximative expression (4.75) we are finally in a position to proceed with
the quantum kinetic equation (4.52). Note again, however, that this procedure decouples
micro- from macroscopic scales in a crude way, and is, thus, a semiclassical approach. We
will elaborate a bit further on the associated consequences in Sec. 4.4.

We continue by considering the general non-interacting form of the inverse retarded and

advanced Green’s function G 1= [Gé% / A]_l, see Eq. (4.36), which Wigner-transforms as

Gol(w,a') =6(x— ') (i0 — h(z)) 5 Gy'(@p)=w—ex—V(z),  (4.76)
where h(z) is some single-particle Hamiltonian that is decoupled into an energy spectrum
part € and an external potential V' (z). For pedagogical reasons we demand a simplified
spectrum at this point. However, one can imagine to have a spectrum that is additionally
characterized by other quantum numbers, such as band or spin indices (see above). In
fact, we implicitly assumed some kind of diagonalization of A(z) in order to express it
(after Wigner transformation) in terms of the single-particle spectrum ex. We remark
that there is a deep connection between this diagonalization procedure and some Berry
phase corrections to the final result. In order to focus on the main results we will ignore
this aspect for now, but we will elaborate on it in chapter 5 below.

Finally, substituting Eq. (4.76) into the expression describing the quantum kinetic equa-
tion (4.52) yields for the left-hand side

[F oGt | 5 i (0:F(2,0) 0,65 (7,0) — 0,F (2, ) 0:Gy (2,p) ) (4.77)

=i ( — ViF Viex — OiF + ViF ViV (7, 1) — 0,F 0V (7, ) ) . (4.78)

where it was used that 0,G 1 — 1. Again, differentiation is only assumed with respect to
neighbouring objects and in the second line we abbreviated the distribution function as
F = F(z,p). Analogously, the right-hand side takes the form

sK_F(sh-nt)- % (052 0, F — 0,57 05 F — 0:F 9,5 + 0, F 0:3 )
= 3K —2i FIm(2®) — i 9;Re(2F) 9,F + i 9yRe(2F) 0;: F, (4.79)

where the property %7(z,p) = [4(z,p)]” was used.
Upon equating Eqgs. (4.78) and (4.79) the following result eventually emerges:

(1= 0uReSM) 0y + OV O+ 1 Ve = ViV Vi ) F = Leon[F]. (4.80)

Note that we dropped the ’bar’ as an indication for central coordinates in favour of nota-
tional brevity. Here, all gradient terms have been collected on the left-hand side and the
potential, V=V+ ReXf, as well as the velocity, Vi = Vi (ex + ReXf), are renormalized
according to the real part of the self-energy. Note that to lowest order these corrections
are associated with the Hartree diagrams of Sec. 4.2.2. Moreover, the so-called collision
integral on the right-hand side is given by

Lon[F] = i XX + 2 FIm(XF). (4.81)

Eq. (4.80) together with the collision integral (4.81) describes the Wigner transformation
of the QKE, which already greatly simplifies all intended calculations. However, the set
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of equations for different energies and momenta is still coupled, which makes the problem
at hand still difficult to solve. It is, thus, natural to demand yet another simplification
scheme. Generally, the choice of this method depends on the properties and details of the
system. In the following, we will employ the quasiparticle approzimation [218]. Within
this method we make use of the fact that the considered system is only weakly interacting.
This property allows the spectral function, A = i(G® — G4), to be approximated by
non-interacting Green’s functions, i.e.,

A(z,p) = i (GE(z,p) — G (z,p)) = 21 6(w — e — V(T)) - (4.82)

Generally, the spectral function has the property A > 0 as well as obeys the normalization
condition [ dw/(27) A(w) = 1. This allows for an interpretation of A as being a probability
distribution [206]. For weakly interacting systems the spectral function is sharply peaked
and, thus, can be viewed as describing a well defined quasiparticle. So even if weak
interactions are fully taken into account, the J-function appearing on the right-hand side
of Eq. (4.82) is only broadened by the self-energy, 6 — dx;. The width I" of the generated
Lorentzian describes then the inverse lifetime of the quasiparticle, 74, ~ 1/I'. Finally,
for the assumption of Eq. (4.82) to hold, we require that the energy scale dw on which
individual objects vary (like the distribution function F', for instance) is much larger than
the width of the spectral function, i.e., dw > T.

Furthermore, we consider a Wigner transformation of the Keldysh Green’s function to
lowest order. One observes that by construction of Eq. (4.37) the distribution function
F(z,p) steadily shows up in a product with the spectral function A(z,p), i.e., GE =
F(GF — G4) = —iFA. Hence, one can formally restrict the energy argument of F to
the position of the quasiparticle peak by means of energy integration. To this end, we
introduce the mass-shell distribution function

Flr,t,k) = /dw Flr,t,k,w) 6(w — e — V(Z)) ~ / ;L: Fr,t,k,w) A(r, t,k, o). (4.83)

By using the expression for the Keldysh Green’s function the mass-shell distribution func-
tion is reformulated to read as

_ d |
Fr,t,k) ~ 1/2—w GE (e, t,kw) = i G (e, 1, 6) "2V 1 = 2 (e, 1), (4.84)
™

where ny describes the fermionic occupation number. Let us stress again that writing the
mass-shell distribution function in terms of the equal time Keldysh Green’s function is
only an approximation that is controlled by the condition dw 7qp > 1.

The kinetic equations for different energies are decoupled by multiplying Eq. (4.80)
with the spectral function (4.82) followed by an integration over energies. If in addition
it is assumed that Eq. (4.84) holds, a closed kinetic equation for the fermionic occupation
number n is deduced of the form®

(01 + 91 Vi = VeV Vi ) mac(r, 8) = Lonlmuc(r, 1)), (4.85)

where we modified the collision integral such that I.on[n] = —%ICOH [F] Note also the
absence of the 9,V ,n term on the left-hand side of Eq. (4.85) as a consequence of the
on-shell projection procedure.

5Note that we set the inverse of the quasiparticle weight Zl'=1- awReER\wzg_‘-, to unity for conve-

nience, i.e., 7719, — 6.
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Indeed, Eq. (4.85) coincides with the celebrated Boltzmann equation [217]. We conclude
by restating a couple of remarks: first, while it was the aim to keep the derivation of
Eq. (4.85) as simple as possible, the result is straightforwardly extended to potentially
more complex systems that are characterized by band and spin indices, i.e., ng(r,t) —
Nk,a,0(T,t). Second, the velocity vy and force Fx = —V,.V appearing on the left hand
side of Eq. (4.85) experience corrections due to possible Berry curvatures. Formally, this
was derived recently by Wickles and Belzig [226]. A discussion for Floquet systems is
presented in Sec. 5.4.2. Lastly, note that considering only diagonal, on-shell contributions
implies that Boltzmann-type equations cannot describe coherent quantum oscillations.
The resulting equations are therefore only valid on time scales longer than the decay time
of such oscillations.

4.3.3. The collision integral

The first step in calculating the collision integral (4.81) is to determine the self-energies in
their respective Wigner-transformed forms. As mentioned above, the first-order diagrams
are purely real, and, thus, only renormalise the quantities on the left-hand side of the
Boltzmann equation (4.85). We assume that this is implicitly done and focus for the
collision integral on the second-order contributions, see Eqgs. (4.64) and (4.65). Note
again that in the end we look for a lowest order approximation to the initial QKE. The
Green’s functions that appear in the expressions of the self-energies are self-consistently
determined by the Dyson equation (4.47), which encodes a Moyal product. So determining
the collision integral to lowest order also allows to determine the Green’s functions within
a zeroth-order Moyal expansion. Furthermore, since interactions are weak and the second
order self-energy contributions are already oc U?, we refrain from considering further self-
energy corrections to the Green’s functions appearing in . Consequently, it is sufficient
to evaluate the non-interacting Green’s functions in order to calculate the collision integral
to lowest order.

We assume for now that the fermionic system is spin-less, but still has short-range
interactions of type (4.53). We then consider the Wigner transformations of objects that
appear in Egs. (4.64) and (4.65), i.e.,

(G} — G (z,p) = —2mid(w —ex) and GE(z,p) = —2mi F(k)d(w — 1),  (4.86)

where we dropped central coordinates for convenience and assumed that the energies are
renormalized to the external potential as well as to the real part of the (retarded) self-
energy, Eq. 4.82. With the help of expressions (4.86) and by using the identity (4.72)
to deal with the Wigner transformation of the product of two two-point functions, the
respective self-energies can eventually be found in their Wigner representation, 3 (k,w).
Similar to above, we want to find the associated on-shell expressions. So multiplying with
the (non-interacting) spectral function plus a subsequent integration over energies yield

the desired result, ¥ = [dw/(27) AX.
After putting all elements together and evaluating trivial integration over delta-functions
the Keldysh component of the self-energy takes the form (cf. Sec. 5.4)

= miU? dp dq

x |[F(k —a)F(p — a)F(p) + F(p — a) — F(p) — F(k —q)] ,
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and the imaginary part of the retarded component reads as

2 d d
_m P / E d(ex +Ep—q + €p +Ek—q) (4.88)

309 == | i | ey
x |[F(k—a)F(p) = F(p—a)F(p) — F(k —a)F(p—a) +1].

One can now compute the collision integral for short-ranged particle-particle interactions

by substituting Eqs. (4.87) and (4.88) into the expression for I.n[F], see Eq. (4.81).

Finally, using further that I.o[n]= —% coll [13] and F =1-2n the final result is obtained as

dq; dqz
(2m)d / (2m)

X [naznas (1= i) (1 = ngy) = micng (1= ng,)(1 = ngy)| (4.89)

Teon[ni] ZQWUQ/ y /d% d(k+a1 — a2 —q3) d(ex + £q, +Eq; +Eqs)

In order to acquire this expression an additional momentum variable was introduced and
one had to add and subtract the term nyxng,nq,nq;- Note also that central coordinates
are still suppressed and that the collision integral is indeed a functional of ny(r,t).

The form of the collision integral given by Eq. (4.89) concludes the derivation of the
semiclassical Boltzmann equation from the initial quantum kinetic equation (4.52). The
d-functions appearing in Eq. 4.89 guarantee momentum and energy conservation, respec-
tively. The expression in the parentheses corresponds to a combination of in- an outgoing
scattering channels. Here, a factor of (1 — ny) ensures that scattering into an occupied
state is suppressed. This is, of course, a manifestation of the Pauli principle. In general,
the matrix element weighting a scattering process is not constant, but rather depends on
the participating momentum states. In fact, one could consider a semiclassical approx-
imation scheme that goes beyond lowest order, but its only effect is the change of this
matrix element. An example is the T-matriz approach [227] in which the full two-particle
scattering problem determines the matrix elements of the collision integral (4.89).

4.4. General remarks on kinetic equations and transport

As seen above, in this chapter we have deliberately put emphasis on the systematic deriva-
tion of the Boltzmann equation (4.85). The reason for this choice is twofold: first, we will
strongly benefit from a clear understanding of the basic notations and methods when de-
riving a Floquet version of the Boltzmann equation in the next chapter, and, second, it
gives us a good intuitive understanding for applied (semiclassical) approximations and its
limitations. In particular, this could be valuable for future prospects where one might be
interested in extending the formalism to regimes of different approximations.

As well known, the Boltzmann formalism naturally gives rise to the description of macro-
scopic transport theory. While aspects of the latter will also be highly relevant for the work
of this thesis, see Ch. 7, we refrain from giving a more in-depth discussion on transport
theory at this point. Instead, we refer the reader to comprehensive texts in the literature,
e.g., to the book by Ziman [217]. In this section, we only briefly present some core ideas
about the semiclassical Boltzmann formalism and associated transport theory as well as
comment on some general aspects of (quantum) kinetic equations. Later, in Ch. 7, we will
in detail present an earmarked transport formalism.

Phenomenological interpretation of the Boltzmann equation Having obtained a semi-
classical approximation to the full quantum kinetic equation we connect this Boltzmann
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equation to the phenomenological expression of Eq. (4.1). Here, we identify

hk|drift = — Vg Vrnk, hk‘ﬁeld = —Fk ank y le| Icoll [nk} . (490)

scatt =
At first sight individual terms indeed appear as if purely deduced from phenomenological
arguments [217], i.e., gradients in spatial profiles cause drifts, external forces evoke changes
in the momentum distribution and the collision of particles can give rise to a scattering
dependent change of the distribution function.

However, we stress that the version of the kinetic equation which is approximated from
a full quantum theory, see Eq. (4.85), is indeed more powerful in the sense that it knows
naturally about additional corrections from Berry phases and interaction effects. This is,
for instance, crucial in situation where the dynamics of the system is fully described by
quasiparticles obeying strong energy renormalisations such as in the Landau Fermi liquid
theory [228]. Here, it is crucial to keep track of the energy corrections in order to obtain
a contribution due to a ’drag’ or ’backflow’ effect. Note that this effect is embedded in
the structure of the spectral function of the system, or likewise in the self-energy, and
therefore encoded in Eq. (4.85) but not in the phenomenological version of Eq. (4.1).
The key message here is that despite being powerful descriptions, Boltzmann equations
can indeed miss out on crucial details of the underlying full interacting and quantum
mechanical system. In fact, later in Ch. 7 we encounter a scenario where the results from
a pure Boltzmann treatment are incomplete and need to be modified a posteriori.

We also stress once more that while the Boltzmann equation is a powerful tool describing
non-equilibrium dynamics and being successful in, e.g., predicting conductivities of metals,
it still remains a semiclassical approximations with severe limitations. While we discussed
the main limitations related to interaction strengths above, we note that the validity might
also be restricted by dimensional arguments [229].

Equilibration and steady states The scattering term or collision integral, see Eq. (4.89),
typically encodes a high level of complexity in the Boltzmann equation in the sense that it
renders an integro-differential equation. However, there is a simple situation - equilibrium
- which is defined by Iy [nﬂ] = 0 and for which we denote ny = n?{. This relation is a
consequence of the principle of detailed balance [217]. Additionally, it must obviously also
be a direct consequence of the Boltzmann equation itself, since this is the only scenario
allowed in the absence of external fields. In fact, for the example of having an atomic cloud
confined to a parabolic potential, equilibrium is obtained by a gradient in the chemical
potential counteracting the non-vanishing external linear force, cf. Ch. 7.

Another characteristic situation predicted by the Boltzmann equation is the case where
the time derivative of the occupation function vanishes, but both fields and collision inte-

gral remain finite. This situation is called steady state.

Transport Assuming that the Boltzmann equation could be solved, i.e., the distributions
functions are available for all momenta k (and possibly other quantum numbers), one can
calculate the associated particle and energy current densities. To this end, one defines (cf.
Sec. 3.2.2) [217]

jn(r,t):/g:)d Vienk(r,)  and je(r,t):/(;f)d Vieewn(r, ), (4.91)

where (27)¢ indicates the corresponding volume of the Brillouin zone and we set e = 1.
The expressions of Eq. (4.91) can then be used to obtain macroscopic transport coefficients.
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For instance, the electrical conductivity o,, can be obtained from Ohm’s law (cf. Eq. 7.28)

jn=0nE . (4.92)

Techniques to approximate the Boltzmann equation It is, however, only rarely possible
to solve the Boltzmann equation exactly due to its integro-differential structure. Hence,
if one wants to make progress and quantitatively determine, e.g., conductivities, further
approximation schemes need to be applied. The crudest simplification goes by the name
'relaxation time approximation’ and approximates the collision integral effectively by a
single parameter in terms of a scattering rate 7 [217]. At the same time, it is assumed
that the full occupation functions only differ marginally from corresponding equilibrium
solution. Then, the collision integral can be approximated by I.on & —(nx — ny)/7.

The next better approximation captures the characteristics of the collision integral more
seriously, but still relies on small deviations from equilibrium. Since scattering always
drives the system back into equilibrium, one can safely linearise the collision integral in dny,
with dny = ny — n?(. By doing so, one obtains the linearised Boltzmann equation, which
has the huge advantage of not being an integro-differential equation any more, but simply
an integral equation. This equation is then much easier to solve and eases numerical efforts
tremendously. One common approach to obtain information from the linearised Boltzmann
equation is the ’variational ansatz’. Essentially, this approach reduces the problem to the
momentum channels which deviate from equilibrium most. For more information about
this technique see Refs. [217,230]. Under some circumstance, the linearised Boltzmann
equation can even be fully solved. An example for such an approach is given in Ch. 7 of
this thesis.

Still, particularly for inhomogeneous systems solving not just the collision integral within
some approximation but the full (linearised) Boltzmann equation can remain a formidable
task. One further route can be to reduce the Boltzmann equation to hydrodynamic or
diffusion equations. These equations then do not describe the dynamics of individual
occupation functions any more, but rather determine the dynamical behaviour of conserved
quantities of the system. This method will be key in respective quantitative calculations

in Ch. 7. Again, more details about general aspects of these approximation schemes can
be found, e.g., in Refs. [217] and [230].

Reversibility of kinetic equations As seen above, a fundamental aspect of semiclassical
kinetic equations is the description of equilibration. This behaviour is fundamentally
linked to the intrinsic irreversibility of the Boltzmann equation. In contrast, a fundamental
property of many quantum systems is the presence of time reversal symmetry. In fact,
it was recently shown analytically [231] that also associated quantum kinetic equations
can still fulfil this symmetry. By embedding time reversal symmetry with the help of an
explicit anti-unitary transformation, H = THT ! (with T being the time reversal, anti-
unitary operator and H describes the many-particle Hamiltonian, cf. Eq. 4.42), one can
demonstrate [231] that all many-particle approximations preserve time reversal symmetry,
if self-energies can be written in a ®-derivable way, i.e., for all conserving approximations
(see above). We therefore stress that it is solely the projection onto on-shell processes that
breaks time-reversal symmetry and not the approximations to the self-energy.

Solving quantum kinetic equations numerically Lastly, we make a remark on the prac-
ticability of the full quantum theory. We recall that the quantum kinetic equation (4.52)
is an exact description of the interacting many-body system at hand. As discussed above,
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though, due to its matrix structure and the fact that self-energies need to be computed
self-consistently, solving the QKE for arbitrary systems and times is practically impossible.
Nevertheless, using the 'nonequilibrium Green’s function (NEGF) method’ [232] indeed
allows for finding numerical solutions for finite times. Being related to the operator formal-
ism by Kadanoff and Baym [214], the NEGF is a variant of the QKE in the sense that it is
an explicit equation of motion for Green’s functions. Here, the full information about the
system is encoded via a certain hierarchy of equations. Practically, this hierarchy needs to
be truncated, which can be done by introducing a self-energy approximation scheme re-
specting conserving approximations (see above). Details about the NEGF method can be
found in Ref. [232] and reference therein. Recently, the NEGF method has been success-
fully used to numerically describe systems from very different fields of physics. Examples
include the dynamics of strongly correlated fermions [233], the laser excitation of small
atoms [234], the analysis of nuclear collisions [235], strong laser plasma interactions [236]
and many others. Most recently, one has also seen an increasing interest in the general-
ized Kadanov-Baym ansatz (GKBA) [237], which is a method related to the NEGF but
numerically less costly.
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5. The Floquet-Boltzmann equation

In this chapter, we finally return to the discussion of Floquet systems. However, in contrast
to part I of this thesis, where we dealt with non-interacting Floquet systems, we now in-
clude the presence of interactions and describe the system by a many-particle Hamiltonian
of the form

H=Ht)+H"™, with Ht+Tp) ~ H®1) (5.1)

being approximately periodic and H™™* (H") describes the (non-)interacting part of the
Hamiltonian. Here, the time-periodic property results from the external drive, as seen
above, but we now also allow for an additional variation on a time-scale 7Tgow much longer
compared to Ty. This separation of time-scales, Tgow > T, together with the assumption
of having only weak interactions in the system marks the backbone of the theory discussed
in this chapter. Motivated by experimental ultracold atom realisations, see Sec. 2.1, we
choose non-interacting fermionic lattice models paired with a particle-particle interaction
mechanism as the basis of our theoretical description.

Starting from the Keldysh approach, see Ch. 4, we develop a formalism, the Floquet-
Boltzmann equation [238], to describe the dynamics and the scattering of quasiparticles
in such systems. Here, periodic oscillations occurring on a time scale Ty = 27/ are
treated using the Floquet formalism of Sec. 2.2 and quasiparticles are defined as eigenstates
of a non-interacting Floquet Hamiltonian. The dynamics on much longer time scales,
however, is modelled by a Boltzmann equation which describes the semiclassical dynamics
of Floquet quasiparticles and their scattering processes. Most importantly, since in these
circumstances the energy is conserved only modulo Af2, the formalism supports a heating
up of the interacting system in the long-time limit.

In other words, this chapter will deal with the temporal properties of an interacting
driven system and is constructed in the following way. First, we will give a general intro-
duction to interacting Floquet systems, where we will elaborate on their characteristics
and give various examples. We then start to develop our semiclassical formalism. To this
end, we present a few definitions that concern two-point functions of systems that are
perfectly periodic in time. In the following, we introduce how the Wigner transformation
and Moyal product, see Sec. 4.3, can be extended to a Floquet version of theirs and what
conditions need to be fulfilled to guarantee their validity. In the last step, we run a semi-
classical approximation protocol and eventually derive the Floquet-Boltzmann equation
for fermionic systems. Since many steps are structurally similar as in Ch. 4, we will focus
in this chapter on aspects that are unique to the Floquet character.

5.1. An introduction to interacting Floquet systems

In the first part of this thesis, we discussed the capabilities and advantages of periodically
driven non-interacting quantum systems. In particular, we expressed the huge potential
of Floquet systems in the spirit of quantum simulators. We explicitly showed and gave
examples of how a (many-body) quantum system equipped with a periodic drive can
exhibit a broad range of exotic behaviour and even realise novel states of matter. Here,
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the essence being the formulation of an effective static Hamiltonian describing the long-
term physics of the system at hand. However, it can be shown [31] that this description
will eventually break down, if the quantum system is characterized by interactions. Of
course, if a system is interacting, its complexity - particularly regarding an appropriate
theoretical description - is considerably enhanced. As discussed above, non-interacting
Floquet systems have moved into the focus of research only over the last two decades.
Hence, also interacting periodically driven systems have received only little attention until
recently.

Nevertheless, since all experimental systems are ultimately interacting - either inher-
ently or with an environment - successful and stable Floquet engineering requires a good
understanding of the role of these interactions. One peculiar feature of such interact-
ing Floquet systems becomes immediately apparent: energy is generally not conserved;
only modulo the driving frequency €2 for monochromatically driven systems. Most impor-
tantly, one can expect that in the long-time limit, ¢ — oo, a generic interacting Floquet
system approaches the state with the highest entropy allowed by the remaining conser-
vation laws [239]. For closed systems, it is thus believed that generic interacting Floquet
systems eventually approach an infinite temperature state [31,32,205,240]. One way to
picture this behaviour is in terms of a circular ensemble of the random matrix theory,
which can be interpreted as such an infinite temperature state [31]. Another approach is
the explanation in terms of the eigenstate thermalization hypothesis (ETH) [241]. Here,
one considers the pure many-particle state |¥(t)) and the associated time-evolution of the
expectation value O(t) = (¥(t)|O]¥(t)) of some observable O. Decomposing the quantum
state into Floquet eigenstates (cf. Eq. (2.29)) allows to write the latter quantity as

O(t) =Y e, eC 2 (4, (1) 06 (1)) 53 Jeu]” (00(1)| Ol (1)) (5.2)

where the relaxation to a diagonal Floquet ensamble is expected in the long-term limit
due to destructive interference in time [242]. In the spirit of eigenstate thermalization, it
is conjectured that all many-body Floquet states appearing in Eq. (5.2) yield the same
infinite-temperature expectation values (¢, (t)|O|é,(t)) ~ O independent of v [17,32].
In short, in order to compute statistically the properties of many-body Floquet states,
these states need to be formed by the hybridization of many eigenstates with different
mean energies, since energy is not conserved. All infinite temperature states are trivial
in the sense that they are described by a density matrix which is given by the identity
matrix, expressing the fact that all states contribute with equal likelihood. At the same
time, all interesting and novel aspects of Floquet systems are washed out in this T — oo
limit. In general, there are three possible routes to avoid this situation of having all
correlations vanished due to heating: one constrains the system in such a way that it will
fundamentally change its long-time behaviour, one tries to delay the thermalization at an
infinite temperature by fine-tuning the system or one cools the system as much as it heats
up.

One possible robust solution for the former aspect is provided by many-body localisation
(MBL) [243]. Here, the addition of sufficiently strong disorder to an interacting, ergodic
system leads to vanishing transport. Indeed, recent studies [129,244-248] have shown that
even in the presence of periodic driving the property of many-body localisation does not
necessarily vanish. The ETH argument from above does therefore not apply, and the infi-
nite temperature state is avoided. In fact, it was even suggested [129] that Floquet systems
might be the ideal test grounds for studying MBL phases due to their strong distinction
to thermal, i.e., infinite temperature phases. Another idea is to provoke the emergence
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of many-body localization by driving a previously delocalized static system [130]. Exper-
imentally, the emergence of a many-body localised phase in a periodically driven setting
was investigated only recently by means of ultracold atoms in optical lattices by the Bloch
group [16].

Another approach to avoid the infinite temperature fate of an interacting Floquet sys-
tem is to impose additional constraints on the entropy increase mentioned above. Such
a realisation is given by a Floquet-integrable system [249], which offers conserved quan-
tities even in the presence of driving [239]. The result is a state synchronised with the
drive that has maximal entropy constrained by the conserved quantities of the integrable
system. Hence, the system does not equilibrate into the infinite temperature state, but
is rather described by a Floquet generalized Gibbs ensemble [239, 250, 251] (in analogy
to the generalized Gibbs ensemble of static systems [252]). Generally, the interplay of
integrable models and periodic driving does not only prevent heating, but can lead to
interesting phenomena itself, such as strong pumping effects [253]. A third possibility to
avoid infinite temperatures in an interacting Floquet system is the presence of a cooling
mechanism. Such mechanism can, e.g., either be caused by emitting radiation, or by an
external bath [254,255]. While general cold atomic systems are inherently closed, cooling
mechanisms might be naturally available in conventional condensed matter systems due
to the coupling to phonons [254,256] or by means of cryostats.

Nevertheless, even if the ultimate fate of producing an infinite temperature state in
the long-term cannot be avoided, one can aim for tuning the system in such a way that
for experimental relevant time scales strong heating is suppressed. Since such Floquet
systems might still be largely characterized by its interactions, one interprets this regime
as a form of prethermalization. For example, consider a Floquet system being subject
to a quantum quench. The prethermal regime then represents the time scale on which
the system was able to relax to an equilibrium-like state without having experienced too
much heating. Since this regime promisingly combines the notion of interaction effects
with Floquet engineering of novel and exotic phenomena, it has recently been subject
to numerous theoretical studies [92,257-262]. One particular route to suppress heating
effects in this context is to employ driving frequencies that are large compared to all other
microscopic time scales [79,80,263-265].

Besides understanding and characterizing the different limits and regimes of interacting
Floquet systems, one naturally also desires to investigate specifically designed models and
explicit realisations of such Floquet systems. Most of the associated studies have been
conducted only very recently and range from investigating quench dynamics in Floquet
systems [266] over Floquet fractional Chern insulators [124] to the Floquet realization of
one-dimensional anyons in optical lattices [267]. It was further suggested [268] that peri-
odic driving can be used to change the interparticle interactions from repulsive to attrac-
tive, leading to a simulation of an effectively attractive Hubbard model with a temperature
below the superconducting transition temperature of the equilibrium system. Moreover,
in Refs. [269, 270], the stability of Bose-Einstein condensates in periodically driven sys-
tems was studied, and general transport properties through leads [254,271] and of a 2D
electron gas [272] in a Floquet setting were investigated. Further examples are recent
studies of periodically driven quantum dots yielding strong renormalization effects [273]
or revealing two-channel Kondo physics when coupled to metallic leads [274]. In addition,
aspects of interacting Floquet topological insulators were analysed including the effect of
dissipation [120,275,276]. Along these lines, transport signatures in topological systems
coupled to time-periodic fields were recently studied [277]. Generally, non-equilibrium
steady states in the context of coupling a Floquet system to an external bath have been
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identified and analysed [278,279]. Also, exotic states such as chiral quasisteady states
in periodically driven many-body systems have been found [92]. Most recently, the ef-
fect of driving-enhanced superconductivity was thoroughly studied [256,280]. Another
fascinating realisation of interacting periodically driven systems are Floquet time crys-
tals [128,281], which are associated with a spontaneous breaking of the discrete time
translational symmetry.

While most of these studies regarding interactions in periodically driven systems are
of theoretical nature, also experimental works have recently started to investigate the
consequences of such interactions in a controlled and systematic way. At first, this was
mostly done by building on priorly achieved non-interacting Floquet realisations [23,110,
282]. However, there also exist experiments that are specifically designed for studying
interacting Floquet systems [16, 145].

Since finding an appropriate theoretical description of an interacting Floquet system is
generally a demanding task, there are various techniques of both numerical and analytical
form to deal with such systems under specifically given circumstances. For instance, in
situations where interactions can be viewed as perturbations, one can establish a 'Floquet
Fermi golden rule’ [115,283,284] estimating the rates of Floquet scattering events. Another
fruitful approach is a formalism that merges the notion of Floquet with dynamical mean
field theory (DMFT) [285]. This allows, for example, to study correlated electron systems
that are periodically driven out of equilibrium. A general overview about non-equilibrium
DMFT including its Floquet version can be found in Ref. [286] (and references within).
Furthermore, a Schrieffer-Wolff transformation for periodically driven systems was intro-
duced dealing with strongly interacting Fermi-Hubbard models [287]. More recently, even
functional renormalization group (FRG) techniques were applied in Floquet space [288]
and density-matrix renormalization group (DMRG) studies of many-body localization in
Floquet eigenstates were presented [289]. Most prominently, a non-equilibrium transport
formalism was established for a Floquet setting [114,115,256,262,277,278] by using asso-
ciated Green’s functions [90,91] (see also below).

Our approach builds on the concept of deriving a kinetic equation, the Floquet- Boltzmann
equation, which can be used to describe the dynamics of weakly interacting Floquet sys-
tems. As shown in chapter 4, such kinetic equations can be found from a semiclassical
approximation of a full quantum field theoretical description. Here, however, the ques-
tion emerges of how to combine the required separation of these time scales with the fast
periodic drive of the Floquet system. We will resolve this issue by decoupling the fast
oscillations from the slow variations by means of Floquet theory that was presented in
Sec. 2.2. Note that a similar semiclassical kinetic equation was also derived for a differ-

ent context based on an equation-of-motion approach in a recent paper of Seetharam et
al. [254].

5.2. Floquet definitions for many-body objects

Before developing the right tools to derive the Floquet-Boltzmann equation the non-
interacting, but time-dependent part of the Hamiltonian, HO(t) = 3> HO(t)e™**™, shall be
considered. Here, the Fourier mode of the Hamiltonian, HY(¢), varies only on time scales
Tslow > 10, where Tyow 1S set either by the variation of some external parameter or by
intrinsic heating mechanisms', and T} is the driving period. As an approximation to the

'Note that we intrinsically assume to absorb all possible Hartree-Fock corrections into the non-interacting
part of the Hamiltonian by an according renormalisation of the single-particle energies.
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relation (5.1), we assume that the Hamiltonian has the property
Hp (t+Tp) = Hp (1) (5.3)

for times t close to (set by Tgjow) some reference time ¢y. The non-interacting part of the
Hamiltonian can then be written in its second quantised form as follows

Hi(t) = Y [ (t0)],; cle; e, (5.4)

n7Z7]

where hY(t) describes the single-particle Hamiltonian expressed in first quantisation lan-
guage. Such time-periodic, non-interacting Hamiltonians were discussed extensively in
Sec. 2.2 with the focus being on the single-particle description. Using conventions which
were introduced in Sec. 2.2 the Floquet Hamiltonian associated with (5.4) is given by

HE@t)=H)(t)—i0, and  H . =h)_ . (t0) — nQopm 1 (5.5)

is its matrix representation in the extended Hilbert space F. Note again that we consider
mainly those Hamiltonians that describe an underlying spatial lattice structure.

In general, there are two strategies how periodic driving can be incorporated in the
description of many-body systems. One option is to already formulate the action, see
Eq. (4.56), in Floquet language. Another approach is to use known results from standard
descriptions, as seen in the previous section, and apply an appropriate transformation to
the respective objects. In this section we will build on the latter approach. In doing so,
we will extend the single-particle Floquet formalism of Sec. 2.2 to definitions that allow
for a Floquet representation of two-point objects that are associated with the quantum
field formalism shown in Ch. 4, such as Green’s functions.

5.2.1. Floquet transformation of two-point functions

We start by considering a general two-point function A(t,¢'). Note that we restrict the
arguments of the function A to the time variables only. So the entire discussion within this
section will deal with the time coordinates only, since the spatial treatment remains largely
identical to the one presented in Ch. 4. Due to the assumed perfect temporal periodicity,
see Eq. (5.3), the two-point functions are also periodic, but under a simultaneous shift of
both time arguments by Ty, i.e.,

At + Ty, t' +Tp) = A(t,t'). (5.6)

Next, one can formally express A in terms of its Fourier decomposition. The two-point
function is then written as

> d > d
A(tl,tg):/ ﬂ/ ﬂ

o 5 et giw2ta A1) ) (5.7)
—o0 —o0

and the corresponding representation in energy space, A(w,w’), is given by the associ-

ated inverse Fourier transformation. Exploiting the property (5.6) one finds the following
convenient condition for A(w,w’):

A(wl,w2) = /dtl /dtg 6iw1tl e_intQ A(tl,tg) (58)
= /dtl /dtz eiwl(tJrTO) efiwz(tfrTo) A(tl + To,ts + T())

_ pilwi—w2)To /dt1 /dtg eitt g=inte A(f) 1)

= ei(wliu&)TO A(wl, wg) .
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Hence, the condition ¢/@1=«2)To = 1 is enforced. This leads to the fact that the phase
of the exponential must equal to an integer multiple of 27, i.e., (w; —w2)Tp = 27n with
n € Z. Consequently, one can rewrite

w1 = w + nfd and wo = w +mf, (5.9)

where n,m € 7 and w € [—Q/2,0/2), with Q = 27/T,. We can therefore express the
Fourier transform of A(t1,t2) in terms of a single continuous frequency w within the first
Floquet zone plus two discrete indices n, m. The latter ones are Floquet indices and their
meaning is identical to the ones introduced in Sec. 2.2. Recall further that the position
of the Floquet zone can be chosen arbitrarily. However, for a many-particle system this
choice should be made in such a way that all quantities are maximally conserved.

The Floquet transformation of a two-point function and its inverse is then defined as

Apn(w) = Tlo / dt / dty At o=ilwtmDts g 15 (5.10)
Aty 1) = / ;L:; e~ WAt gilwtmDtz 4 () | (5.11)

where we call A,,,(w) the Floquet representation? of A(t1,t2). Due to its matrix structure
the object Apm(w) is defined in the extended space that was introduced in Sec. 2.2. Note
that the factor 1/Tp appearing in Eq. (5.10) ensures correct normalisation of the set
of transformations. The advantage of this Floquet representation is indeed its inherent
matrix structure. This makes it numerically relatively easy to compute combinations of
different Floquet-represented objects. For example, using Egs. (5.10) and (5.11) it is easily
shown that a convolution of two perfectly periodic two-point functions, A = B o C, can
be converted into a matrix multiplication in Floquet space, i.e.,

A(t, 1) = / EBEHCEY) & Awm@) =Y Bu®)Cmw).  (5.12)
l

5.2.2. Non-interacting Floquet Green’s functions

While the ultimate goal is to describe a fully interacting Floquet system by means of
Green’s functions, we first focus on the non-interacting and perfectly periodic case as
described by the Hamiltonian (5.4). The associated Green’s functions possess the property
G(t, ') =G(t + To,t' + Tp). Hence, it is natural to demand a Floquet representation of
these objects, Gpm(w). In this section we will follow the virtue of Sec. 5.2.1 and present
the retarded, advanced and Keldysh Green’s function in Floquet space by means of the
transformation (5.10).

Floquet creation and annihilation operator

For the non-interacting case it is most convenient to calculate the corresponding Green’s
function by using the operator expressions (4.41). In order to switch directly to a Floquet
picture one has to follow two steps: first, the creation (annihilation) operator cj (¢;) is

2 Note that sometimes the literature, e.g., Refs. [256,285], chooses slightly different conventions for the
’Floquet transformation’: in those cases, the central time coordinate of a Wigner transformed object
(see Sec. 4.3.1) is expressed in terms of its discrete Fourier modes, i.e., An(w) = [dte " A(t,w).
However, one can switch forth and back between both conventions by realising that one recovers the
matrix representation in Floquet space, Eq. (5.10), via Apm(w) = An—m(w + 2£™Q) [286].
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expressed in terms of its Floquet counterpart f} (f,). Here, the Floquet creation operator
creates a fermion in a Floquet eigenstate, i.e.,

)10y = (1)) (5.13)

with |0) being the quasiparticle vacuum. Second, f} and f, are found in their Heisenberg
representations.

For the first step we use single-particle Floquet eigenstates |¢y, . (t)) that are associated
with the Hamiltonian Ht% (t), see Eq. 5.4. Recall that v encodes all usual quantum numbers
such as momentum, spin and the bandindex. Note further that we will drop the ty-index
in favour of notational clarity, keeping in mind, though, that all respective quantities do
depend parametrically on it. We now use the property that at equal times the Floquet
states form a complete set in the physical Hilbert space H, i.e., 1 =3, |¢u(t)) (¢, (t)| (for
details see Sec. 2.2). With this relation one finds the expressions

=3 au(t,i) fi()  and e = (i) full), (5.14)

where the amplitude ¢, (t,7) = (i|¢,(t)) describes the projection of the respective Floquet
eigenstate onto a state that is created by cg, with ¢ representing a set of initial indices such
as lattice site and spin. We denote its corresponding complex conjugate as ¢, (t,i). Note
again that the sum in Eq. (5.14) only runs over states of the first Floquet zone (not over all
replica states). Using the mode expansion of the Floquet states, |¢,(t)) = 3=, e =¥ |¢7),
the Floquet creation and annihilation operators are eventually given by

fIE) =3 gni) el and  fu(8) = Y@M G e, (5.15)

where ¢7 (i) = (i|¢7). Notice that the operators f; and f,, which are represented in their
Schrédinger picture, have an explicit time-dependence. Furthermore, one clearly observes
that by using different replica states one still receives the same creation and annihilation
operator given by Eq. (5.15).

