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Abstract

Rotations constitute one of the fundamental symmetries in physics,
characterized by their intricate group structure and infinite dimen-
sional representations. In contrast to classical rotations, quantum
mechanics unveils the SO(3) symmetry group structure, manifest-
ing in phenomena without classical counterparts, from angular mo-
mentum quantization to non-trivial addition of angular momenta.
While most studies of topological physics have focused on two-band
systems, the SO(3) symmetry group of quantum rotors offers an
inherently more complex platform with unprecedented possibili-
ties for exploring topological phenomena. Despite their ubiquity in
nature— from molecules to nanorotors— their potential for hosting
topological phases has remained largely unexamined.

In this thesis, we mainly focus on periodically driven linear molecules
as a prototype for studying topological phenomena in quantum ro-
tors. Recent technological advances in coherent control of molecules,
particularly through precisely shaped laser pulses, have made it pos-
sible to investigate linear rotors in the context of topology. While
planar rotors have received some attention in recent years, three-
dimensional rotors—particularly linear molecules-harbor substan-
tially richer topological phenomena due to their non-abelian nature
and their additional angular degrees of freedom. We demonstrate
that these systems can host novel edge states and topological features
fundamentally impossible in planar systems.

We begin by establishing a theoretical bridge between periodically
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kicked rotors and "crystalline" lattices in angular momentum space.
Using non-interacting linear molecules as our primary example,
we show how quantum interference and revival patterns lead to
the possibility to simulate band models with arbitrary number of
bands N. While our framework applies to various quantum rotors,
including nanorotors and kicked Bose-Einstein condensates, linear
molecules provide an ideal experimental platform due to their above-
mentioned precise controllability.

The core of this work examines adiabatic dynamics of 3D quantum
rotors, establishing a geometric framework based on the Euler class
to characterize its non-abelian topology. The non-Hermitian nature
of the system enables novel braiding behaviors and topological tran-
sitions impossible in static systems, leading to an anomalous Dirac
string phase with edge states in each gap, even though the Berry
phases are all zero. These features can be directly observed through
molecular alignment and rotational level populations.

These findings establish quantum rotors as an alternative platform
for studying multi-band topological physics, while suggesting prac-
tical implementations for quantum computation where topological
protection could offer natural resilience against decoherence. The
rich structure of three-dimensional rotation groups, combined with
the tunability of topological features through driving parameters,
makes this platform particularly valuable for exploring fundamental
physics and developing quantum technologies.
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CHAPTER

Introduction

It has long been an axiom of mine that the little things are
infinitely the most important.
— Arthur Conan Doyle, A Case of Identity

1.1 Motivation

Amidst the enormous variety of physical phenomena, few concepts
appear as deceptively simple, yet prove as profoundly deep as the
notion of rotations. Indeed, the Hamiltonian that governs quantum
rotations — while arising from one of the most elementary non-trivial
Lie groups, SO(3) — unveils mathematical structures of astonishing
intricacy.

In this thesis, we shall embark on an odyssey through the quantum
mechanics of rotation. We will uncover synergies between molecular
and chemical physics, condensed matter theory, and the abstract
mathematics of geometry and topology — all emerging from the
infinite-dimensional representations of SO(3) and the delicate inter-
play between continuous and discrete symmetries that shape our
cosmos. Our analysis reveals that the study of molecular rotations
leads to an understanding that discloses new complexities born from
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1. INTRODUCTION

the interplay between the mathematical formalism, the peculiarities
of the quantum mechanical treatment, and the physical properties
of molecules.

Our experimental advances in controlling quantum systems have
largely focused on transitions of two-level systems [6]. When we
attempt to reduce complex phenomena such as molecular rotations
to such two level systems, we essentially restrict ourselves in ex-
ploring a minuscule corner of available Hilbert spaces. The full
structure of SO(3) quantum rotations offers a vastly more opulent
playground. While the classical theory of angular momentum has
been known for centuries, its quantum control applications remain
largely unexplored.

We begin with a historical perspective on quantum rotations, fol-
lowed by recent developments that motivate our research objectives
and guide the structure of this thesis.