This brings us to the next issue: finding the Heisenberg form of f} and f,. The Heisen-
berg equation of motion for the Floquet annihilation operator is given by

%(fl,(t))H =i ([H(), (1)), + (agt(t)>H7 (5.16)

where the (.)y indicates the Heisenberg picture. By using the second quantized form of
the Hamiltonian in the basis of Floquet states,

HO(t) =" Hp, (0 £ fo(D) (5.17)
un

one straightforwardly evaluates the commutator appearing in the first term on the right
hand side of Eq. 5.16 to read as [HO(t), f,(t)] = — 3\ Ho, (t) fA(t). Also, remembering the
Floquet eigenvalue problem, (H(t) —i0/0t) |, (t)) = €, |$,(t)), one finds that df, (t) /0t =
iZW(HBn(t) — u0uy) fr(t). With these expressions Eq. (5.16) simplifies to the simple
differential equation %(f V)i = —&u(fy) g which is readily solved by

(fo®) g =e"" fo, (5.18)

where f, = (f,(0))g = (f,(0))s, with (.)g indicating the Schrédinger representation of
the respective object. In order to make this identification we fixed the initial time to ¢ = 0.
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A similar equation also holds for the Floquet creation operator, i.e., (fi(t))g = e’ fI.
One can therefore state that the Floquet creation and annihilation operators in their
Heisenberg form are simply time-evolved by the respective quasienergy. The original
creation and annihilation operators can now be expressed in terms of Eq. (5.18). Using
Egs. (5.14) and (5.15) one can write the Heisenberg form of ¢;, c} as

Ci(t) _ et Ze—ith ¢LL(2) £, and C;-r — plevt ZemQt ¢)n fy’ (519)

v,n

where ¢;(t) = (¢;)m, etc. Finally, the expressions (5.19) can be used to explicitly express
the non-interacting Green’s functions given in Eqgs. (4.41) in terms of Floquet creation and
annihilation operators.

Retarded and advanced Floquet Green’s function

We continue by substituting the expressions (5.19) into the formal operator form of the
retarded Green’s function, see Eq. (4.41). Note again that we have switched to a discrete
spatial structure, which naturally leads to G(z,z’) — G;(t,t') (where indices i, j do not
only describe space but also encode other quantum numbers, e.g., spin). The retarded
Green’s function can then be written as

Gt 1) = —i0(t — ') ({ei(t), e (1)}) (5.20)
= —if(t — )Yy e e Nt O gh ()G () ({ i)

V[l m,m

= —if(t — 75/) Z Z e*is"(t*t/)e*mmeimm/qbﬁ(i)q;,cn(j) ,

v n,m

where it was used in the second line that {f,, fIZ} = 0,,, representing fermionic anti-
commutator rules. One immediately spots that the Green’s function indeed possesses the
property GT(t,t') = GE(t 4+ Ty, t' +Tp). Hence, the object naturally calls for a representa-
tion in Floquet space according to the definition given by Eq. (5.10). In order to simplify
the appearing time-integration we express the f-function in its integral representation

H(t—t’)——l/oo dz w (5.21)
O 2m ) e z 40t "’ '

with 07 being an infinitesimal small, positive, real number. After substituting this expres-
sion into Eq. (5.20) one finds that the Floquet transformation of G takes the following
form:

dZ¢)¢l() (e L) (st il
ZZ/dt/dt’/ o iley—wtz)(t—t") ,—i(s—n)Qt ,i(l—m)Qt
2r  z 4140t
;Z/dt /d QSV s (')/+ ) 5(EV—W+(l—m)Q—|—z) e_i(ay—w+(s—n)§2+z)t

¢m+l( ) —i(s—n—1)Q
EV:Z/ w—&y —ZQ+10+6 t
¢n+l m—+l
5 @)

w—¢, —IQ 40"’

ij
nm

(5.22)

vl
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where w € [—Q/2,/2). In the course of evaluating Eq. (5.22) it was used that [dt e =
27(z) and it was exploited that Floquet indices can be appropriately shifted under the
infinite sum.

While Eq. (5.22) yields the general result for a perfectly time-periodic system, it is
worthwhile to reintroduce the parameter ¢y at this point. So, finally, the retarded Green’s
function for a system given by Eq. (5.4) is given by

n—+l Tm+l
Gﬁ),z](w) _ Z Qﬁto7 ( )¢t0, ( )

. 5.23
w— ety — 1Q+i0T ( )

v,l

The expression for the corresponding advanced Green’s function can be obtained in a
similar fashion. The derivation is fully analogous as outlined above. Alternatively, one
can exploit the relation G4 = (GT)f. The expression for the advanced Green’s function is
then straightforwardly found to read as

% n—+l Tm+l
Gto,z]( w) = <G%’%"(w)> IZ Pigur (1) Gt () (5.24)

T W St — 1Q—i0*

So the Floquet representation of the non-interacting retarded and advanced Green’s
functions (5.23) and (5.24) resembles the typical form of spectrally decomposed Green’s
functions. However, there is a crucial peculiarity here: the additional sum over the Floquet
index ! means that the non-interacting Green’s functions are actually an infinite sum of
single-particle propagators in the following sense. Due to the special structure of Floquet
space (see Sec. 2.2) the propagator does not only take the system directly from the 'm’
to the 'n’-photon sector, but rather offers the possibility to pass every possible sector on
its way. In a more pictorial sense this means that the system does not necessarily emit
n—m photons only, but can also incorporate an additional number of [ photons in the total
process. It is precisely this property that will eventually lead to heating in the system.

Keldysh Floquet Green’s function and distribution function

The Keldysh Green’s function is found analogously to the procedure above. Using again
the operator form of G given by Eq. (4.41) as well as the expression of ¢;, cj- in terms of
Floquet creation and annihilation operators, one finds

Gto 1]( ) =—1 <[Ci(t)7 C;[ (t/)]> (525)
= — Z Z eiisto’V(tit/)eiinﬂteimgt/QZ)%’V(Z')QE;Z’V(].) <[f,/, f):]>
- Z Z e—iato,u(7f—t’)e—mQteimQt’¢Z)7 ( )¢t0 V( ) (1 . 2nt0 V) :

where it is assumed that the many-body state of the system has the property (f, fu) = Oup-

Moreover and most importantly, the Floquet occupation number n, has been introduced.
The latter is defined by

o = (S (8)Fro () (5.26)
and is time independent for non-interacting, periodic Floquet Hamiltonians such as given
by Eq. (5.4). We stress that a single function ny, , describes the occupation of one physical

Floquet state. It is therefore not necessary to introduce individual occupation numbers
for every 'Floquet copy’ of that state, which again reflects the fact that every Floquet

97



5. The Floquet-Boltzmann equation

copy state describes the same physical state. So while the retarded and advanced Green’s
functions, see Egs. (5.23) and (5.24), only provide information about the Floquet spectrum,
the Keldysh component of the Green’s function carries knowledge about the occupation of
the system. Because we chose to switch to the basis of Floquet states, also the occupation
is given in this language. Later we will show that even in slowly varying and weakly
interacting systems these Floquet occupation functions, n, ,, still capture the dynamics
of the system. Hence, it will be our main goal to find a semiclassical description for the
time evolution of the Floquet occupation, i.e., for n, (t).

As long as the system is non-interacting and n, does not depend on time, the Keldysh
Green’s function also possesses the property that it is invariant under a simultaneous shift
of both time argument by a single driving period, G (t + Tp, t' + Tp) = GE(¢,¢'). One
can therefore transform Eq. (5.25) to a representation in Floquet space as done for G
and G4. Following the same logic as in Eq. (5.22) the Floquet Keldysh Green’s function
is obtained in the form

1 ) ) ,
G%ﬁ (w) = ?0 /dt /dt/ ez(w+nQ)t6—Z(w+mQ)t Gz{g,ij (t, t,) (5‘27)

=i 3 0w — e — 1) GG GG (1 - 2m40)

where the summation over the Floquet index [ has the same interpretation as before.
Additionally, recalling the parametrization of the Keldysh Green’s function, GX = G o
F — F oG4, and using the identity for algebraic products given by Eq. (5.12) one can
interpret the right hand side of Eq. (5.27) in terms of G®, G4 and F. In fact, since
the Green’s functions above are all diagonal in the space of Floquet eigenstates, we can
alternatively write the relation between Keldysh Greens function and distribution matrix
as GK = (GR GA) o F'. Hence, it is worthwhile to mention that

(6= 6) ) = X0 00 o~ 1) SO TG, (5.28)

which is straightforwardly obtained from Egs. (5.23) and (5.24). From this expression one
finds that the Floquet representation of the distribution matrix F(t,t’) is given by

Ftoﬂj Z PPt (@) o) (1= 2nu,0) - (5.29)

The distribution matrix is an object that is diagonal in the basis of Floquet states with
entries (1 — 2n,). In other words, in the non-interacting case F'(w) only has support
at quasienergies of single-particle Floquet states, and can thus be already understood as
being in a mass-shell form (see Sec. 4.3.2). Note once more that the occupation number
n, is the same for every replica state.

We stress that the reason why we could find Green’s functions in the simplified forms
above and also determine a concise expression for F' is the fact that the system is non-
interacting as well as perfectly time-periodic. The immediate consequence of this setting is
that all objects are diagonal in the basis of Floquet states. This will, of course, not be the
case if interactions are present or additional time variations are introduced. Nevertheless,
in the following we will assume that interactions are sufficiently small such that we can to
good approximation still assume a form of the distribution function as given by Eq. (5.29).

However, before studying how the system behaves under these circumstances we make
a few further remarks on the Floquet character of the considered objects. We stress
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5.3. Semiclassical Floquet approximation schemes

again that in order to calculate the non-interacting Green’s functions one simply needs to
solve the Floquet eigenvalue problem in the extended Hilbert space F, i.e., H |¢,,) =
Eun |pun)) (for details see Sec. 2.2). Obtaining Floquet eigenstates and quasienergies (as
done, e.g., in Ch. 3) is already sufficient for finding Floquet expressions of G and G*. For
G¥ additional information about some initial condition is required. In that sense it should
be no surprise that all the Floquet transformed Green’s functions above, see Egs. (5.23),
(5.24) and (5.27), are solutions to the Floguet-Dyson equation

3 (w Spms — anm) Grommim(w) = 6nm (5.30)

ml

with Htfgmm being the Floquet Hamiltonian represented in the extended Hilbert space (see
Eq. (2.40)), w is still restricted to the first Floquet zone and we have omitted all Hilbert
space indices for convenience.

So while our chosen route started with the general physical definition of Green’s func-
tions and aimed at a suitable Floquet transformation of such, one could have tried to
incorporate the Floquet structure right from the beginning of the derivation. In fact, there
are many examples in the literature, e.g., Refs. [90-92,290], where Floquet Green’s func-
tions are determined directly from Eq. (5.30) rather than from transforming Eqs. (4.41).
A possible advantage might be that a prior diagonalisation of H¥ is not required to ob-
tain explicit results for G. However, one should bear in mind that those Floquet Green’s
functions carry redundant information, since they treat all replicas independently. One
possible way to recover physical reality is the (¢,#')—formalism® presented in Sec. 2.2.

Having said this, the huge advantage of using a Floquet transformation approach as
presented here is that one can very closely follow already developed theoretical methods
and strategies. Nowadays, the Floquet representation of Green’s functions is indeed a
widely used tool in the context of non-equilibrium, periodically driven quantum systems
[114,115,256,277,278,285,286,288,291-294].

5.3. Semiclassical Floquet approximation schemes

Having Floquet definitions of general two-point functions at hand, see Eq. (5.10), as well
as having calculated explicit expressions for Floquet versions of non-interacting Green’s
functions, Egs. (5.23), (5.24) and (5.27), we start tackling our main question of this chap-
ter: how do interacting Floquet systems that are inherently out of equilibrium behave as a
function of time? Ultimately, we want to capture the dynamics of the system described by
Eq. (5.1) by a semiclassical approximation of the quantum kinetic equations introduced
in Ch. 4. This requires, as described above, the assumption of having weak interactions
as well as a clear separation of scales in the system. For Floquet systems we additionally
demand that one can cleanly separate the slow dynamics treated within a semiclassical
approach from the rapid, periodic oscillations that shall be treated fully quantum me-
chanically. While the starting point for the former is the use of a Wigner representation
(see Sec. 4.3.1), the fast oscillations are conveniently handled by the Floquet theory (see
Sec. 2.2).

These two approaches can therefore indeed be combined in the following situation: we
require that the oscillation period Ty is much smaller than all time scales 7gow On which

3In fact, there is also a deep connection between the (¢, t')—formalism and the present Hamiltonian Hfo ),
which is time-periodic as well as depends parametrically on some central time to. We will comment on
this at a later stage in Sec. 5.3.1.
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Figure 5.1.: Cartoon illustrating a separation of time scales determined by Eq. (5.31). (a) The
original time-dependent problem is characterised by a fast oscillation of period Tj and a slow
variation given by 7yow. We illustrate this dependence by showing some expressive quantity such
as an external parameter or a single instantaneous eigenenergy. (b) A time-window of length
7 around some reference time ¢y then only shows perfect oscillations, which can be dealt with
standard by Floquet theory, see Sec. 2.2. (c¢) The resulting energy representation still depends on
to. (d) Identifying to with ¢, which is controlled by 7 /Tsiow, reveals a time-dependent quantity that
has been Floquet transformed ’locally’ in time. The Floquet-Wigner transformation, see Eq. (5.32),
formally connects (a) and (d).

the occupation function changes or on which the oscillating Hamiltonian is modified. To
be precise, we demand that one can always find a time scale 7 which fulfills

To < 7 <K Tolow - (531)

In words, 7 defines a time window that appears very broad from the point of view of the
fast oscillations, but very narrow from the perspective of slowly changing quantities. In
Fig. 5.1 we give a pictorial interpretation of 7 as well as of the general philosophy of the
separation of time scales: despite the fact that quantities are changing both rapidly and
slowly, within the time scale 7 only the periodic behaviour can be witnessed (cf. Eq. (5.3)).
Floquet theory allows for an exact analysis of the system, which parametrically depends on
the chosen time-window. Repeating this procedure for all possible time-windows reveals
a Floquet quantity that depends slowly on time. First, we will show how this picture
is formalised using the Floquet-Wigner transformation. We will then exploit this newly
introduced transformation in order to derive a Floquet analogue of the Moyal product
given by Eq. (4.74).

5.3.1. The Floquet-Wigner transformation

A conventional Wigner transformation of two-point functions (such as Green’s functions
or self-energies) of type (4.70) has the drawback for Floquet systems that the central time
still shows fast oscillations at frequency 2. However, the separation of time scales (5.31)
allows us to extend the Floquet transformation given by Eq. (5.10) and formally introduce
the Floquet- Wigner transformation

1 - / ; —3 4
Aun(F0) = 7= / dt / di! §,(F — i) G nQt =il tmY g 41y (5.32)

where the object Ay, (t,w) still depends on the central time coordinate despite being
transformed into Floquet space. This is because we introduced the filter function 6. (t—t).
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5.3. Semiclassical Floquet approximation schemes

This function is normalized to unity, centred at ¢ and is broadened on the time scale 7.
The latter is chosen much larger than the period Tj, but much smaller than the time scale
of slow modifications Ty, see Eq. (5.31). As long as these properties are manifest the
actual form of ¢, (t) is irrelevant. The use of the filter function then guarantees that the
object A,m(t,w) is not oscillating on the time scale Ty. In order to be more specific we
choose o,

S (i —t) = —— e (5) (5.33)

o
TNT

being a broadened version of the J—function. One then observes that oscillating terms

get transformed as [ dt 6, (t) e’ = ¢=(27*/4, Hence, all oscillating components at driving

frequency () are exponentially suppressed by the factor e~ (r/To)?, Below, t will adopt the

role of ¢y of the previous section, which will consequently become a dynamical parameter.
The inverse transformation of the Floquet-Wigner representation is given by

d . . , ,
Aty =S / 2 eTin it il m Y g (15, 0) (5.34)

It is crucial to realise that this back-transformation is not exact due to the finite width
of 6,(t). Hence, Eq. 5.34 is only valid up to exponential precision in cases where relation
(5.31) holds. In order to see this, it is instructive to plug expression (5.34) into Eq. (5.32):

Apm(t,w) = ;0 / dt / dt' 6, (F — =) HwrnQt omilwtm)t (5.35)

dw’ oo ’ s ’ /
2: —i(W'+n'Q)t i(w'+m/Q)t 1o
X \/g e ( ) 8( ) An/m/(%,W)

n’,m’
1 dw’ _
7o 3, ] g Avm B
0 i

y /dt /dt’ 5.(F — #)ei(wﬂu’)(tﬂf’) pi(n—n")Qt —i(m—m")Qt’

Q

Q

Z /dw’ An/m/(f, w') (5(&) — w’) 5nn’ 5mm’

n',m’
= Apm(t,w) .

In the second line it was used that the condition 74y > 7 allows to approximate d,(t)
as a true d-function for the slowly varying object A,m (152, w). The third equation line of
(5.35) then used that due to 7 > Ty the integration of fast oscillations (approximately)
do not lead to a mixing of Floquet modes. By considering further that w is still bound to
the first Floquet zone the integration over both time arguments yields the combination of
d-function and Kronecker ¢'s.

Having established the Floquet-Wigner transformation and its limitations, one can, for
instance, ask how an algebraic product of two two-point functions, A(t,t') = B(t,t')C(¢,t),
transforms according to Eq. (5.32). This will be important for the computation of the
self-energies, see Egs. (4.64) and (4.65). Plugging A(t,t') = B(t,t')C(¢,t') into Eq. (5.32),
expressing B, C' in terms of their inverse transformation (5.34) and following the same
arguments as done for Eq. (5.35) yields the following identity

A(t,t') = B(t,t') C(t,t) (5.36)

_ duw’ _ _
~ Anm(t, LL)) = Z / % B, (t, w') Cn—n’,m—m’ (t, w — w’) .
n’,m’
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5. The Floquet-Boltzmann equation

A respective result for transforming a temporal convolution of two two-point functions is
derived in the following section.

Before doing so we make a general remark on the presented formalism. While the
filter function 0, (t) allowed for a formal manifestation of the separation of fast oscillations
and other slow temporal dependencies along the direction of time, one could have viewed
the procedure from a slightly different perspective: due to the exponentially suppressed
cross-talk of slow and fast modulations both scales were treated independently. Such an
independent treatment was already encountered in Sec. 2.2: the (t,t')—formalism. Within
this formalism one artificially introduces a new time coordinate. The time-evolution of the
system is then evaluated in a coordinate system where both time-axes are orthogonal to
each other. A similar setup was introduced here where the 'new’ time coordinate is given by
the central time t of §,(t—t). Again, the main difference is that within the formalism of the
present section one always remains in a physical picture, while the (¢,t’)-formalism needs
the identification of both time arguments at the end to become physical. Nonetheless,
both pictures are deeply connected and, thus, aspects of one (e.g., the discussion about
geometrical phases in Sec. 2.2.4) can be carried over to the other.

5.3.2. The Floquet-Moyal product

In the following we sketch the explicit derivation of the Floquet analogue of the Moyal
product (4.74). Starting point is the question how a time-convolution of two two-point
functions given by

= /dt1 B(t, t1) C(t,t) (5.37)

transforms under the set of Floquet-Wigner transformations (5.32) and (5.34). In order
to find the explicit form of Ay, (f,w) one inserts the inverse Floquet-Wigner expressions
(see. Eq. (5.34)) for B and C into Eq. (5.37). The formula then becomes

=y Y (8

n m/ n/l m//

s ’ 5 ’
X /dtl 62 (W 4m/Q)tr e—z(w"+n' D)t Bn’m’( ! t+t1) C " //( " LJA/) .

2

z(w’-l—n’ﬂ)t ei(w”-l—m”Q)t/ (538)

If the objects B and C' do not depend slowly on time, one recovers the simple matrix
multiplication in Floquet space given by Eq. (5.12). However, since B,C do show some
slow temporal variation, the first technical challenge enters now via the convolution in the
time-argument t1. To make progress here, one formally expands the functions B and C
around t; = t' and t; = t, respectively. This leads to the following expression

d " / ! : 1 1" !
Z Z Z lll/l S / W i Q) W +m Q) (5.39)

n';m’ n” m'" 1

X /dt1 ei w'—w"+(m/—n"")Q)t1 (tl _ t/)l (tl . t)l/ B(l/’o)/(t“,,w,) C(Z,I/’O),,(“t/,w”) ’

nm 2 n’'m

where B(:0) describes the Ith (Oth) derivative of the function B with respect to cen-
tral time (frequency), etc. In the next step one substitutes the identity (t; — t)! =
S 0( )(=1)*¢ 7%tk into Eq. (5.39). Subsequently, the ¢; integral can be evaluated by
using that [dt;e®11t¢ = (—1)%a!/(iwy)® [dtie®t = 27 (—1)%a!/(iw1)*6(w1). One can
then exploit the identity for derivatives of the d-function, 6" (z) = (=1)"n!/z"5(z). At
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5.4. A semiclassical Floquet approximation of quantum kinetic equations

the same time, we desire to remove the differentiation of J-functions by means of an
integration by parts. The expression for A can eventually be written as

DD le' QW/ /d ! Z Z < )( ) (5.40)

n/m’ n' m' Ll k=0k'=

> (_1)l—kz’ LU —k—k e K (5((.0, —W 4+ (m/ _ n”)Q)

y (e—i(w'—‘rn'Q)t BS/;(?)%)I (w/,£)>(0,l’_k/) (e (W +m" Q) C( I 0) (w// E)>(O,l—k) .

n'’

Due to the fact that —3 < w < 2 , the argument of the d-function above can only be zero
if w = w” and m’ = n” Hence the energy integration [dw” ", Can be stralghtforwardly
performed. In the following, one wants to use the identity (fg)™ = S0, (% ) fR) g(F)
and simplify summations. Eventually, after some steps a relabeling of indices yields the
form

~ dw —i(w+nQ)t _i(w+mQ)t ( 1 ! l+l @n
A(t, 1) N%/% e ! el ) {Z oI+ 1N ) G (£, 0)

(5.41)
The explicit form of A, (t,w) can now be simple read off by comparing Eq. (5.41) with
expression (5.34). After a few more steps of simplification, one finally finds an expression
for the Floquet-Moyal product that reads as?

Apm(F,w) = e~ 20795 -0507) ZBnm Com(,w) (5.42)

where 8P/C is an operator acting only on object B or C, respectively. The Floquet-Moyal
expansion is obtained by expanding the exponential function in Eq. (5.42). One can see
that the form of this expression is very similar to the ordinary Moyal product. Indeed,
the derivation of Eq. (4.74) is philosophically the same as outlined here. In the Floquet
case, however, the expression is supplemented by an additional matrix multiplication of
the Floquet indices, which is taking care of the fast oscillations.

Notice that all manipulation steps throughout the presented derivation are exact. What
is, however, not exact is the definition of the inverse Floquet-Wigner transformation (5.34)
that was used in Eq. (5.38), i.e., in the very first step of the derivation. Thus, the Floquet-
Moyal product (5.42) - per definition - only holds in the limit where the inverse Floquet-
Wigner transformation is valid to good approximation.

5.4. A semiclassical Floquet approximation of quantum kinetic
equations

5.4.1. General procedure

In formulating the Floquet-Wigner transformation (5.32) we succeeded in separating slow,
semiclassical dynamics from quantum-coherent processes that are captured by the Floquet
theory. At the same time, we have all the tools ready to derive a semiclassical approx-
imation of the quantum kinetic equation (4.52) that respects all identified time scales

4Note that Eq. (5.42) corrects a small typo in the form of the Floquet-Moyal product presented in
Ref. [238].
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5. The Floquet-Boltzmann equation

and self-consistently determines the dynamics of the occupation functions: the Floquet-
Boltzmann equation. Similar to the procedure in Ch. 4 the derivation of the Floquet
version of the Boltzmann equation can generally be divided into four steps:

1. One starts again by considering the quantum kinetic equation (4.52), which is still
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an exact expression. This starting point is paired with an appropriate calculation
of self-energy diagrams, which are functionals of the Green’s function. Depending
on the system’s characteristics one chooses an appropriate approximation scheme to
find explicit forms of the self-energy. In the present case, we restrict the discussion
to self-consistent second order diagrams owing to assumed weak interactions, see
Eqgs. (4.64) and (4.65).

. The next goal is to formally incorporate the separation of time scales, Tgow > Tp.

Therefore, one applies the Floquet-Wigner representation discussed in Sec. (5.3.1) for
all Green’s functions and self energies appearing in the QKE. Algebraic products of
type A(t,t") = B(t,t')C(t,t') that appear naturally within the self-energy expressions
are transformed by means of the identity (5.36). Convolutions, indicated by ’o’, can
be rewritten in terms of a Floquet-Moyal product (5.42). Again, such a Floquet-
Wigner representation of the quantum kinetic equation is only valid when the time
scales are well separated.

. An immediate consequence of the separation of time scales is that terms propor-

tional to 0; give small contributions. Hence, the exponential of the Floguet-Moyal
product, e~ 30705 -0597 ), is well approximated by a leading order Taylor expansion
in the gradients 0;9,,. Therefore, the left hand side of the quantum kinetic equation
(4.52) needs to be expanded to first order, since the zero order contribution vanishes
due to its commutator structure [F ¢Gy'] and due to the assumption that in the
weakly interacting case the distribution matrix remains its non-interacting form, see
Eq. (5.29). On the other hand, a zeroth-order expansion of the right-hand side of
the QKE is sufficient. Note that such a zeroth-order expansion does not only apply
to the term o F — F o £4, but also to the evaluation of the Green’s function: G
is now self-consistently determined from a lowest order Floquet-Moyal expansion of
the Dyson equation (G‘a - i) o G = 1. At the same time, for problems which are
not spatially homogeneous the discussion regarding spatial coordinates remains the
same as outlined in Ch. (4), where the conventional Moyal product was used.

. Finally, the resulting equation is projected onto on-shell processes. In the present

case this is done by a matrix multiplication of the equation with the Floquet spectral
function Ay pm(w) and a subsequent combination of integration over frequencies and
tracing over Floquet indices. For weakly interacting systems the Floquet spectral
function is approximately given by (cf. Egs. (4.82) and (5.28))

Aty ij (w) = 216 (w = €t0,0) Dy, (1) Dy, (7) (5.43)

v,nm

This ensures the projection of the kinetic equation onto a Floquet state with quantum
number v. In other words, we follow a quasiparticle approximation (see Sec. 4.3.2)
where the quasiparticles are determined to good approximation by non-interacting
Floquet eigenstates. Hence, the final result of these steps is an equation that de-
scribes the occupation functions n,(r,t) of the corresponding Floquet eigenstates at
time t.



5.4. A semiclassical Floquet approximation of quantum kinetic equations

Note that these steps are generally applicable for all fermionic Floquet systems as long as
the discussed approximations hold, i.e., interactions are weak and the separation of time
scales is manifest. The corresponding Floquet states at time ¢ are given by the eigenstates
of the Floquet Hamiltonian (5.5), where one subsequently equates ¢y = t.

For a periodically driven lattice model with n, sites per (spatial) unit cell, the eigen-
functions are calculated in momentum space by diagonalizing a n,(2N¢+1) x n,(2Nf+1)
dimensional matrix, with Ny being the truncation size of the Floquet matrix (see Sec. 2.2).
So for a Hamiltonian where the non-interacting part is of type (5.4) the Floquet state in-
dex v can be understood as a collection of a momentum quantum number k, a Floquet
band index ¢ and a spin index o, i.e., v = (k, &, o). In addition, similar to the treatment of
the variable tg, which was introduced to deal with slow time dependencies, we also allow
that the Hamiltonian depends smoothly on the spatial parameter rg. In complete analogy
to the temporal case where the full time dependence of the Floquet states are recovered
by setting to = t, we identify ro = r in order to describe the states also as functions of
space. In the following we will, thus, denote the Floquet components of the corresponding
eigenfunctions by ¢,y ¢ , (i), where n = —Ny, =Ny +1,..., Ny is the Floquet index and
1 =1,...,n, describes the structure of the Bloch-Floquet wave function within the unit
cell. Note that below we will sometimes omit the slowly varying indices, i.e., t and r, in
order to simplify notations and just write, e.g., ¢ﬁ7£’0(i).

For the following discussion of deriving the Floquet-Boltzmann equation, we will put
emphasis on the parts that are either unique to Floquet systems or have not been dealt
with in Ch. 4. So for parts of the derivation that are identical for Floquet systems and
conventional cases one can view the following discussion as being complementary to Ch. 4.
This applies particularly to the treatment of the space variable. In favour of structural
clarity we will first discuss the left-hand side of the Floquet-Boltzmann equation before
we analyse the right-hand side.

5.4.2. Semiclassical dynamics and Floquet Berry-phase corrections

We now closely follow the 4-step protocol above to discuss the left-hand side of the quan-
tum kinetic equation (4.52) within a Floquet semiclassical approximation. The first task
is to find a Floquet-Wigner representation of [F' Gy 1]. For that purpose we write the
temporal part of the convolution in terms of a Floquet-Moyal product (5.42), which in-
troduces a matrix multiplication in Floquet space, as discussed above. The spatial part
is still resolved with the ordinary Moyal product (4.74) and, thus, does not introduce fur-
ther additional indices. Suppressing all indices except for the Floquet ones, the Floquet-
Wigner transformation (FWT) of the left-hand side to lowest order in 0,0, is given by
(cf. Eq. (4.78))

[Fect] 5 %Z [ (02 Frm) (BpGirnt) = (BpFrme) (02Gh) (5.44)

— (02Grp) OpFrmrn) + (0pGiy) (O ) |

where it is still understood that 9,0, = V,Vy — 0;0,, and that Gl = [G(I)%/A]_1 is the
inverse non-interacting (retarded/advanced) Green’s function. Note that we also sup-
pressed the matrix product in the spatial index running over sites within a single unit cell
in Eq. (5.44).

Since we aim at deriving a lowest order simplification of the original QKE in the spirit
described above, we are allowed to find the non-interacting Green’s function from a similar
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lowest order approximation to the Dyson equation. Within this approximation the Dyson
equation in Floquet representation takes exactly the form of Eq. (5.30). Hence, we are
allowed to use directly the Green’s functions that were derived in Sec. 5.2.2. The inverse
Green’s function in Floquet representation is therefore given by nglnm =>lw—e -
1Q)¢" ()¢ (), where again all additional variables have been suppressed. In addition,
since interactions are weak, we assume that also the distribution matrix F' is given by its
non-interacting form (5.29) with n, = n,(¢). For instance, the first term of Eq. 5.44

therefore takes the form (up to a factor of i/2)

Z (VeFiy )(vaj—,} )= Z v, (Z Ot (0) S () (1= 2mice) ) (5.45)
m’,j’ nm/ m'm m’,j’
x vk(z o () () (@ — ene — 19)
é‘l l/

=2 Zw“ el () (Venie) (Viege) + .-, (5.46)

where it was used that }°,, ; gbﬁ*l(i)(ﬁﬁﬂ/ (1) = (Dui|dur) = Suudyr and slow variables ¢,r
have been suppressed. We have further absorbed the spin index ¢ into the band index &
(and will stay with this convention for the rest of this section). The partial derivatives in
Eq. (5.45) yield a contribution from acting on the respective diagonal entries in Floquet
band space, see Eq. (5.46). Note crucially that the derivatives give additional contributions
from acting on the Floquet eigenstates. We will, however, ignore these latter contributions
indicated by ’..." in (5.46) for the time being, but discuss them later on.

In the next step we project the quantum kinetic equation onto on-shell processes. This is
done by following the above advice of multiplying the transformed QKE with the Floquet
spectral function and performing a subsequent integration over frequencies. We show this
again exemplarily for the first term of the left-hand side, which becomes®

L D A 0 (5.46)] = 2 (Vemiee(r.0) (Vieere®.8)) + .. (5.47)

27
where again it was used that (¢,i|¢.u)) = 6,.01. Repeating this procedure for every term
of Eq. (5.44) then yields a similar form of the left-hand side (lhs) as in the ordinary case
(cf. Sec. 4.3.2), i.e

lhs <8t - (Vrﬁjk,g(r, t))Vk + (vkEk,g(r, t))Vr> ’I’Lk@‘(l‘, t) . (5.48)

The main difference to the non-Floquet case, however, is that n¢(t) now describes occu-
pation numbers of Floquet eigenstates and e¢ are the quasienergies of the system. Note
that corrections due to the real parts of self-energies are absent here. This is due to the
fact that we assumed to have incorporated the leading order corrections (Hartree-Fock) by
renormalizing the energies of the Floquet system (see Sec. 5.2). Nonetheless, while expres-
sion (5.48) looks already promising in the sense that it resembles the standard Boltzmann
equation, it only represents one part of the final result. In order to obtain the latter we
need to include the so far neglected corrections due to differentiation of Floquet states.
In order to proceed we rephrase the problem in the following way: how can one efficiently
combine a Floquet-Moyal product and a band projection procedure? In fact, this is not a
unique problem for Floquet systems, but rather applies to band models in general. The

5Note that the ‘o’ on the left-hand side of Eq. (5.47) does not describe a Floquet-Moyal product but only
refers to a simple matrix multiplication in Floquet and space indices.
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5.4. A semiclassical Floquet approximation of quantum kinetic equations

solution to this issue was presented quite recently by Wickles and Belzig [226]. They
argued that the correct way to think about diagonalising an object of interest, e.g., F, is

Fy=AoFoAl, (5.49)

with A o A' = 1. Here, the crucial point is that the diagonalising object A is required to
be unitary under the Moyal product and, hence, cannot be straightforwardly determined.
However, one can systematically calculate corrections by choosing the ansatz A = Ay(1 +
A +...). Here, Ag(r,t,k) describes the transformation that diagonalises the object of
interest in its Wigner form with respect to the band space, e.g., Fy, = AoF A(T). Wickles
and Belzig showed that such a trivial diagonalisation via simple matrix multiplication still
respects Eq. (5.49) to lowest order, if at the same time the exponent of the Moyal product
appearing in (5.49) gets corrections from Berry phases. Thus, also the left-hand side of the
kinetic equation experiences these corrections, since the on-shell projection is preceded by a
diagonalisation procedure in the respective band space. The final result is that velocities
and forces of Eq. (4.85) are modified according to these Berry-phases. The resulting
semiclassical equation of motion coincide with expressions that were derived before in a
different context considering the explicit description of semiclassical wavepackets by Niu
et al. [295].

One can now repeat the calculation by Wickles and Belzig explicitly for Floquet sys-
tems. We present only the core ideas here and refer for details to Ref. [226] due to the
following reason: as discussed above, since the entire Floquet character of the system can
be absorbed into a simple matrix structure (assuming that a separation of time scales is
given), the derivation for ordinary band systems carries directly over to periodically driven
systems. To be more specific, it becomes immediately apparent from Sec. (5.2.2) that in
a Floquet case the transformation Ag is given by the matrix of Floquet eigenstates. An
expansion of the Floquet-Moyal product A o AT therefore yields expressions of the form

Ao Oy A = 0, — i AL (5.50)

where we used that a = (r,t,k,w) and AL is the matrix of Floquet-Berry connections, see
Eq. (2.71). One can now study how the combination of both evaluating the Floquet-Moyal
product and projecting onto Floquet bands can be represented in terms of Eq. (5.50).
The result is a modification of the Floquet-Moyal product in terms of Floquet-Berry
connections. For the procedure of multiplying the object of interest with the Floquet
spectral function (5.43) followed by tracing over Floquet indices and integrating over
energies, one finds that a projected convolution B o C' can be reformulated as

d -
/% Tt[Ae(BoC)] — [BscCl,, (5.51)
where the modified Moyal product © is defined as

- 1 1
[B5C], =exp [5(8585 —opad) + 5 0% Qeas 05 | Baye Caoe (5.52)

w=¢&¢

One understands By, ¢ as being the {-component of the Floquet-Wigner representation
of B that has been diagonalised by Ag. The first term of the exponential is the same as
in the ordinary Moyal product (4.74) with = (r,t¢) and p = (k,w). The second term
is the correction coming from Eq. (5.50). Note that the indices are generally given by
o, = (t,r1,79,73, k1, ko, k3) and &, 3 are determined from «, § using the rules r > k and
t <> w. Also, the rule 05 = (0¢, —0k, 0,,) needs to be applied. Most importantly, we have
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introduced the Floquet version of the Berry-curvature tensor ¢ o5 in Eq. (5.52). The
explicit form (for non-crossing Floquet bands) reads as

OV ap =0aAf g — pAL, (5.53)
=i [ ((Oate|Opde)) — (Opde|Oatie)) ]
=i Y [(adg() (950¢ (1) — (956£(1)) (QadE () ],

where it should be understood that most variables have been suppressed, i.e., ¢¢ = ¢4 r x ¢,
etc. Here, it becomes clear why the indices «a, f = (r, ¢, k) only run over space, time and
momentum variables, but not over frequency: it is assumed that Floquet eigenstates do
not depend on w, i.e., Jy¢¢ = 0.

By setting Bp, ¢ = Fppe = (1 —2n¢) and Cyy ¢ = Gx(ig = (w — €¢) one can straight-
forwardly determine the left-hand side of the quantum kinetic equation in terms of its
Floquet-Wigner transformation that respects Berry-phase corrections at the same time.
One finds that for Floquet systems the respective Berry curvatures modify the semiclassi-
cal equations of motion in a similar way as done in the ordinary case [226,295]. The only
difference is that now Berry curvatures are calculated from Floquet eigenstates.

The left-hand side of the Floquet-Boltzmann equation can thus be written in the fol-
lowing compact form®

(8 + FreeVie + Vice Vi) mace(x, 1) = Leonlnuce] (5.54)

with
vie = (1 + Qi) - Vieee — Qe iy + Qepr - Veeg (5.55)
Fre=—(1+ Q1) Veee + et + Qe - Vieee (5.56)

where, in general, the effective forces and velocities also depend smoothly on time and
space, Fi ¢ = Fie(r,t) and v e = vi ¢(r,t). The collision integral I,y corresponds to the
projected right-hand side of the QKE and will be discussed in the following section 5.4.3.

Note that Q,x, €, and Qg are matrices with v,k = (1,2,3), and can be related to
effective magnetic fields in phase space. On the other hand, €2,; and Qj; are vectors and
referred to effective electric fields. Since many modern applications of Floquet Hamilto-
nians (see Sec. 2.3) have the goal to realize systems with non-trivial Berry phases, it is
important to keep track of these effects on the left-hand side of the Floquet-Boltzmann
equation (see also Ch. 7).

5.4.3. Scattering of Floquet quasiparticles

The right-hand side (rhs) of the quantum kinetic equation is mainly described by the
self-energies of the interacting system, see Eq. (4.52). So in order to calculate

EK—(ERoF—FoEA), (5.57)

in its Floquet-Wigner representation, we start from the second-order expressions of the
self-energies (4.64) and (4.65). In order to find explicit forms of £ and ¥¥ corresponding

6 Note that by bringing the left-hand side into the form of Eq. (5.54) we absorbed a factor of 7%‘ into
the collision integral (cf. discussion below Eq. (4.85)).
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5.4. A semiclassical Floquet approximation of quantum kinetic equations

expressions for the Green’s functions are needed: as discussed above, due to the assumed
separation of time scales it is sufficient to evaluate the Green’s function using a zeroth-order
Floquet-Moyal expansion of the Dyson equation (Gal - f)) o G =1, see also Eq. (4.47).
Furthermore, despite the fact that Green’s functions are calculated self-consistently, here,
we do not have to include any further self-energy corrections to the Green’s functions
within our perturbative approach. This is because all self-energies are already o< U? and
further corrections will be small as interactions are weak. Making the same argument as
in the previous section, the Dyson equation, which describes the Green’s functions that
appear in each self-energy diagram, effectively reduces to the simplified form of Eq. (5.30).
This implies again that we are allowed to directly use the non-interacting Floquet Green’s
functions of Sec. 5.2.2. Here, however, all quantities are replaced by their versions with
full dependencies on space and time, e.g., n, = nk¢ ,(r,t) and €, = ex ¢ »(r,1), etc. Note
that we will drop the slow changing variables r, at convenience throughout this section.

To evaluate the Floquet-Wigner representation of the self-energies % and ©X we are
going to consider every term of the respective expressions individually. However, in order
to avoid redundancies we will present the transformation in detail only for a single term.
Due to no particular reason we will first focus on the first term of the expression for the
Keldysh self-energy, i.e.,

U2

ZK(U(I,‘T,) _ 4

{GK(x z) GE(z,2)) GE (x, x)}, (5.58)

where ¢ =] (1) for 0 =1 ({) and the superscript (1)’ indeed refers to the first term of
Eq. (4.65). To make progress one needs to apply twice the identities (4.72) and (5.36) to
transform an algebraic product of two-point functions. Here, the first expression deals with
the spatial coordinate and the second one encodes the Floquet structure in the temporal
transformation. The Floquet-Wigner transformation of Eq. (5.58) then becomes

i () = Z Z/ / dw”/ Ja)d 2:?a)d (5:59)

, 27
nmn m
K

X Gjlicr(q - paw// _wl) nga(qa ”) Gzlj{a (k —p,w— w/)v
m!' —m/n' —n’ n''m/’ n—n'm—m/’

with all frequencies being restricted to the first Floquet zone, w,w’,w” € [—Q/2,Q/2).
Due to the underlying lattice model the momentum space integral only runs over the first
Brillouin zone, [dp = [z, dp. Also, to have a set of normalised Fourier transformations
(cf. (3.6)) we demand that every momentum integral is divided by the volume of the
Brillouin zone (27/a)?, with d indicating the number of spatial dimensions and a denotes
the lattice constant. Notice further that there is a little subtlety involved in finding
Eq. (5.59): once the form of the object with reversed indices, e.g., GX(2/, ), is fixed
under the transformation, one has a certain liberty in assigning the variables to the other
two remaining objects. In general one therefore wants to choose a symmetrised version of
the transformation, meaning that different configurations are weighted equally”.

Using the explicit Floquet form of the non-interacting Keldyh Green’s function, see

7 In the present example, in fact, one should symmetrise with respect to the spin index of the forward
flowing objects. However, in order to present a slightly shortened form of the derivation we assume
that the system is degenerate with respect to the spin index. Notationally, this allows for a ’locking’
of the spin and momentum label.
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Eq. (5.27), the expression above can be written as

Ty ) = mU >y Jurf dw/// i | (mf;la)d (5.60)

nm n’,m’ n';m

_ . ! ! . -~
X Z 0w —w' — eqop s — 59Q) Zl—p,ﬁgs(]) g—pﬁt}s(z) Fq—pus

X 3 6w — eqre — uQ) G2 (D) SN () Fars

—_ / . N —_ / . ~
X Z O(w —w' — ex_pno — Q) ¢ﬁ_z;i;(l) ¢£”_IT,7,T,Z(J) Fyxpnos
nl

where we introduced ﬁk{p = (1 = 2nk¢ ), and omitted r and ¢ labels. Note for clarifi-
cation that s,u,l,n,m, etc. are Floquet indices, while u, A\,n are (Floquet) band indices
and 4,j denote sites within the unit cell. When simplifying Eq. (5.60) by integration
over frequencies and summing over Floquet indices, one has to be cautious regarding the
domains of frequency arguments. The general strategy is to use the replica structure of
the Floquet states: one absorbs the indices (n’,n”) into the §-functions by an appropriate
relabelling of other Floquet indices. Consequently, a combined frequency integration of
[dw'y, and [dw” >, can be performed, respectively. In fact, it is mainly this careful
treatment of frequency domains and tracking of Floquet indices which distinguishes this
derivation from the ordinary one in Sec. 4.3. Nevertheless, after a successive evaluation of
such frequency integrations accompanied by convenient shifts of respective Floquet indices
one eventually succeeds in rewriting Eq. (5.60) in the simplified form of

K(1) Zﬂ'U / dq sul o
S50 (k) = o (nm,if)  (5.61)
it s 2 2 e | e M

X 0(w+Eq-pus — Eqre — €k—pn,a T Aguf?)
X Faq—pus Fars Fx—pno s

with Agy = s—u—I1, and

[ . " . 17 i
Py o (n,m . ) = Z Pa- o (1) P60 (1) B (0) (5.62)
Pa

x gmie(i) gl L) Gt ()

Now, the last remaining step is to evaluate the resulting formula on shell: we multiply
the right-hand side of the quantum kinetic equation (5.57) by the Floquet-spectral function
of a certain Floquet state with quantum numbers k and &, see Eq. (5.43), integrate over
frequencies and finally trace over Floquet as well as space indices. In the following, we
shall use a short-hand notation (cf. Eq. (5.51)) incorporating this procedure

{(..)(k)hz ad Tr[Ak (@) () (k,w)] (5.63)

where (..) denotes any two-point object in Floquet-Wigner representation. Applying this
transformation to the specific term of the Keldysh Green’s function given by Eq. (5.61)
then yields

U? dq
sE ) =- T I 34 (€) (5.64
[ } u%:ﬂ szul (2n/a)d ) (2m/a)? llip?f
= 6(51(7570' + €q—p,u,0 — Eq\d ~ €k—pn,0 + AsulQ)

X Fq_Palh& qu)‘7& Fk—Pv”hU ’
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where the transformed matrix element reads as

f;f\ln, ZZ ¢k§o- nul/\,a(n7m7i7j) ¢E§,J(j) . (565)

kpq i,j nym kpq

One then repeats this entire calculation in order to find all other terms of ¥ in their
respective Floquet-Wigner representation. Next to G one now also uses explicit Floquet
representations of G® — G4, see Eq. (5.28). By respecting initial symmetrisations, per-
forming frequency integrals and projecting onto Floquet state (k, £) one eventually obtains
an expression for the full contribution to the second order Keldysh self-energy

[Ef(k)} - WU Z Z/ (27 /a)d 27f7a)d @Ziﬁ\ln,g(f) (5.66)

AM Syl kpq

X 5(€k7€70 + 8q_pnu'76' - 8‘1,)\75 - gk_pﬂ%a + ASUZQ)
X [Fq—p,uﬁ Faxne Fx-pmo + Fa—pus = Fare — kap,n,o} :

In the next step we consider 2o F—FoXA4 i.e., the second term of the QKE’s right-hand
side. One also starts by finding individual terms of the retarded and advanced self-energies
in Floquet-Wigner representation, similar to Eq. (5.60). Here, however, one notices that
frequency integration cannot be performed straightforwardly. This is because retarded
and advanced non-interacting Green’s functions of type (5.23) and (5.24) appear explicitly
instead of their difference Gt — GA. Nevertheless, one can still find a simplified expression
by first recalling that the right-hand side (5.57) requires only a zeroth order expansion
of the Floquet-Moyal product. Hence, the Floquet-Wigner representation approximately
takes on the from

(SRoF —Foxd) VL (2B Frim — Foe S, (5.67)

m/

where all indices but Floquet ones have been suppressed such that objects on the right
are to be understood as X2 = nF (r,t,k,w), etc. Applying the projection (5.63), it

nm,ij,o

can be straightforwardly shown that Eq. (5.67) is further reduced to®

[ZfoF-Fo EAL = Figo 3.5 00 o (G) P (i) (B7 - EA)%(k,ak,g,o) (5.68)

17.7 n,m

by using the explicit form of F' given by (5.29) as well as properties of Floquet states. Since
the expression now depends on the difference (L% —%4), also G and G4 appear in form of
G — G4 throughout the individual terms. This allows then a straightforward integration
over frequencies as shown above. The final result for the projected Floquet-Wigner form
of the second term of (5.57) is then calculated to be

[shor-FosA] - ”U D3 / S / ija)d B (€) (5.69)

wAm syl kpq

X 0(ekgo + Eq-pus — Eqro — Ek—pns T Asul)

X ﬁk7£7a |:1 + ﬁq7Av5 ﬁk—pﬂﬁ - ﬁQ‘DvMﬁ (ﬁ’q7k>5’ + F‘k—Pﬂ%U) :| :

8 Note that the discussion from Sec. 5.4.2 about a modified Floquet-Moyal product does not need to be
applied here, because both procedures are identical to zeroth order.
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Having calculated the expressions (5.66) and (5.69) allows now to find an explicit form
of the collision integral. As defined in Sec. 5.4.2 the collision integral is proportional to
the projected right-hand side of the QKE (see Eq. (5.54) and cf. Eq. (4.81)), and is given
as ,

Teon[ne.o(r, t)] = —% (2K — (SRoF - Fo EA)L . (5.70)
Here, the prefactor is due to the fact that the entire kinetic equation was divided by 2¢ in
order to bring the left-hand side into the from of Eq. (5.54). One can now find a concrete
expression for the collision integral in terms of the Floquet occupation functions ny ¢ .
First, Eqs. (5.66) and (5.69) are substituted into Eq. (5.70) and the F’s are re-expressed as
ﬁk@g = (1-2nk¢ ). Next, in order to simplify the combination of occupation functions in
a most convenient way, one adds and subtracts an additional term which is proportional to
negnynng. We shall also assume that quasienergies do not depend on spin. Moreover, it is
convenient to introduce an individual momentum variable for each occupation function. At
the same time, quasimomentum conservation is guaranteed by a corresponding -function.
Note crucially that momentum is only conserved modulo reciprocal lattice vectors G, due
to the underlying lattice structure.

Performing the entire outlined procedure and allowing for yet another transformation
of the matrix element (5.65), one eventually finds an expression for the collision integral
which reads as

dq dqs dqs
Leonlrice o] Z Z/ G ja)? 27r/a)d/ @r/a) (5:71)

X qukn,a (27r/a) 5(k +qr—q2—q3+ aG)
kqiqzqs

X 0(ekgo T €qupe — €qu e — €qzmo T N18Y)
X [”qz)\,& Nqsz,n,o (1- ”ké,o) (1- ”qhu,&)

- nk,ﬁﬂ nql,,u,c_r (1 - nq27)‘7&) (1 - nq3)7770'):| ?

where we have introduced the integers a,n € Z to account for umklapp scattering in
momentum and frequency space, respectively. The matrix element W™ describes the
scattering rate for a process involving a quantized energy transfer to the system of nfl,
i.e., the system absorbs (emits) energy” for n > 0 (< 0). We obtain

2
2
Weine =270 |[Vigo | (5.72)
kqi1q2q3 kqiq293

where the amplitude reads as

VEZL)\'r],U = Z Z 5n—(n1+n2—n3—n4) qgﬁ}&g(i) (Z)Zip,?f(i) ¢Z;)\7&(i) gg,n,a(i) . (573)
kqiqzq3 i zigi

We remark once more that space and time play two fundamentally different roles for the
presented discussion. This can be directly seen from Egs. (5.72) and (5.73). Here, the
Floquet and momentum indices enter the matrix elements, and therefore the collision
integral, in a completely different way: occupation functions depend on momentum and
band indices, but do not depend on the Floquet indices. Correspondingly, we sum over
Floquet indices in Eq. (5.73), but not over momentum or band indices.

9 Note that this is in fact only true for non-winding Floquet bands. If the Floquet bands indeed wind
around the Floquet-zone, a 'labelling’ of the bands solely depending on the energy becomes impractical.
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5.5. Discussion and Outlook

In this chapter, we have derived the Floquet-Boltzmann equation for periodically driven
Fermi systems starting from the Keldysh dynamics of Green’s functions. Based on con-
ventional Floquet theory and a clear physical separation of time scales, we were able to
formulate the Floquet-Wigner representation (and variants thereof) in order to find a semi-
classical approximation to quantum kinetic equations in the presence of a fast periodic
drive. The final result is an equation determining the dynamics of Floquet occupation
functions given as

(&5 + .7:1{75(1', t) Vk + ’Ukjg(r, t) Vr) nk7£7g(r, t) = Icon[nk@a(r, t)] , (5.74)

where the (effective) forces and velocities are given by Eqs. (5.55) and (5.56), and the colli-
sion integral forming the right-hand side is described by Eqgs. (5.71)-(5.73). In the following
we shall summarize and discuss the characteristics of this Floquet version of a Boltzmann
equation, sketch its limitations as well as further potentials and, most importantly, shed
light on prospects of applications.

Heating Comparing the formulas that determine the collision integral of the Floquet-
Boltzmann equation, see Eqgs. (5.71)-(5.73), with the result from the ordinary case, see
Eq. (4.89), one observes strong structural resemblance. Nevertheless, there are two main
differences:

1. The Floquet-Boltzmann equation is formulated for occupation functions of Floquet
eigenstates n¢ of the periodically driven many-body system. Indeed, also the ma-
trix element W reflects the Floquet nature of the quasiparticles: scattering occurs
between different Floquet states.

2. It was argued from the beginning that a Floquet system does preserve energy only
up to integer multiplies of 2. This property is formally embedded in the collision
integral of the Floquet-Boltzmann eqation: every collision of Floquet quasiparticles
may change the energy of the system in a discrete way, as given by the d-function of
Eq. (5.71).

Generally, the system relaxes to a state with maximal entropy allowed by the remaining
conservation laws, see Sec. 5.1. If the system is closed, the latter property will therefore
typically heat the system to an infinite temperature state in the long term. The dynamics
described by the full Floquet-Boltzmann equation is therefore expected to depend strongly
on this heating effect, which is in clear distinction to the conventional case. The ideal test
ground for studying these Floquet-heating effects are homogeneous systems, i.e., such
systems where all gradients are assumed to vanish. We will, thus, apply the Floquet-
Boltzmann equation in a first approach to such a homogeneous system in chapter 6.
Since the Floquet-Boltzmann equation (5.74) was eventually determined in a lowest
order (Born) approximation, the captured interaction effects are solely of two-particle
nature. Hence, one could argue that the presented from of the collision integral, see
Eq. (5.71), does not necessarily contain more information than scattering rates predicted
by a Floquet version of Fermi’s golden rule [115,262,284] in combination with an educated
guess about the corresponding statistical factor. We want to stress, however, that the
here developed Floquet-Boltzmann equation is a much more powerful tool than a simple
‘golden rule’ description. The reason being that our formalism indeed gives us control

113



5. The Floquet-Boltzmann equation

over the semiclassical approximations in the sense that limitations of semiclassics can be
investigated. Furthermore, our formalism allows for a systematic study beyond the lowest
order approximation. In fact, these arguments are also the reason why we believe that our
description yields advantages over a recently used equation-of-motion approach to derive a
similar semiclassical kinetic equation in Floquet form [254]. We will extend the discussion
about the capabilities of the Floquet-Boltzmann equation in the following.

Berry phase corrections The Floquet-Boltzmann equation does not only describe by its
left-hand side the dynamics due to forces in an inhomogeneous system, see Eq. (5.74),
but also manages to capture corrections due to Berry phases as pointed out above. While
these corrections can also be incorporated in the conventional Boltzmann equation [226],
a potential interplay between these Berry corrections and intrinsic heating effects seems
to be unique to Floquet systems. The effects can be two-fold: first, heating dependent
behaviour of the Floquet occupation functions can lead to anomalous effects. These effects
could be mainly associated with effective 'magnetic fields’ in phase space, represented by
the Berry curvatures €,., Qi and €.k, respectively. Second, due to heating Floquet
systems are intrinsically time-dependent (in addition to the external drive). This might
lead to time-dependent Floquet eigenstates (via some Hartree correction, for instance)
which in turn could give rise to effective ’electric’ fields, €2,; or €2z, in the problem.
The presence of Berry curvatures can generally induce macroscopic transport effects of
the system, e.g., a rotation of an atomic cloud in a harmonic trap. Indeed, since many
modern cold atom experiments (see Sec. 2.3) strive to realise systems with non-trivial
Berry phases, the discussion of such is important even in an interacting system. We will
investigate aspects of these intriguing Berry-phase effects in chapter 7.

Strongly interacting systems Many-body systems that are strongly interacting are gener-
ically beyond the applicability of our approach. Nevertheless, one can hope to be able to
extend the perturbative results derived by us to the limit of strong interactions in situ-
ations where the number of excitations remains small. For example, such a situation is
given by a Mott insulator, for which U > J, that is only weakly thermally activated, as
discussed in Ch. 3. When the system is characterised by a dilute density of quasiparti-
cles, the transition rates on the right-hand side of the Floquet-Boltzmann equation have
to be computed from the solution of the two-particle scattering problem in the presence
of periodic driving. In fact, this two-particle Floquet scattering problem was solved for
excitations of a truly one-dimensional Mott insulator in the Bachelor thesis of Matthias
Pukrop [296]. Moreover, such T-matrix approach was, for example, also used to esti-
mate interaction effects in a (strongly) interacting Thouless pump scenario [92]. Such a
T-matrix formulation can generally also be directly obtained from the quantum kinetic
equation [227].

Higher-order scattering processes The collision integral in the form of Eq. (5.71) is
characterized by an energy conservation modulo §2. However, since all quasienergies e¢ are
defined such that they lie within the first Floquet zone, it follows that |ec+€,—ex—ep| < 292
Hence, there exists a frequency threshold at which energy-violating processes due to two-
particle collisions ought to die out. We will discuss this feature quantitatively for a specific
example in Sec. 6.3. Therefore, even in the limit for which the present form of the Floquet-
Boltzmann equation is fully valid, i.e., weak interactions, etc., a description in terms of
higher-order scattering processes might be required in order to capture heating effects.
Note that one would solely enter this regime by increasing the driving frequency.
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The opposite scenario, i.e., where the driving frequency is lowered to approach some adi-
abatic regime, might also be relevant for a description including higher-order processes.
Such a system was recently investigated by, e.g., Lindner et al. [92]: here, an interacting
Thouless pump type system was analysed at a finite driving frequency. While interac-
tions heat up the system within the Floquet band describing this pump quite rapidly (cf.
Sec. 3.4), one can additionally consider heating mechanisms to higher lying bands that will
eventually relax the pump characteristics of the system. For more details on the system’s
setup we refer the reader to Ref. [92]. Due to the exponential decay of Floquet eigenstates
in energy space (see Sec. 3.2.3) the matrix elements for two-particle scattering events W,
see Eq. (5.72), might be highly suppressed. In such situations the leading order processes
might be determined by a certain 'magic order’ [92], which is given by a minimal trade-off
between increasing powers of the interaction strength U and a decreasing total overlap of
Floquet eigenstates. Indeed, one could try to capture such higher order processes in an
extended version of the Floquet-Boltzmann equation (5.74).

Formally, one might be able to incorporate these higher-order processes by a systematic
treatment of corresponding diagrams within the self-energy expressions (cf. Sec. 4.2.2).
However, the feasibility of such treatment depends strongly on the characteristics of the
system under consideration: since the number of diagrams grows exponentially with the
order of interest, one would need to carefully select the relevant ones. If such a selection
was indeed possible and assuming that the Floquet character is treated with corresponding
care, a systematic simplification of the quantum kinetic equation up to higher orders could
be done as in the non-driven case [227]. Note that a low density limit simplifies this
discussion considerably, as for these situations often an effective two-particle description
of the interacting problem is sufficient, see above.

Phonon coupling and open systems The Floquet-Boltzmann equation (5.74) was de-
rived under the consideration of a closed many-body quantum system characterized by
fermion-fermion interactions, motivated by ultracold atomic systems. However, one could
also extend the language to other interaction types. In order to be able to capture aspects
of real solid state systems it is often crucial to include the role of phonons. An extension of
our formalism to such systems should be possible in a straightforward manner. Indeed, in
a recent study by Seetharam et al. the transport properties of periodically coupled leads
where investigated by an equation of motion approach (see above). So our formalism
should be able to reproduce the obtained results as well as be applicable to comparable
setups.

Moreover, even more complex scenarios can be explained by variants of our presented
formalism. For example, in a recent comprehensive study by Babadi et al. [256] the notion
of Floquet-Boltzmann kinetic equations were used to analyse the phenomenon of light-
induced electron-phonon superconductivity [297]. Here, however, the authors had to loosen
the quasiparticle approximation, since electronic and phononic quasiparticle coherence is
an important factor in the analysis. A detailed study of changes in the Floquet spectral
function is therefore crucial in these type of theories. Note, however, that their thorough
study is fundamentally based on the same Floquet-Wigner transformation as shown in
Sec. 5.3 (and already in Ref. [238]).

In general, the perspective of engineering quantum many-body states by means of dis-
sipation appears to be highly promising [298]. In the context of periodically driven sys-
tems, coupling to a thermal reservoir can lead to non-equilibrium (time-periodic) steady
states with unconventional properties [118,253,254,275,278]. The mixture of coherent and
dissipative quantum dynamics can also be most promisingly described by Keldysh field
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5. The Floquet-Boltzmann equation

theories [299]. One can, hence, imagine to merge aspects of this chapter with such a field
theoretical description of open periodically driven quantum systems.

In conclusion, it is evident that for the design of Floquet systems, which are generally
interacting, it will be crucial to understand and control heating processes. Such systems are
typically quantum simulators in form of ultracold atoms in optical lattices or standard-type
solid state systems that show light-induced effects, respectively. We hope that the Floquet-
Boltzmann equation and variants thereof can be a useful future tool in this context.
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6. Heating effects in the interacting
Haldane model

In this chapter we apply the Floquet-Boltzmann equation derived in the previous chapter
to a first concrete example. In a recent experiment with ultracold fermionic atoms in an
optical lattice by Jotzu et al. [23] the Haldane model was realized by means of periodic
shaking of the lattice. Since this experiment is one of the most prominent Floquet real-
isations in recent years, it represents a natural starting point to study interactions in a
periodically driven (closed) quantum system. Moreover, the experimental setup allows for
a controlled and tunable way to study the additional effect of interactions, which makes
the development of a corresponding theory worthwhile.

The Haldane model is the prototypical example of a topological insulator: Haldane
showed [138] that an integer quantum Hall state can be realized without any external
magnetic field on average, but just by arranging complex hopping parameters on a hexag-
onal lattice. The arrangement of the parameters is such that nearest-neighbour hoppings
are real and only next-nearest-neighbour hoppings are complex. The corresponding non-
interacting Hamiltonian for this spinless model reads

HHaldane = — 3 Jz‘jC;er =) Ji/jc;rcj +> Aup cle; , (6.1)
(i5) (i) i

where ®;; are phases and A 45 is an energy difference between both sublattices of the
hexagonal lattice (see below).

Before investigating the role of interactions in such a system we will first give an intro-
duction to the experimental realisation of the Hamiltonian (6.1) by the Esslinger group [23]
followed by a discussion about the topological properties of the Haldane model. Following
this, interactions are turned on in the model and we study the associated heating effects
by using the Floquet-Boltzmann equation. Ultimately we present results that predict how
a corresponding system changes its temperature or entropy, respectively, as a function of
time [238]. Within the present chapter we mainly focus on the calculation of scattering
effects, i.e., on the right-hand side of the Floquet-Boltzmann equation. Effects due to
inhomogeneities are discussed in chapter 7.

6.1. An experimental realisation of the Haldane model with
ultracold atoms

The experimental realisation of the Haldane model was recently achieved with fermionic
ultracold atoms in a periodically modulated optical potential, see Ref. [23]. The novel
aspect of this experiment was that the desired complex next-nearest-neighbour amplitudes,
see Eq. (6.1), were obtained by - literally - shaking the optical lattice. Nevertheless, the
basis for these achievements was the prior realisation of an artificial form of graphene by
means of cold atoms combined with a hexagonal optical lattice [68,300]. In this section we
summarize the journey from a static hexagonal lattice to this realisation of the Haldane
model by driving. While we aim to focus on the (non-interacting) theory describing the
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Figure 6.1.: Schematic of the hexagonal lattice employed in realising the Haldane model in
Ref. [23]. (a) Every tunnelling amplitude J; (J jA) is associated with a corresponding lattice vector

v; (u;). Note that we choose J]A = JJB . (b) The respective phase of a complex hopping strength
is defined along the direction of the respective vector in this figure.

system, we remain close to experimental details: all parameters employed throughout this
section are also effectively used in the respective experimental realisation, see Refs. [68]
and [23]. Moreover, we largely follow the same notations as in Ref. [23] and its associated
supplementary material.

6.1.1. Artificial graphene with cold atoms

In this section we will introduce the static artificial graphene system by a theoretical
description and by giving experimental parameters, which extend their validity also to the
driven setup. The experimental details are collected from Refs. [23,68,300] and associated
supplementary materials, and more information can be found therein.

The starting point is a 2D lattice geometry!' which is generated by three retro-reflected
laser beams of wavelength A = 1064nm. Two of the beams are at exactly the same
frequency and orthogonal to each other giving rise to a chequerboard lattice of spac-
ing \/v/2. The third laser beam, running parallel to one of the two and being slightly
red-detuned, forms its own standing wave. Since the latter interferes with the former
chequerboard, this gives rise to an entire zoo of potentially realisable two-dimensional lat-
tice structures. One of these structures is the honeycomb lattice which is familiar from,
e.g., graphene [301]. Conventional graphene can be understood as a triangular lattice
with a basis of two atoms per unit cell. In contrast, the present honeycomb lattice is
distorted, as shown by Fig. 6.1. Here, the two sites of the unit cell form two chequer-
board sublattices A and B with associated mutually orthogonal Bravais lattice vectors
u; = A\(0.5,—0.5) and ug = A(—0.5, —0.5), respectively. Other relevant vectors connecting
lattice sites are ug = A(0, 1), vo = A(0.438,0), vi = A(—0.062,0.5), vo = A(—0.062, —0.5)
and v = A(—0.562,0). As can also be seen from Fig. 6.1(a), while vectors u; connect
points on the same sublattice, vectors v; connect points on different ones. Note that this
structure will eventually give rise to a quadratic Brillouin zone.

In the experiment, fermionic %°K atoms are loaded into the optical lattice of Fig. 6.1(a)
after being evaporatively cooled to about 0.27F, where Tr is the Fermi temperature.
The number of atoms used varies from 5x 10* for a spin-polarised Fermi gas to about
2% 10° for a balanced spin mixture. In the former case the atoms are all prepared in the

! In fact, an additional laser beam is used for confinement in the third spatial direction. In typical
experimental situations parameters are chosen in such a way that different 2D layers are weakly coupled.
Here, however, we assume within our analysis that the third spatial direction is frozen out and that
the system truly follows a 2D description.

118



6.1. An experimental realisation of the Haldane model with ultracold atoms

|F,mp) = |9/2,—9/2) Zeeman state, where F' denotes the hyperfine manifold and mp
the magnetic sub-level of the respective potassium isotope. For the spin mixture half of
the atoms are prepared in the |9/2,—9/2) state and the other half are initialised in the
|9/2,—5/2) state. Note that in order to investigate non-interacting properties the first
setup is sufficient, as presented in the main text of Ref. [23], for instance. However, once
interaction effects are of interest - as they indeed are for the main part of this section
- a spin-mixture is required to ensure the occurrence of s-wave scattering between the
fermionic particles.

Furthermore, experimental parameters are chosen such that the optical lattice is deep.
This allows for a tight-binding description of the problem, see Sec. 2.1, capturing nearest-
neighbour (NN) and next-nearest-neighbour (NNN) hopping mechanisms only. Allowing
also for some energy difference, A 45, between both sublattices, the non-interacting system
can be described by the following lattice Hamiltonian

Aap
Hlat = Z [T (aLaauo - birx—i-vo,abu—&-vo,a) (6'2)
ueA,o

=3 (Jibliyy, gy +hec)
7,0

- Z (J]A aL—i—uj,aaua + J]B bL+v0—uJ—,abu+vo,a + h.c. ) } )

j’o.

with o being a spin index and aly (bL,) creates a fermion on sublattice A (B) at the cor-
responding position u (u’). The index j runs over all available corresponding bonds as
depicted in Fig. 6.1. As can be seen from Eq. (6.2), the amplitudes J; correspond to hop-
pings between different sublattices, while JJ-A and JJB describe hopping strengths within

each sublattice. We choose that J; is always real, but J ;4 /B may be complex. We assume
further that JJ’- = J]A = JJB , where complex phases are indeed equal but defined in oppo-
site directions with respect to the two sublattices A and B, see Fig. 6.1(b) and last line
of Eq. (6.2). Note that all hopping amplitudes are assumed to be independent of the spin
species.

We proceed by performing a Fourier transformation of the creation and annihilation
operators according to (cf. Eq. (3.6))

ik dk _ik-
(J/Lo_ = Z €ZkuaLO. = G/LO_ = /(271—/0/)2 [ Zkua-ll-(o,, (63)
ucA
_— dk S
k- _ik
bLU = Z 62 u bi‘l’O’ <:> bL/O_ = /(271_/(1)2 (& v u bI(O” (6.4)
u'eB

with (27/a)? being the volume of the quadratic Brillouin zone and a = |ui|= |us|=\/v/2
describes the length of the Bravais lattice vectors. It is straightforwardly shown that this
brings the Hamiltonian (6.2) into the form

Hat = zﬁ:/ (2:;)2 (alT(g,bL(;) h(k) (aka> 5 (6.5)

bko
where the quasimomentum part of the Hamiltonian can be written as

h(k) = hi(K) 1 + he(K) 0 + hy(K) 0y + ho(k) 0 | (6.6)

119



6. Heating effects in the interacting Haldane model

with o,y . being the Pauli matrices and individual coefficients read as

hi(k) = — 22 Re[J}] cos (k - uy) (6.7)

hy(k) = — Z]Jj cos (k - vj) (6.8)

hy (k) = ;?J] sin (k - v;) (6.9)

h.(k) = % —2)  Im[Jj] sin (k- uy) (6.10)
J

The eigenvalues, i.e., the energy bands of the Hamiltonian (6.6) are then straightforwardly

calculated to be
() = hill) & [l (0% + hy (k)2 + ()] . (6.11)

In the experiment two static versions of this model can be achieved: either only nearest-
neighbour hoppings are present, or fermionic particles are allowed to hop to their next-
nearest neighbours with purely real tunnelling amplitudes. For the remainder of the this
chapter we assume the former situation to hold for all our theoretical discussions. The
reason is two-fold: first, a reduction of the number of relevant parameters simplifies the
problem. (Note that the main results of this chapter do only depend quantitatively on
this choice.) Second, experimentally a spinful, interacting system was indeed studied
with the simpler set of parameters, as discussed in the supplemental material of Ref. [23].
To be precise, in the experiment the hopping strengths to nearest neighbours were set
to J/h = Joi12/h = 2m x172Hz, and J3 = 0. All next-nearest-neighbour hoppings, on
the other hand, were frozen out, i.e., Jj( = 0. Additionally, also the on-site energy off-
set between the two sublattices was put to zero, i.e., Ay = 0. With such choice of
parameters Eqs. (6.7)-(6.10) simplify even further. The resulting 2D band structure of
Eq. (6.11) is shown in Fig. 6.2(b). The characteristic Dirac points can be calculated to
reside at momenta k% = i%(o, 1). Note that the discrepancy between these position
and the one in typical graphene [301] again stems from the distortion of the honeycomb
lattice in the present case. Furthermore, the total bandwidth of the static system can be
calculated to be D = 6J. While this static system was experimentally already subject to
earlier studies [68,300] the ultimate goal in order to simulate the Haldane model was to
accomplish complex next-nearest-neighbour tunnelling amplitudes. How this is achieved
by means of periodic shaking is outlined in the following section.

We conclude this section by making an important side remark: Note that the Hamilto-
nian (6.2) fails to capture the weak harmonic confinement potential that is present in most
cold atom experiments, see Sec. 2.1. This approximation is maintained throughout this
chapter, rendering the system with a discrete translation symmetry. Eventually, however,
we will investigate how the interplay of interactions and lattice inhomogeneities gives rise
to transport phenomena in a periodically driven version of Eq. (6.2), see Ch. 7.

6.1.2. Periodic lattice modulation

The Haldane model was realised experimentally in the Esslinger group by means of shaking
the optical lattice. In the following, we will therefore present the general description of
having a lattice Hamiltonian as in Eq. (6.2) paired with some external driving at frequency
Q. To this end, we keep the discussion general in the following sense: we assume that
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J]’- = J]A = J]B and that all hopping amplitudes Jj, J]’- are real. Note that this section is
inspired by as well as complementary to the supplemental material of Ref. [23].

In the experiment?, the lattice position is periodically modulated in the plane of the
lattice itself. The motion of the lattice is along the two orthogonal axes (e, e,) (cf.
Fig. 6.1) with equal amplitude « and relative phase ¢ € (—m,7]. This leads to an elliptical

trajectory
rei(t) = — a(cos () ey + cos (U — @) ey) . (6.12)

Here, the amplitude is chosen such that a certain combination of experimental parameters
and natural constants is kept at a fixed value, i.e., Ky = amQ\/(2h) = 0.7778, with
m being the mass of a *°K atom. As can be seen from Eq. (6.12), the phase-shift ¢
determines both the aspect ratio of the elliptical trajectory (linear for ¢ = 0,7 and circular
for ¢ = +£7/2) as well as its direction (clockwise for —m < ¢ < 0 and anticlockwise for
0<p<m).

Generally, such a periodic shaking of the lattice leads to an acceleration of all atoms.
The time-dependent, homogeneous force associated with this acceleration is given by
F(t) = mi(t). Clearly, this force is periodic in time, F(t) = F(t + Tp), due to the periodic
shaking. Consequently, in the frame of reference that is comoving with the lattice a spa-
tially constant inertial force Fia4(t) = —F(t) = —mi(¢) is felt by the atoms. Considering
the general lattice Hamiltonian (6.2), the presence of the force changes this Hamiltonian
in the following way

H(t) = Ha — Y. (Fua(t) -15) cle; (6.13)
i€A,B
where for brevity we used that ¢; = a; (b;) for i € A(B) and r; = u(u + vp) is the
corresponding lattice site vector (cf. Eq. 6.2). Of course, the Hamiltonian (6.13) is time-
periodic due to the external modulation, H(t 4+ Ty) = H(t). Note, however, that H is not
translationally invariant any more. It is therefore convenient to view the force as emerging
from a vector potential

At) = —2h§(0 [sin(Q)e, + sin(Q — @)e, |, (6.14)

according to Fia(t) = 0:A(t). One can then use this vector potential in order to find the
gauge transformed Hamiltonian H' = Ut HU —ihU'0,U, where the unitary transformation
is given by U = expli Zi(A-ri)c;rci]. Then, the second term of Eq. (6.13) is cancelled by the
second term of the unitary transformation restoring the property of discrete translational
invariance. At the same time, a generic hopping term of the original lattice Hamiltonian
H,¢ gets transformed according to

S gy e, % Y e AOTG e =3 Jy(t) cle, (6.15)
i,7 i,j .3

where the indices ¢, j run again over all lattice sites, and we defined r;; = r; — r; being
the vector that connects both sites. It is now understood that every tunnelling term of
Eq. (6.2) transforms as shown in Eq. (6.15), where hopping strength and lattice vectors
need to be identified accordingly. Moreover, on-site terms of the Hamiltonian, as given by
the first line of Eq. (6.2), are left unchanged by the gauge transformation. Note that in
the following we will simplify notations by omitting the apostrophe of H' and will refer to
H(t) as the gauge transformed Hamiltonian of the shaken lattice.

2 Note that for the remainder of this chapter the notion ’the experiment’ refers to the experimental work
of Ref. [23].
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So the sole consequence of the periodic modulation of the lattice is the modification of
all hopping amplitudes by complex phases in form of an associated vector potential A(t).
This leads to a description of the system by a Hamiltonian that is structurally identical
to Eq. (6.2) but contains complex hopping amplitudes that depend periodically on time,
ie., Jj(t + Tp) = J;(t) and Ji(t + Tp) = J;(t). In fact, it is convenient to represent the
phase factor appearing in Eq. (6.15) in a different form such that the hopping strengths
can be written as

Jj(t) = e s 1 and Ji(t) = &) g (6.16)
where Jj, J]’- describe the static tunnelling amplitudes, and we defined
2h Ky
z(z) = == rilP}). (6.17)
pie¥i=v; e, +vj e, e,
I €% =uj-e,+u;-e, e,

and p;/;» > 0. Note that all objects in (6.16) and (6.17) are defined for a hopping process
of a particle that was initially placed on sublattice A. The quantities above are determined
according to the direction of corresponding lattice vectors as given in Fig. 6.1, i.e., z; = 2; 4
etc. When considering a hopping process that starts on the sublattice B the direction of
the lattice vectors is reversed (cf. Fig. 6.1 and Eq. (6.2)), i.e., v; = —v; and u; — —uj,
leading to p; e = Pj.A eiPiA = —pj.B €% etc. Thus, it follows that P = PjA = PjB
and ¢; = ¢pj 4 = ¢+ T.

Since the Hamiltonian of the shaken system is time-periodic, H (t+1y) = H(t), we desire
ultimately a Floquet analysis of the problem as discussed in Sec. 2.2. The advantage of
bringing the time-dependent hopping strengths into the form of Eq. (6.16) is that they
can be easily decomposed into their frequency Fourier modes. This is done by means of
the Jacobi-Anger expansion, ¢#5(0) = S (—1)"7,(2)e"™, where 7, describes the nth
order Bessel function of the first kind with property J_,, = (—=1)"7,. All time-periodic
tunnelling amplitudes of type (6.16) are therefore rewritten as

o0
L) = Y e () Fulz) Ty (6.18)
n=—oo

Consequently, the oscillating terms H,, of the non-interacting, periodically driven Hamilto-
nian, H(t) = > e ™¥ [, can be straightforwardly identified using Egs. (6.2), (6.15) and
(6.18). In short, in order to find H(t) one simply replaces all hopping strengths appearing
in Eq. (6.2) by respective variants of Eq. (6.18). The explicit expressions for H,, can then
be simply read off. In addition, by performing a position-space Fourier transformation
identical to the one presented in Egs. (6.3)-(6.5) all oscillating parts of the Hamiltonian
can be written in terms of k-dependent 2x 2 matrices (cf. Eq. (6.6))

hi(k) = hpi(k) 14 hyp(k) 0p + hyy(k) oy + by 2 (k) o2, (6.19)
and the coefficients are calculated to read as®
hni(K) = = 3 T Tulz) e (e 4 (~1)re e ) (6.20)
J

3The discrepancies between the formulas presented here, Egs. (6.20)-(6.23), and corresponding ones in
the supplemental material of [23], arise due to a few of reasons: first, we correct a typo in the formula
for hn,,;. Second, the frequency Fourier transformation presented in [23] is inconsistent with the one
given here in the sense that both differ by n — —n. Third, we believe that the formulas in [23] need to
experience a mapping k — —k in order to be consistent with the presented Fourier transformation of
momentum space.
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hna(k) = — = Z J; Tulz) 7m0 (83 4 (1) hevs), (6.21)

fny (k) = = 5 LSy ulzg) e (€™ — (~prev)), (6.22)
J

hn, (k) = % 8n0 (6.23)

where the index j again runs over all corresponding nearest or next-nearest neighbour
sites, respectively. Also, recall that J]’- = J]A = JJB and that all tunnelling amplitudes
of the static system are real. Note that H,(k) can be found from h, (k) according to
Eq. (6.5).