1.1.1 A short history of rotations

The study of rotational motion has its roots in ancient astronomy.
Babylonian astronomers were among the first to systematically record
celestial events, noting the periodic nature of celestial motions. Their
meticulous observations of the Moon, including deviations from uni-
form circular motion, laid the early groundwork for understanding
rotational dynamics [7]. The Babylonians excelled at identifying
patterns in the heavens and recognized that celestial bodies did not
always follow simple circular paths. This realization prompted them
to develop early geometrical models to explain these behaviors'.

1As Aaboe highlights [7], "Thus the astronomical tradition in the West is linked to Baby-
lonian astronomy. Mathematical astronomy was, however, not only the principal carrier and
generator of certain mathematical techniques, but it became the model for the new exact sciences
which learned from it their principal goal: to give a mathematical description of a particular class
of natural phenomena capable of yielding numerical predictions that can be tested against observa-
tions.” Furthermore, Aaboe underlines the Babylonian contributions to the foundations of

2



1.1. Motivation

Although Ptolemy’s geocentric model of the solar system with its
rotating spheres was incorrect, it required a basic understanding
of how angular velocity relates to radius®. Later, in the medieval
period, Islamic scholars like Ibn al-Shatir improved upon the Ptole-
maic system?’, hence indirectly contributing to the theory of rotations.
European scholars, such as Jean Buridan, challenged the classical
Aristotelian physics, which, at its core, was unable to explain rota-
tions [11]. These scholars introduced concepts that would later lead
to the understanding of inertia and momentum. However, under-
standing the moment of inertia without a framework of differential
calculus proved to be a formidable challenge.

It was only in the 17th century that Newton and Leibniz provided
the mathematical foundation to describe continuously rotating bod-
ies with changing angular momenta and dynamic torques through
differential calculus. Although they attempted to write down the
equations for angular momentum, they did not achieve what reached
its pinnacle through the work of Euler in 1765 [12]. He derived the

scientific thought, suggesting that their qualitative models of celestial motion inspired
later advancements in astronomy. Although their methods did not achieve the precision
of later astronomical models, the qualitative insights they provided were instrumental in
shaping subsequent theories. Therein, it is also noted that the idea of representing celestial
motions through geometric constructs might have paved the way for future scholars, such
as Hipparchus and Ptolemy.

’The Ptolemaic system (developed in 150 ce) used an intricate arrangement of def-
erents (large circles) and epicycles (smaller circles) to explain planetary motion. While
mathematically powerful, its use of an equant point-which allowed for non-uniform
circular motion—faced objections from Islamic astronomers and later from Copernicus.
For philosophical rather than astronomical reasons, Copernicus rejected the equant and
instead added more circles to his heliocentric model to achieve the same result [8].

3Ibn al-Shatir was an Arab astronomer, mathematician, and engineer who lived from
1304 to 1375 in Damascus, Syria. He served as a muwaqqit (timekeeper) at the Umayyad
Mosque, where he was responsible for regulating the astronomically defined times of
prayer [9]. Ibn al-Shatir made significant contributions to astronomical instrumentation
and planetary theory. Most notably, he developed a geocentric model of planetary motion
that was mathematically identical to Copernicus’ later heliocentric model, raising questions
about the possible transmission of his ideas to Europe [10].

3



1. INTRODUCTION

rotation of rigid bodies, which in modern notation reads
L=LxQ (1.1)

with the angular momentum vector L and the angular velocity vector
Q with components J;./I;;,, where I;; are the principal moments of
inertia?. These seemingly simple equations give rise to remarkably
diverse physical phenomena, ranging from the regular precession
of a spinning top to the chaotic motion of asymmetric rotors, where
the ratio of moments of inertia dictates the system behavior [13].
Moreover, the non-linear nature of these equations leads to fascinat-
ing phenomena such as the tennis racket instability, where rotation
around the intermediate axis becomes unstable [14-16]. This insta-
bility manifests dramatically in the Dzhanibekov effect®, where objects
flip when rotating around their intermediate axis.