Obtaining the Haldane model from a first-order Magnus expansion

We continue by performing a first-order Magnus expansion of the problem, see Sec. (2.2.3),
and set the parameters as discussed above (J/h = J;/h = 2w x 172Hz,J/ = 0, A5 = 0).
Experimentally, such an expansion is justified by tuning the driving frequency larger than
all other energy scales of the problem. For now, we set {2 = 27 x 1080Hz ~ 6.3.J, which
was also used in the experiment studying a spinful, interacting system [23].

Applying the above set of parameters the components of the Hamiltonian given by
(6.19) simplify to h,, = hp 0z + hyyoy. Substituting this form into the expressions of
Eq. (2.61), i.e., the zeroth and first order term of the Magnus expansion, one finds that
the corresponding effective Hamiltonian can be written as

R () = ho(l) + Z ) (6.24)

= hO,a:UJ: + hO,yay Z h—n xln,y hn,xh—n,y)(jz

= hflo, + hzﬁay + hfls .

So while the off-diagonal elements of heff(k) are given by renormalised static contributions,

e., heff = ho, and hgﬁ = hgy, the periodic drive imposes an additional term that is
proportional to o,. By using the explicit expressions for h,, and h,, from Egs. (6.21)
and (6.22), respectively, one eventually finds hST to take the form

hgﬁ Z Z Jn J1 n,j2 € e~ %05 sin (k ’ Vj1j2) ’ (6'25)
n=1 ]11]2

where we introduced jn,j = J;JIn(25), ¢ij = ¢i — ¢; and v;; = v; — v;j. One then realises
that v;, j, always corresponds to a lattice vector +u; (see Fig. 6.1). Thus, one can rewrite
the double sum over v-indices as a sum over a single u-index. One obtains

~ 2.1~ -
Rt = 23" Jisin (k-u;)  with J]’.:52EJn,len,hsm(nqsm), (6.26)
J n=1

where it is understood that the v-indices ji, jo are uniquely determined by u;.
Upon substituting expression (6.26) into Eq. (6.24) and using explicit expressions for
ho,z, ho,y, the effective Hamiltonian is evaluated to read as

hefi(k) = =" Jjcos (k- vj)o, + > Jjsin (k- vj)o, — 2> Jisin (k-uj)o.,  (6.27)
J J J
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Figure 6.2.: (a) Brillouin zone associated with translationally invariant lattice shown in Fig. 6.1.
The two Dirac points are indicated by blue crosses. The dotted line marks the &k, = 0 cut through
the Brillouin zone. (b) Band structure of static graphene-like system given by Hamiltonian (6.2)
and J = Aap = 0, etc. (see text). (c) Floquet band structure of periodically driven system,
where gaps open at Dirac points. The driving frequency is 2 = 6.3J.

where jj = jo,j and the sum index runs over possible sites connected by v; or uj, re-
spectively. Comparing Eq. (6.27) to the discussion of the static lattice model above, see
Egs. (6.6)-(6.10), leads to a couple of crucial observations: first, the next-nearest hopping
strengths of the driven system are the same as in the static case but normalised by a Bessel
function?, i.e., Jj — j] = J;Jo(%j). Second, the term proportional to o, purely caused by
the driving corresponds to next-nearest-neighbour hopping of the particles. Most impor-
tantly, one realises that the hopping strength j]’ must be identified with a purely imaginary
part of a NNN-tunnelling amplitude of a corresponding static lattice Hamiltonian (6.2),
ie., j]’ = Im[J}]. Hence, one can indeed realise to first order in 1/ a (honeycomb) lattice
Hamiltonian that contains real nearest-neighbour and imaginary next-nearest-neighbour
hopping amplitudes, which is nothing but the Haldane model of Eq. (6.1) (with A4z = 0).
Note that since the on-site energy shift is not affected by the gauge transformation, see
Eq. (6.15), an initial non-zero sublattice shift A 45 can be trivially added to the effective
Hamiltonian of Eq. (6.27), i.e., h<f — th = heff 4 ééﬁ, allowing for a deliberate breaking
of inversion symmetry (see below).

The band structure of the effective Hamiltonian is then also calculated using Eq. (6.11),
and is shown in Fig. 6.2 for a circularly shaken lattice with ¢ = 7/2. One clearly sees
that the additional complex hopping amplitudes open a gap at the previous Dirac points.
The size of the gap is Ag/h ~ 2w x 50Hz. Moreover, the entire band structure changed
slightly in shape due to the renormalisation of the static hoppings. The total bandwidth
of the effective Hamiltonian is given by D/h =23, jj /h =~ 27 x 892Hz. In fact, the most
prominent consequence of the complex hoppings is not solely the presence of the band gap,
but rather the emerging topological properties and related phenomena. So having shown
that driving a static honeycomb lattice can indeed lead to the realisation of the Haldane
model, we will investigate its properties in the next section, Sec. 6.2.

We close this section by making an important remark. Despite the fact that the de-
scription of the system in terms of the effective Hamiltonian (6.27) captures the physics
of the system well in a non-interacting environment, it has a huge drawback: energy non-
conserving processes cannot be treated with a simple Magnus expansion or by its resulting
effective Hamiltonian (see Sec. 2.2). Since our goal is to add interactions to the descrip-
tion of this section, and to eventually apply the Floquet-Boltzmann equation (5.74), we
ultimately need to find Floquet eigenstates and quasienergies.

1 Such renormalisations in terms of Bessel functions are very typical for shaken lattices. In fact, one of
the pioneering Floquet realisations with cold atoms already proved this effect experimentally [55].
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6.2. Topological properties of the Haldane model

In the previous section, we conceptually showed in much detail how the model Hamilto-
nian (6.1) with complex next-nearest neighbour hopping amplitudes can be engineered by
means of periodic driving. In the present section, we elaborate on some of the peculiar
properties of this system. First, it is apparent from Fig. 6.2 that the Haldane model de-
scribes a gapped system. It therefore describes an insulator, assuming that the system
is half-filled. Nevertheless, the main characteristics of the model only reveal themselves
when going beyond a mere analysis of the bandstructure: the Hamiltonian (6.1) in fact
features topologically distinct phases of matter [138]. Hence, the Haldane model repre-
sents a 'Chern insulator’ with topological charge given by the Chern number [195]. As
shown in Sec. 3.4, non-zero Chern numbers are the reason for an emerging quantised Hall
conductance in the context of the integer quantum Hall effect. We therefore emphasize
that such a quantum Hall state is also described by the Haldane model but without any
external magnetic fields and associated Landau levels [138]. Complex NNN-tunnelling
amplitudes, see Fig. 6.1(b), evoke a structure of staggered fluxes that sum to zero over
the total unit cell, hereby encoding the quantum Hall effect as an intrinsic property of the
respective band structure.

In the following, we discuss specific topological properties of the effectively engineered
Haldane model, see Eq. (6.27). For more general details about topological matter we
refer the reader to Secs. 3.4 and, in particular, 8.1 (and references therein). Moreover, a
detailed view on the (integer) quantum Hall effect can be obtained from, e.g., Ref. [197]
(and references therein).

6.2.1. Berry-phases and Chern numbers

In order to study the effects of topology in the Haldane model we consider Berry curvatures
as given in Sec. 3.4. Using the respective definition for the Berry connection of Eq. (3.54)
the Berry curvature (3.54) can be written as

8uuk
Qyoy(k) = —2Im[< Ok,

ag;;yk >} , (6.28)

with |uyk) being eigenstates of the effective Hamiltonian (6.27) and v denoting the band
index. If the Hilbert space of the considered system is finite, the expression (6.28) can
generally be brought into an equivalent but numerically more accessible form [96], which
in the present two-band case reads as®

eff eff
[(uyk!%h,% upie) (| G-

(e5(k) — ey (k))?

Qay(k) = —2Tm , (6.29)

uyk>]

where v = {—, 4} with '=’ ("+’) indicating the respective lower (upper) band, cf. Fig. 6.2,
and v = +(—) when v = —(4). The Berry curvatures can now be readily computed, where
the numerical advantage of Eq. 6.29 stems from the fact that the U(1)-freedom of every
eigenstate drops out by construction. In Fig. 6.3(a) we show such Berry curvatures of the
bottom band, Q_, evaluated over the entire first Brillouin zone (cf. Fig. 6.2(a)). Here, we
vary the phase-shift ¢ as well as the on-site energy offset A 453, leading to a gapped band

5 Note that Eq. (6.29) can be straightforwardly extended to a full Floquet version by replacing the band
index of the effective model by a band index of the extended Floquet space.
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Figure 6.3.: (a) Berry curvatures associated with bottom band of effective Hamiltonian (6.27)
evaluated over first Brillouin zone (cf. Fig. 6.2(a)) for four different situations either breaking

TRS or IR. (b) Topological phase diagram of the Haldane model realisation (6.27). Number labels
indicate integrated Berry curvatures of corresponding representations in (a).

structure in every case. At the same time, corresponding Chern numbers can be computed
by integrating the Berry curvature over the Brillouin zone as, see Eq. (3.53),

1
C, = — / dk Qy0y(K) . (6.30)
2T

So indeed, for parameters of ¢ = /2 and A 45 = 0 the lowest band of the Hamiltonian
is topologically non-trivial, describing a topological Chern insulator with C' = +1, see
Fig. 6.3(b). For some other configurations, however, conventional insulators are found. In
order to understand this behaviour it is favourable to interpret ¢ and A 45 as parameters
that break time-reversal symmetry (TRS) or inversion symmetry (IS), respectively. So
while breaking the inversion symmetry only yields trivial insulating states at half-filling,
time-reversal symmetry breaking causes a gap that separates bands with non-zero Chern
numbers. The gap size in the latter case is easily evaluated from Eq. (6.27) assuming
that the positions of the Dirac points, kf; = :l:%(O, 1), remain stable. Here, it holds that
heff(k) :hgﬂ(kﬁ) = 0, and the gap due to TRS breaking is given by

Ap=-4>" j]' sin (kg - uj) = AP sin (), (6.31)
J

with AP /h ~ 0.3J/h ~ 27 x 50Hz being calculated using Eq. (6.26), etc. When both
symmetries are fulfilled, i.e., ¢ = Agp =0, the system maps to a renormalised gapless
Dirac system as depicted in Fig. 6.2(b).

In contrast, when both symmetries are broken, i.e., ¢ #£0 as well as A 45#0, a topological
phase transition must take place to connect topologically distinct regions in parameter
space characterized by Chern numbers C. The topological phase diagram is shown in
Fig. 6.3(b). Note that right on the transition line where the topological phase transition
takes place, one of the Dirac points is required to become gapless. Once IS is explicitly
broken, the total band gap results from a competition of A 45 and the gap emerging from
breaking TRS, i.e.,

AL ~ |A s + AT sin ()] . (6.32)
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Figure 6.4.: Experimental results verifying the successful simulation of the Haldane model. (a)
Topological phase diagram obtained by measuring the fraction of atoms that change to the upper
band after a Bloch cycle (see text). (b) Measured differential drifts or anomalous velocities as
a consequence of Berry curvatures. Over a full Bloch cycle a net contribution can only emerge
if Berry curvatures of bottom band carry the same sign around both Dirac points, i.e., when
C = +£1. Note that Chern numbers are reversed compared to Fig. 6.3, which results from an
alternative definition of the Berry curvature in Ref. [23] including an additional minus sign. Taken
from Ref. [23].

Note that the sign change results from the fact that the sine-function in Eq. (6.31) is
mapped to —sin(-) when considering the Dirac point at k. Thus, the phase transition
line is expected to reside at A 45 ~ AT**sin(y). Note that we elaborate on the connection
between symmetries and topological states from a different point of view in Sec. 8.1, where
we also explain in more detail the necessity of closing band gaps during topological phase
transitions.

Experimental verification of the successful realisation of the Haldane model was obtained
by measuring gap sizes as well as by directly observing Berry phase effects [23]. In order
to map out the topological phase transition line of Fig. 6.3 the associated closing of an
energy gap was detected by means of evoking Landau-Zener transitions [68]. To this end,
using a magnetic field gradient atoms are accelerated by a constant force inducing Bloch
oscillations. After one full Bloch cycle the fraction of atoms in the upper band, &, is then
determined from a specific band-mapping procedure [23]. Generally, a vanishing energy
gap leads to a significant enhancement of the upper band population. Here, £ becomes
maximal for AZ = 0. Experimental data [23] for a corresponding phase transition line is
given in Fig. 6.4(a).

Nevertheless, the closing of an energy gap cannot provide sufficient proof for the exis-
tence of a topological phase transition. To this end, the effect of Berry curvatures (6.28)
were directly measured in the experiment [23]. As seen in the previous section, Berry
curvatures are expected to change the semiclassical equations of motion, see Egs. (5.55)
and (5.56) (cf. [199,295]). For a force F which leaves the local system unchanged causing
only Bloch oscillations, the velocity v of a particle in band v carrying quasimomentum k&
is then given by

Vi (r) = Viek, — Q- F(r, 1), (6.33)

where € is a matrix with entries given by Eq. (6.28). Most interestingly, the second term
of Eq. (6.33) produces an anomalous velocity, i.e., a contribution to v that is perpendicular
to the direction of the applied force. In the experiment, a net drift in the x-direction is
measured as a response to a force applied along y after a full Bloch cycle. The results of
such measurements [23] are shown in Fig. 6.4(b). Here, it is convenient to introduce a ’dif-
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ferential drift’ D which describes the difference of two drift results from equal but opposite
forces. For example, choosing ¢ = m/2 and A4 = 0 the lowest band produces positive
Berry curvatures, see Fig. 6.3(a), which leads to a negative drift for a force pointing along
the positive y-direction. In contrast, for a parameter choice that describes a conventional
insulator, C' = 0, the drifts due to both Dirac points are expected to cancel each other
over a full Bloch period. In other words, this detection scheme measures the anomalous
Hall response of the system. Note that this effect will be the central subject of study in
chapter 7.

Lastly, we note that while topological properties are largely irrelevant for the follow-
ing discussion on heating effects, they do play a major role in the next chapter where
we consider an inhomogeneous Floquet realised Haldane model. Moreover, creating this
Haldane model by Floquet techniques on a finite geometry will lead to corresponding edge
channels consistent with the integer quantum Hall effect. How such edge states depend
on interactions, i.e., heating effects in the Floquet system is left as an open question.

6.3. The Floquet realised Haldane model with weak interactions

6.3.1. Model and parameters

In this section, we present a theoretical analysis of interaction effects in the Haldane model
discussed in the previous sections. To this end, we add to the periodically driven lattice
Hamiltonian (6.13) the on-site interaction term (cf. Sec. 2.1)

Hint =U Z nnnii, (6.34)
icA,B
with U being the interaction strength and n;, = aLiaauiU (nig = bLi tvo.00ui+vo,0 ) o0 the

A (B) sublattice, respectively. Here, we require the model to become spinful, as other-
wiese an on-site interaction mechanism of type (6.34) would be prohibited for fermions
due to Fermi-statistics. As discussed in Sec. 5.1, such an interacting Floquet system is
bound to heat up as time evolves, and therefore cannot be sufficiently described by an
effective Hamiltonian deduced from a Magnus expansion as presented in Sec. 6.1. Thus,
we ultimately require a full Floquet description of the problem, see below.

To achieve such an interacting Haldane model experimentally, a repulsively interacting
Fermi gas being composed of a spin mixture is loaded into the optical honeycomb lattice
discussed above. While in Ref. [23] mainly the non-interacting spinless case was consid-
ered, the authors also briefly studied the spinful limit. Here, they indeed tried to look
at the interplay of interactions and periodic modulations for a balanced spin mixture of
19/2,-9/2) and [9/2, —5/2) states of °K (see Sec. 6.1.1). In order to make our analy-
sis as approachable as possible regarding the experiment performed, we continue to use
experimental parameters and the experimental lattice geometry as presented in Sec. 6.1
throughout this section: J/h = Jy12/h = 2wx172Hz and J3 = JJ’» = Ay = 0. In addition
we set ¢ = 7/2, thus describing a situation where the ground state is in the topological
phase with Chern number C' = +1 (see Sec. 6.2). Moreover, we only consider the case of
a translationally invariant system at half filling.

Our ultimate goal is to capture the interplay of periodic driving and interactions by the
Floquet-Boltzmann equation (5.74). As outlined in Ch. 5 we require two conditions for
this approach to be applicable:

1. Since the Floquet-Boltzmann equation is based on a perturbative treatment, we
require weak interaction strengths. For the present lattice model this puts an up-
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6.3. The Floquet realised Haldane model with weak interactions

per bound to the value of U, which should not exceed the order of the hopping
strength, i.e., max(U) ~ O(J). Consequently, this approach cannot be applied to,
e.g., fermionic Mott-insulating states, as studied experimentally in [23].

2. The central aspect of the Floquet-Boltzmann formalism is the clear separation of
time scales. Here, the time scale set by the driving frequency ought to be much
smaller than times representing changes triggered by interactions. It is therefore
required that Q > U.

Another aspect of the Floquet-Boltzmann equation is that all Hartree corrections are
assumed to be absorbed into the original Hamiltonian by a appropriate renormalisation
of single-particle energies. So in order to clarify what precise Floquet system needs to
be solved, we discuss a potential Hartree correction to the non-interacting Hamiltonian
first. In fact, it turns out that the Hartree correction only gives tiny contributions. An
imbalance of particles on the sublattices leads to an oscillating term of the form A 45(t) ~
cU cos(Qt), where ¢ depends on the occupation function of all states. It was found that
¢ < 0.2 for a ground state as discussed above. The Hartree contribution therefore remains
small compared to all other terms for values of U < J. The single-particle gap, for
example, changes only by 0.2% for U = J and ¢ = 0.2. We will therefore neglect the
Hartree correction in all calculations in the following. This considerably simplifies the
numerical efforts, since the scattering matrix elements W on the right-hand side of the
Floquet-Boltzmann equation (being essentially the overlap of different Floquet states)
do not depend on time. Thus, these matrix elements only have to be computed once.
Furthermore, this approximation implies that the dependence of U can be absorbed into
a redefinition of the time, see below.

To determine the Floquet eigenstates and quasienergies it is therefore sufficient to di-
agonalize the matrix representation of the non-interacting Floquet Hamiltonian given in
its general form by Eq. (2.40). In the present case the Floquet matrix is readily built by
using the expressions (6.19)-(6.23), which yield

HE (k) = hy_ (k) — nQ0pm 1, (6.35)

with h, = hy 404 + hyyoy, etc. By numerically diagonalizing this Floquet Hamiltonian,
i.e., solving the Floquet eigenvalue problem in the extended space, one obtains the Floquet
states |¢pk ¢)) and quasienergies ey ¢, see Eq. (2.37). Recall from Sec. 2.2.2 that a rigorous
truncation of the Floquet matrix is often practicable due to the condition QN > Fy .y,
where Ny is the largest Floquet index before truncation and En.x corresponds to the
largest energy scale of the undriven system. In the present case it holds that Fy.x = D =
6.J, with D being the total bandwidth (see Sec. 6.1.1). Because driving frequencies are
typically selected to be larger, e.g., 2 = 6.3J, N can be indeed chosen on the order of one.
We have checked that for driving frequencies of Q/h 2 3.J/h ~ 27 x 500Hz it is sufficient
to keep track of a few Floquet modes only, i.e., Ny > 3. So once Floquet eigenstates
and quasienergies are found, all quantities entering the Floquet-Boltzmann equation can
be calculated numerically exactly (within the presented approximations). Nevertheless,
the FBE is in general still an integro-differential equation for the occupation function of
Floquet states ny , that is typically non-trivial to solve.

6.3.2. Heating rate and quasiequilibrium

We start by considering the full Floquet-Boltzmann equation given by Eq. (5.74). Fur-
thermore, we assume that the system can indeed be described by a time-dependent lattice
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Hamiltonian of type (6.2) imposing a translationally invariant situation. An immediate
consequence of this property is the vanishing of all terms involving spatial derivatives
on the left-hand side of Eq. (5.74). This applies to the spatial derivative of the Flo-
quet occupation function ny ¢ itself as well as to all remaining Berry-phases corrections.
Consequently, the Floquet-Boltzmann equation is reduced to the simplified form of

615 nk’gya(t) = lcoll [nk’&a(t)] . (6.36)

Note that because the non-interacting driven part of the system is independent of the
spin and, since the interaction part of Eq. (6.34) conserves the spin, it holds that the
occupation function of both spin species is identical for the chosen initial configuration,
i.e., ’I’Lk7§7T(7f) == nk,&i(t) = ’I’Lké(t).

While an interacting time-independent system preserves energy, the collision integral of
the Floquet-Boltzmann equation allows for a violation of energy conservation in a discrete
fashion, see Eq. (5.71). It is this very property that shall be the focus of our investigations
now: how does the interacting Haldane model heat up over the course of time. In order to
study such heating of the system, we consider the change of the (quasi)energy per lattice
site defined by

Z/ 27T/a 5 €k¢ nk,g,a(t) ’ (637)

where the factor 1/2 arises due to the fact that there are two lattice sites per unit cell.
Here, €y ¢ are the quasienergies of the non-interacting Floquet Hamiltonian (6.35), the sum
index ¢ indicates Floquet states of the first Floquet-zone only (see Sec. 5.2.2) and the sum
over spins yields a global factor of 2 due to the argument above. The corresponding heating
rate, ' = de/dt, is then given by the temporal derivative of Eq. (6.37), and therefore reads

Z/ (@r/a)? ke Mg (t) - (6.38)

Note that we assumed Jiex ¢ ~ 0, because we neglect the potential time-dependence of
quasienergies arising from Hartree corrections as in the discussion above. Hence, the heat-
ing rate is fully determined by the temporal change of the Floquet occupation functions.

One can make progress now by realising that this variation over time is described by
the simplified Floquet-Boltzmann equation (6.36). So using the explicit expression for the
collision integral, see Eq. (5.71), the heating rate can be expressed as

dqy dqs dqs
Z Z/ (27/a)? (2r/a)? (2n)a)® (27 /a)’ (6.:39)

n
x n{d W&W\n 0(exe + €quu — Equh — Eqsm + ML)
kqiqz2q3

I'(t)

X % (27/a)® 6(k + a1 — q2 — q3 + aG)
X ”k,g(t) ”ql,u(t) (1 - ”qz,/\(t)) (1 - ”qs,n(t)) .

Note that in order to obtain this result one exploits some symmetry properties of the
scattering rates: since the integration is over all momentum indices, one can conveniently
symmetrize with respect to each of theses labels. One further uses that

n — n n _ —n
W&u)\n = Wuﬁn)\ and Wg,LL)W] = W)ﬂ?ﬁ}t s (640)
kqiq2q3 a1 kaqsqz kqiqz2q3 azaskqr
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Figure 6.5.: Schematic of two-particle collision processes for (a) the energy conserving case (n = 0)
and (b) the energy violating case (n = 1). The energy bands are shown along the diagonal of the
quadratic Brillouin zone, see cut along k, = 0 in Fig. 6.2(a) (dashed line). Scattering is indicated
by arrows from initial states (black) into final states (blue/red). Parameters of the system are as
described in the main text (2 = 6.3J = 27 x 1080Hz).

where the latter expression follows from the principle of microscopic reversibility of transi-
tion rates. Using Eq. (6.40) one straightforwardly finds the form of Eq. (6.39). Indeed, the
energy changes in quanta of n{) determined by the Floquet matrix elements W™. Note,
however, that W™ with |n| > 2 cannot contribute to Eq. (6.39) as |ex¢| < €2/2 (see also
Sec. 5.5).

As discussed above, Floquet states entering the matrix element W as well as quasiener-
gies are readily calculated from the non-interacting Floquet Hamiltonian (6.35). The
Floquet occupation functions ny ¢ are then determined from the solution of the Floquet-
Boltzmann equation. This is in general a formidable task due to the integro-differential
structure of the latter together with the multi-dimensional integrals appearing in the colli-
sion integral (5.71). Nevertheless, the problem can be dramatically simplified in situations
where one can identify yet another separation of time scales. Considering the expression
for the heating rate (6.39) there exists two types of scattering processes: either energy
is conserved during a collision with n = 0, or the scattering violates energy conservation
with n # 0. If the associated scattering time scales 7¢on and 7o, respectively, fulfil the

condition

1 1
> : (6.41)

Tcon Tvio

the heating rate (6.39) can be calculated with a strongly reduced (numerical) effort. The
nature of the two processes of Eq. (6.41) is depicted in Fig. (6.5). Note that this additional
separation of time scales is indeed given by the chosen experimental parameters, where
both rates differ by much more than an order of magnitude, see Sec. 6.3.3 below.

The essence of Eq. (6.41) is now the following: if energy-violating processes occur only
rarely, the system behaves like a time-independent interacting system within a time win-
dow of Tyio. In such systems scattering processes lead to an equilibration of the system.
Condition (6.41) implies that the system undergoes many energy-conserving collisions be-
fore the energy is changed. Hence, the system equilibrates locally in time at a certain
time-dependent temperature 7'(t) and is approximately described by the thermal occupa-

tion function
-1
nie(t) & n ¢ (T(1)) = [exp(W) vl (6.42)
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where p(T') is generally determined from the condition that the total number of particles
remains constant. For the chosen set of parameters, though, the system is equipped with
a particle-hole symmetry, and therefore u(7") = 0 for all temperatures and times. Note
also that we set kg = h = 1 for convenience, with kp being the Boltzmann constant. The
situation in which condition (6.41) holds and the occupation function can be approximated
by (6.42) is called quasiequilibrium, since the temperature still varies as a function of time.

The huge advantage of Eq. (6.42) for practical implementations is that all dependences
of the occupation function on respective quantum numbers are approximately reduced to
a single, yet time-dependent parameter: the temperature 7'(t). Thus, to leading order
in Tyio/Tcon, We can replace all occupation functions in the expressions for the heating
rate, Egs. (6.38) and (6.39), by Fermi functions of type (6.42), i.e., n(t) — n°(T(t)).
Consequently, we obtain the relation

dT'(t) de
R LR T(T(). (6.43)

This simple differential equation can be directly solved to yield

t= / dT’ A7) (6.44)
)
where we introduced the specific heat ¢(T") = de/dT.

In summary, under condition (6.41) we do not have to solve the coupled integro-
differential equations given by the Floquet-Boltzmann equation in order to obtain ny ¢(t).
Instead, it is sufficient to calculate the heating rate I' and the quasienergy per lattice site
e as functions of temperature in combination with solving a simple one-parameter differ-
ential equation given by Eq. (6.43). The quasienergy density is straightforwardly obtained
using Eq. (6.37), once the quasienergies are known. The heating rate (6.39), however,
is determined by a high-dimensional integral that might remain numerically demanding.
Lastly, we remark that the general notion of a ’temperature’ for periodically driven sys-
tems is actually quite subtle. The reason being that the Floquet zone is not uniquely
defined, see Sec. 2.2. We therefore demand a definition of the Floquet zone such that all
quantities are maximally conserved. The temperature T used throughout is then under-
stood to refer to this quasienergy setting. In the present, weakly interacting case where
also the driving frequency is large, the Floquet zone is safely fixed by the single-particle
picture of the bands, see Figs. 6.2 and 6.5, together with an initial (thermal) many-body
state preparation.

6.3.3. Numerical aspects

In order to calculate heating rates given by Eq. (6.39) the multi-dimensional integrals
need to be solved. In this section we elaborate upon the technical aspects of calculat-
ing this general expression. First, we introduce the algorithm that approximates the
multi-dimensional integral. Then, we will argue numerically why the quasiequilibrium
assumption of Eq. (6.42) is indeed a good one.

Multi-dimensional momentum integral

Generally, the task to numerically solve a multi-dimensional integral can be very demand-
ing. For the present example, we need to evaluate an integral over four momentum indices,
where every index is d-dimensional, yielding in total 4d degrees of freedom. The situation
is simplified by physical constraints of having momentum as well as energy conservation
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Figure 6.6.: Graphical illustration of discretisation of momentum and energy space (see text).
(a) Continuous Floquet bands of first Brillouin zone (cf. Fig. 6.2). (b) Brillouin zone is discretized
by a 20x 20 mesh. Here, energy discretization is chosen to be Ae = /90. Note that grid lines of
(a) mark the discretisation islands of (b).

(up to multiple integers of G and €, respectively). These conservations are represented
by respective d-functions in, e.g., Eq. (6.39). The remaining 2d = 4 integrals are, however,
generally still challenging. To this end, we introduce a discretisation of momentum as well
as energy by letting

k — |k/Ak] Ak = (iAk, jAE) and & — [e/Ac] Ae =1A¢, (6.45)

with Ak, Ae being discretization steps, i,j,l € Z and |x| denotes the nearest integer
function. The effect of such a discretisation on the bandstructure of the present Floquet
Haldane system (isotropic lattice parameter choice and 2/27 = 1080 Hz) is seen in Fig. 6.6.
Here, we discretise the first Brillouin zone, see Fig. 6.2(a), by a 20 x 20 mesh, i.e., Ak =
|G|/20 = 7/(10a), and rounded associated parts of the quasienergy bands to multiples of
e/2m = 12Hz ~ 0.07J. Note that it is in fact advantageous to have a quadratic Brillouin
zone resulting from the distorted honeycomb lattice, see Fig. 6.1.

Assuming a discrete nature of momenta and energies appearing in an expression such
as Eq. (6.39), all integrals are converted into summations, i.e., [dk — >3, ; Ak. At the
same time, delta-functions representing momentum and energy conservation transform as
o(k) — ﬁéiéj and 6(e) — Aiaél, respectively. The algorithm to calculate corresponding
multi-dimensional integrals is determined by the following steps:

1. For a given pair of incoming momenta (k, q1), a list of all allowed scattering events
including their associated energies is created. These scattering events are determined
considering that momentum is conserved up to multiples of the reciprocal lattice
vector G.

2. The list of scattering events is filtered according to the energy constraint. For cal-
culating heating rates this corresponds to rejecting all elements from the list except
for the ones that change the energy by £f).

3. Steps 1 and 2 are repeated for all possible (discretised) ingoing momenta (k,qq).
This reveals a complete list of relevant processes under the summation over incoming
and outgoing momenta.

4. For every entry of this complete list, the matrix element W™ (n = +1 for heating
rates) as well as the statistical factor ngn, (1 —n,)(1 — ny) is calculated. The final
result is then obtained by summing over all these entries and weighting them by
associated factors (dk — Ak, etc.).
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Figure 6.7.: Numerically solved multi-dimensional integral appearing in a variant expression of
the heating rate I' (see text). Results are shown (a) as a function of momentum discretisation for
different values of Ae and (b) depending on energy discretisation for various momentum grid sizes.
Dots are numerical data points. The temperature was set to 7' = J, but for n = 41 discretisation
effects are indeed independent of T'.

The calculated discretised integral can obviously not be exact, but is rather a function
of Ak and AFE. Thus, the goal is to find a setting in which (e.g., for the heating rate I)
it holds that

D(T, Ak, Ac) &~ lim lim D(T, Ak, Ac) = I(T). (6.46)
—0 Ae—

In order to find a combination of Ak, Ae that approximates the true integral sufficiently
well, we calculate an object similar to the heating rate (6.39) for n = £1, but with nQ2 — 1
for the factor outside the d-function. We repeat the calculation for a range of discretised
momenta as well as energies. In doing so, we first fix a certain Brillouin zone discretisation
and vary Ae over a broad range. It is the aim to tune Ak and Ae in such a way that
the considered quantity does not depend on Ak/Ae. To fulfil this condition we look
for stable plateaus in the object of interest calculated for different discretisation steps.
Results for a temperature of T = J are shown in Fig. 6.7, where the convergence of the
multi-dimensional integral is indeed confirmed.

First of all, when choosing Ak too large, i.e., the Brillouin zone grid too coarse, no
convergence of the calculated integral is to be expected, as can be seen from Fig. 6.7(a).
Increasing the grid size to |G|/Ak ~ 15 then allows for the desired convergence depend-
ing on the chosen energy spacing. Clearly, when the energy discretisation step becomes
comparable to the band width of a single band, rounding errors are dramatic and cannot
yield good approximate results. However, for Ae chosen smaller than this extreme limit,
as considered in Fig. 6.7, one finds that results converge quickly for 2/Ae ~ 10.

A surprising observation is that for a sufficiently small momentum grid size of, e.g.,
|G|/Ak = 16, calculated values of the integral appear to be stable over a broad range of
energy discretisations, /Ae ~ O(10) — O(100), see Fig. 6.7(b). In fact, the reason for
this is that for cases of n = £1 scattering processes are supported by the entire Fermi sea.
Here, most of the individual scattering processes contribute in a similar way and details
of the states are not significant in a qualitative sense. So despite the fact that the list
of scattering events (see point (3) above) decays linearly in length with decreasing Ae,
which is straightforwardly understood from probabilistic arguments, there is still enough
statistics 'surviving’ from (3) to approximately fulfil Eq. (6.46), even for very small values
of Ae compared to the momentum grid, Q/Ae < |G|/Ak. We checked that the plateau
shown in Fig. 6.7(b) extends to discretisations of about /A& ~ 1000.

Moreover, the same Fermi sea argument can be used to explain the heating rate’s sensi-
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tivity on the discretisation as a function of temperature: since all particles of the Fermi sea
contribute to heating, the quantitative discretisation step discussion above applies likewise
to arbitrary temperatures. We also checked this numerically. However, the situation is
fundamentally different when energy conserving processes, n = 0, are considered. Here,
the scattering at low temperatures, T’ < J, is dominated by states near the Fermi surface
due to the respective form of Fermi functions. This additional selection of states leads
to a strong sensitivity of a sufficient discretisation on temperature. While within this
chapter we are solely interested in heating rates, the n = 0 case will be relevant in Ch. 7.
There, however, the stability of calculations is guaranteed by demanding at least moderate
temperatures of T ~ J.

For the actual calculation of heating rates I' in this chapter, we choose the same dis-
cretisation as used in Fig. 6.6, i.e., Ak = |G|/20 = 7/(10a) and Ae = /90 = 27 x 12 Hz.
Note again that choosing Ae as small as possible is numerically beneficial, since it re-
duces the amount of total scattering processes that need to be considered. In general, we
trust that for the respectively chosen parameters discretisation errors are negligible up to
uncertainties on the percent level ~ O(1%), cf. Fig. 6.7.

Applicability of the quasiequilibrium approximation

We have to check whether experimental circumstances can ever allow the separation of
scattering time scales (6.41). Ultimately, all generic Floquet systems heat up to infinite
temperature. Thus, we compare the ratio of the scattering rates averaged over all bands
and momenta in the limit 7 — oo, where all Fermi functions become constants n® — %
We therefore define

"= dk dai dqs dqs
v _g%,nzo;/ (27 /a)? (2r/a)? (27/a)? (27 /a)? (6.47)

n
X Weinne 0(Exg +E€aip — Equh — Eqan — 1Y)
kaiqzqs3

xok+qi—q2—q3—aG),

where n = 0 corresponds to an energy-conserving process and n = +1 denotes a pro-
cess that violates energy conservation by absorbing or emitting a photon of energy €2,
respectively. We then estimate the ratio of scattering times by

Toon _ WH + W1
Tvio WO

So to check whether condition (6.41) is indeed fulfilled we apply the numerical technique
presented above in order to obtain the averaged scattering rates W, W*!. In Fig. 6.8
we show numerical values for the ratio (6.48) as a function of the driving frequency €.
For the smallest experimental values of about 2 ~ 27 x 1000 Hz one observes that the
energy conserving processes dominate by about two orders of magnitude, which justifies
the approximation of Eq. (6.41) with high precision. As will be discussed in more detail
below, the ratio vanishes for a certain value of the frequency, Quax/27 =~ 1778.5Hz,
and all two-particle processes violating energy conservation die out with (Qupax — Q) for
Q — Qmax, see inset of Fig. 6.8.

(6.48)

6.3.4. Temporal behaviour of temperatures and entropies

Applying the technique presented in Sec. 6.3.3 to solve the multi-dimensional momen-
tum integral now allows for an explicit calculation of the heating rate (6.39). Note that

135



6. Heating effects in the interacting Haldane model

025 T T T T T
T T T T T o :I
-1 1
0.20 | 10 o ! 4
™~
2 103 [
= 015} 8! ] .
| G
= 10°F 1
- a ]
7 010 : -
§ 1077 E | | | | L e
< 800 1000 1200 1400 1600
0.05 i
0.00

1 n | L 1 L
1000 1200 1400 1600 1800
Q/(2m) (Hz)

1
800

Figure 6.8.: The ratio Teon/Tvio Of scattering times for energy non-conserving (W*!) and energy
conserving processes (W), see Eq. (6.48), plotted as a function of the driving frequency (/27 is
given in units of Hz). For large frequencies, 0 > 6.J & 27 x 1000Hz energy conserving scattering
dominates by several orders of magnitude. Inset shows a double-logarithmic plot. Ratio dies out
as  — Quax ~ 1778.5Hz (see text).

throughout this section we refrain from varying the lattice parameters of the system and
stay with the isotropic choice made above. In Fig. 6.9 the heating rate I'(T') is plotted
as a function of temperature for different driving frequencies 2. First of all we note that
all calculated heating rates follow (in dimensionless units) I' < 1. This yields already
a good self-consistency check for the applicability of the chosen approximations. To be
more specific, one observes that all heating rates show the qualitative same behaviour: I’
starts out at some maximal value at 7' = 0 and then approaches I' = 0 for T' — oo. The
initial plateau of the heating rate (see inset of Fig. 6.9) can be linked to the band gap of
the Haldane model which is given by about Ag =~ 0.3 J for 2 = 27 x 1080 Hz. As long as
the temperature is not of the order of Ag, the system cannot bridge the gap and, hence,
the heating rate (along with all other quantities) is unaffected up to exponentially small
corrections. Once the temperature is considerably larger than the band gap, the heating
rate starts to drop. To analyse the limit T — oo, it is useful to realize that in situations
where (6.41) holds a detailed balance condition relates the rate I'" to I'~ as

Tt
where I'T is defined by the terms in I' proportional to W*! and I'~ contains the terms
proportional to W1, Recall that W™ = 0 for |n| > 2. Eq. (6.49) follows from the property
of Fermi functions (6.42) that for ez + ¢, — €, — €, = 2 it holds that

n} (1—n) (1 —nf) =ngnd (1 —nd) (1—nf)eT. (6.50)

0
Ty 1

Using Eq. (6.49) the heating rate is given by I = 't — T~ = I'"(¢/7 — 1). In the high
temperature limit, i.e., for 7> Q, e/T can be Taylor expanded and one obtains

I(T) (6.51)

T )

as is also confirmed by the numerical results shown in Fig. 6.9.
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Figure 6.9.: Heating rate per lattice site (in units of 1/U?), see Eq. (6.39), plotted against
dimensionless temperature T'/J, with J = 2rx172Hz being the hopping amplitude of the isotropic
Hubbard model at hand. Different curves describe different driving frequencies (2, ranging from
5J = 27 - 864 Hz to 8.8J = 27w x 1512Hz, see legend. The inset shows a double logarithmic plot
indicating different regimes.

While the heating rate I' drops for increasing temperatures according to Eq. (6.51),
it also decreases rapidly for increasing driving frequencies, as can be seen from Fig. 6.9.
The reasons for this are two-fold: first, the matrix elements W=*! drop for increasing €2
with W+t oc 1/Q2 for Q — co. In fact, this can be simply understood from perturbation
theory as presented in Sec. 3.2.3, where it is shown that Floquet eigenstates decay with
1/ in Floquet space (for 2 — o0). Second, the phase space for two-particle scattering
with energy transfer £ vanishes due to the restrictions on energy conservation. As
denoted above, since every quasienergy is restricted to the first Floquet-zone, |ey¢| <
/2, the maximal energy that can possibly be absorbed during a two-particle collision is
max(AFE) = 2D(Q), with D(Q) = maxy ¢ ek ¢ — ming ¢ ex ¢ being the total bandwidth of
the two Floquet bands of the first Floquet zone. Considering Fig. 6.5(b), this corresponds
to a process that brings two particles at the bottom of the lower band simultaneously to
the top of the upper band. It is now clear that as soon as the driving frequency exceeds
the energy needed for this process, i.e. Q > 2D(2), heating is no longer supported
by the formalism presented here. So approaching this threshold Qmax = 2D (Qmax) and
expanding around the band minimum and maximum, one obtains the following behaviour
for the heating rate

I(Q) x (Ynax — Q)% (6.52)

for Q — Qpax and Q < Qpax. We also checked the validity of Eq. (6.52) numerically, see
Fig. 6.8, where within our model we obtain Q. = 27 x 1778.5 Hz.

Again, as for € > Quax two-particle scattering cannot contribute to heating, one has
to consider higher-order scattering events for a proper analysis of this regime. In general,
the matrix elements of these higher-order processes are expected to be small (at least for
at most moderate interaction strengths) due to a further reduced overlap of corresponding
Floquet states. We, hence, remark that increasing the driving frequency might be useful to
bring the system into a prethermal regime where interactions do play a role with respect to
the existing Floquet band structure, but at the same time heating might be suppressed on a
time scale set by higher-order scattering processes. Such prethermalizing Floquet systems
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Figure 6.10.: Specific heat per lattice site, ¢(T'), plotted as function of dimensionless temperature
T/J for a driving frequency of Q = 6.3J = 27x1080Hz. The inset shows the corresponding entropy
per lattice site (kg = 1).

have only recently been considered in different circumstances, e.g., in Refs. [79,92,262].
Having discussed the heating rate as a function of time, one can now proceed by solving
the simple equation (6.44). To this end, the heat capacity is determined from

(1) = 290 S [ G ae g helD) (6.53)
3

: dk
(6:43) ;/W (5k,§ﬁ)2

with 8 = 1/T being the inverse temperature. Since the specific heat (6.54) solely depends
on the quasienergies, it can be calculated in a straightforward fashion. Fig. 6.10 shows the
specific heat as a function of temperature. Generally, the curve can be divided into three
different temperature regimes:

efk,eB

e 6.54
(1+ eSk,ﬁﬂ)Q ( )

Ag
e~ T for T<KAg
oT)ocq T2 for Ag<T<.J. (6.55)
% for JT

For T' — 0 the specific heat is exponentially suppressed due to the band gap Ag as already
discussed for the heating rate. Note that we have checked that over the investigated
frequency range, 5J <2 <9J, the band gap does not close and, thus, the system remains
in the same topological state throughout. When the temperature becomes larger than the
gap, but is still small compared to the bandwidth of a quasienergy band, i.e., Ag < T < J,
the specific heat is dominated by the (gapped) Dirac cones near kp = :t%((), 1). Hence,
the system is approximately described by a Dirac equation [301] and ¢(T) grows with 772
Here, notice the fundamental difference between the behaviour of the heat capacity in this
regime and the heating rate: while the former is dominated by a Fermi surface effect, I’
is mostly insensitive to the specific details of the band structure. For large temperatures,
T > J, the specific heat changes its behaviour and one obtains ¢(T") « 1/T2.

Finally, using Eq. (6.44) and having numerically calculated the heating rate I' as well
as the specific heat ¢, we can directly compute the temperature as a function of time.
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Figure 6.11.: Dimensionless temperature 7'/J of the interacting system as a function of time ¢
for different driving frequencies Q (2 = 27w x864,...,1512Hz). Curves are defined corresponding
to the legend of Fig. 6.9. The inset clarifies the fact that the temperatures undergo two distinct

regimes before rising with exponential speed, cf. Eq. (6.56).

We assume 7; = 0 as the initial temperature. The results are shown in Fig. 6.11 for
different values of the driving frequency €2. Because of the piecewise behaviour of ¢ given
by Eq. (6.55) as well as the discussed dependence of the heating rate on T' (see Fig. 6.9),
also the temperature shows three distinct regimes as a function of time:

In(1/t)~1 for T(t) < Ag
T(t) o< { ¢1/3 for Ag<T(t)<J, (6.56)
e for T(t) > J,Q

where « is a factor that depends, e.g., on the driving frequency. Due to the exponential
suppression of ¢(T") for T' — 0, initially 7'(¢) rises very rapidly as 1/log(1/t) for T'(t) being
small compared to the band gap Ag. This is followed by T(t) o t/3 for Ag < T < J
as can be seen from the inset of Fig. 6.11. Because the curvature of the curves will have
to change, there is an approximately linear intermediate regime before the temperature
eventually starts to grow exponentially T(t) oc e®® for T > Q. The latter behaviour is
immediately obtained from Eq. (6.43) by considering the results of Egs. (6.51) and (6.55),
ie., ' oc 1/T and ¢ oc 1/T?, for T >> J,Q, and also confirmed numerically, see Fig. 6.11.
Moreover, the strong dependence of I' on the driving frequency 2 propagates also into
a similar behaviour of the temperature T'(t). For instance, when the driving frequency
comes close to its ’critical value’, i.e., Q — Quax, the prefactor o in Eq. (6.56) decreases
rapidly, o o¢ (€ max — )3, see Eq. (6.52). This in turn enforces a strong slow down of the
heating.

In ultracold atom experiments, however, it is not trivial to determine the temperature
of the system. A way to circumvent this issue is often that the entropy is measured, which
is a much more accessible observable for these kind of experiments. The reason being that
the entropy remains approximately constant when all optical lattices and interactions are
slowly switched off. These processes are often necessary to extract the desired information
from the experimental system. In fact, also in the experiment by Jotzu et al. such an
entropy measurement was performed (see extended data section of Ref. [23]). We therefore
show in Fig. 6.12 also the entropy as a function of time. Here, the entropy was calculated
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Figure 6.12.: Entropy per lattice site (i.e., per particle) as a function of time for different driving
frequencies Q (= 2w x 864,...,1512Hz), see legend of Fig. 6.9. The solid curve (2 = 6.3J =

27 x 1080 Hz) is the typical frequency used in the experiment by Jotzu et al. [23]. Gray shaded
area indicates the maximal entropy per particle (see text).

by using

T c /
S@—Aﬂ”g)

respectively. Due to the exponential rise of T' with time, see Eq. (6.56), the entropy (per
lattice site) approaches its T' — oo limit with exponential speed

orA%%A%mgw, (6.57)

S(t) ~ In(4) — ke 20t for t— o0, (6.58)

with x being a prefactor depending on the system settings. Note that the maximally
attainable value for the entropy per lattice site is In(4), since for the system at hand - a
spinful, fermionic lattice model at half filling - there exist only four possible microscopic
configurations, i.e., {0,1,],1)}.

6.4. Discussion and Conclusion

In this chapter, we have successfully applied the Floquet-Boltzmann equation to a Floquet
realisation of the Haldane model. Here, the main result describes the behaviour of the
system’s temperature as a function of time. Ultimately, periodically driven closed quan-
tum systems heat up to infinite temperature due to the absence of energy conservation.
Our calculations presented in Sec. 6.3.4 have shown that for experimentally relevant pa-
rameters, as used in Ref. [23], this heating effect can be quite strong on typical time-scales
of the experiment ~ O(10ms). For example, we consider the situation where driving the
system at a frequency of 2=6.3J =27x1080Hz and having moderate interaction strengths
of U=J. In this case, the entropy per site rises from 0.5 kpIn(4) to 0.75 kg In(4) within
At ~ 18/J =~ 20ms, as seen from Fig. 6.12. This is in fact short compared to typical
loading times ~ O(100ms) used in the experiment of Ref. [23], revealing the importance
of the heating effects.

Nevertheless, a direct quantitative comparison with experimentally observed heating
rates by Jotzu et al. is not possible. In Ref. [23] results are presented for rather large
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values of the interaction strength, U = 10J (U = 20J). This means that the system was
experimentally investigated close to (or in) the Mott insulating regime, which is far beyond
the applicability of our approach. Another aspect neglected by us is that a finite coupling
between two-dimensional layers of atoms was present in this experiment. Moreover, in
order to be able to describe experimental heating rates and associated behaviour of the
system, it would also be necessary to treat the harmonic potential present in the experi-
mental setup. This additional confinement is expected to lead to inhomogeneous heating
as well as to heat transport through the trap. We will investigate this more complex
situation in the next chapter, see Ch. 7.

We further note that the entropy growth of only a few kp/s reported in Ref. [23] seems
to be rather small in comparison to the values calculated by us in Sec. 6.3.4, where small
initial entropies were assumed. We believe that these discrepancies are mainly explained
by the fact that experimental entropies per lattice site were rather high on a scale set by
In(4). Indeed, studies of the non-driven artificial graphene system [300] revealed entropies
per particle of 1.5k ~ kpln(4) and 2.5kp ~ 1.8kpIn(4) before and after loading the
atomic cloud into the optical lattice, respectively.

We have shown that moderate changes of the driving frequency can be used to effectively
gain control over the amount of heating in the system. Here, heating by two-particle
collisions is fully absent if {2 is tuned to larger values than twice the total bandwidth. In
these cases higher-order processes, which are not included in our present analysis, need
to be taken into account (see also discussion in Sec. 5.5). However, these effects are
generally expected to be highly suppressed due to the Pauli principle forbidding three
particles to reside on the same lattice site. However, increasing the driving frequency does
not only cause a suppression of the heating mechanism, but likewise reduces all other
effects associated with the periodic modulation. For example, the gap of the present
simulated Haldane model scales with 1/ for large Q. To be concrete, increasing the
driving frequency from say 6.3J ~ 27 x 1080Hz to 2 ~ 10.3J =~ 27 x 1800Hz, where
two-particle processes are completely suppressed, reduces the band gap 0.3 J to 0.15J.

Lastly, we remark that the results discussed in this chapter do not depend qualitatively
on the parameter choice of the underlying lattice model. A corresponding numerical study
of an alternative set of parameters (where, e.g., Jj’< # 0) is presented by the author in the
appendix of Ref. [238]. Again, what is expected to have a strong qualitative effect on
the physics of the system is the presence of inhomogeneities. This will be subject of
our investigations in the following chapter. Here, we will start to couple the topological
properties of the model with the effects associated with Floquet heating presented in this
chapter.
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7. Transport in an inhomogeneous
Floquet-engineered Haldane model

Understanding the mechanisms and properties of transport in many-body systems such
as solids has been a long-standing question in the field of condensed matter systems. In
fact, due to an enhanced controllability and implementability of designed non-equilibrium
quantum system (such as ultracold atoms in optical lattices) finding appropriate transport
descriptions is of more relevance than ever. As shown in previous chapters, semiclassical
descriptions in terms of Boltzmann equations are powerful tools to capture the dynamics
of (weakly) interacting many-body systems. Conventionally, such Boltzmann equations
and variants thereof are very successful in estimating electric charge as well as heat con-
ductivities and associated transport properties [217]. Nevertheless, in spite of their already
simplified form compared to a full quantum description (cf. Ch. 4), Boltzmann equations
quickly become numerically difficult to solve in the presence a spatial inhomogeneities.
However, these are precisely the scenarios in which transport is generated either by some
external force acting on the particles or by internal mechanisms, such as a spatially non-
uniform density profile giving rise to diffusion.

Recently, many experiments with ultracold quantum gases were conducted in order
to study many-body transport properties [302]. Examples encompass, among others, the
measurements of universal spin-transport aspects in strongly interacting Fermi gases [303],
the study of light-cone-like spreadings of correlations in many-body systems [13] and
the observation of quantized conductance [304]. Moreover, the transport and out-of-
equilibrium dynamics of a fermionic quantum gas in a Hubbard model was studied [14].
From a theoretical perspective, Boltzmann equations can also yield insights into aspects of
these specific transport scenarios [230]. Here, however, a Boltzmann-like approach needs
to be modified, since realisations with ultracold gases describe well isolated many-body
quantum systems, i.e., systems that are not coupled to an external bath. These systems are
typically characterized by spatially depending filling factors and energy densities, which
needs to be embedded in the formalism accordingly [230].

In this chapter, we will present transport properties of a quantum gas system that is in-
herently out of equilibrium. To be precise, we address the question of how currents develop
in a Floquet realised interacting Haldane model, as discussed in the previous chapter, in
the presence of an additional parabolic confining potential. Most crucially, while other
cold atom transport setups rely, for instance, on (quantum) quenches [13,14] or on atom
reservoir imbalances [304], transport properties of our proposal are fundamentally based
on Floquet heating effects. In a static version, the system would simply remain in a cor-
responding equilibrium state. Including the external periodic drive, however, allows for
a development of temperature gradients in the trap and for the emergence of associated
currents. Most interestingly, since the underlying system is a quantum Hall state with
non-trivial topological properties, see Sec. 6.2, the expected currents are bound to show
anomalous effects. The study of this anomalous Floquet-Nernst effect, i.e., of the anoma-
lous particle flow as a response to the presence of temperature gradients, is the central
objective of this chapter (see, e.g., Ref. [305] for a discussion of a non-Floquet version of
this effect). In other words, the investigations presented within this chapter are grounded

143



7. Transport in an inhomogeneous Floquet-engineered Haldane model

on three fundamental aspects: macroscopic transport due to diffusion, intrinsic heating
owing to Floquet scattering processes and Berry phase effects related to the anomalous
Hall effect.

Inspired by the formulation of hydrodynamics for cold atom systems by Mandt [230],
we develop a transport formalism based on the previously derived Floquet-Boltzmann
equation, see Ch. 5, to capture the physics of the system of interest. At first, we will
introduce the setting by expanding the periodically driven system from the previous chap-
ter to the presence of an additional parabolic confining potential. Following this, we will
present a systematic derivation of a set of diffusion equations which describe the system
in its hydrodynamic limit in terms of particle and energy densities. At the same time,
we explain how Berry phase corrections can be incorporated into the formalism. Then,
we give a detailed description of associated conductivities and diffusion constants can be
obtained numerically before discussing the Floquet-Nernst effect quantitatively as well as
qualitatively at the end of this chapter.

7.1. Confining potential and local density approximation

As indicated in Sec. 2.1, optical potentials for cold atoms provide confinement due to the
intensity profile of the employed laser beams. For experimentally relevant cloud sizes, the
additional confinement is harmonic to good approximation. In the previous chapter, we
discussed consequences of interactions for a Floquet realisation of the Haldane model. We
now extend the above used formalism by incorporating the external parabolic potential.

To this end, we first modify the initial static non-interacting lattice Hamiltonian Hi,¢
given by Eq. (6.2) such that

HYy = Hig + Vho,  with  Vio(r) = % Y r?cle, (7.1)

describing the parabolic potential by shifting on-site energies accordingly (cf. Eq. (2.16)).
Here, Vo = mw?/2 is an energy density, with m being the mass of the trapped particle and
w is the associated trapping frequency, and r; denotes respective lattice positions. Note
that we assume the trap to be rotationally invariant. Moreover, all lattice parameters
of the homogeneous lattice Hamiltonian are the same as stated in the previous section,
J/h = 27 x 172Hz, etc. The central objective of this chapter is to eventually study the
interplay of Berry phase effects and Floquet heating mechanisms. Therefore, we choose
¢ = w/2 and Ayp = 0 to consider a non-interacting system deep in the quantum Hall
regime with C' = 41, see Sec. 6.2. Also, we further continue to assume an applied driving
frequency of Q = 6.3J = 1080Hz.

In the following, we crucially assume that the external potential is shallow which al-
lows for a treatment within the local density approzimation (LDA) [65]. The essence of
this approximation is that the system is presumed to be locally translationally invariant
such that (quasi)momentum is still a good quantum number. For equilibrium situations,
the effect of the potential is then incorporated by simply shifting the chemical potential
according to

o= () = pe —V(r) = pe — Vor?, (7.2)

where p. corresponds to the value of the chemical potential at the center of the trap. For
the present case of a particle-hole symmetric Haldane model we set p. = 0 (cf. Sec. 6.3).
The key advantage of the LDA is that all information can be obtained from a diagonali-
sation of the homogeneous lattice Hamiltonian Hi,g in combination with Eq. (7.2).
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Most importantly, the LDA is preserved when activating the external periodic drive:
implementing the drive by globally shaking the entire lattice as done, e.g., in Ref. [23]
the external potential acquires no time dependence in the co-moving frame of the atoms,
cf. Sec. 6.1.2. This allows for a straightforward application of the LDA also within the
Floquet description of the problem. Therefore, all methods and tools developed in the
previous chapters to obtain Floquet eigenstates and quasienergies of the non-interacting
Floquet Hamiltonian identically carry over to the present chapter. The general strategy for
the interacting system is thus as follows: first, the non-interacting Floquet Hamiltonian
is solved in the same way as above. This has to be done only once for a given set of
parameters. Then, the inhomogeneities of the system are solely encoded on the level of
the Floquet-Boltzmann equation in combination with information about the initial state
of the atomic cloud.

We assume that such an initial state is described by an equilibrium state of the system.
Here, the situation is captured by local Fermi functions!' (kg = h = 1),

1

0 —
fk,ﬁ(r) - 1 +e(€k,5—ﬂ(l‘))/T ’ (73)

that are characterised by an initial temperature 7i,; and by the spatially varying chemical
potential pu(r), see Eq. (7.2). Note that we use an initial temperature of Tin = 1.5J
throughout this chapter. The fact that the initial equilibrium state is indeed given in
this from can also be understood from the following argument: every equilibrium state
must nullify the right-hand side of the Boltzmann equation, cf. Sec. 4.4. Hence, in order
for equilibrium to be present it must hold that F = V,u, which is just a restatement of
Eq. (7.2).

Note, however, that within an interacting theory Hartree corrections need to be taken
into account, which renormalise the energies. For a particle-particle interaction type as
described by Eq. (6.34), this correction is given by Un(r), see Sec. 4.2.2. Here, n(r) =
>e Jdk fgg (r) describes the spatially varying particle density (see below). The effective
force is therefore a combination of the external force, which results from the parabolic
confining potential, and a corresponding Hartree term, F = —V,.V — UV n. Thus, the
true initial equilibrium state is characterised by the effective chemical potential given by

pegi(r) = =V (r) — Un(r) = =V(r). (7.4)

Generally, the initial particle densities n(r) therefore need to be computed self-consistently
using the expression for peg in Eq. (7.3) (see Ref. [230] for details). Nevertheless, through-
out this chapter we are mostly interested in interaction strengths that are at most of
moderate strength, U ~ J, and we checked that for these situations Hartree corrections
are indeed negligible.

In summary, this section introduced a harmonic confining potential to the shaken hexag-
onal lattice model of the previous chapter. We claimed that this additional potential can
be dealt with employing an LDA treatment and that initial equilibrium states are found
accordingly. Having clarified these non-interacting aspects of the theory, we will now be-
gin to develop the effects of interactions associated with the presence of V;, building on a
Floquet-Boltzmann treatment in the next section.

! Note that we relabelled the distribution function as nix ¢ — fi,¢ (compared to the notation of Ch. 5) in
order to not confuse the reader with the commonly used notation for particle densities n, see below.
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7. Transport in an inhomogeneous Floquet-engineered Haldane model

7.2. From Floquet-Boltzmann formalism to hydrodynamics

Considering the Floquet realisation of the Haldane model with weak interactions, as dis-
cussed in Ch. 6, and assuming that the LDA applies, allows for a natural treatment of the
system within a Floquet-Boltzmann equation approach, see Ch. 5. In contrast to the previ-
ous chapter, where the homogeneous Haldane system was characterised by the right-hand
side of the Floquet-Boltzmann equation, i.e., by the collision integral, now the spatial inho-
mogeneities activate also all terms on the left-hand side - including Berry phase correction
terms. Nevertheless, a treatment of the system within a full Floquet-Boltzmann equation
picture keeping track of every local Fermi function is practically impossible. Hence, the
idea is to simplify the problem by considering a set of quantities with much fewer degrees
of freedom [230], i.e., taking the hydrodynamic limit. To this end, one expresses the initial
Boltzmann equation as a set of coupled equations - the diffusion equations - describing the
flow of conserved quantities. For a typical ultracold atom setup, these conserved quantities
are the particle number and the total energy. While the latter is not fully conserved in
our Floquet setting, we will base the derivation on these two quantities. We stress that
the following systematic derivation of the diffusion equations is strongly inspired by the
work of Mandt [230]. Nonetheless, aspects of energy violation in terms of heating rates as
well as the discussion on anomalous effects are unique to the here presented work.

7.2.1. Continuity equations

The hydrodynamic or diffusive limit of the conventional Boltzmann equation given in Ch. 4,
see Eq. (4.85), emerges from the presumption of remaining close to thermal equilibrium at
all times [230]. This demands that the Boltzmann equation is dominated by the collisions
on the right-hand side, which prevents the forces to drive the system much out of the
equilibrium state. So while one still requires that interactions are not too large such that
a well-defined quasiparticle picture is applicable, see Ch. 4, interactions as well as particle
densities cannot be too small either in the spirit of the statement above. For the Floquet
case, see Ch. 5, the same requirements apply. In addition, one needs to keep in mind
that the Floquet-Boltzmann equation allows for energy nonconserving processes which
might drive the system quickly out of equilibrium - even for relatively small interaction
strengths. One therefore demands for the Floquet case that conventional equilibrium
processes dominate over those that violate energy conservation. This claim leads to the
notion of a quasiequilibrium as already discussed in Sec. 6.3.2.

We start by making the same quasiequilibrium ansatz for the occupation function as
above, see Eq. (6.42). Here, however, we add a small correction, because forces - be they
of mechanical or statistical nature - drive the system inherently out of equilibrium. We
write

fk,&(r’ t) = fﬁ,g(#(ra t)a T(I‘, t)) =+ 5fk,€(r7 t) s (75)

where £ is a Floquet band index that also encodes the spin information and ¢ f describes
the small deviation from quasiequilibrium. The spatial dependence of the equilibrium dis-
tribution function f° is a consequence of the inhomogeneity of the system and is captured
by a spatially varying temperature T'(r) as well as chemical potential p(r). We stress
again that the total occupation function f obtains its dynamics from an interplay of the
response to external forces as well as 'Floquet heating’ processes.

We now introduce the particle density n as well as the (quasi)energy density e associated
with the distribution function given by Eq. (7.5). We sometimes write these quantities
also in a combined way as n = (n,e). They are defined by an appropriate integration over
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7.2. From Floquet-Boltzmann formalism to hydrodynamics

the Brillouin zone of the form?
dk
Z/ omyd Jee(mt) - and el b) = Z/(Qw)d eig fieg(r ). (7.6)
3

The aim is to develop a formalism that describes the behaviour of the system in terms
of the quantities n and e instead of the occupation functions f. The reason for this
ambition is easily understood: the densities n(r,¢) being functions of space and time only,
while the occupation number additionally depends on a large amount of quantum numbers
(momentum, spin, etc.).

One continues by integrating the Floquet-Boltzmann equation (5.74) in the following
way:

dk
25:/ (2m)d (O + Frg Vi + vie Vi) (filg +fice) =0, (7.7)
dk .
Z/ L ek (Or + Fre Vi + e Vi) (fiog +0fie) =T(r, 1), (7.8)
3

where we omitted the dependence on the central coordinates (r, ¢) on the left-hand side for
convenience. Most importantly, it was used that the collision integral guarantees particle
conservation and only allows for Floquet heating under the quasiequilibrium assumption
made above (cf. Eq. (6.39)), i.e

zé:/(;;{)d Icoll[nk,é] =0 and Zé:/(;;f)d €k ¢ Icoll[nk,ﬁ] = F(I‘,t). (79)

Here, I' is the heating rate as already encountered in Sec. 6.3.2, which now depends on
space r as well as on time ¢. In conventional situations, where interactions perfectly
conserve energy, one has I' = 0. The presence of this energy violating contribution in the
Floquet case naturally complicates the discussion. Having said this, a non-zero I' can also
trigger physical phenomena, such as heat currents, for instance. Indeed, the ultimate goal
of this section is to analyse effects that are fundamentally linked to a spatially dependent
heating rate.

Next, using the definitions of the local particle and energy densities, Eq. (7.6), one can
rewrite Eqs. (7.7) and (7.8) as

n(r,t) = — Z /(2dﬂl_{)d (.Fké Vi + Vi Vr) (fl((),g + (5fk,§> , (7.10)
13

dk
e(rt) =~y /(%)d eie (Frg Vic+vie Vi) (fle +0fie) + T(rt),  (7.11)
:

where central coordinates have again been omitted for all objects appearing under the
momentum integral. We proceed by explicitly using the local density approximation as
discussed above: since the system is considered to be locally translationally invariant, it
holds that the quasienergy spectrum is time and space independent, i.e., ;¢ =~ 0 and
Ve = 0. Therefore, one obtains for some of the Berry curvatures that €,, = Q. =

2 Note that for the lattice system at hand densities are given per lattice site. Thus, the correct normali-
sation of the momentum integrals appearing in Eq. (7.6) is (27/a)~%/2 (cf., e.g, Eq. (6.37)). The factor
of (2m)~% must therefore be understood as a notational abbreviation.
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7. Transport in an inhomogeneous Floquet-engineered Haldane model

Q. =Qp, =0. The expressions for the forces F and velocities v including Berry phase
corrections then become (cf. Egs. (5.55) and (5.56))

fkyg(r, t) = ]:—"(I'7 t) and ka(r, t) = Vk&‘k,g - Qg,kk . F(I‘, t) s (7.12)
—_—— N—————
Evﬂ’g = —vi‘(?g(r,t)

with v¥ denoting the conventional velocity and v® describes the anomalous velocity being
a direct consequence of non-zero Berry curvatures and therefore an intrinsic property of
the system (cf. Sec. 6.2). Often [199] the anomalous velocity is expressed in a different
but equivalent way as v =—F x €2, where = 1 1, €. for our 2D system at hand (cf.
Eq. (5.53)). Note further that F(r,t)=—VV(r,t) has in principle a static part owing to
the external parabolic potential and a time-dependent Hartree contribution (see above).

Upon substituting the expressions of Eq. (7.12) into Egs. (7.10) and (7.11) and using
the above described assumptions one eventually finds

i) = = Ve[ [ 555 (vhedfoe + it )| (7.13)
3
é(r,t) = — Vr{ Z/(;:)Q Ek.¢ (V%g 0 fice + Vice fﬂg) } (7.14)
3
+ F |: ;/(2{:2 (Vﬂ7£ 5fk’f + V}a(r,li f£7£>:| + F(r,t) .

To obtain these equations one needs to exploit a few properties: first, since fi and ¢ fi; are
periodic functions with respect to the Brillouin zone, boundary terms are absent leading
to [dkVifk =0 and [dkVy0 fi =0, respectively. Second, using integration by parts one
can use that [dke Vidfu=— [ vﬁé fx. Third, despite the fact that the anomalous velocity
depends on the spatial coordinate r it does commute with the spatial derivative operator
V:. The reason being that the divergence of the anomalous velocity is always zero for
the present 2D case, as can easily be shown3. In addition, we ignore terms that are cubic
in the force and/or in gradients, respectively, such as Vrvi‘:‘gé fxe, etc., because they are
small. Moreover, it is convenient to introduce the associated particle and energy current
densities defined as

) dk . dk
J?L(r‘) t) = Z / (271,)2 Vﬁ,é 5fk,f ’ _]2(1‘, t) = Z / (271')2 €k ¢ Vﬁ,é 5fk,§ ’ (715)
3 3
san dk an san dk an
Jn (I‘, t) = Z /(27_‘_)2 Vk,§ flg,f ) Je (I', t) = Z /W €k ¢ vk,§ fl(z,f ’ (716)
3 3

where j denote conventional currents and j** are anomalous currents. With these defini-
tions one can reformulate Eqgs. (7.13) and (7.14) as follows:

(e, 1) = =V [ 1 00,0) + 370 1)] (7.17)

¢(r,t) = = Vo[ 300, 8) + 32, 0)] + F(x, ) % (x,8) + T(x, 1) (7.18)

This set of equations is a variant of celebrated continuity equations. We learnt above that
the divergence of the anomalous velocity in the present case is zero. In a true equilibrium

5Note that —V,vi® = V.(F x Q) = €;;10:F;Q) = (0. Fy — 0y F.)Q = (0y0,V —8,9,V)Q, = 0. Here it
was used that F = —V,V and Q = (0,0,(.), see text.
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situation (6f = 0) Eqgs. (7.17) and (7.18) are bound to vanish, and thus it holds that
Vji =Vja =0. Due to the fact that these currents (to lowest order) depend solely on f°,
i.e., represent an intrinsic property of the system, this condition remains approximately*
true even for 6 f # 0. Hence, we can write Eqgs. (7.17) and (7.18) in the more simplified
and familiar form of

n(r,t) = =V, (r, 1), é(r,t) = =V jl(r,t) + F(r,t)j2(r,t) + T(r,1). (7.19)

We stress that while the change of particle densities is solely determined from particle
currents, the energy evolution has additional contributions. Here, the energy currents are
accompanied by the 'Floquet heating rate’, T, as well as by a 'Joule heating’ term, FjO.
The latter represents the possibility of converting potential energy into kinetic energy and
vice versa. While anomalous currents do not (significantly) contribute to adjustments of
densities n in the present setup, they mark an important feature of the theory, which we
will discuss in Sec. 7.2.4 below. In order to simplify notations, however, we will neglect
them where allowed by virtue of Egs. (7.19).

We conclude by remarking that the dynamics predicted by the Floquet-Boltzmann equa-
tion are equally captured by the continuity equations (7.19). Here, we assumed a slightly
perturbed quasiequilibrium situation of type (7.5). To make further progress, though, one
needs to calculate individual quantities of Eq. (7.19). Following the assumptions made
above, the heating rate I' can be determined in exactly the same way as presented in
Sec. (6.3.2). The conventional particle and energy currents on the other hand demand the
knowledge of d f. To this end, we calculate these small deviations from a simplified version
of the Boltzmann equation presented in the next section.

7.2.2. The linearised Boltzmann equation

Generally, a full (Floquet-)Boltzmann treatment is very challenging, often impossible due
to its integro-differential structure. In cases, however, where the system is in a quasiequi-
librum, or is only marginally separated from equilibrium, the discussion of the problem
simplifies substantially (as already partially seen in Sec. (6.3.2)). For the present sit-
uation described by Eq. (7.5) one can consider a linearised version of the Boltzmann
equation [217,230].

We start by claiming that small deviations from an equilibrium position are mainly
determined by the dominant scattering processes. In other words, we assume that d f can
be solely calculated from energy conserving processes, i.e., n=0 in the Floquet-Boltzmann
equation, see Eq. (5.71). Indeed, this is consistent with the quasiequilibrium assumption
made above. We then introduce a new function ¢y ¢ that parametrises 0 fi ¢ and is defined
as [217]

o 0
dfue = _82: bre = Bfie(l— fioe) bre s (7.20)

5

with § = 1/T being the inverse temperature (kp=1). Since 6 fi ¢ = fi¢ _flg,g is demanded
to be small, so is ¢ ¢ and one can linearise the Boltzmann equation with respect to this
quantity. Notice that the construction of (7.20) reflects the typical property that forces
only deform the system’s Fermi surface, where the function —d fl[()’f [Oexe=p3 fl(()’g(l— f127£)
is sharply peaked.

4 Note that for a rotationally invariant system the divergence of anomalous currents vanishes exactly.
For the present case, where transport properties are expected to be different along x- and y-directions,
we checked that contributions from Vji" and Vji" are negligible for the discussion below.
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7. Transport in an inhomogeneous Floquet-engineered Haldane model

Now, the general goal is to find a corresponding lowest order representation of the
Floquet-Boltzmann equation (5.74). Using Eq. (7.20) one finds that the FBE is approxi-
mated as

(0 + F Vi + Vﬁ,g Vi) fl?,f égil[@c ¢l (7.21)

where Il is a linearised version of the collision integral (5.71). Note crucially that
for the left-hand side one assumes fi ¢ ~ fl?,@ since here already the mere equilibrium
distribution yields non-zero contributions. Furthermore, all Berry phase corrections have
been neglected in Eq. (7.21). In contrast, the right-hand side cannot solely depend on f°,
since the equilibrium distribution nullifies the collision integral. In order to linearise I.qp
one considers the statistical factor, see Eq. (5.71), which becomes

[fazmfasa(1=fice) (1= faru) — fieefarun(1— faz, ) (1= fas,0)] (7.22)
~ _B¢k:£ fl[(),f(l_fl((),g) [f32777fq03,>\(1_fq017u) +fqol,u(l_fqogm)(l_f((l)g,,)\)] + ..
= _B Qbk,g [fl(z,ffqol,p(l_fgg,n)(l_fqog,)\)} + ... P

where all terms beyond linear order in ¢y ¢ have been ignored and ’..." indicates terms
proportional to ¢q, ., etc., which are determined in the same way as outlined here for
¢k ¢. Note that the detailed balance condition (6.50) was used in the first line to eliminate
the zeroth order term and in the second line for rearrangement. The linearized collision
integral can thus be written as

Y

dq dq dq
coll ¢k£ —B Z / 1 2 2 PE#M (¢k£ + baip — Pasn — ¢q3>\) ) (7~23)

271—) kqiqz2q3

where we redefined the transition elements as

Porg =472 Wi, 0(Ak+aG) 6(Aek) [fRefa, n(1=Fapm) (A= Tfas )], (7.24)
kqiqzq3 a kqiq2q3

with short-hand notations Ak =k+4qi1—q2—q3 and Ac =€y ¢+€q, y—€qo,x—€qs,n- Lhe collision
integral given by Eq. (7.23) completes the linearised form of the Floquet-Boltzmann equa-
tion (7.21). We stress again that the Floquet character of the description is partly gone,
because it does not allow for heating any more (n=0). Nevertheless, the quasiparticles
are still assumed to be described by Floquet states. Therefore, the rates (7.24) are still
calculated from non-interacting Floquet eigenstates of the locally homogeneous Floquet
Hamiltonian. The biggest advantage gained by the procedure above is that the Boltzmann
equation has been reduced to a mere integral equation. This equation can therefore be
formally inverted to obtain an explicit expression for ¢y ¢.

Before doing so, however, we briefly discuss the role of the spin index. So far, we
considered o to be implicitly contained in the Floquet band index £. For the following
steps the spin needs to be taken into account explicitly, though. To this end, we assume
that the spin index is locked to the respective Floquet band label in the order (cod0),
where still ¢ indicates the opposite spin of ¢. It is in fact the latter property of not having
free sums running over the spin indices that makes the discussion of such important. Since
it is still presumed that quasienergies as well as Floquet states are spin-independent, the
only effect arises via some statistical weight of the scattering processes and one can re-
expresses Eq. (7.23) as

Leh[fre.o) Z /dk My geroor Prreror s (7.25)
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with M being defined according to Eqs. (7.23)-(7.24) and reads as

d(h dOIQ dqs
Moo = = Z / 2 e (7.26)
(27)? kqiq2q3

[5kk’5§£’ 60’0’ + 5q1k’6u£’ 56’0’ - 5q2k’5n£’ 65’0’ - 5q3k’6)\§’5m7/] 5

where for momenta we employed the short-hand notation s = d(k—k’), etc. Assuming
that the inverse of this matrix is known one can formally solve the linearised FBE of
Eq. (7.21) for ¢x ¢ to obtain

gbk L\r Z /dk, Ml:k’ 3% (F Vk/ + Vk/ glv ) fk’ & (727)
— afk/ é‘/ fk/ &
= Z /dk/ Mkk/ 55/ F Vk/ fk/ & + Vk/ & a alu Vru + Vk/ & " am aT vrT)

L 1
= Z < Migleevive f o ((F = Vo) = 7 (ewe—m) ViT ).
where we reabsorbed the spin index ¢ into the Floquet band index for notational brevity. In
the first line we neglect the temporal derivative 0, as it can be understood [230] as a second
order spatial derivative which we ignore within our discussion. Furthermore, we used that
Of /0T = (u—e)/T - 0f J0e as well as Of/0u = —0f/0e, and recalled that the spatial
dependencies of the equilibrium function are encoded in the chemical potential and the
temperature, (u(r,t), T(r,t)). The corrections to the equilibrium state, J f =3f°(1—f°)o,
are essentially the response to mechanical as well as statistical forces. In the following, we
will extract respective conductivities from these individual parts.

7.2.3. Generalized conductivities and diffusion equations

Knowing - at least formally - the explicit forms of § fx ¢ and ¢k ¢, see Eqgs. (7.20) and
(7.27), the currents defined in Egs. (7.15) can be represented in terms of conductivities of

the form o
j n n F_vr
i I ap (7.28)
Jg Oc Qe -V, T
————

=&
with & defining the 2x 2 matrix of generalised conductivities, where the individual com-
ponents are given by

Op = /dk /dk/ ng Mk_k/ e Vk’f’ (729)
£¢
O = Z /dk /dk €k & Vk £ Mkk’gf’ Vklfl, (730)
£ 3
Z / dk / dk' Vi ¢ Mygh eer Ve (Ere — 1) (7.31)
f 134
Qe = /dk /dk skgkaMkkl’ ce! Vk/&'/ (Ek/g/ IM) (732)
5 13
Here, we have re-defined the inverse scattering matrix as
—~ 1 0f2; Of o
-1 kg ZIKE
My eer = Mkk,&,. (7.33)

47T2 aEk & 851(/5/
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The diagonal entries of &, i.e., 0, and ., are typical particle and energy conductivities in
the following sense: the former measures the drift of particles as a response to an external
mechanical force F or some gradient in the chemical potential. The second describes the
energy flow as a consequence of a temperature gradient. The off-diagonal terms o, and
ay, on the other hand, represent the strength of thermoelectric effects, e.g., how much a
spatial variation of the temperature affects the particle flow. Note that all conductivities
given by Eqgs. (7.29)-(7.32) are 2x 2 matrices by themselves representing the two spatial
dimensions. All conductivities above are symmetric matrices with respect to the spatial
structure.