The scientific revolution of quantum mechanics transformed not just
our understanding of nature, but the very language we use to de-
scribe it. Planck’s quantum hypothesis in 1900 [ 18] marked only the be-
ginning of this transformation — the mathematical framework needed
to capture quantum phenomena remained elusive for decades [19].
Heisenberg’s breakthrough on the island of Helgoland in 1925 [20],
followed by Born and Jordan [21], provided the first rigorous math-
ematical framework through the so-called matrix mechanics. Von
Neumann’s work in 1927 [22] finally revealed self-adjoined opera-
tors as the natural language of quantum phenomena, ensuring two
crucial properties: the reality of eigenvalues and the conservation of
probability [19].°

“This will be explained in much more detail in Section 2.2.

>The Dzhanibekov effect, discovered by astronaut Vladimir Dzhanibekov during his
1985 mission aboard the Salyut Orbital Station, demonstrates how the tennis racket insta-
bility manifests in free-floating objects. When rotating around their intermediate principal
axis of inertia, objects undergo periodic flips without any external forces, a behavior fully
explained by Euler’s equations. This effect also offers exciting potential applications in
inertial navigation, where altering the distribution of spacecraft components can effectively

manipulate moments of inertia [17].
®The philosophical implications of quantum mechanics have generated intense debate
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1.1. Motivation

The machinery of angular momentum operators developed by Pauli,
Dirac, Uhlenbeck, Goudsmit, and others became the basis of our
understanding of atomic structure, from elementary spin to molec-
ular rotations to collective electronic excitations in materials’. This
quantum mechanical perspective unveiled a myriad of new phenom-
ena, where the quantization of angular momentum and the inherent
symmetries of the system dictate its behavior [25, 26].

Today, it has become clear that the Hamiltonian of quantum rotors
spans a remarkable range of physical systems. They show up in
driven Bose-Einstein condensates, manifest in rotating molecules,
and appear in systems as diverse as nanorotors or the rotational
behavior of non-spherical nuclei [27-32]. Perhaps even more in-
triguing is their manifestation as quasiparticles — rotational states of
excitons, polaritons, the newly-discovered Angulons, or Laughlin
quasi-holes [33-37]. Each incarnation offers a new window into
fundamental physics, revealing the connections between seemingly
disparate phenomena through the unifying concept of angular mo-
mentum.

since the 1920s. While the 'Copenhagen interpretation” emerged as dominant after the 1927
Como and Solvay conferences, where Bohr presented his concept of complementarity,
its precise meaning remains contested. As Camilleri demonstrates [23], the interpreta-
tion spans diverse philosophical perspectives, from logical positivism to neo-Kantianism.
Even among its principal architects, there was significant disagreement: von Neumann,
Dirac, and Wigner either ignored or explicitly criticized Bohr’s notion of complementarity.
The term 'Copenhagen interpretation” thus represents not a unified philosophical frame-
work, but rather a collection of related viewpoints addressing the fundamental nature
of measurement, reality, and human knowledge in quantum mechanics. This philosoph-
ical tension between mathematical formalism and physical interpretation continues to
generate discussion today [23].

“For a historical account of quantum mechanics and the spin in particular, see Wein-
berg [24], p.5. Notably, Weinberg emphasizes how attempts to resolve the relativistic spin
corrections led Schrédinger to his wave equation.
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1. INTRODUCTION

1.1.2 Modern developments in rotational physics

In recent years, a series of experiments have transformed our under-
standing of molecular structure and quantum rotations through the
use of high-intensity pulsed laser sources [38-42]. These tools have
revolutionized our ability to control and image molecular rotational
dynamics, enabling us to achieve molecular alignment in both one
and three dimensions with control over angular distributions [27,
43]. Quantum state tomography of rotational wavefunctions, once
considered cumbersome, has become possible through techniques
such as Coulomb explosion imaging and time-resolved x-ray diffrac-
tion [44, 45].

What makes this development fascinating is how it connects seem-
ingly disparate areas of physics. A linear molecule subjected to a
train of identical linearly polarized pulses exhibits behavior similar to
Anderson localization, a phenomenon first discovered in condensed
matter physics [46—48]. This is not merely an analogy; it is a physical
correspondence that reveals fundamental aspects about quantum
mechanics itself. The angular momentum lattice becomes a synthetic
dimension, where localization occurs in angular momentum space
rather than real space, yet still follows the same universal princi-
ples. This parallel illustrates how the lattice-like structure of pulse
trains can serve as a powerful tool for simulating condensed matter
systems [47, 49].