Ultimately, we desire a description in terms of particle and energy densities of the system
as outlined in Sec. 7.2.1. To this end, we need to perform the change of variables

(n,T) = (ne), (7.34)

which is established by the definitions for the particle and energy densities: here, we define
the temperature 7" and chemical potential p for a given n in such a way that they produce
the correct densities when using f(r,t) = fO(u(r,t),T(r,t)) in Eq. (7.6). We apply this
change of variables to the equation describing the currents above, see Eq. (7.28), as well
as interpret the conductivities as functions of n, i.e., o,(n), etc. Then, the continuity
equations (7.19) describe indeed a closed set of equations for n. Clearly, using the chain
rule of differentiation one finds
o ou oT oT

rt = 7~ Vr S Vr vI'=——Vr a9, vre: ’
Vet 8nvn+ae e and \% 8nVn+8eVe (7.35)

This allows to establish ’‘susceptibilities’ [230] which relate the two sets of variables of
(7.34) in the following way:

on  On op  Op

xo= (B 0) wa - (5 ). (7.6
ou 0T On  Oe

These susceptibilities describe the sensitiveness of n and e on changes in the chemical

potential or temperature, respectively (and vice versa for )2_1). Using the generalised

conductivities as well as the matrix of inverse susceptibilities we now introduce a matrix

of diffusion constants [230]

D(n) = 6(m)% "' (n) = (g":((;‘)) g"((;l))) . (7.37)

Finally, merging all parts of the discussion allows to re-write the continuity equations
(7.19) in their closed form of generalized diffusion equations yielding

n\ _ on(n) _Din V.n 0 0
<é> =—Vr Kae(n)> F —D(n) (vreﬂ + (Fjg(n)> + <F(n)> , (7.38)

where n(r,t) and e(r,t) are understood as functions of space and time. The particle and
energy current densities, Eq. (7.15), are now expressed as

J?L(n) = onF — DppVen — DpeViee, (739)
j’(n) = 0cF — D¢, Ven — DeeVie.
Most crucially, we note that the diffusion equations (7.38) are a set of highly non-linear
differential equations. This nonlinearity is fundamentally rooted in the properties of the

collision integral (7.23). Before elaborating on a strategy to numerically solve this set of

equations in Sec. 7.3, we first comment on the role of the transverse currents as given by
Eq. (7.16).
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7.2.4. Transverse currents and anomalous transport effects

While the diffusion equations (7.38) only carry knowledge about the conventional current
densities given by Egs. (7.39), transversal or anomalous currents can still be observed
macroscopically. Following the spirit of Eq. (7.28), we use v* = —F x Q, where Q =
Q¢ gk, €z, in order to write the transverse currents given by Egs. (7.16) also in terms of
corresponding conductivities, i.e.,

0 o 0 o
san __ n,ryY san __ e,ry
= <_Un,zy 0 )F and  jo' = <—Ge,xy 0 )F, (7.40)

= gan — gyan
=0, =0¢

where the 'xy’-components of the anomalous conductivities o2 / read as

dk
n:cy Z/ 27.‘.2fk§ & kaky and ezy Z/ 5k§fk§ & kaky

(7.41)
and the momentum space Berry curvature (¢ y,x, is given by Eq. (5.53). Here, the anti-
symmetric structure of o2y is a direct consequence of Q, g, = —%, k,. The conductivities

f:/l are also called 'Hall conductivities’, because they are responsible for the intrinsic

contribution to the anomalous Hall effect [199,306,307]. Note that while this intrinsic
contribution to the effect is based on the presence on Berry phases, it does not require
a non-zero Chern number as in the case of the integer quantum Hall effect, see Sec. 3.4.
Having said this, for T'= 0 and p lying in the band gap of an insulating material the
expression for o3 above coincides with Eq.(3.52) and the IQHE is recovered. In general,
the anomalous quantum Hall effect has three contributions: intrinsic, skew-scattering and
side-jump [307]. The latter two also emerge from a full semiclassical Botzmann equa-
tion treatment of the problem, but only at third order in corrections to the collision
integral [96,307-310]. Within the here presented assumptions and approximations, we
therefore restrict the discussion to the contribution from Berry phases only. The anoma-
lous quantum Hall effect has been an intriguing effect in the field of condensed matter
systems, and consequently there exists an exhaustive list of literature on this topic. For
more details the reader is referred to, e.g., Refs. [96,307] (and references therein).

In the following, we shall be solely interested in the macroscopic transport properties
that are associated with the anomalous currents. To be specific, we focus on the anomalous
particle current j2" for now. By inspection of Eq. (7.40) one immediately realises that the
Boltzmann formalism predicts transverse currents that couple to external, mechanical
forces F only. Thermoelectric components as seen in Eq. (7.28) above are entirely absent,
which predicts a vanishing of anomalous currents as soon as F=0. Within the presented
formalism, this scenario is even expected to hold if there are non-zero statistical forces, i.e.,
gradients of thermodynamic quantities p and T'. This, however, contradicts results from
standard transport theory [217,305] where there exists a fixed relation between individual
microscopic transport coefficients. In other words, Eq. (7.37) describing the diffusion
constants would not be generally fulfilled.

To be precise, Eq. (7.40) would render an effect due to mechanical forces which is
distinct from such imposed by a gradient of the chemical potential. This violates the
Einstein relation, which states that both type of forces should be indistinguishable by the
system and their macroscopic properties [217,305]. Similarly, the Mott relation typically
establishes a relation between particle (or electrical) and thermoelectric conductivities
[217,305,311]. The latter relation argues that if one can expect an anomalous Hall effect,
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7. Transport in an inhomogeneous Floquet-engineered Haldane model

then there should also emerge a similar effect in the presence of a temperature gradient,
which is known as the Nernst effect. This is not expected from the present expression for
j2n see Eq. (7.40). Nevertheless, the effect of Berry phases in thermoelectric transport
can be introduced such that Einstein and Mott relations continue to hold. To clarify this
we mainly follow the corresponding argumentation by Xiao et al. [305]. Complimentary
information can also be found in, e.g., Refs. [199,312-314].

The reason why only anomalous velocities emerge from a semiclassical Boltzmann ap-
proach is because the mechanical force exists already on the microscopic level and, hence,
is naturally encoded in the Hamiltonian. Statistical forces, on the other hand, only man-
ifest themselves on the macroscopic level and enter the description with the introduction
of statistical distributions of the particles [305]. So where do things go wrong then? It
turns out that the Boltzmann picture is too naive in the sense that it treats the quasi-
particles as structureless objects. To solve this issue one needs to take into account the
intrinsic magnetic moment as well as orbital magnetization. For an explicit calculation
and a detailed discussion of these quantities we refer the reader to Refs. [199, 295, 305].
Eventually, one finds (to lowest order) an expression for the total transport current density
which yields® [305]

dk
-]n Z/ 2 ’ngfké—{—v Xﬂg(k) 111[ +e Blewe— ‘u)]] , (742)

where we again introduced Q¢ (k)= Q¢ x,é. (cf. discussion below Eq. (7.12)). The first
term of Eq. (7.42) is the total current that also appears in the Boltzmann formalism above.
The second term is an additional Berry phase contribution which only contributes to the
anomalous current. Thus, after using the chain rule of differentiation followed by a few
steps of simplification the anomalous transport current takes the form

antr Z/ dk [ F Vr,ll) X Q{( )fl(c),ﬁ (743)

€
= Vel x Qe(k) (In[1 + e Fleem] 4 kf a fkg)}
After evaluating the cross product and introducing

_ Ek¢e—
oy = Z/ 1+ e Blere M)] + %,u flg,g) Ot ko, » (7.44)

which is the xy’-components of the anomalous thermoelectric conductivity, Eq. (7.43) can
be written in the simplified form

e ,t>:( ’ 0) (F—Vru)+< ' O‘"(f“y) (-VeT),  (145)

—On,zy —Qp gy
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=Q,

san,tr —

where o7, is given by Eq. (7.41) and we will abbreviate j3™' = ji in the following.
It is obvious that with this definition of the anomalous current Eq. (7.28) also holds
for total currents, j, = jO + j®. Note that the discussion can be straightforwardly
extended to anomalous energy currents [305]. Therefore, also the general validity of

D(n)=6(n)x (n) is restored together with conventional Einstein and Mott relations.

SEq. (7.42) is already adjusted to our present 2D Floquet system with h=kp = —e =1, where e is the
electric charge.
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7.3. Numerical implementation of the diffusion equations

We want to conclude this section by remarking that the derived diffusion equations, see
Eq. (7.38), are in fact not altered by this discussion on anomalous currents. Since the
newly introduced term in Eq. (7.42) is proportional to a curl, possible contributions of
the form V. ja" are nullified. So one can combine the results from the Boltzman equation
with the additional Berry phase modifications to establish a formalism that meets all
requirements for macroscopic transport - even in the presence of anomalous terms.

7.3. Numerical implementation of the diffusion equations

In the previous section 7.2 we have presented the analytical framework to analyse, e.g., the
dynamics of particles in a Floquet realised Haldane model in the presence of a parabolic
potential. The general strategy for practical purposes is therefore the following: first,
we aim at solving the diffusion equations (7.38). Once particle and energy densities are
known, we use n to calculate anomalous transport currents by means of Eq. (7.45) yielding
the emergence of an anomalous Hall effect or anomalous Nernst effect, respectively.

However, as pointed out above, the diffusion equation is a highly non-linear differential
equation which is generally impossible® to solve analytically beyond its representation
in Eq. (7.38). So the diffusion equations need to be solved numerically. This section is
devoted to technical details of finding numerical expressions for all conductivities which
subsequently allows for solving the diffusion equations.

7.3.1. General procedure

Besides actually solving the diffusion equation (7.38), the majority of the practical afford
needs to go into converting all objects, which can be easily initialized for some combination
of p and T', into functions of n. The general procedure performed by us involves a certain
number of steps which are summarized as follows:

1. At first, we calculate the scattering matrix M of the linearised Floquet-Boltzmann
equation, see Eq. (7.26), for a fixed set of p and T using the same technical procedure
as described in Sec. 6.3.3. For more details see Sec. 7.3.2.

2. Next, inversion of the scattering matrix is performed to find M1, see Eq. (7.33).
Here, one needs to pay special attention to zero-modes corresponding to physical
conservation laws of the system, as also discussed in Sec. 7.3.2. Subsequently, con-
ventional conductivities, see Eqgs. (7.29)-(7.32), are straightforwardly obtained.

3. Repeating steps (1) and (2) for a grid of both the chemical potential and the tem-
perature then yields conductivities as a function of p and T for a finite range. In
addition, in the limits of T'— oo and |u| — 0o one can deduce values for 6 (u,T') from
a semi-analytical treatment.

4. Anomalous conductivities are also determined from a finite 4 —7T grid in combination
with their asymptotic behaviour. Since these conductivities are simply intrinsic
properties of the homogeneous system, they can be easily computed, see Sec. 7.3.2.

5. At the same time, the local heating rates I' are determined as a function of p and 7.
This calculation is identical to the one used in the homogeneous system described
in Sec. 6.3.

6 In fact, analytical progress can be made in situations where one is specifically interested in a high
temperature limit, see, e.g., Ref. [230].
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7. Transport in an inhomogeneous Floquet-engineered Haldane model

6. Finally, one introduces particle n(u, T) and energy densities e(u, T'). Susceptibilities
(7.36) are then found by inverting these quantities, allowing for a conversion of all
conductivities into functions of n. Here, a n—  representation is actually convenient
to simplify the treatment of small densities. For details see Sec. 7.3.2.

7. Having completed all previous steps then allows for a straightforward calculation of
all diffusion constants f)(n) These expressions combined with an explicit form of the
external force F' complete the diffusion equations (7.38). Note that we approximate
the parabolic confining potential with a form that guarantees finite particle densities
at all positions removing issues of divergence near the edge of the trap, see Sec. 7.3.3.

8. Due to the fact that all objects are smooth functions of space and time the diffu-
sion equations can eventually be solved with relatively little numerical effort. We
therefore solve these differential equations with built-in functions of the programme
Mathematica. Lastly, found solutions then also allow to calculate anomalous cur-
rents indicating the presence of a Floquet-triggered macroscopic anomalous effect.
Results for varying parameters are discussed in Secs. 7.4 and 7.5.

7.3.2. Numerical calculation of conductivities and heating rates

The calculation of conductivities in the present case splits into two tasks: first, one needs
to calculate the conventional conductivities, o,,, etc. These can also be viewed as extrinsic,
since they depend on the particle-particle interactions of the system. Second, the intrinsic
or anomalous contributions have to be calculated. Moreover, we have to determine the
heating rate I', cf. Sec. 6.3.2, as a function of p and 7.

Conventional conductivities

As outlined above, the conventional conductivities require a calculation of the scattering
matrix M, see Eq. (7.26). To this end, we apply the same discretization scheme for
momentum and quasienergy space as presented in Sec. 6.3.3. Note that we slightly adjusted
the discretisation by choosing a momentum grid of 16 x 16 and a fixed energy spacing
of Ae =Q/15. The protocol is identical to above except for the fact that now we are
interested in energy conserving processes with n=0. The latter aspect leads to a crucial
consequence: since solely energy conserving processes are considered, the statistical factor
fOr0(1—f9)(1—f9) appearing in the expression for P, see Eq. (7.24), is a sharply peaked
function near the Fermi surface for T//J < 1. Consequently, the numerical procedure
becomes much more sensitive to the discretisation of the Floquet and Brillouin zone,
respectively. A relatively rough discretisation as presented above would in fact not be
sufficient and special caution needs to be taken, if one was truly interested in investigating
a T'— 0 limit. Nevertheless, we circumvent the problem by initializing the system at a
temperature that is comparable to the hopping amplitude. We checked that for values
of T ~ J/2 the Fermi distributions f° are smeared out sufficiently strongly in energy
space such that remaining numerical errors are negligible. While for generic systems
this approach might not be justified, we rely on the fact that ultracold atoms in optical
lattices are in fact quite ’hot’ with respect to the effective energy landscape, see discussion
of Sec. 6.4.

Next, the matrix M needs to be inverted numerically, which is not straightforwardly
achieved due to the presence of zero modes. Omne can technically solve this issue by
projecting the problem onto a subspace that is orthogonal to the one spanned by these
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modes”. We continue by rewriting the linearized Boltzmann equation, see Egs. (7.21) and
(7.25), as a true (discretised) matrix equation of the form

Lf°=M¢. (7.46)

Here, ¢ is a vector with entries ¢ where the index €€ {l,...,N} comprises (discretised)
momentum, band index and spin, and N = #bands X #spins X #momentum-grid-points.
While £ = (£, f9,...)T also describes a vector, L and M denote corresponding matrices.
One now introduces a set of vectors c;, each corresponding to a different conservation law
of the system. For the present case where we have particle, quasienergy® and total spin
conservation, we define

¢ =(1,1,....,1)", (7.47)

Co = (51,52,...,5N)T, (7.48)

cs=(1,...,1,-1,...,-1)", (7.49)
1 i

with NV being the length of each vector. It can be easily seen that each of these vectors
c; nullifies the left-hand side of Eq. (7.46), i.e., ¢;-(Lf°) = 0, due to the argumentation of
Egs. (7.7) and (7.8).

We now define a projector onto the subspace of the zero-modes c¢;, which is given by

P=) c®c and Q=1-P (7.50)

being its complementary. The scattering matrix has the property PM =MP =0. Instead
of determining ¢ by the inversion of M, one technically uses now the Q-projected inversion
matrix which is defined by [315]

Mg =QM 'Q=Q(QMQ +PaP) ' Q, (7.51)

with a being an arbitrary auxiliary matrix. The trick is that Mal does in fact not
depend on a, since P and Q are projectors onto orthogonal subspaces. Thus, one can lift
the zero eigenvalues of M ’by hand’ using matrix a and subsequently invert the matrix
(QMQ-+PaP). The final projection onto Q ensures that results are indeed not affected
by this procedure. The numerical solution to ¢ is then given by

¢ =Mg Lf°. (7.52)

Once the vector ¢ is determined, the conductivities can be straightforwardly found by
virtue of Egs. (7.29)-(7.33). The resulting expressions are 2 x 2 matrices according to the
two-dimensional structure of the present Haldane system. Note that the conventional con-
ductivities are in fact not necessarily diagonal. However, due to the symmetric structure of
the matrices (see above) the contributions to the respective zy-component of o,,, etc., are
understood as ’sheer conductivities’. These can always be eliminated by an appropriate
rotation? of the system [96]. In Fig. 7.1 we show numerical results for zz-components of

" The author is indebted to Zala Lenar¢i¢ for her assistance on this matter.

8 As pointed out above, on the level of the linearized Boltzmann equation quasienergy is fully conserved.
The full picture, of course, still supports energy violation due to Floquet heating.

9 In fact, the origin for the emergence of sheer conductivities in the present case is that the edges of the
Brillouin zone are rotated by /4 with respect to its symmetry axes, see Fig. 6.2.
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Figure 7.1.: (a)-(d) The za-components of conventional conductivities 6 as functions of chemical
potential p and temperature T. Each individual conductivity is presented in dimensionless units
(cf. Sec. 7.3.4). Joint representation of all four conductivities as a function (e) of u for T'= J and
(f) of T for p = J. The inset of (f) numerically confirms the analytical considerations of Eq. (7.54).

all four conductivities of & as functions of p and T'. One observes that all conductivities
fall off rapidly as a function of temperature. The behaviour with respect to the chemical
potential is different for o,,, 0. and a,, a.: while the former ones settle to a constant value
as u grows to large absolute values, the latter ones seem to depend linearly on g in the
same limit. Note that the yy-components of the conductivities are qualitatively identical,
but are decreased by a factor of ~ 2.9. This discrepancy results from the fact that the
system is not rotationally invariant, cf. Fig. 6.1.

The asymptotic behaviour of the conductivities can be easily understood from an analyt-
ical treatment of expressions (7.29)-(7.32). To this end, one considers the Fermi function
in the respective limits, i.e.,

[>T 1 1 _ T>laul 1 leg—
o Mzt 2 2 _ o—Blul psBex 26|l ,2sBex 0 fTFgH L 1CkTH
¥ 2+s(2 e Pk e e ), fie 51 , (7.53)

where s = sgn(u). For T — oo one thus realises by considering Eqs. (7.20), (7.26) and
(7.33) that to leading order M o< 1/T, 8f"/0s o 1/T and therefore M~ oc 1/T. One

eventually obtains!'®
T>|ul 1 T>ul 1 >l 1 >l 1 7 54
on X T Oe X 73 o, o T2 Qe X 77 (7.54)

When considering the large p limit one finds that all factors e P4l appearing in the
leading order correction to f°, see Eq. (7.53), actually cancel in the expression for M 1.
Hence, the conductivities ¢,, and o, indeed approach a constant value, which we define as

o(T) = lim o, and o2 (T) = lim o,. (7.55)

p——00 e p——00

10 The behaviour of all conductivities for T > || can be explained by leading order considerations, except
for o.. For the latter, the associated integral over ek ¢, see Eq. 7.30, leads to a vanishing of leading
order contributions. Next-leading-order contributions to the Fermi function f°, an hence to o, then
only appear at T~3.
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The asymptotic behaviour is then found by taking the next-to-leading order term of ff()
into account. One finally obtains

lu|>T

MR e ) and o R san() o1 e ) (7.56)

n

where ( is some a priori unknown constant. The asymptotic behaviour of a,, and «. is
dominated by their linear dependence on pu, cf. Egs. (7.31) and (7.32). Leading order
contributions yield

|u>T [>T
0.8 X —

asy
On,

ol (7.57)

and Qe || of

On
The discussion of Egs. (7.54)-(7.57) is fully supported by numerical findings, as can be
seen from Fig. 7.1.

In practice, we combine numerical calculations of conductivities & for a finite range
of p € [-12J,12J] and T € [0.6J,12J] with an ’analytic continuation’ according to the
limits above. This allows us to obtain & for arbitrarily large values of p and T'. Note
that information about 7' < 0.6.J is not readily available due to reasons discussed above.
Most importantly, having presented a way to obtain conductivities for large values of pu,
we remark that results must actually be false by construction in this regime. The reason
being that large values of p correspond to very diluted densities (u < 0 for particles,
i > 0 for holes). Here, the approach to accurately capture the physics by a linearised
Boltzmann equation is not justified. As explained above, the Boltzmann equation can
only be linearised in circumstances where it is dominated by scattering events on the
right-hand side. This is clearly not the case for very small densities. Bearing this in mind,
we will later ensure (see Secs. 7.4 and 7.5) that the results of our simulations are actually
independent of the tails of the atomic cloud where y — —oo.

Anomalous conductivities

In the next step, we calculate the anomalous conductivities. For pedagogical reasons
we restrict the discussion to o7”,, and of ., i.e., to the ones responsible for anomalous
particle flow. Note again, since these quantities are connected to intrinsic properties of the
system, they can be easily computed from a simple diagonalisation of the non-interacting
homogeneous system.

First, one calculates the Berry curvatures Q¢ r x, following Eq. (6.29). The expressions
for o3, and off, are then obtained from Egs. (7.41) and (7.44), respectively. The
respective results for anomalous conductivities are depicted in Fig. 7.2(a) and 7.2(b) as
functions of yr and 7. One observes that for low temperatures the anomalous conductivities
are largest, and spread out in y quickly as 7' is increased. As described above, for T'=p=0
one recovers the physics of the integer quantum Hall effect and therefore a finite 07,7, . As
done above, we only calculate the conductivities for a finite window in the u—T parameter
space and complement them with an analytical treatment for |u| — oo and T' — co. Using

the leading order terms of f, see Eq. (7.53), one finds

T>ul 1 > 1
oy X and a, R (7.58)
as well as
>T >T
aﬂf‘xy woc> e Blul and a?f"xy |H'oc sgn(p) e Blul (7.59)
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Figure 7.2.: Anomalous particle conductivities, (a) 03", and (b) ai",,, as functions of yu and

T. Note that here physical units of e = h = 1 were chosen. (c¢) Dependence of heating rate I’
on chemical potential and temperature. Asymptotic behaviours for all quantities, see Eq. (7.58),
(7.59) and (7.60), are numerically confirmed.

Here, we also used that In[1+e7"] ~ In[2] — /2 and that Q¢ = —Q_¢ (where '—¢’ denotes
the inversion of the band index). The latter property leads to a vanishing of constant
contributions.

Note that while €2 x_x, is independent of 1 and T', it does depend on the discretization of
the Brillouin zone. Since the Berry curvatures are confined only to small areas in k close to
the gapped Dirac points, see Fig. 6.3, we numerically checked the dependence of anomalous
conductivities on discretisation grid sizes as well as on temperatures. Here we find that
at very low temperatures 7'/J < 1 (much lower than considered in the calculation of the
conventional conductivities above) discretisation does play a role. However, for moderate
temperatures, 7'~ J, as used for starting values in the simulations below, discretisation
effects are negligible.

Heating rate

The calculation of the heating rate I" as a function of u and 7', see Fig. 7.2(c), is performed
in the same way as described for the conductivities: exact numerical calculation is paired
with a semi-analytical treatment. The protocol to calculate I' follows precisely the one
presented in Sec. 6.3.3. The behaviour of the heating rate as |u|,7 — oo can also be
straightforwardly determined using again the approximate forms of fy given in Eq. (7.53).
One obtains

p HRT e=2luls and p T L (7.60)

In addition, the heating rate is a function of the driving frequency, I'(2). As shown
in Sec. 6.3 (e.g., in Fig. 6.8), this dependence on {2 is quite strong and also changes
its character due to phase-space restrictions on scattering processes. Note that, in the
following, we restrain from a detailed discussion of the results regarding the dependence
on §2. Instead, we set the driving frequency to the experimentally relevant value of Qeyp, =
6.3J = 2w x 1080Hz (cf. Ch. 6 and Ref. [23]). At the same time, we crucially understand
that the effect of a possible variation of 2 on the heating rate can be absorbed into an
effective rescaling of the interaction strength, U — Uq.

Lastly, we remark that I' oc U? while the conventional conductivities behave as o, o
1/U?, ete. So while in each individual case the interaction strength can be reabsorbed into
a redefinition of the time coordinate (cf. Ch. 6), this is not possible any more once diffusion
and heating are present together. Thus, the role of I" within the diffusion equations (7.38)
is indeed determined by the combination of €2 and U. Nevertheless, we show below,
see Sec. 7.3.4, that the diffusion equations can be effectively parametrised by a single
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parameter only, therefore indeed allowing for a restricted discussion of the explicit role of
the driving frequency {2.

Changing variables and the n-e/n-grid

All objects discussed above need to be expressed as functions of densities n to be usable
for the diffusion equation (7.38). To this end, we use the definitions of n and e, see
Egs. 7.6, with f = f° to obtain n(u,T) and e(u, T'), respectively. In practice, we calculate
the densities numerically for a broad parameter window (e.g., u € [-50J,50J] and T €
[J/20,15J]) and accompany this with an analytical treatment of the limits (as above).
For example, one realises that

p—r—00 dk  _
n(,u, T) ~ €BM Z/(Qﬂ')Q e ak’E’B, (761)
13
——00 dk _
e(,u,T)u ~ o ePr Z/(%—)? Elg e kb
13

By inverting the two functions n and e numerically one finally obtains expressions for
w(n,e) and T'(n, e). However, since this transformation is obviously non-linear, there exist
certain peculiarities regarding the n-e-grid for which the functions p and 7" are determined.
Notice that the previously semi-infinite parameter space of u and T is contracted to a
finite region in the n-e-space. Here, the lines for p — Fo0o0 are contracted to points at
(n,e) = (0,0) and (2,0), respectively, in the n-e representation. This is, however, not
beneficial for numerical purposes, since special care needs to be taken for n — 0: as
mentioned above, the correct physics in the low n limit is in fact not described by our
method, which, however, is a natural limit for atomic clouds at the edges of the trap.
We, thus, make yet another variable transformation, and ’over-represent’ the regime of
low particle densities by instead expressing all quantities on an n-7-grid. Here, one can
also easily verify using Eq. 7.61 that lim, , o, n/e = const. Eventually, knowing p(n, )
and T'(n, £) readily allows for the determination of corresponding susceptibilities given by
Eq. (7.36) as well as for a calculation of all conductivities on an evenly discretized n-<-grid.

n
Using Eq. (7.37), associated diffusion constants are then straightforwardly computed.

7.3.3. Approximating the small density regime

Confining the atomic cloud by means of a harmonic potential, see Sec. 7.1, enforces ar-
bitrarily small densities when moving away from the centre of the trap. Despite the fact
that we introduced the n-Z-grid to better deal with small particle densities numerically,
arbitrarily small values of n still cause numerical challenges. The reason being that all
diffusion constants diverge for n — 0, see Fig. 7.3(a).

To circumvent this problem we introduce an approximation to the true parabolic po-
tential of the form

r2 D EINES!

2 4
- e Vor® + O(r%), (7.62)

Vir)=cJ (1 - exp[
where Vy = J/I2, J is the characteristic hopping strength of the model and the regime
lr|/l\/c < 1 corresponds to being close the centre of the trap. This construction of the
potential in terms of the two parameters ¢ and [ is convenient in the following sense: the
height of the potential far away from the centre of the trap is solely given by c¢J. In
other words, the parameter ¢ represents some auxiliary dimensionless energy cut-off and
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Figure 7.3.: (a) Diffusion constants D(n, £) as a function of particle density for fixed ratio of
e/n = —J. All diffusion constants are given in their dimensionless form, cf. Eq. (7.65). All
components of D diverge in the small density limit, n — 0, causing numerical issues in solving
the diffusion equations. (b) Approximations to the true harmonic potential of form (7.62) to avoid
the strongly diverging regime of (a). Potentials are shown for cut along = (y = 0). While the
cut-off parameter ¢ indeed determines the tails of the trap, the center of the potential, |z| < rg, is
unaffected.

therefore controls the regime of low particle densities. In fact, for ¢ — oo one recovers
the original parabolic potential for arbitray r, see Fig. 7.3(b). The chemical potential is
approximately given as u = —V. The goal is therefore to choose ¢ as small as possible in
order to guarantee not too small densities at the edge of the trap for numerical convenience,
but at the same time to ensure that c¢ is large enough (densities small enough) to exclude
an associated effect on the observed physics.

In contrast, the physics in the center of the trap is exclusively described by [. This
parameter is physically relevant and determines the strength of the external force Feyxt =
—VV by describing the shallowness of the trap. We further write

I = 70 Alat (763)

where a1, = 1 as throughout this chapter and r¢ describes a characteristic dimensionless
length scale of the potential (7.62) which determines the width of the atomic cloud (in the
initial state). In combination with the initial temperature of the cloud, the characteristic
length also defines the total particle number in the system. As described above, we
initialize the cloud at a temperature of Tiy; = 1.5J. We therefore introduce 7¢ exp >~ 160
as being the value that reproduces the experimental number of total atoms in the trap of
Nexp = 2 % 105, see Ref. [23].

7.3.4. Dimensional analysis of the diffusion equations

Above we have discussed all necessary details to successfully implement the diffusion equa-
tions (7.38). It has become apparent that the solution of the equation depends on the
choice of the interaction strength U, on the driving frequency € and on the potential
shape represented by rg. In order to allow for a systematic discussion of the system’s
dependence on the collection of all these parameters in the following, we aim at intro-
ducing a form of the diffusion equations that is described by dimensionless versions of
conductivities, diffusion constants and heating rate.
To this end, we write conductivities (cf. Eq. (7.28)) as

J? J3

=3 Fod =7 e . (7.64)

On On, O¢
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The respective diffusion constants, see Eq. (7.37), are expressed as

Dpp = = “ Dee. (7.65)

At the same time we write

r=rgT, vr:iﬁr, F:iF, I =UT. (7.66)
To 7o
Importantly, the densities themselves are not rescaled, i.e., are still measured with respect
to the volume given by a single lattice site (aj,s = 1). The diffusion constants are under-
stood in units of the same volume. In addition, one introduces time scales associated with
diffusion and heating, respectively, which read as

U?r2 J
ty = JSO and th = 773 (7.67)
with 4
th J* 1
=t 7.68
td U4 7“(2) ( )

being their ratio. Finally, with the aid of Eqgs. (7.64)-(7.67) we reformulate the diffusion
equations as

dny ~ o~~~ -~ o~

E=n [— Vi (30 F = Dyn Ve — Dnevreﬁ)} : (7.69)
de,, - = = = N =] =

% S [— Vi (5 F = DenVieng — Dee Vi) + F j?l} +T. (7.70)

Here, we have introduced the dimensionless energy densities € = ¢/J and the dimen-
sionless time ¢ = t/t,, which measures the time in units of the heating time scale'l.
We emphasise that all conductivities and diffusion constants are functions of n and e,
e.g., Dy = ﬁnn(n,é), etc. Furthermore, the dimensionless particle current is given by
‘172,” = njg = n(&nf‘—ﬁmﬁrn,ﬂ—ﬁneﬁréﬁ), with a similar expression being found for 37276.
Note that the dimensionless currents are connected to the physical ones (in units of ajat)
via

j?z(r’ t) =To tgl jg,n(r/r(% t/th) =J /il/z T91(1'/7407 t/th) ) (7'71)

P2 t) = Troty 30 (x/ro t/tn) = T2 Y2 0(x /1o, t/th) (7.72)

showing that the (longitudinal) currents are also determined by & only.

So, indeed, the diffusion equations can be written as a pair of coupled equations that
effectively depend on a single parameter x only'?. This parameter determines the relative
strength of the diffusion term compared to the heating rate L. Hence, every effect caused by
changing one of the parameters (U, rg) can be compensated by a corresponding adjustment
of the other one. Likewise, varying the driving frequency €2 can be simply captured by ¢, —

11 Alternatively, one could measure the time in units of t4. However, considering experimental values (see
below) suggests that the system is dominated by the limit where local heating rates exceed diffusion
strengths.

12 Crucially, this description neglects corrections originating from a Hartree energy renormalisation, see
Sec. 7.1. When these corrections are included, the external force F obtains an additional contribution
linear in U that cannot be absorbed into s in the spirit above. However, below we mainly consider
parameter regimes for which Hartree effects can be ignored to good approximation, U < J.
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Figure 7.4.: (a) Particle densities n, (b) energy densities e and (c¢) temperatures T as a function
of the position z at different times ¢ and for different relative diffusion strengths x. Results are
shown for a cut along the z-axis, where y = 0 and n(z,0,t), etc., and an initial temperature of
Tini = 1.5J. Same quantities are arranged vertically and different rows represent different values
of k. The potential cut-off parameter, see Eq. (7.62), is ¢ = 8.
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tho and kK — Ko, yielding the same set of diffusion equations as above. In the following,
we will therefore base our analysis of the diffusion equations on a systematic study of the
parameter x only. Nevertheless, in a potential experimental realisation the parameters are
typically not freely selectable, but rather bound by experimental capabilities, such as the
total particle number, etc. Moreover, one needs to ensure that x does not correspond to
a parameter set that contradicts the approximations made in developing the theory (i.e.,
LDA, assuming weak interactions, etc.).

7.4. Diffusion from inhomogeneous Floquet heating

In this section, we finally present a quantitative analysis of the solutions to the diffusion
equations (7.38). As mentioned above, we will investigate the behaviour of the particle and
energy densities as a function of the dimensionless parameter k, see Eq. (7.67). Here, we
test the results for a range of parameters and cut-off values. Our findings show how particle
densities, energy densities and temperatures vary over times as a direct consequence of
Floquet heating in the system. In the next section, see Sec. 7.5, we will present how
anomalous effects arise due to this behaviour.

7.4.1. Time evolution of densities and temperatures

At first, we investigate particle densities n, energy densities e and the corresponding
system’s temperatures T as a function of relative diffusion strength x and dimensionless
time t. The results obtained from solving the diffusion equations by means of built-in
functions of the programme Mathematica are shown in Fig. 7.4. Data is given for a cut
along the z-axis. We vary s over a broad range of ~ [0.4x 1074 0.4]. Assuming that
the driving frequency and the characteristic length are fixed to experimental values of
Qexp/2m = 1080Hz and 7 exp = 160, this range corresponds to a variation of the interaction
strength from U = J to U = 0.1J. In addition, we investigate the case of kK = 0, i.e. where
diffusion is completely switched off, for benchmark reasons. We further set the cut-off
value of the auxiliary potential, see Eq. (7.62), to ¢ = 8 guaranteeing particle densities
as low as n ~ 0.015 far away from the center of the trap, see Fig. 7.4(a). Moreover, for
practical purposes we restrict the solutions to a spatial range of z/rg,y/r¢ € [—w, w|, with
w = 8.5. At the same time, we impose periodic boundary conditions on the solutions at
the edges of this slab, e.g., n(w,y,t) = n(—w,y,1).

As shown by the first two rows of Fig. 7.4, for small diffusion strengths, x < 1, hardly
any particle diffusion is visible within the investigated duration of time of t = 25t.
Instead, the system is heated locally by interactions, and energy densities as well as local
temperatures freely rise. Since the heating is also strongly dependent on the particle
densities, the temperature at the center of the trap increases rapidly while it is barely
affected in the tails of the atomic cloud. Note that this property will cause significant
temperature gradients. For increasing values of k, diffusion of the atoms is enhanced
resulting in a significant change of the spatial particle density profile, as can be seen
from Fig. 7.4(a). At the same time, by driving the particles against the potential, i.e.,
further away from the center of the trap, diffusion allows particles to convert the provided
energy into potential energy instead of heating. Consequently, one finds that the energy
densities e and, more prominantly, the temperatures 7' increase much slower as a function
of the dimensionless time ¢, see 7.4(b) and (c), respectively. So systems with x ~ 1 are
characterised by stronger particle currents but also by weaker temperature gradients.

In order to investigate the behaviour of the system’s temperature in more detail we
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Figure 7.5.: Temporal temperature evolution at the center of the trap, 7'(0,0,¢). (a) Expected
temperatures as a function of time for different diffusion strengths « and an initial temperature of
Tini- (b) Corresponding derivatives, dT'(t)/dt, indicating a strong qualitative change of the heating
behaviour of the different systems. The inset shows a logarithmic plot. Gray dashed lines represent
exponential functions which are understood to be guide to the eyes indicating exponential decay.
Note that results for k = 0 and x = 0.005 are indistinguishable in (a) and (b).

consider the temporal development of T" at the center of the trap, see Fig. 7.5. Importantly,
the growth of the temperature does not only change quantitatively as x is varied, but also
qualitatively. This is particularly revealed by Fig. (7.5)(b), which shows dT'/dt versus time.
For k < 1, the temperature is growing fast according to dT'(t)/dt < T'(t). Hence, for values
as small as k ~ 0.01 the system shows the same exponential heating characteristics as seen
in Sec. 6.3.4, and the temperature can be written as

T(r, 1) "2° T + e (1) €28 270 ¢ (r) 20t (7.73)

where ¢;(r), ca(r) are variables that depend on space but not on time. For this regime, it
is therefore expected that the physics is entirely dominated by the local Floquet heating
mechanism. The diffusion equations, Egs. (7.69)-(7.70), can be approximated in this limit
by the simple set of equations

dn k—0

an w2 and de nzO ~
dt

— "= T. 7.74
7 (7.74)

On the contrary, strengthening diffusion to x ~1 not only causes a slower increase of the
temperature but rather changes the heating characteristics fundamentally: as shown by
Fig. (7.5)(b), the temperature gain starts to decrease as a function of time. The respective
figure inset even conjectures that the temperature growth decays exponentially. Later, the
(anomalous) current characteristics will depend strongly on this behaviour of the system’s
temperature.

We close this section be remarking a few technical aspects. As mentioned above, due to
the lack of rotational symmetry the conductivities, and therefore the diffusion constants,
yield different values for z- and y-directions. However, we checked, see Fig. 7.6(a)-(b),
that for diffusion strengths of up to x ~ 0.4 the results along both directions only show
marginal differences. Finally, we have to check whether the results are indeed stable against
the choice of unphysical cut-off values modelling the trapping potential, as discussed in
Sec. 7.3.3. Here, the diffusion constants diverge for n — 0, see Fig. 7.3(a), which could
lead to an undesired and uncontrolled behaviour of the numerics. In Fig. 7.6(c)-(d) we
show resulting particle and energy densities for different values of the potential cut-off
parameter c. We show initial and time-evolved densities at ¢ = 25t;, for a moderately
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Figure 7.6.: (a)-(b) calculated densities along the = and y-direction, respectively. Initially, a
symmetric cloud is prepared (gray dashed line), i.e., n(x,0,0) = n(0,y,0), etc. The diffusion
strength is set to k = 0.4. (c¢)-(d) behaviour of the respective density as a function of the potential
cut-off parameter ¢, see Eq.(7.62). Dashed lines correspond to initial configurations at ¢ = 0 and
solid lines represent time-evolved densities at ¢ = 25. Here, we chose x = 0.08.

diffusing system of x = 0.08. While ¢ does mainly have a quantitative impact if chosen
too small, results indeed converge for ¢ ~ 10. For reasons of numerical performance we
choose to set ¢ = 8.

7.4.2. The role of heating

In the previous section it was discussed how densities and temperatures develop as a
function of time. Again, the only mechanism that is available to bring the system out of
equilibrium, and thereby trigger diffusion, is Floquet heating. In this section, we aim at
quantifying the effect of heating relatively to other energy currents in the system.

To this end, we introduce the fraction é/T" which measures the heating rate’s local share
of the change of the energy density. Using obtained results for particle and energy densities
in combination with the expression of the longitudinal currents, see Egs. (7.71) and (7.72),
allows for a straightforward determination of é/T". In Fig. 7.7, we show results of this
ratio as a function of space and time for different values of k. Of course, the net effect is
already captured by x: the smaller this parameter is, the more is diffusion suppressed, and
¢/T" ~ 1 for k < 1. For k — 0 the behaviour is indeed described according to Eq. (7.74).
Nonetheless, one can make further observations regarding the local property of heating.
Generally, the relative role of heating gets more pronounced when moving away from the
trapping center. Note, however, that numerical results given in Fig. 7.7(a)-(b) become
unreliable when considering ratios deep in the tails of the cloud, since energy densities as
well as heating rates become both small valued in this regime (see above). Moreover, one
importantly finds that the local relevance of heating decreases as time evolves. Another
interesting aspect is the fact that even for small values of x ~ 0.05 a relatively strong
decrease of the local heating rate is to be expected, i.e., é/T'(z = 2rg,t = 20t) ~ 50%.

To give yet more insight into the system’s heating behaviour, we also calculate the total
amount of (kinetic) energy in a circular region of radius ¢ centred around the bottom of
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Figure 7.7.: (a)-(b) Relative contribution of the heating rate to the local temporal change of
energy densities for k = 0.005 and x = 0.05, respectively. We used Tj,; = 1.5J and ¢ = 6,
respectively. For very small values of x, changes in the energy are solely determined from I, see
Eq. (7.74). For an increasing diffusion strength the relative strength of I' is not only globally
decreased but also shows an additional dependence on the position of the trap. Emerging wiggles
for large x are numerical artefacts. (c) Total energy E,, of area with radius rg, see Eq. (7.75),
as a function of time. Inset shows a double logarithmic plot conjecturing an algebraic growth of
energies in strongly diffusive cases (k ~ 1).

the trap. We define

E,(t) = dr e(r,t), (7.75)

Arg

with A,, = 7rg describing the area of interest. We plot the temporal evolution of this
quantity in Fig. 7.7(c). In the diffusionless case, k = 0, the total energy grows quickly and
approaches the limiting value'® of E, (t — co) = 0 in an exponential fashion. However,
when diffusion is present, the total energy growth in the center of the trap experiences
an ’algebraic slow-down’ and the limiting value is approached in terms of a power law
E,,(t) oc —=t=() | as suggested by the inset of Fig. 7.7(c). Here, ¢(k) is some s-dependent
exponent that needs to be determined from numerics. This behaviour can be linked to
the characteristics of local energy densities, as presented in Fig. 7.4(b).

7.5. Verification of the anomalous Floquet-Nernst effect

After having studied conventional diffusion of the atomic cloud as a consequence of intrinsic
Floquet heating in the previous section, we will now present results on signatures of asso-
ciated anomalous transport properties. As shown in Sec. 7.2.4, Einstein relations are guar-
anteed to hold even in situations with non-trivial contributions to intrinsic conductivities if
Berry phase corrections are respected carefully. The general validity of D(n)=6(n)x ' (n)
then allows for a calculation of the anomalous (transport) currents according to

i (r,t) = o'F — DI Vyn — D22V ye (7.76)
J ~ 1 ~ ~ J +
== (o2 F - S Ve — DiViee,) = U
where in the second line we introduced the dimensionless form of F and V., see Eq. (7.66),
and we explicitly indicated that the densities are determined from the dimensionless dif-

13 Note that this limit is a consequence of the particle-hole symmetric underlying model. Here, the
energybands are symmetric with respect to € = 0, and therefore in the limit of T" — oo, i.e., the limit
where all energyeigenstates are populated identically, the total energy must be zero.
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Figure 7.8.: The Floquet-Nernst effect emerging from local Floquet heating mechanisms. Anoma-
lous particle current densities are shown as functions of space and time for diffusion strengths of
(a) k = 0.005, (b) kK = 0.08 and (c) k = 0.4. Currents decrease in size when the role of diffusion

is enhanced. Inset of (b) shows peak value of |j2"(z,0)| as a function of time. The same quantity

is also shown in the inset of (c) for k = 0.4 only and different cut-off parameters c. Effects due to
edges indeed appear to be negligible, cf. Fig. 7.9(c).

fusion equations, see Egs. (7.69) and (7.70), for a specific choice of the parameter . Note,
however, that we refrain from expressing, e.g., the anomalous conductivities in a similar
form as used in Egs. (7.64). The reason being that these contributions are intrinsic to
the system and therefore already independent of the interaction strength U, as discussed
above. Hence, while the longitudinal currents, see Eqs. (7.71) and (7.72), are solely deter-
mined by k, the transversal currents are characterized by ryg. Having said this, the density
gradients producing the anomalous currents are obtained from solutions that inherently
are characterized by the parameter x.

In Fig. 7.8, we show results for transversal currents as the system heats up as a function
of time. Numerical results are evaluated for a range of diffusion strengths x and times ¢.
Note that we set rg = 160. We observe that anomalous currents indeed emerge as a conse-
quence of inhomogeneous heating in the trap, yielding an anomalous Floquet-Nernst effect.
For short times (in respective units of ¢;) the spatial heating of the system is alike for
investigated values of k, see Fig. 7.4. Hence, also initially developing transversal particle
currents are independent of k. However, as time evolves the behaviour changes quantita-
tively as well as qualitatively for different diffusion strengths. It appears that anomalous
currents are strongest when the system is dominated by local heating. This is due to the
fact that ultimately temperature gradients are the driving force of this phenomenon. As
seen above, less diffusion corresponds to a stronger growth of the temperature at the center
of the trap, see Fig. 7.4(c) and 7.5, leading to larger temperature gradients in those cases.
However, maximally attainable currents are fundamentally constrained by the absence of
diffusion: switching back to a (u,7')-description of the problem, the anomalous current
can be approximated by j&"(r,t) ~ —a2"V,T for k — 0, see Eq. (7.45). At the same time,
the temperature grows exponentially in this limit as discussed above. Using the explicit
expression for the temperature of Eq. (7.73) as well as the associated behaviour'# of a2?,

4 Note that particle number conservation requires a simultaneous adjustment of the chemical potential
when taking 7' — oo. Thus, i needs to be evaluated in the limit 7' — oo with T'/u = const., which
is given by a3" oc —7 (instead of o< 1/T? as for fixed 1, see Eq. (7.58)).

169



7. Transport in an inhomogeneous Floquet-engineered Haldane model

the anomalous current is found to read as

() "R —amrv, T "I i (Ver + 01 Viep) €2t (7.77)

an -1

1
~ —ah (avrcl + Vo) T(t) = K(r),

with K(r) being time-independent and solely depending on the initial properties of the
atomic cloud, i.e., (fini, Iini)- In fact, |K| is the limiting value for the local anomalous
current for cot > 1, and therefore |j2"(r, t)| approaches a given spatial profile as a function
of time, as seen in Fig. 7.8(a).

Nevertheless, if arbitrary values of k are considered and T does not simply grow expo-
nentially, cf. Fig. 7.5, the estimate of Eq. (7.77) loses its validity. As discussed above,
diffusion has a strong qualitative impact on the temperature of the system. We observe
that attainable anomalous current densities drop in size as  is increased, see Figs. 7.8(a)-
(c). Moreover, increasing k also has a qualitative impact on the obtained anomalous
currents. As can be particularly seen from Fig. 7.8(c), particle diffusion eventually causes
the Floquet-Nernst effect to decay. In order to quantify this effect we introduced the
integrated anomalous current along the transversal direction

Jan (1) = / dr § -5 (r,t) = J / &7 § -7 (r, 1), (7.78)
0 0

measuring the amount of particle current flowing through a cut of the trap along the x-
axis. Furthermore, Eq. (7.78) indeed reveals the intrinsic nature of the total anomalous
current: the final form of J3%, does not depend on parameters (ro,U,(2) but solely on
intrinsic ones. Thus, the total anomalous current is expected to be fundamentally bound
by the Berry curvature of the non-interacting system in the sense that an external linear
force causes a total current of [dr oy, 4y (r)F = — [dp oy 2y (pe)|7. This integral of the zy-
component of o®" gives ~ 0.4J in the present case, cf. Fig. 7.2. In other words, the net
anomalous current is expected to be comparable to the effect caused by an edge mode of
a conventional quantum Hall setting with slab geometry [197,316].

In Fig. 7.9 we show various aspects of the integrated anomalous current (7.78). The
curve of J3% (t) as a function of time confirms the impression of Fig. 7.8 and can generally
be divided into three different regimes with the following limiting behaviour:

an t for t/t, <1
T () o { e~ Rt for \Jrt/tp, > 1/d (7.79)
with d being a constant that is independent of . So initially, ¢/t;, < 1, the total anomalous
current (7.78) grows linearly as a function of time, J2"(¢) o ¢, see Fig. 7.9(a), seemingly
independent of k, see Fig. 7.9(b). This is due to the fact that for arbitrarily small times
the system solely depends on the initial configuration of the cloud and begins to heat up
locally independent of « (cf. also Fig 7.5). Subsequently, the system enters an intermediate
regime, where the quantitative behaviour strongly depends on . The inset of Fig. 7.9(a)
suggests that this intermediate regime approximately marks the range of 1 < /kt/t), <
10. Within this regime, the total transversal current peaks before starting to decay at
large times. This decay is conjectured by numerics to be of exponential type following
T () o e~ WVE/th see inset of Fig. 7.9(a). Here, d describes a universal decay behaviour
when systems are measured in time units of the geometric mean of t;, and t4, i.e., t//k =
(tntq)~'. Since diffusion becomes more prominent over the course of time, see Sec. 7.4.2,
every system (except for k = 0) will eventually enter this decay regime. Nevertheless,
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Figure 7.9.: (a) Integrated anomalous current J3", as a function of time for various diffusion

strengths k. Curves show different regimes according to Eq. (7.79). The inset shows a log-plot
indicating exponential decay of the anomalous currents. (b) Anomalous currents for different
times as function of k. Dots represent actual numerical data. Initial currents are independent of «.
Maximal anomalous currents decay with increasing diffusion strengths. (c) J;,%, plotted for different
trapping potential cut-off values ¢, see Eq. (7.62), for k = 0.4 and x = 0.005, respectively. Even
in the strong diffusive case of k = 0.4, results converge for the investigated parameter range. (d)
Anomalous currents J inz for kK = 0 and various initial temperatures Ti,;. Lower initial temperatures
support larger temperature gradients leading to larger attainable anomalous currents. The inset
shows the effect of tuning ¢ and A4p on the anomalous current. Vertical dashed line marks
topological phase transition point for varying A 45.

note that it is not guaranteed that this exponential decay is the true ¢ — oo limit. Here,
numerical limitations prohibited an investigation of much larger times than presented in
Fig. 7.9. Moreover, when transversal currents decay due to diffusion, the relevance of low
density regimes at the tails of the cloud is inevitably enhanced. We once more ensured,
see Fig. 7.9(c), that the system’s behaviour is not changed qualitatively by the chosen
cut-off c.

While above we focused on the role of the ’extrinsic’ parameter s, we shall now also
investigate the impact of intrinsic quantities. In Fig. 7.9(d) we show how J3%, depends on
the initial (homogeneous) temperature of the system, Tj,;. Results are given for the limit
k — 0. Here, lowering the initial temperature produces larger anomalous currents. This
can be explained by the fact that decreasing the initial temperature simulateously lowers
the heating rate for areas of |u|/J > 1. Consequently, the tails of the cloud are expected

to heat up slower, which leads to larger temperature gradients.

Importantly, we also consider the current depending on the Berry curvature. So far, we
chose ¢ = 7/2 and Ay = 0 as parameters of the simulated Haldane model in order to
place the system deep in the quantum Hall phase, see Sec. 6.2. In the inset of Fig. 7.9(d)
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we show results for J7", as a function of the relative phase ¢ controlling the time-reversal

symmetry breaking of the system as well as A 4. Crucially, one finds that anomalous
conductivities are globally affected by tuning the intrinsic parameters ¢, A 45. Hence, the
insights of Fig. 7.9(d) are applicable to all anomalous currents at all times. By varying ¢
from 7/2 to 0 (with A 45 = 0) one approaches the topological phase transition, cf. Sec. 6.2,
and the Floquet-Nernst effect is steadily decreased in magnitude. For ¢ = Ay p = 0,
where the system fulfils time reversal as well as inversion symmetry, the anomalous effect
is then expected to disappear completely. In contrast, setting ¢ = 7/2 and increasing the
energy shift between both sublattices from A 45 = 0 results in a slow decay of anomalous
currents. As shown by the inset of Fig. 7.9(d), the Floquet-Nernst effect persists even
when crossing the topological phase transition at A4z ~ 0.3.J (see Sec. 6.2). The reason
for this behaviour is the fact that a finite A 45 renders different gap sizes associated with
both Dirac points of the underlying Haldane model.

So independent of the extrinsic parameters discussed above, tuning the intrinsic pa-
rameters ¢ = /2 and A 45 allows for an independent quantitative as well as qualitative
adjustment of the Floquet-Nernst effect.

7.6. Discussion

In conclusion, we have demonstrated how inhomogeneous heating of a Floquet system in
combination with topological properties can lead to anomalous transport effects resulting
from temperature gradients in the system. Fig. 7.10 pictorially summarises the results of
this chapter, yielding once again the emergence of the Floquet-Nernst effect and simulta-
neously expressing its dependence on all discussed parameters, (U, ro, 2, p, Aap). Here,
we show local particle currents, j, = j¥ + j2*, as vector fields for a fixed value of x but
for varying compositions of extrinsic parameters. Yet, the results once more underline
the intrinsic property of anomalous effects: the relative significance of j2 over j2 can be
tuned by adjusting extrinsic parameters, e.g., by shrinking the size of the atomic cloud or
by increasing the interaction strength. The probably most natural parameter to tune in
a Floquet experiment is the driving frequency 2. While the discussion of Fig. 7.10(a)-(c)
only revolves around U and rg, the consequences of {2 can be straightforwardly embed-
ded by rescaling the interaction strength, U — Ugq = Ug(Q2) with g being a function
incorporating the dependence of I' on 2. We have excluded a specific discussion of €2,
though, since the coresponding scaling behaviour of I' is non-trivial and undergoes many
regimes, as seen in Sec. 6.3. Alternatively, the results of Fig. 7.10 could qualitatively also
emerge from the following three scenarios: (a) a topologically trivial system respecting
time-reversal symmetry, a quantum Hall state that is either (b) characterized by diffusion
or (c) dominated by by strong local heating. The manifestation of the Floquet-Nernst
effect also varies here from non-existent over weak to strong.

Nevertheless, we stress again that a simple rescaling of parameters is often not realis-
able in experimental circumstances. Here, the total number of particles, i.e., the size of
the atomic cloud, and attainable interaction strengths are limited. Most crucially, the
running time of the experiment is typically restricted due to decoherence and other relax-
ation processes. Since k reacts quite sensitively to changes of individual parameters, the
experimentally relevant parameter space is expected to be strongly constrained. Having
said this, the choice of parameters for generating all presented data in this chapter was
highly inspired by actual experimental values used by the authors of Ref. [23]. Therefore,
here investigated effects are indeed expected to be observable in an experiment based on
the Haldane model realisation by the Esslinger group [23]. We additionally remark that
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Figure 7.10.: Local particle currents, j, = j2 + j28, for a fixed value of diffusion strength x =
6x10~* and time ¢ = 10t;,. Intensity of shown arrows correspond to |j, |, normalised to the maximal
current strength in the respective figure. Relative role of anomalous to longitudinal currents is
tuned by the choice of extrinsic parameters: (a) U = 0.1J,79 = 25rg.exp , (b) U = 0.5J,r9 = 7 exp
and (¢) U = 1.5J,79 = 7g,exp/9. The same qualitative current pattern can also be obtained by
alternatively varying, e.g., k and ¢ (see text).

some parameter constellation might be realisable, but contradict crucial assumptions made
above. For instance, the Floquet-Nernst effect seemingly prefers a strong local heating and
a development of large temperature gradients. This limit is, however, restricted as our
Floquet-Boltzmann formalism requires weak interactions. Here, it is promising that our
data above suggests that associated effects are already obtained for moderate interaction
strengths, U < 1. Moreover, too little cloud sizes are also not too favourable in the spirit
of our theoretical considerations.

Generally, one can interpret the physics discussed in the chapter as the interplay of two
aspects: the emergence of anomalous currents from some topologically non-trivial structure
and the presence of Floquet heating. As suggested in Sec. 6.3, the latter (at least to the
order of our discussion) is independent of underlying topological structures and insensitive
to minor quantitative changes of the system, e.g., the closing of the small present band
gap, Aqg < J,T. In combination with inhomogeneities, however, the two characteristics are
coupled leading to an interesting phenomenon in its own right. In addition to the exciting
macroscopic manifestation of a non-trivial Berry phase effect, the Floquet-Nernst effect
can be used to monitor the dynamical heating of a closed many-body Floquet system.
Turning the logic around, Floquet heating holds prospects to detect topological properties
of a system. This might be particularly interesting in cases where parameters of the system
are changed dynamically. Hereby, one could observe the transition from a topologically
trivial to a non-trivial phase.

We finish this discussion by remarking that it has yet to be clarified how to actually
measure the rotation of the cloud and therefore quantify the Floquet-Nernst effect in an
experiment. One possible idea could be the elongation of the harmonic trap in one spatial
direction. The resulting ’cigar shaped’ trapped cloud would remain its shape assuming the
trap is switched off in a designed way. Most importantly, anomalous currents should be
mapped to free transversal currents under the same (de)ramping procedure. This would
cause the cloud to macroscopically rotate in space which should also be tractable by means
of standard time-of-flight techniques [5].
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8. A topologically protected edge state with
ultracold atoms

Ultracold atoms in optical lattices have recently been proven to be a powerful tool to
simulate a wide range of complex (many-body) systems by means of appropriate confine-
ment and coherent manipulation, see Sec 2.1. In the previous parts of this thesis, we
mainly focussed on aspects of designing quantum systems using external periodic driving
and particularly on the respective role of interactions as well as associated phenomena.
This chapter is devoted to the investigation of a topologically protected edge state with
ultracold atoms in a static lattice system.

Topological states of matter, such as quantum Hall systems (cf. Ch. 6), are generally
indistinguishable from ordinary matter by local measurements in the bulk of the material,
but instead are characterised by global properties [189,190]. In this context, topological
insulators are materials that possess a band gap such as an ordinary insulator but at the
same time reveal protected conducting states on their surface [189]. Such edge states were
experimentally first observed in transport experiments on HgTe/CdTe quantum wells [317,
318]. Generally, these edge states emerge at the interface of any two topologically distinct
materials . As seen in Ch. 6, ultracold gases in optical lattices are also promising tools for
the creation and investigation of topological states of matter [18,19,22,23,49,105,110,111].
Here, however, the observation of edge states has so far been restricted to the state space
imposed by the internal atomic structure [22,183,319, 320].

In this chapter, we present results from a close collaboration with the experimental group
of M. Weitz from the University of Bonn, who were able to observe an edge state between
two topologically distinct phases of an atomic physics system in real space using optical
microscopy [53,321]. Technically, this is realised by a one dimensional optical lattice with
a spatially chirped amplitude. Their setup gives rise to an effective Dirac system with
emergent chiral symmetry, which is closely related to the SSH model by Su, Schrieffer and
Heeger (SSH) explaining soliton-type edge states in polyacetylene chains [322,323].

While the actual experiment was conducted by M. Weitz, M. Leder and collabora-
tors [53,321,324], the entire corresponding theoretical description was developed by us. In
the following chapter, we thus want to give an overview on experimental achievements but
focus on theoretical aspects necessary to understand the physics of the observations. To
this end, we start by introducing the concept of topological states protected by symmetry.
Along those lines we sketch the topological properties of the SSH model and explain how
the physics at the interface of two topologically distinct phases can be captured by a mas-
sive Dirac equation. Subsequently, we thoroughly study this Dirac equation and elaborate
on how such a system is realised experimentally. We then discuss at length possible inter-
action effects on the mean-field level, which are crucial to justify the experimental findings.
Finally, we compare numerical simulations provided by us to experimental results, which
indeed suggest that a topologically protected edge state has been observed experimentally.

We want to acknowledge experimental efforts made by our collaborators from Bonn
and stress again that all experimental aspects (parameters, data, etc.) presented in this
chapter are related to the work of M. Leder et al. [53,321,324].
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8. A topologically protected edge state with ultracold atoms

8.1. Symmetry protected topology in 1D

As already indicated in the context of quantized pumping, Sec. 3.4, and by realising the
Haldane model, Sec. 6.2, the notion of topology plays a major role in analysing and under-
standing modern condensed matter systems. In previous chapters, we mainly discussed
the emergence and importance of Berry curvatures and (first) Chern numbers for topo-
logically non-trivial states. Complementary to this approach, topological properties of
gapped many-body quantum systems such as topological insulators and superconductors
can be classified in terms of symmetry classes. This classification scheme of matter goes
back to works by Wigner [325] and Dyson [326] and was thoroughly developed further in
the context of superconductors by Altland and Zirnbauer [327,328] by means of random
matrix theory. Eventually, Schnyder, Ryu, Furusaki and Ludwig [329] linked the ten-
fold symmetry classes to topological properties of ground states in various dimensions.
Generally, all such classes are built from combinations of three fundamental symmetries:
time-reversal, charge conjugation (partice-hole) and a combination of both named chiral
symmetry. A corresponding table [329] summarizes the entire zoo of topological states of
matter that can be classified by their respective symmetries. Note that every aspect of this
table has experienced a high level of scientific interest lately. In the following, however,
we refrain from giving a general overview of corresponding physical systems and refer the
reader for details to, e.g., Refs. [189,190,195,196,329]. Instead, we will consider only one
particular symmetry class with restricted dimensionality: a one-dimensional system with
chiral symmetry belonging to the BDI-class. We will briefly elaborate on the topological
properties of such a system using homotopies and explain the emergence of a bound-state
at the interface of two topologically distinct regions. We restrict the discussion to this spe-
cific situation, because this symmetry class is ultimately simulated by the here considered
experimental system of cold atoms in a one-dimensional optical lattice.

8.1.1. Homotopies and winding numbers

In the following, we will analyse the topological properties of a generic one-dimensional
lattice Hamiltonian belonging to the BDI-symmetry class. To this end, we consider a yet
to be specified two-band Hamiltonian, which can be written in momentum space as (cf.
Secs. 3.2 and 6.1)

H(k) = ng(k) oy +ny(k) oy +n.(k)o, =n(k) - o, (8.1)

with k being the one-dimensional momentum variable and we defined n = (ng,ny,n,) as
well as o = (04, 0y,0;), where o; are the typical Pauli matrices. Despite having a one-
dimensional Hamiltonian one can establish a one-to-one correspondence between a point
n(k) € R3 and H(k). Recall that the eigenenergies of Hamiltonian (8.1) are given by
E.(k) = £|n(k)| (cf. Eq. (6.11)), and, thus, the origin of R? corresponds to the point
where the band gap closes. Based on this picture we will formulate a topolocial analy-
sis, where we closely follow the work and notations by Ryu and Hatsugai [330] and also
Ref. [331]. The argumentation is based on homotopies and introduced only very briefly.
For more (mathematical) depth on this issue the reader is referred to, e.g., Refs. [194,195].

We begin by imposing no restrictions on H (k) (or equivalently on the behaviour of n(k))
except for demanding that the Brillouin zone is periodic (where we set the lattice constant
to unity @ = 1). Consequently, the one-dimensional momentum space is topologically
equivalent to the unit circle, i.e., k € [-m,m) = S1. For every lattice Hamiltonian (8.1)
one can then identify a loop that is traced out by the path taken by n(k) when going
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8.1. Symmetry protected topology in 1D

Figure 8.1.: Graphical illustration of possible loops [ traced out by the Hamiltonian H (k), see
Eq. (8.1), when going around the one-dimensional circular Brillouin zone. (a) The unit vector
n(k) traces out paths on the surface of the two-dimensional unit sphere S2. Here, all loops can be
contracted to a point, and are therefore topologically trivial. (b) Chiral symmetry (8.4) reduces
parameter space to IR2, where loops are topologically distinguished whether they enclose the origin,
or not. (¢) Homotopies deform all loops of (b) to lie on unit circle S'. Topological classification is
done in terms of winding numbers w. Figure (a) is adopted from Ref. [96].

around this Brillouin zone. This loop can be formally defined as
1:S' 5 R3, k—n(k). (8.2)

The main idea is now to classify the Hamiltonian H (k) in terms of these loops (8.2). This
is done by considering homotopies, i.e., continuous deformations of H. All Hamiltonians
H (k) that can be continuously deformed into each other are then said to be topologically
equivalent. So in a first step we continuously deform the vector n(k) to the corresponding
unit vector i(k). The vector n(k) then always points to a point on the surface of the unit
sphere S? centred around the origin. Thus, we identify a new loop, lg : S — S2, that
maps the Brillouin zone to a cyclic path on the S? sphere. The formal connection between
this loop and Eq. (8.2) is established by defining

1:S' SR, ke nk) <5 lg:S8' =82, ke alk), (8.3)

where $ : S1x[0,1] — R3 is a homotopy on the product space of the unit circle S* with the
unit interval [0, 1] into the 3D space R3, such that $(k,0) = I(k) and $H(k, 1) = ls(k) [331].
Here, it is crucial to assume that the loop I does not cross the origin during the deformation,
since the unit vector (k) is ill-defined for |n(k)| = 0.

From a topological point of view it is sufficient to study the characteristics of loops Ig
instead of discussing properties of the original Hamiltonian H (k) with associated vector
n(k). All loops lg that can be continuously deformed into each other are topologically
equivalent. It is precisely due to the latter fact that Hamiltonians of form Eq. (8.1) are
generically trivial in a topological sense. This is because all possible loops on the surface
of a sphere can be contracted to a single point, see Fig. 8.1(a). The story is changed,
however, when the system is restricted by additional symmetries. To this end, we finally
introduce the chiral symmetry! that has the property

{2, Hk)}=0 VkeS, (8.4)

with {.} describing the anti-commutator. The immediate consequence of this symmetry
is that the eigenenergies of the system come in pairs according to E(k) = —E(k) as well

!Note that despite the fact that the literature often uses the nomenclature ’symmetry’, the Hamiltonian
rather anti-commutes under the action of ¥, and, thus, is strictly speaking not a true symmetry of the
system.
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8. A topologically protected edge state with ultracold atoms

as F(k) = E(—k). Thus, we can write ¥ = s - o, where n(k) - s = 0, and identify the loop
1* : 81 — R2, which lies now in the 2D plane that is normal to the vector s. The unit
vector n(k) is therefore restricted to a respective plane cutting the previous unit sphere
S? and containing the origin. Hence, the loop l§ is a mapping from the Brillouin zone to
a closed path on a unit circle, i.e.,

15:8' =5 St ke n(k). (8.5)

This mapping of a circle to a circle does not have to be trivial in the sense that it cannot
be generally contracted to a point. This scenario can be classified by an integer winding
number that counts how many times the loop l? winds around the unit circle as one goes
once around the Brillouin zone. For a Hamiltonian of form (8.1) a general expression for
the winding number is given by [195]

w = % /7; di & - (A(k) x dpn(k)), (8.6)

with § being the corresponding unit vector of s. Note that this winding number assumes
a different form if the considered system differs from the here discussed Hamiltonian. An
example for such a different situation is given in Sec. 3.4.2, where the winding number
classifies different mappings of Floquet operators. Mathematically, a more rigorous way
of classifying mappings above goes by the means of homotopy groups of spheres, 7, (S™).
In the simplest case, n = m = 1, the corresponding group coincides with the winding
number defined above yielding 71 (S!) = Z. Again, for more details the reader is referred
to Refs. [194,195] (and references within).

We conclude with a physical consequence of the discussion above: due to the fact that
all Hamiltonians within the same topological class are connected by a continuous trans-
formation, one needs to undergo some discontinuous procedure to go from one topological
phase to a different one. For the discussion above, the only singular event that could
possibly happen is that the vector n(k) is not defined. This will precisely happen once the
loop runs into the origin, or - in other words - the energy gap between the bands closes
at zero energy. Hence, it is necessary to close the energy gap, if one wants to change the
topological phase. The bulk-boundary correspondence [195] then implies that if two sys-
tems with different winding numbers wy, wo share a common interface, there exist |w;—ws|
localized bound states at zero energy.

8.1.2. The SSH model: topological phases and edge states

A prototypical one-dimensional system that features the emergence of distinct topological
phases is the so called Su-Schriefer-Heeger (SSH) model [322,323,332]. In this section, we
briefly introduce this model and, most importantly, sketch how the associated topological
properties can be likewise captured by a 1D Dirac equation. The SSH model was origi-
nally used by the respective authors of Ref. [322] in order to describe a mobile defect in
polyacetylene chains, (CH),. Here, they assumed two degenerate energy configurations
that are characterized by two different topological phases. An immediate consequence was
the emergence of a soliton-type edge state located at the boundary between two regions of
different configurations. While a detailed discussion of the physics of this peculiar polymer
can be found, e.g., in Ref. [332], we want to focus on a reduced and simplified description,
which still contains all topological aspects.

To this end, we consider the trans-(CH), configuration of polyacetylene, see Fig. 8.2(a),
and start by assuming that all bonds of the polymer are equally strong. Such a system is,
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8.1. Symmetry protected topology in 1D

Figure 8.2.: Various schematics of polyacetylene. (a) The chemical trans-(CH),, configuration
[332], where differences in bond strength between carbon atoms results from a Peierls instability.
(b) An illustration of the simple tight-binding Hamiltonian (8.7) in its (b) 'wsws’ (top) and ’swsw’
(bottom) configuration. Here, red (blue) points indicate even (odd) lattice sites. (c¢) Appearance
of a domain wall (gray box) by merging both energetically degenerate configurations of (b).

however, unstable with respect to a dimerization according to a Peierls instability [332].
Hence, there are two possible ground states the system can settle into: either it prefers
an 'wsw’ or an 'sws’ configuration, where 'w’ (’s’) represents a weak (strong) bond, see
Fig. 8.2(b). The simplest model describing this situation is a tight-binding Hamiltonian
of the following form

H(t) ==Y (J+ (=1)78J) (chye; +cle; ), (8.7)

J

with J being some static hopping parameter, §J encodes the dimerization and ¢', ¢ are
creation and annihilation operators. By changing the sign of dJ one can go back and forth
between the two ground state configurations, while it is assumed that the dimerization is
small, i.e., [0J]/J < 1.

In fact, Eq. (8.7) is nothing but a fermionic version of the non-interacting, static part
of the quantum ratchet model given in Eq. (3.1). One can therefore introduce a similar
even-odd labelling of the creation and annihilation operators representing the underlying
sublattice structure. Performing a Fourier transformation defined by Eq. (3.6), one obtains

the Hamiltonian
_ dk T T dk,o
1= [ g (o dl.) HE) ( ) (88)

H(k) = —[(J = 6J) + (J + 6.0) cos(k)] o4 — (J + 6.J) sin(k) o, (8.9)

with

being of the form H(k) = n(k) - o, see Eq. (8.1). Moreover, since the vector n(k) lies
solely in the zy-plane, the vector s = (0,0, 1) fulfils n(k)-s = 0 Vk € BZ. Hence, we find
indeed a chiral symmetry of type (8.4) with symmertry operator ¥ =0, yielding

o,Ho,=—H. (8.10)

The corresponding energy bands are now straightforwardly calculated to be Ey(k) =
+|n(k)| = £v2J[(1+cos(k)) + (6./J)%(1 — cos(k))]"/? with the corresponding energy gap
Egap = 4]6J|, measured at the edges of the Brillouin zone. This pairwise appearence of
the energy is a direct consequence of the chiral symmetry (8.10). Note that the energies
are independent of the sign of §.J, proving that both discussed polymer configurations
are indeed energetically degenerate. Additionally, one can calculate the winding number
according to Eq. (8.6) and obtains

(8.11)

1 for 6J>0
0 for 6J<0
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8. A topologically protected edge state with ultracold atoms

The reason for this difference is shown in Fig. 8.1(b) and (c¢). When §J is chosen to be
positive the origin is enclosed by the loop traced out by n(k). However, when 6J < 0 the
origin lies outside the loop and all mappings are topologically trivial. As discussed above,
the only way to get from one topologically distinct phase into the other is going through
the origin, i.e., closing the energy gap of the system.

A natural question to ask now is what happens at the interface of two topologically dis-
tinct regions. In terms of the underlying polyacetylene this simply means the appearance
of a domain wall [332]. Technically, one can encode this into the model (8.9) by letting the
dimerization strength become spatially depended, i.e., 6J — 0.J(z). Due to the discussion
above, also the energy gap will then become a function of space, Egap — Egap(2). In order
to model a situation that is shown in Fig. 8.2(c) one assumes that §.J flips its sign on the
scale of the lattice constant a.

But why is it that the physics at the interface is dominated by the difference of both
topological phases to each side as described in Sec. 8.1.17 To answer this question we take
a look at the parameter space at hand, which is given by the space of S' x R!, i.e., the
product space of the Brillouin zone and the one-dimensional position space. This space
corresponds to the surface of an infinitely stretched cylinder, see Fig. 8.3. For a given
point in space this cylinder is cut by a horizontal plane. The so identified unit circle is
then mapped onto another unit circle according to Eq. 8.5, and the system is characterised
in terms of homotopies (8.3). We shall assume that §.J is varied in such a way that the
winding number of the system corresponds to w = 0 on the lower half of the cylinder
(x < 0) and w = 1 on the upper half (z > 0). Right at the interface (z = 0) we let 6J = 0,
and therefore the energy gap closes at the edge of the Brillouin zone, Ega,(0) = 0. As
outlined in Sec. 8.1.1, the classification in terms of winding numbers is not defined in the
presence of this singularity.

So to understand the behaviour at the interface we consider two systems on the cylinder,
both placed away from the singularity but one with w = 0 and the other one with w =1,
see Fig. 8.3(a). Again, one cannot continuously deform one into the other. However, a
general continuous deformation is still allowed as long as the parameter space is smooth.
The two systems can therefore be brought into contact, see Fig. 8.3(b). Since at this point
both systems are identical, they can be merged and be further deformed in the sense of
Fig. 8.3(c). This procedure visualizes that the combination of two systems with different
winding numbers can be - in a topological sense - reduced to the discussion of a small loop
around the topological singularities, or topological defects, which cannot be contracted to
a point, see Fig. 8.3(d).

Hence, to analyse the physics at the boundary that can be linked to topological prop-
erties one can refrain from considering the two systems in its full description. Instead, an
effective Hamiltonian acting on the mixed parameter space (here given by z and k) can be
studied close to the point where the energy gap closes. Thus, a Taylor expansion around
k = m of the Hamiltonian (8.9) and an additional rotation? around the o,-axis by /2,
e 10T /A [T eioxT/4 then yields

Hp =K(z)oy + qcegos, (8.12)
which is the (141)-dimensional Dirac Hamiltonian with ceg = J + 6J and spatially de-

pendent 'mass’ K (x) = 26J. Further, it is used that ¢ = hk. Note that for the discussion
above to be applicable, the electrons of the system obviously need to occupy the states

ZNote that this rotation is solely performed in order to bring Eq. (8.12) into a form that is consistent
with large parts of the respective literature.
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Figure 8.3.: Visualization of a topological defect at the boundary of two topologically distinct
regions. (a)-(c) By continuously deforming two systems initially placed in regions of opposite
winding number w, it becomes apparent (d) that all topological information are encoded in a loops
close to the topological defects. See also text.

near the band maximum (for the lower band). Thus, we assume a system that is half-filled,
i.e., that the Fermi energy lies exactly in the middle of the gap at Er = 0.

The Hamiltonian of Eq. (8.12) was studied by Jackiw and Rebbi [333] in the context
of one-dimensional relativistic field theories even before the SSH-model was introduced.
They already reported on the existence of a bound state at zero energy given by

0(z) o ey HED ( 1z'> ’ (8.13)
for K(z — +00) = 0. In the light of the discussion above, this bound state is understood
as a state that needs to be pinned to the topological defect, see Fig. 8.3. Moreover, the
zero energy property is a consequence of the chiral symmetry given by Eq. (8.4). In the
context of the underlying polyacetylene structure, this bound state can be seen a a soliton
with a certain topological charge. However, in contrast to, e.g., the Hall conductivity (see
Sec. 3.4), this charge takes on only half-integer values +1/2 [332,333]. The reason being
that the solid angle swept out by a closed loop around the circumference (cf., Fig. 8.1)
only covers half of the surface of the unit sphere [334].

In conclusion, in order to study the topological properties of a boundary of two topo-
logically distinct phases belonging to the BDI symmetry class, it is sufficient to study the
Dirac Hamiltonian given by Eq. (8.12). In the following section, we will therefore focus on
a deeper analysis of the Dirac Hamiltonian and will describe how this model Hamiltonian
is realised in an experiment with ultracold atoms in an optical lattice.

8.2. 1D Dirac equation with spatially varying mass

Initially, the simulation of the one dimensional Dirac equation was suggested [335] and also
experimentally implemented [336] in systems with single trapped ions. More recently, the
Dirac Hamiltonian was also successfully simulated in experiments with ultracold atoms
in optical lattices by means of specifically tailored Bloch bands in combination with an
appropriate preparation of the atomic cloud. This was prominently achieved in the group
of M. Weitz at the University of Bonn, where for a homogeneous mass, cf. Eq. (8.12),
Klein-tunnelling effects were studied [52] and experiments regarding a negative refractive
index were conducted [337].

In this section, we will first discuss analytically the (14+1)-dimensional Dirac Hamilto-
nian introduced above, see Eq. (8.12). Following this, we briefly summarize how the group
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of M. Weitz was able to experimentally realise the Dirac Hamiltonian with a spatially
dependent mass in order to simulate the above discussed topological edge state [53]. We
want to stress that, unless stated otherwise, all experimental work presented here was
conducted by our collaborators from Bonn.

8.2.1. Theoretical description

First, we will study the spectrum of the one-dimensional Dirac Hamiltonian. To this end,
we rewrite Eq. (8.12) as

Hp = meg(2) cgﬁ 0r —ihceg 0,05, (8.14)

where we introduced the momentum operator as ¢ = —ihd,. We shall also assume that
the effective mass meg(2) changes linearly as a function of space, i.e.,

meg(2) = az/c%g, (8.15)

which simplifies the problem significantly. As described above, the Dirac equation (8.14)
possesses an emergent chiral symmetry

oyHpoy = —Hp . (8.16)

Note that for a mass of type (8.15) the problem is equivalent to the solution of the 2D
Dirac equation in a magnetic field well known from graphene [301] or from the description
of 2D surface states of a 3D topological insulator in a magnetic field [331].