For quantum information science, quantum rotors provide a third
fundamental quantum state space, different from the widely studied
qudits and harmonic oscillators [50]. Recent experimental advances
in ion systems [51, 52], superconducting circuits [53, 54| and ultra-
cold molecules [55, 56] have made quantum rotor control increas-
ingly feasible. The SO(3) structure inherent to three-dimensional
rotors offers both naturally protected quantum gates through non-
abelian geometric phases and high-dimensional quantum encoding
in their infinite-dimensional Hilbert space [50, 57, 58]. Moreover,

6



1.1. Motivation

polyatomic molecules extend these possibilities by accessing higher
symmetry groups. These non-abelian geometric phases that come
together with these groups enable novel schemes for topological
quantum error correction.

Perhaps the most remarkable aspect of molecular rotors is their abil-
ity to exhibit quantum phenomena at room temperature [27]. This
is not just experimentally convenient; it represents a fundamental
advantage for quantum simulation. The physics we observe in these
driven systems is diverse, encompassing Anderson Walls, Bloch
oscillations, topological edge states, and angular momentum trans-
port [59, 60]. Surprisingly, band theory, a cornerstone of solid-state
physics, describes these quantum rotors with unexpected effective-
ness [61]. This effectiveness hints at deeper principles we are only
beginning to understand. The periodic structure in angular momen-
tum space, induced by periodic driving, creates a synthetic crystal
structure where, as we will see, topology and geometry interplay in
novel ways.

Central to our approach is the manipulation of molecular rotation
using ultrashort, high-intensity laser pulses via off-resonant Raman
transitions. Previous studies of periodically driven three-dimensional
molecular rotors focused on quantum resonances [62], dynami-
cal localization [59, 60, 63-66], and zero-angular momentum edge
states [67, 68]. Moreover, recent advances in imaging molecular ro-
tational dynamics [38, 39, 41] and controlling their angular degrees
of freedom open new possibilities to probe kicked rotor physics.
Now, the time has come to redirect our focus in atomic and molec-
ular physics toward a paradigm that has already revolutionized
condensed matter physics.



1. INTRODUCTION

1.2 Topological physics

The emergence of topological physics in the last decades has funda-
mentally transformed our understanding of quantum matter [69-
71]. While the field gained wide recognition with the Nobel Prize in
Physics awarded to Thouless, Haldane, and Kosterlitz in 2016 [72],
its foundations were established through various seemingly unre-
lated discoveries throughout the 20th century. The central insight —
that geometric and topological properties of wavefunctions funda-
mentally shape their characteristics — has revolutionized materials
research (see Fig. 1.1). This paradigm came into existence from pre-
cise experimental observations of the quantum Hall effect by von
Klitzing in 1980 [73], where the Hall conductance of a material sub-
jected to strong magnetic fields exhibited exact quantization in units
of e2/h.8

The theory of topological physics evolved as follows: Thouless demon-
strated that the quantized Hall conductance corresponds to a topo-
logical invariant — the first Chern number of the electronic Bloch
states [77]. Haldane later established that topological phases can
exist without external magnetic fields, first in antiferromagnetic
chains [78] and subsequently in two-dimensional electronic sys-
tems [79]. These seminal works established topological phases as a
fundamental phenomenon in quantum systems [70].