In general, in order to solve the Hamiltonian (8.14) it is convenient to calculate the
square of this Dirac Hamiltonian, H3. Ordinary matrix multiplication yields

HE = [(az)? — (heeg)? 02] 1 — ahice oy (8.17)

where the identity for Pauli matrices o;0; = d;; + i€;j,0% (With €5, being the Levi-
Civita symbol) as well as the canonical commutation relation for position and momentum,
[z,0.] = —1, has been used. The squared Hamiltonian H,% has both a term proportional
to 22 as well as 92, and thus resembles a conventional quantum harmonic oscillator. To
this end, we introduce typical raising and lowering operators for harmonic oscillators

1 1
v 2¢cegho v 2¢cegha (

which fulfil the bosonic commutation relation [b,b'] = 1. With the help of these operators
the square of the Dirac Hamiltonian can be brought into the from

bt = (az — cefth (9Z) and b= oz + ceth 8Z> , (8.18)

H} = (hwo)® [ (b1 + %) 1- %ay} : (8.19)

with wy = /2¢ega/h. Additionally, one can perform a rotation of the basis to find new
basis states of the form

1 ) 1 .
|T)=ﬁ(|+)—ll—>) and M:\ﬁ(l—)—llﬂ)a (8.20)

where |[4) = (1,0)” and |-) = (0, 1) are the basis states of the original Dirac Hamiltonian
(8.14). Using the corresponding unitary transformation matrix A, i.e., (|1),[{))T = A -
(|4, -7, one obtains

HY = A Hp A~ = (heo)” [ (670 + %) 1- %g} . (8.21)
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Figure 8.4.: Schematics of various properties of the Dirac Hamiltonian (8.14). (a) Probability
densities of the edge state (n = 0) and first few excited states with n < 3. (b) Sketch of corre-
sponding energies with E,, = ®+/nhwy. (c¢) Visualisation of the winding of the unit vector fip,
where Hp = np - o (cf. Eq. (8.1) and Fig. 8.1).

Most importantly, the expression for the Dirac Hamiltonian in the basis {|1),|])} is found
by inspection of Eq. (8.21) to read as

~ 0 bt
Hp = hwy (b 0> . (8.22)
The eigenstates of this Hamiltonian can then also be readily found to read as
1
o) =10)I1)  and  |up) == ()M +In-1)[)), (8.23)

V2

where n € N and |n) are harmonic oscillator eigenstates, i.e., bTb|n) = hwg |n). Note that
due to the chiral symmetry of Hp, see Eq.(8.16), it holds that |¢;}) = oy ¢, ). Moreover,
using the spatial representation of harmonic oscillator eigenstates

P$°(2) = (z|n) = \/;Tn' <7rc(:gh>1/4 exp[ — ;cffjh} H, (\/a/hce 2) , (8.24)

where H,(z) represent Hermite polynomials, one can alternatively write the expressions
of Eq. (8.23) in terms of spinor wavefunctions of the form

(o) 1 o (o)
Yo(x) =¢¢°(2)IN)  and  wr(x) = ZE(EaH N Fa(N) . (825
Here, the length of the oscillator is given by Ip = /cerh/a and the corresponding eigenen-
ergies read as

0 for n=>0
E, = , (8.26)
+v/nhwy for n>1

where all energies come in pairs except for a single one at zero energy. This latter property
is explained by the chiral symmetry of Eq. (8.4). Also, the zero energy eigenvalue is
associated with an eigenstate that corresponds to the discussed topological edge state
above. Using Eqs. (8.24) and (8.25), the spinor associated to the edge state is given as (in
the {|+),|—)} basis)

1 a q1/4 az?
o) = 5] el - 2 (). (827
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8. A topologically protected edge state with ultracold atoms

This confirms the expression by Jackiw and Rebbi introduced in the previous section, see
Eq. (8.13). Finally, we show in Fig. 8.4 the spatial variation of the first few probability
densities |1, (2)|? as well as give a pictorial presentation of the spectrum (8.26).

8.2.2. Realisation with cold atoms in an optical lattice

The Dirac Hamiltonian (8.14) can be successfully simulated in experiments with ultracold
atoms in optical lattices by a combination of designing corresponding Bloch bands (or
rather band crossings) and an appropriate initial preparation of the atomic cloud. A
spatially dependent mass in such a Dirac equation, i.e., an interface between two spatial
regions of different topological order, is realised by spatially varying the amplitude of the
optical lattice trapping the atoms. The optical lattice is created by means of four-photon
processes in an atomic rubidium three-level system. This level structure is sensitive to
magnetic fields, allowing for the implementation of a spatial variation of the effective
lattice.

We now present a summary of the experimental setup that was used by M. Weitz
and collaborators in order to simulate the 1D Dirac Hamiltonian with spatially varying
mass, and therefore enabled the experimentalists to eventually observe the above discussed
topological edge state [53]. Here, we briefly shed light on technical aspects as well as
experimental procedures. Note that actual experimental results will be shown in Sec. 8.4.
Furthermore, the following description of the experimental realisation is far from complete.
Information about extensive experimental details can be found in Ref. [53] or in the Ph.D.
thesis by M. Leder [321].

Rubidium BEC The experiment is based on a Bose-Einstein-condensate (BEC) made of
rubidium atoms (87Rb). Initially, a dilute cloud of this isotope is prepared in the F' = 1,
mp = —1 state of its hyperfine ground state manifold. The rubidium atoms are first cooled
in a magneto-optical trap and then loaded into a combination of a dipole and magnetic
trap. Here, the dipole trapping potential is generated by a COs-laser at 10.6um wavelength
and the magnetic trap is present due to a quadrupole field. By means of evaporative
cooling a BEC is created, which contains ~ 15,000 atoms. In addition, a magnetic field
gradient of b = mryg/(1glgr|) ~ 30.5Gem ™! is present, with mpgy, = 1.44x 1072°kg being
the mass of the rubidium isotope, up is the Bohr magneton and gr = —1/2 denotes the
gyromagnetic factor for the used F' = 1 hyperfine component of the electronic ground
state. The gradient b points along the vertical spatial axis. Note that the resulting force is
tuned in such a way that it compensates the Earth’s gravitational force on the rubidium
atoms, see Fig. 8.5(a). This gravitational force can be compensated to within 1 part in
10% in the here summarized experiment.

Four-photon lattice The optical lattice evoking the spatial periodicity of the system is
established by a four-photon process. Here, a rubidium atomic three-level configuration
with two ground states of different spin projections and one spontaneously decaying excited
state are used [338]. As can be seen from the schematic of Fig. 8.5(b), the atoms experience
two absorption as well as two stimulated emission processes. The frequency of the light
triggering these processes is tuned such that emission and absorption come from photons
of opposite direction. Hence, the momentum transfer to each atom is 4hkg, with hky = h/A
being the momentum of a single photon, where h is Planck’s constant and A = 783.5nm
describes the wavelength of the laser. From this discrete momentum transfer one can
deduce a spatially periodic lattice structure. The periodicity of the resulting lattice is
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Figure 8.5.: (a) Schematic of the atomic cloud in the presence of the quadrupole field B. While
the gracitational force F pulls the cloud downwards, an emergent "Stern-Gerlach force’ Fgg com-
pensates for this effect (see text). (b) Four-photon scheme for generating the spatially dependent
optical lattice. Here, (A,J, Aw) denote detunings, and  indicate respective Rabi frequencies.
Figs. (a) and (b) are adopted from Ref. [321]. (¢) First few energy bands (blue solid) as resulting
from Hamiltonian H(k), see Eq. (8.29), for Vo = 1E,. The inset shows how the Diract point for
Vo = 0 (gray dashed) is gapped out by the presence of the additional potential.

given by a = A/4, which is by a factor 2 smaller than conventional two-photon optical
lattices with lattice spacing A\/2. One can further show [321] that the strength of the
resulting potential is given by Vp = hQ:HQ;H/%, i.e., is proportional to the product of
both effective Rabi frequencies, Qfﬂp = Q,+0%/2A, coupling the respective ground states
to virtual excited states and is inversely proportional to the Raman detuning from the
mp = 0 ground state, §yp ~ 200kHz. Using experimental parameters this potential strength
can be calculated to be Vg ~ 0.36E,., with E, = h?k%/(2m) being the recoil energy. The
spatially varying effective one-dimensional potential then takes the form

v
Vi(z) = ?0 cos (4koz + ¢z) , (8.28)

where the phase shift corresponds to spatial translation of the lattice with respect to a
reference point, and will be set to zero form here on, ¢, = 0. The associated recipro-
cal lattice vector of Eq. (8.28) is given by G = 4ky. The corresponding single-particle
Hamiltonian H = —h%02/2m + V(z) can then be expressed in the basis of plane waves
{e""kHE)2Y with k € [—n/a,7/a) and | € Z. The respective matrix elements read as

h2
Hll/(k:) =

o (k +1 G)2 o + % (5l,l’—1 + 5571/_,_1) . (8.29)

A sensible truncation allows for the diagonalisation of the Hamiltonian (8.29), yielding
an energy spectrum as depicted for the first few bands in Fig. 8.5(c). We focus now on the
two lowest bands at the edge of the Brillouin zone, k = —m/a (7/a). One realises that if
the off-diagonal elements of Hamiltonian (8.29) are small compared to the band width of
the lowest band, Vp/4 < h2G?/(8m), the system is described to a good approximation by
the degenerate subspace of those two bands (cf. Sec. 3.2.3). By letting k = k — G/2, with
|k|/G < 1 one can rewrite the Hamiltonian (8.29) as (where [,1' € {—1,0,1} for reasons
of readability)

2
b+ G R 0 __ (rop ow
0 % %(k _ G)2 4 2m
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8. A topologically protected edge state with ultracold atoms

where in the expression on the right-hand side we ignored the constant energy shift
h2G? /(8m) = 4E, as well as all terms O(k?). In addition, by introducing the new momen-
tum variable ¢ = hk, the effective velocity cor = Gh/(2m) = 2hko/m ~ 1.1e¢m s~ ! and an
effective mass megr = Vp/(4c%;) the right-hand side of Eq. (8.30) becomes

HD(Q) = Mleff Cgff Or +qCoft 0 . (831)

So indeed, close to the edges of the first Brillouin zone, where the lowest and second lowest
band interfere, one can describe the system effectively in terms of a Dirac Hamiltonian of
type (8.14), but with homogeneous mass for the current setup.

B-field gradient In order to implement the spatial dependency of the effective mass in
the Dirac Hamiltonian (8.31) the characteristics of the four-photon optical lattice outlined
above are exploited. Here, one needs to realise that the potential which is inversely
proportional to the Raman detuning dp can be shifted by means of magnetic fields. To
achieve the effective mass with the desired properties given by Eq. (8.12) one superimposes
two four-photon potentials V1 (z), V2(z) in the presence of the above mentioned quadrupole
field to compensate the Earth’s gravitational field. The initial respective Raman detunings
d1/2 are chosen to be the same in magnitude for both lattices but with opposite sign. On
top of that, both detunings get an equal correction from the magnetic field gradient,
yielding 81/ = 460 — upAB(z)/(2h). Here, the magnetic field is assumed to change
linearly as a function of space in the desired region, i.e., AB(z) = B(z) — B(0) ~ zdB/dz.
The amplitude of the respective lattice potential is then given as

00
h eff eff%:tvo_i_QVO'uB@

O3 ~ £V +2 8.32
5170 115, dzz—i- (z7) 0+ 20z, (8.32)

Vijao(z) =

where one expanded the expression to first order around z = 0, and in the last step
we defined a = Voup(dB/dz)/(4hd) ~ 19.0E,cm~!. The full lattice is again given by
Eq. (8.28), but here we replace Vj — (Vi(z) + Va(2)) = 4az, ie., V(z) = 2azcos(4koz).
Since spatially homogeneous parts of V; /, vanish by construction, the total lattice potential
experiences a zero crossing at z = 0. The total as well as the individual lattices are depicted
in Fig. 8.6, where it can also be seen that for z > 0 (z < 0) the maxima (minima) of the
total potential are located at integer multiples of A\/4.

Most crucially, upon replacing Vp — 4az in Eq. (8.30) one finds that the Dirac Hamil-
tonian (8.31) acquires an effective mass as

Mot — Met(2) = a2/, (8.33)

hereby realising a system that can indeed be effectively described by the one-dimensional
Dirac equation with spatially varying mass of Eq. (8.14). Note since we assume weak
magnetic fields, also the effective mass changes slowly as a function of space. There-
fore, one can indeed analyse the problem at a given point in space zy by considering the
bandstructure for an associated fixed effective mass meg(2) ~ meg(20), see Fig. 8.6(b).
The two-component Hamiltonian (8.31) with meg(z) then acts on spinors of the form
P(z) = (P1(z), \Ilg(z))T. Here, ¥; and Wy are understood to correspond to wavefunctions
of atoms with momenta close to +hG/2 = +2hky. The spatial representation of the total
wavefunction associated with the spinor ¢ is then given by

P(2) = Uy (2) e2H0% 4 Wy(z) e~ 202 (8.34)
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Figure 8.6.: (a) Resulting potentials V; /2(z) from the four-photon processes shown in Fig. 8.5(b).
The increasing (decreasing) behaviour of the respective lattice depth for increasing z is due to a
positive (negative) Raman detuning, see Eq. (8.32). The combined potential, V; 4+ V5, yields a zero
crossing. (b) Illustration of the spatial variation of the lowest two bands near the (gapped) Dirac
point (cf. Fig. 8.5). The shown bands can be seen as representations of vertical cuts in Fig. 8.4(c).
(c¢) The eigenvalues of the microscopic 1D Hamiltonian (circles) close to the band crossing agree
with a precision higher than 1% with the energies (crosses) of the Dirac equation given by Eq. 8.26.

Furthermore, using the expression for the Dirac spectrum (8.26) one expects the experi-
mental system to possess a characteristic frequency of about wg ~ 163 Hz. Even for the
cold atom setup at hand this is a rather small energy scale, wy/E, ~ 0.04, and therefore
the experiment appears to be highly sensitive to noise, particularly to fluctuations in the
magnetic field. Thus, in order to suppress this respective noise the experiment is placed
within a single layer p-metal shielding.

We stress again that the presented effective description of the system only holds for
atoms that have been prepared in momentum states close to the edge of the Brillouin
zone. In fact, we have numerically checked? that the spectrum of the full 1D Hamiltonian,
H = —h%0?/2m + V(z), coincides with the Dirac one of Eq. (8.26) for the first twenty
states or so n < 20, see Fig. 8.6. The reason for this good agreement is the fact that
the width of the most confined bound state, i.e., the topological edge state, Ip ~ 16.2 um
is of about two orders of magnitude larger than the lattice spacing a ~ 196 nm. This
guarantees that relevant momenta are small. Nevertheless, one should bear in mind that
the system only simulates the spatially-dependent Dirac Hamiltonian (8.12), and that the
relevant chiral symmetry of the latter is only emergent and not a true symmetry of the
(experimental) system.

8.2.3. Experimental procedure: preparation and detection

While tailoring the lattice potential as presented above leads to an effective description
in terms of an Dirac Hamiltonian of type (8.14), the system at hand does not naturally
occupy the desired quantum states at the edge of the Brillouin zone. Hence, the rubidium
BEC needs to be engineered in an appropriate way in order to allow for the targeted
effective description. We continue to briefly summarize the engineering process in this
section. A more in-depth description can be found in Refs. [53,321].

After the production of the BEC as sketched above, the cloud is adiabatically expanded
in the z-direction. The reason for this is that the ultimate population of the simulated

3 Technically, this was done by using box potential eigenfunctions of form \/% sin[ZX (z + £)], with
m € Z, and ensuring that results are stable under enlarging the box size, L — co.
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8. A topologically protected edge state with ultracold atoms

topological edge state at (shifted) energy E' = 0 is maximised by spatial matching of the
respective wavefunctions. Technically, the expansion is performed by further lowering the
dipole trapping beam. At the end of the sequence, the atomic cloud is composed of ~
10, 000 atoms and has a typical spatial extension in the vertical direction of about Azymg~
10pm. This compares to the root mean square (rms) width of the edge state of Azy =
Ip/v2 ~ 11.5um. At the end of the adiabatic expansion, the trapping frequency along
this lattice beam axis is w,/2m ~ 4Hz, and magnetic trapping frequencies in orthogonal
directions are w, /27 ~ 28.5Hz and w, /27 ~ 10Hz. The associated momentum width of
the atomic cloud along the lattice beam axis is determined to be Ap, ~ 0.01hky. This
corresponds to an effective (1D) temperature of about 35pK. After these first steps of
preparation, the cloud of atoms in z-direction is described by the corresponding part of
the wavefunction, ¢, (z).

Following the adiabatic expansion of the BEC, the dipole trapping beam is extinguished
and the atoms are irradiated with the laser light creating the periodic potential of form
(8.28). Most importantly, at the same time the atoms are also subject to two simultane-
ously performed Bragg pulses of opposite direction (for more details on this Bragg-pulse
technique, see Ref. [339]). These pulses imprint a momentum transfer of £G/2 = 2k
onto the rubidium atoms. Therefore, the initialised wavefunction in z-direction ¢; reads
as
1

V2

with ¢ being a phase shift that can be conveniently imprinted by an appropriate adjust-
ment of the Bragg pulses. After the momentum transfer, the wavefunction (8.35) can

0i(2) = = Bu(z) (7107 + o7 k%) (8:35)

indeed be understood in terms of an associated spinor ¢;(z) = (¥1, \IJQ)T, which is acted
on by the Dirac Hamiltonian (8.14), with ¥} = Wy = ¢,(2)/v/2. Eventually, the ex-
perimental system should therefore follow the physics predicted by the set of eigenstates
and eigenenergies presented in Sec. 8.2.1. Here, the detailed occupation of the eigenstates
is determined by the spatial shape of the initial cloud as well as the phase shift p. We
assume a spatially symmetric initial cloud with respect to the zero crossing of the lattice
at z = 0, see Fig. 8.6(a). By comparing the emerging structure of 1; with the explicit
form of the eigenstates, see Eq. (8.23), it is apparent that a maximal population of the
edge state can only be obtained for ¢ = 7/2. In contrast, for ¢ = —m/2 the overlap with
1o is nullified, and, in fact, also for all other spinor eigenstates v, with n/2 € N. Instead,
eigenstates with odd indices n are populated according to the spatial shape of ¢,. Note
that a symmetric initial cloud generally populates all -pairs of eigenspinors equally. So,
ultimately, the experimental verification of the edge state is achieved by comparing dy-
namical evolutions of the system depending on the initial preparation parameter ¢: while
atoms occupying the zero energy state are expected to remain pinned as time evolves, an
equal population of, e.g., the first excited states leads to a subsequent detectable beating
of the density profile of frequency 2wy, see Sec. 8.4.

The detection of the atomic cloud following the interaction with the optical lattice is
done by recording a shadow image of such. This procedure images the spatial distribution
of the cloud in the zz-plane, n(z, z). The final image is obtained by standard absorption
imaging techniques in the absence of the lattice beams [53]. Note that the size of the
recorded cloud along the z-axis is dominated by the spatial resolution of 4.8um of the
used imaging system.

Lastly, we note the following crucial aspect: the rubidium atoms used in the experiment
are bosons, while the Dirac Hamiltonian naturally describes the dynamics of fermions. In
a purely non-interacting case those two descriptions are similar. However, the situation
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changes fundamentally once interactions are taken into account. Since the rubidium BEC
is indeed a (weakly) interacting many-particle system they cannot be blindly ignored, but
rather have to be analysed in detail. In the same spirit, it is not directly obvious whether
the effective one-dimensional description discussed here is sufficient to correctly capture
the physics of the 3D cloud. Nevertheless, we will show in the next section that in the
end interaction effects are negligible to good approximation, and thus the effective 1D
formalism presented here is indeed applicable.

8.3. Mean-field interaction effects and theoretical predictions

So far all interaction effects have been neglected. Nevertheless, in typical experiments
with ultracold bosonic atoms captured in harmonic traps interactions cannot be sim-
ply ignored. Due to small densities of atoms (see Sec. 2.1), interactions are typically
treated well by a mean-field description in terms of the celebrated Gross-Pitaevskii equation
(GPE) [340-342], see below. So before showing experimental results as well as theoretical
interpretations of the simulated Dirac Hamiltonian, we will thoroughly study mean-field
interaction effects in this section by analysing the corresponding Gross-Pitaevskii equa-
tion as well as an effective Dirac version thereof. Later, in chapter 9 we will go beyond
this mean-field approach and show effects that are unique to the realisation of the Dirac
Hamiltonian (8.12) with an interacting bosonic gas of cold atoms.

Bose-Einstein condensation was the first milestone reached in the field of ultracold
atoms [58,59]. Ever since these accomplishments were reported in the mid 90’s, ultra-
cold (bosonic) degenerate quantum gases have been the major building block of an entire
generation of novel types of experiments, see Sec. 2.1. There exist an extensive list of
comprehensive studies of Bose-Einstein condensation both in general as well as addressing
the role of interactions. Thus, we refrain from presenting a detailed analysis of the ef-
fects of interactions in BECs, but rather highlight aspects that are relevant to the specific
experimental setup presented in this chapter, see above. For more details, though, the
reader is referred to, e.g., Refs. [343-347], and references within.

8.3.1. The Gross-Pitaevskii equation

Ultracold atoms typically only exhibit s-wave scattering due to low thermal energies of the
particles. The system of N particles is well described in these situations by the following
many-body Hamiltonian [343]

A

2
H= / dr Ui(r) [ - ;—mVQ + Vext(r)]@(r) + 20T (@) (o) O ()T (x), (8.36)

NGRS

where ¥T(r) and ¥(r) are bosonic field operators that create and annihilate a particle at
position r, respectively, and
m, 2.2 2,2 2,2

Vext(r) = E(wxx +wyy” + w;z%) (8.37)
being the external harmonic confining potential. Furthermore, g=4mwh%as/m is the inter-
action strength parametrized by the s-wave scattering length as. For the rubidium isotope
87TRb this scattering length is given by as~100ag, where ag=5,29x 10~ "m describes the
Bohr radius. The Hamiltonian (8.36) therefore also describes the system at hand after
the adiabatic expansion discussed above, see Sec. 8.2.3, with associated harmonic trapping
frequencies w,, wy, and w,.
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Next, it is assumed that the population of a certain single-particle state is very large
Ny > 1, and that indeed the majority of the particles condense in this state, Ny/N ~ 1.
One can then write the field operator in its Heisenberg form approximately as ‘if(r, t) ~
O(r,t) + oU(r, t), with 5 being a small perturbation. Impoartantly, ®(r,t) is a complex
function that is defined as the expectation value of the field operator, ®(r,t) = (¥(r,t))
[344]. The aim is then to determine an equation of motion for the classical field ®. One
way? to proceed is to use the Heisenberg equation of motion and subsequently replace
all field operators 1\ by its classical counter part ®. Letting ®(r,t) = VN ¢(r,t), with

[ dr|p(r,t)|> = 1, one finally finds the time-dependent Gross-Pitaevskii equation [340-344]

. h2 2 2
iho(r,t) = | = 5V + Vexi(r) + gN |o(r,0)[ | o(x,1). (8.38)

Again, the validity of this equation is controlled by the condition that the s-wave scattering
length ought to be much smaller than the average distance between atoms, and that the
number of atoms in the condensate is much larger than one [344]. If these conditions are
fulfilled, Eq. (8.38) describes powerfully the dynamics of the BEC in its ground state.

In order to determine this ground state, one makes the ansatz ¢(r,t) = e~/ ¢(r),
where p is the chemical potential and ¢(r) is now a real function that is still normalised
to unity. By substituting this ansatz into Eq. (8.38) one obtains the static GPE [343,344]

2
- %VQ + Vet r) + gN [¢(x)[* | 6(x) = po(x). (8.39)

In general, this time-independent Schrodinger-like equation can only be solved numerically
due to the nonlinear term proportional to the particle density. Nonetheless, one can
analytically investigate the two limits of ¢ — 0 and gIN — co: if the interaction strength
vanishes, g = 0, Eq. (8.39) obviously reduces to the Schrédinger equation of a single-
particle. Hence, with the form of the external potential given in Eq. (8.37) the problem
simply becomes a three-dimensional harmonic oscillator. The ground state wavefunction
of the BEC in such a scenario is therefore proportional to a Gaussian wavepacket

ho(r) o exp { - Q—W;(wxx2 + wyy® + wZZQ)] . (8.40)
On the other hand, in the limit of very large N the nonlinear term in Eq. (8.39) domi-
nates over the kinetic term (except at the edges of the cloud). Thus, the density profile
(normalised to IN) is approximately given by n(r) = N|é(r)|> = %[u — Vext(r)] for the
region where p > Ve (r) and n(r) = 0 everywhere else. This situation is also called the
Thomas-Fermi limit.

8.3.2. An effective 1D Gross-Pitaevskii-Dirac equation

Right before the optical lattice is switched on and the atoms are irradiated with Bragg
pulses, the atomic cloud in its harmonic trap is described by the GPE (8.38) or (8.39),
respectively. As for the non-interacting case, we will now show that also the interacting
system is effectively described by an emergent Hamiltonian after the optical beams are
switched on. To this end, we assume that after the two Bragg pulses have imprinted a
momentum change of +2kph in z-direction the wavefunction of the BEC can be written
as (cf. Eq.(8.34))

p(r,t) = Uy (r,t) 2k0% L Wy(r,t) e~ 2ik0% (8.41)

4 A different approach is to proceed by some variational procedure with respect to the energy functional.
In this case, the Gross-Piaevskii equation coincides with the Euler-Lagrange equation for the respective
problem [343].
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where again a spinor v associated with the wavefunction ¢ is defined as

T
) = (Ui(r,8), Uo(r,1)) . (8.42)

Here, the normalisation condition [ dr|iy(r)| = 1 holds. Note that in the following we will

drop the time variable for notational convenience. Upon substituting this ansatz for the

wavefunction into expression (8.38), the non-interacting part of the GPE becomes
[~

"~ 2m

V24 Ve ()| 6(r) = [HY 1+ Hp|v(r) (8.43)

which is just a reformulation of the non-interacting part of the Hamiltonian in each spatial
direction in terms of the two-dimensional harmonic oscillator Hamiltonian
ho Lo 2 m, 9 2 2,2
H° = [— %(636 +0;) + g(wx:v + wyy )} (8.44)

and of the Dirac Hamiltonian Hp given by Eq. (8.14) describing the non-interacting
dynamics in z-direction. Note that if there were no interactions, the wavefunctions
Uy, Uy would factorize into parts corresponding to each spatial direction, e.g., Wy(r) =
Uy (z)U1(y)¥1(z). Here, every part of the wavefuntion could be efficiently expressed in
eigenstates associated with the respective spatial direction, i.e., harmonic oscillator states
in zy-direction and eigenstates of type (8.25) in z-direction. Such a straightforward de-
composition is, however, not readily allowed, since interactions couple the dynamics along
orthogonal spatial directions.

Using Eq. (8.41) the nonlinear interaction part of the Gross-Pitaevskii equation can be
written as

’¢(r)‘2 (l)(r) _ (|\IJ1|2 + |\P2|2 + \I/T\IIQ e—4ik’oz + \115\111 e4’ikoz) (‘1/1 e?ikoz + \IJQ e—?ikoz)
~ (|07 + 2| Wa| ) Ty e2H02 4 (|Wy]? 4 2|, [) Wy e 20 (8.45)

where we neglected all contributions to the parenthesis proportional to e***0%  This is
justified since large transfers of momenta are suppressed, i.e., the overlap of a spatially
smooth with a fast oscillating function averages to zero. Thus, we can represent the
interaction term after the Bragg pulses as

|2

2
o) (r) (‘q’l‘ 2P 0 ,2> b(r). (8.46)

0 0o f* + 20

Merging Eqgs. (8.43) and (8.46) renders an effective description of an interacting BEC
that is close to momenta +2hky. The resulting Gross-Pitaevskii-Dirac equation (GPDE)
eventually takes on the form

ihdy(x, t) = [HY® + Hp + %(3 (e, 21— (¢ (xr,8) oo 9 (x,8) o) | 0(x,8) . (8.47)

In order to estimate the importance of interaction effects on the dynamics of the effective
Dirac system, and thus letting Eq. (8.47) become more accessible to a numerical analysis,
we continue by making a crude assumption: we presume that the wavefunction (8.41) does
indeed factorize as

o(r) = oL (2,y) ¢(2) = &% (x,y) p(2) . (8.48)

Most importantly, here we assume that in perpendicular direction the condensate is
trapped in the ground state of the harmonic oscillator described by Eq. (8.44). The
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trapping frequencies of this harmonic oscillator are still given by w,/2r = 28.5Hz and
wy/2m = 10Hz, respectively. The Dirac spinor associated with the wavefunction (8.48) is
then given by

U(x) = (e, 9) x (01(2),92(2)) = o, y) x (). (8.49)

Formally, this assumption is correct in the limit where the energy scale of the perpendicular
harmonic oscillator is much larger than the characteristic frequency of the Dirac spectrum,
i.e., min(wy,wy) > wo = \/2ceqa/h. In fact, this is not the case for the described exper-
imental setup, where wy/2m ~ 163Hz. We note, however, that the approximation (8.48)
overestimates interaction effects, since it neglects their importance for the perpendicular
directions leading to an underestimated size of the wavefunction in those directions. While
this treatment can therefore not be used to give precise quantitative predictions, it is still
sufficient to estimate an upper bound on the interaction effects.

Time-dependent GPDE

After having made an ansatz for the wavefunction, we substitute (8.49) into the GPDE
(8.47) and multiply from the left by (¢!1°,)*. This is followed by an integration over the
x- and y-direction. Due to the spatial deéoupling of Egs. (8.48) and (8.49) these integrals
can be trivially evaluated. By using the identities [dxzdy \(b}j_‘?oP =1 and [dxdy ‘¢1i?0’4 =
(2mlyl,) ! one obtains an effective one-dimensional GPDE of the form

i (z,1) = Hp (2, 1) + g [3[0(2, )2 1 = ($(=, ) ouv(z,0) 02 | (2, 8), (8.50)

where g'd = gN/(4nl,l,) describes the effective one-dimensional interaction strength with

lepy =
constant energy shift due to [dxzdy (cZ)lj_‘?O)*Hﬂl_oqblj_‘de} = E |1 was ’gauged away’ by letting
B(t) - p(t)eELt/n,

One can now study Eq. (8.50) with relatively little numerical afford (e.g., by a built-in
function of the programme Mathematica). Fig. 8.7 shows the dynamical evolution of the
density profile®, n(z) = [1)(z,t)|?, of differently prepared initial atomic clouds and for
varying interaction strengths ¢'d. As explained in Sec. 8.2.3, the atomic cloud is initially
expanded adiabatically to match the Gaussian envelope of the topological edge state given
by Eq. (8.27). Hence, we choose an initial state with spatial profile given by ¢, (z) = #°(2)
and investigate two distinct relative phases imprinted by the Bragg pulses, ¢* = 7/2 and
@ = —m/2, respectively. The two studied initial states are thus & (z) = o(z) and
wf(z) = —ﬁ(zﬁf(z) + 11 (2)), respectively, where v; is the spinor associated with the

\/ i/ (mw,,) being the respective harmonic oscillator length. Note also that the

initial wavefunction ¢;(z), see Eq. (8.35), and 1 (z) are eigenstates of the non-interacting
Dirac problem, see Sec. 8.2.1. The system’s behaviour in the non-interacting limit, g — 0,
is shown in Figs. 8.7(a) and (d): if the system is already prepared in the edge state, it
will remain static as a function of time. In contrast, if the state is prepared as a pair
of first excited states, it will show a clean beating pattern with an oscillation period of
T =m/wy = 3ms.

The situation obviously changes when interactions are taken into account. The ex-
periment is typically conducted with ~ 10,000 rubidium atoms [53], which leads to an

5 In fact, in Fig. 8.7 we only plot | U1 (2)|* 4+ |¥1(2)|?, since rapidly oscillating interference fringes arising
from 2Re[W} (2)Wa(z)e ***0*] cannot be resolved within the experimental resolution.
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Figure 8.7.: Time evolution of a one-dimensional cloud of atoms according to the time-dependent
Gross-Pitaevskii-Dirac equation, see Eq. (8.50). Interaction strength increases from left to right,
9/gexp = 0,1,3. (a)-(c) Relative phase imprint of ¢ = 7/2 (see Eq. (8.35)) allowing for a popula-
tion of the zero energy state. (d)-(f) An equal superposition of first excited states ¥ initialised
by choosing ¢ = —7/2 causes an oscillatory behaviour of the cloud. Interaction effects for experi-
mentally expected interaction strengths appear to be negligible.

associated effective interaction strength of gé‘fp /h ~ 5.6 x1073m/s. However, when con-

sidering this experimental value, interactions only seem to have a negligible impact on the
density’s time evolution, as can be seen from Figs. 8.7(b) and (d). Over the time scale
of 10ms one can only witness a small amount of newly emerging beatings for an initial
state . If the system is initially prepared in the state z/;f , one observes a shift in the
beating frequency that is also tiny in size. Importantly, the actual experiment can only
be run for times of about ~2ms, see Sec. 8.4. For such small time scales the results show
indeed no observable effect that could be resolved experimentally, see Fig. 8.7. Again,
recall that these discussed interaction effects are already overestimated and that the true
experimental signatures are expected to be even smaller.

Nonetheless, when increasing the interaction strength further, e.g., by trapping more
atoms or increasing the scattering length by means of Feshbach resonances (see Sec. 2.1),
the time evolution starts to behave non-trivially, In Figs. 8.7(c) and (f) we show, for
example, interaction strengths that are three times larger than used in the experiment.
Despite the fact that interactions still seem to play a minor role during the first beating
period, they do become dominant very quickly. Already for g/gexp = 3 and t > 2ms
the dynamics of the system cannot be straightforwardly explained by the non-interacting
Dirac Hamiltonian any more.

Stationary GPDE

Complementary to the approach of solving the time-dependent GPDE (8.50), one can also
solve a stationary energy eigenvalue problem in the spirit of Eq. (8.39) in order to find
the ground state of the problem. To this end, we make a similar ansatz as above, i.e.,
Y(z,t) = e #/M)(z). Substituting this expression into Eq. (8.50) then gives rise to the
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time-independent one-dimensional Gross-Pitaevskii-Dirac equation of the from

Hp(2) + g [3[0(2) 21 = (01 (2)0.0(2)) 0 | & = pp(2). (8:51)

Note that the notion 'ground state’ is actually quite delicate here: by ground state we refer
to the state that is adiabatically (in the interaction strength) connected to the zero-energy
state of the non-interacting system. However, the zero-energy state is in fact not a true
ground state of the system. While for fermions the system might still be stabilized by Pauli
blocking, this fact leads to an immediate qualitative effect of interactions in the present
case: the bosonic system, which is unbound from below, is intrinsically unstable. To
investigate this instability we study the Bogoliubov spectrum describing the fluctuations
around the stationary solution of the GPDE in chapter 9. We indeed find a pairwise decay
of atoms into higher and lower levels of same, but opposite energy differences. However,
the rates of this decay channel are on the per cent level of the typical oscillation frequency
wo, see Sec. 9.3. Moreover, spontaneous decay of the condensate into lower lying states
is suppressed on the mean-field level due to energy conservation. These circumstances
indeed allow us to straightforwardly proceed with an analysis of Eq. (8.51).

In order to numerically solve Eq. (8.51) we apply a standard iterative self-consistency
loop: first we prepare a test state 1/*=" being a randomly chosen combination of 1 and
d)li, where s denotes the step index. We then express the GPDE of Eq. (8.51) in the basis
of non-interacting Dirac eigenstates 1 and numerically diagonalise the resulting matrix.
Here, we check that results are unaffected by the truncation size given by some maximal
index value npax. We then select the eigenstate associated with the eigenvalue lying in
the center of the obtained spectrum and identify this state with 1*='. We repeat this
procedure until we reach the condition (1—|(%|¢*1)|) < €, where € < 1 is a threshold
set by hand (with typical values of 10~7). When performing this self-consistency loop, it
is possible that the evaluation gets trapped in some subspace of the space of solutions,
which prohibits convergence of the finial state. This behaviour can either be a numerical
artefact of the used procedure or might happen due to construction. The latter aspect is
mainly related to symmetry arguments. Note that owing to the identity matrix appearing
in the interacting part of Eq. (8.51) conventional SU(2) symmetries (such as the chiral
symmetry of Eq. (8.4)) are destroyed by the GPDE. However, the basis of Dirac states
that we use to solve the problem has the mentioned symmetry naturally encoded, which
potentially constrains the space of attainable solutions. To circumvent associated issues
we do the following: first, we choose a random initial state configuration as mentioned
above. Second, we admix a previously calculated state at step s—1 to the current state
at step s, i.e., ¥ = cp*+(1—c)p*~! with ¢ being chosen such that (1%[¢*) =1. Third,
it emerged to be numerically beneficial to use a different but equivalent representation of
the interaction part of the GPDE:

9" [3lvP1 — (Wlo-v)on] v = g [210P1 + (Wlouv)on + (loyw)oy | v (8.52)

We investigate the spectrum of the stationary GPDE (8.51) as a function of interaction
strength g. Fig. 8.8(a) shows the part of the spectrum that connects to non-interacting
energies EX with n < 3. One observes that all considered energies experience a relatively
strong shift, ~O(1), for an interaction strength comparable to experimental values. Fur-
thermore, this shift of energies is linear and appears to be the dominant effect of g. In
contrast, the shape of the edge state is affected only weakly, ~0(0.01), by experimental
interaction strengths, as can be seen from Fig. 8.8(b). This is consistent with the previous
findings of Fig. 8.7. When increasing the interaction strength to g = 3gexp the state still
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Figure 8.8.: Spectrum and eigenstates of the stationary Gross-Pitaevskii-Dirac equation, see
Eq. (8.51). (a) Spectrum of the GPDE is dominantly shifted linearly in g, and effects are of order
one for g/gexp = 1. (b) Density profiles of the edge state n = 0 (blue) and first excited state
n =1 (red) for different interactions strengths. Here, experimental values of g only cause changes
of the order of 1%. (c) Overlap of calculated eigenstate 1»** with corresponding non-interacting
bound state 1)y. The inset shows a double logarithmic plot revealing the quadratic dependence on
g. Here, the red, dashed line is a guide to the eye.

retains its shape, but the change is now significant. We also calculated the eigenstate
associated with the n = 1 excited state of the Dirac spectrum. Here, the observation is
similar as for the n = 0 edge state, see Fig. 8.8(b). In order to quantify the effect of g on
the eigenstates, and hence on the density profiles, we calculate the overlap with the associ-
ated non-interacting state, |(1;5|1)*)|. Fig. 8.8(c) reveals that density profiles are affected
only to quadratic order in g. In fact, all observables studied in the experiment depend
quadratically on g. The reason for this behaviour is a reminiscence of the chiral symmetry
(8.4) of the Dirac Hamiltonian Hp: when evaluating observables, linear contributions to
wavefunctions are cancelled by equal but opposite contributions associated with ;" and
1., yielding a net effect that is proportional to g2.

In conclusion, the performed quantitative analysis shows that all experimentally relevant
interaction effects turn out to be on the per cent level only and thus negligible, since they
are not within experimental resolution. This statement is even enhanced by recalling
th