The ubiquity of topological phenomena in material science natu-
rally raises the question of their universality across different areas of
physics, and science in general. Indeed, the underlying mathematical
structures have a long historical tradition. Classical manifestations
of so-called geometric phases appeared as early as 1851 in Foucault’s

8The precision of his measurements was so remarkable that when first presented,
many physicists expressed skepticism as the quantization exceeded their best resistance
standards at the time by many orders of magnitude [74]. Von Klitzing received the Nobel
Prize in 1985, just five years after his discovery — an unusually rapid recognition that
shows the importance of the discovery. Today, the quantum Hall resistance serves as a
resistance standard, with h/e? known as the von Klitzing constant (RK).
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1.2. Topological physics

Figure 1.1: Illustration of topology. A ball, a ring and a pretzel represent distinct
topological classes, characterized by their genus - the number of holes in the sur-
face (0,1, and 2, respectively). These objects cannot be continuously deformed
into one another while preserving their topology, just as electronic states in topo-
logical insulators remain robust against continuous perturbations. This geometric
intuition underlies modern condensed matter physics, where topological protec-
tion guarantees the stability of edge states and quantum phenomena even in the
presence of disorder [72, 75, 76].

pendulum [80], where parallel transport on a curved manifold re-
sults in observable precession’. Also in chemical physics, the concept
of geometric phases—without calling it by that name-was discovered
as early as 1958 by Robert A. Sack and other quantum chemists inves-
tigating molecules with vibrations and rotations [82]. In their model,
the wavefunction is treated in the Born-Oppenheimer approxima-
tion, where the nuclear coordinates vary slowly and give rise to an
effective potential for the electronic wavefunction. As we will lay out
in more detail later, the symmetries of the effective Hamiltonian can
give rise to degeneracies in the energy landscape. Crucially, it was
noted that “encircling” these degeneracies leads to a sign change
of the wavefunction, giving rise to measurable differences in, for
example, chemical reactions. This led to the creation of the field of
conical intersections in 1963, as the phenomenon was understood by
Gerhard Herzberg and Longuet-Higgins [83].

9The phase shift per rotation is given by o = —2sin()) at latitude ), providing a
direct measurement of Earth’s rotation [81].
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At that time not connected, this phenomenon was also found in the
Ehrenberg-Siday-Aharonov-Bohm effect'’. It occurs when electrons
acquire a geometric phase when encircling a magnetic flux, even
though their wavefunction is negligible within the magnetic field
directly [84]. This demonstrates that electromagnetic potentials can
influence quantum particles through their topological nature alone.

Meanwhile, in high-energy physics and statistical physics, the con-
cept was reinvented in terms of quantum field theoretical language
as the Wegner-Wilson loop'. This provided a gauge-invariant mea-
sure when studying gauge theories [87]. This geometric perspective
culminated in the Berry phaselz, in which Berry recognized the uni-
versal nature of this geometric phase while studying the adiabatic
evolution of quantum states [88]. Finally, in 1989, Joshua Zak recog-
nized the importance of the Berry phase in solids and reintroduced
it as the Zak phase [89].

Interestingly, it turns out that the perspective of the Wegner-Wilson
loop is very general, and many of the problems can be cast back to the
problem of a charged particle in a gauge field [87]. While physicists

19The Aharonov-Bohm effect has a fascinating history of multiple discoveries. While
commonly attributed to Aharonov and Bohm’s 1959 paper, it was first predicted by
Ehrenberg and Siday in 1949. The effect remained largely unknown until its rediscovery,
prompting Weisskopf’s famous observation [84]: "The first reaction to this work is that it
is wrong; the second is that it is obvious."

1The term Wegner-Wilson loop reflects a convergence of discoveries in different contexts
of theoretical physics. Kenneth Wilson introduced these loops in 1974 as part of his
work on quantum chromodynamics (QCD) [85], for which he was awarded the 1982
Nobel Prize. He used them to formulate gauge theories on a discrete lattice, providing a
non-perturbative approach to QCD. Independently, Franz Wegner from Heidelberg had
developed similar ideas in 1971 while studying lattice gauge theories in the context of
statistical mechanics, particularly in relation to duality transformations [86]. Wegner’s
formulation, which preceded Wilson’s work and had an equally if not more important
impact on the topological physics community, focused on the discrete version of these
loops on a lattice.

12The history of this concept, again, reflects the circuitous nature of scientific discov-
ery. Shivaramakrishnan Pancharatnam first identified this phase in 1956. Decades later,
Michael Berry independently rediscovered the same phenomenon in 1984.
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are not necessarily acquainted with differential geometry, they very
often have an intuitive understanding of Maxwell’s equations, which
can give rise to surprisingly intuitive pictures of basic aspects of
algebraic topology. As an example, Gauss’s law states that a surface
integral of the electric field around a sphere is proportional to the
number of charges inside. However, this result can be understood
also from the aforementioned deep connection between topology and
geometry, which has been generalized in mathematics and worked
out through a series of very interesting developments over the last
centuries [70].

In particular, the mathematical foundations underlying geometric
phases emerged from profound developments in differential geom-
etry and topology [87]. Central to this development is the mathe-
matics of fiber bundles and connections, which provides an elegant
structure for understanding geometric phases in quantum systems.
A fiber bundle represents a concept where a space manifests locally
as a product of two simpler spaces while potentially exhibiting global
twisting [76]. The M&bius strip serves as the canonical example 2,
beautifully illustrating these concepts: its base space consists of the
central circle, while the fiber is represented by the perpendicular
line at each point. As one traverses the base circle, the fiber under-
goes a twist, completing a 180-degree rotation upon returning to the
starting point. Within this framework, a connection provides a mathe-
matical prescription for comparing points along different fibers. This
abstraction finds profound applications in physics: the fibers encode
phase information, while the base space-obtained by abstracting
away the phase—corresponds to the physical ray space [90].

These geometric insights were further developed by Chern’s theory
of characteristic classes in 1946 [91], which provided essential tools
for classifying the topology of complex vector bundles — the natural

13We will go into more detail when discussing topology, see Fig. 4.1 for an example of
Mobius strip.
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setting for quantum states'*. The subsequent Atiyah-Singer index
theorem in 1963 established the fundamental relationship between
analytical and topological invariants of manifolds [94 ], providing the
mathematical foundation for bulk-boundary correspondence in topolog-
ical phases [71]. This mathematical framework catalyzed numerous
breakthrough discoveries, beginning with the quantum spin Hall ef-
fect predicted through topological band theory. These developments
ultimately led to the theoretical prediction and experimental obser-
vation of three-dimensional topological insulators, Weyl semimetals,
and topological superconductors [95-97].

The implications of these results extend far beyond condensed matter
systems. The bulk-boundary correspondence guarantees the existence
of topologically protected boundary modes. This fundamental prin-
ciple shows up across a physical systems, from electronic states in
quantum materials to photonic edge modes in electromagnetic struc-
tures [71]. The universality of these phenomena establishes topology
as a unifying framework in quantum physics, with profound conse-
quences for atomic and molecular systems.

The discovery of topological phases of matter exemplifies the con-
nection between abstract mathematical concepts and fundamental
physical phenomena. While the initial classification of topological
insulators relied on static systems, subsequent research revealed that
driving the systems out of equilibrium introduces novel possibilities
for controlling topological properties. These driven systems can ex-
hibit phases of matter with no static analogue, leading to an entirely
new direction in quantum engineering [98].

14Chern’s breakthrough in 1944-1945 provided the first intrinsic way to understand
topological invariants in complex geometry [92]. His key insight was that curvature forms
could be used to construct global topological invariants (now called Chern classes) that
are quantized and independent of local geometric details. This mathematical framework
proved fundamental for understanding quantum Hall effects, topological insulators, and
gauge theories. The resulting Chern classes c,, appear naturally in physics as quantum
numbers characterizing topological phases, while the related Chern-Simons forms describe
three-dimensional topological field theories [93].

12
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To analyze such periodically driven quantum systems, we resort to
Floquet theory, a framework originally formulated in the late 19th
century for classical differential equations, which can provide the
mathematical foundation for this analysis. In the following chapter,
we examine how this classical mathematical theory has become a sub-
stantial cornerstone for understanding periodically driven quantum
matter far from equilibrium.

1.3 Non-equilibrium Floquet physics

In 1883, Gaston Floquet published his seminal work on linear dif-
terential equations with periodic coefficients, establishing what we
now recognize as the Floquet theorem [99]. He demonstrated that
solutions to periodic differential equations can be characterized by
higher harmonics of the period, analogous to Fourier coefficients for
waves and periodic signals'®.

The developments of Floquet theory unified several important prob-
lems in classical physics. Both the Mathieu equation, describing
vibrating elliptical membranes, and Hill’s equation [100], emerg-
ing from the analysis of the Moon’s orbit, represent special cases
of the Floquet equation'®. The theory proved useful for analyzing
mechanical systems, especially in understanding parametric reso-
nance and stability conditions, and periodic phenomena in circuits
and vibrations [103].

For quantum physicists, the Floquet theorem looks familiar, as it

is based on a translation invariance similar to the Bloch theorem'.

I5The technical details are presented in Section 3.2 of Chapter 3.

1®While Emile Léonard Mathieu (1868) and George William Hill (1877) developed
their formalism independently from Floquet, both equations can be cast into Floquet
form [101, 102].

17Felix Bloch developed this theorem during his doctoral work as Werner Heisenberg’s
first graduate student [104]. Curiously, many papers incorrectly cite Bohm’s 1949 paper
on superconductivity [105]- a misattribution that seems to have propagated through the
literature.
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The theory was generalized to the Floquet-Bloch theorem!® in the
1950s [107, 108]. The 1970s and 1980s witnessed the application of
the Floquet theorem in solid-state physics, for example for magnetic
resonance experiments. Researchers recognized that the response
properties of electrons in solids, driven periodically by electromag-
netic radiation, could be described using the Floquet formalism [109].
This period also saw significant developments in computational tech-
niques for solving Floquet problems, notably through the work of
Peter Hanggi and colleagues [110, 111].

During the late 1970s the field of quantum chaos emerged'® and while
classical driven systems can exhibit deterministic chaos [113], the
quantum behavior of such systems revealed unexpected features. In
1979, Casati and colleagues discovered dynamical localization in peri-
odically kicked quantum rotors [46], demonstrating that quantum
interference effects can suppress classical chaos. Fishman later pro-
vided a theoretical framework through Floquet theory by connecting
dynamical localization to Anderson localization® in disordered sys-
tems [114]. The quantum kicked rotor became a central model for
quantum chaos studies, as its simple structure permits direct analy-
sis through Floquet theory while capturing fundamental aspects of
the quantum-classical correspondence [115]. These advances in Flo-
quet engineering naturally lead us to consider an exciting frontier:
the manipulation of synthetic dimensions through periodic driv-

8While Jon Shirley’s 1965 paper [106] is often credited as the first application of
Floquet theory in quantum mechanics, this work appeared more than a decade after
Herman Haken and Léon Brillouin’s contributions. However, Shirley’s work proved more
influential in the field.

YThe notion of chaos in quantum mechanics requires careful analysis. The linearity
of the Schrodinger equation prevents quantum systems from exhibiting the exponential
sensitivity to initial conditions characteristic of classical chaos. This fundamental distinc-
tion led Berry to introduce the term “quantum chaology” [112] for studying quantum
systems whose classical counterparts display chaos.

20As we will show in Section 3.4, the quasi-energy spectrum of the kicked rotor maps
onto the energy spectrum of an Anderson model, which implies that temporal disorder in
driven systems corresponds to spatial disorder [60].
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1.3. Non-equilibrium Floquet physics

ing, where time-dependent protocols create and control additional
effective spatial dimensions.

1.3.1 Synthetic dimensions in time

As we are arquing in this thesis, periodically-driven molecular sys-
tems offer a particularly promising area for exploring topological
physics due to their rich and highly controllable Hilbert space [27,
116]. While our focus here primarily concerns rotational degrees
of freedom, other quantum numbers such as vibrational or elec-
tronic modes present equally compelling avenues for investigation.
As mentioned earlier, unlike the translational motion of electrons
in crystalline lattices, rotations of molecular rigid rotors are gov-
erned by the non-abelian SO(3) group. Although free rotations trace
trivial paths on this manifold [117, 118], we will demonstrate that
precisely designed laser pulses can guide molecules along topologi-
cally non-trivial trajectories, enabling the observation of non-trivial
Berry-phases and related phenomena. Historically, the connection
between molecular physics and topology has centered on conical
intersections of potential energy surfaces [83, 119], including light-
induced variants [120, 121]. Our work extends this approach by
establishing a direct bridge between symmetry-protected topolog-
ical phases in condensed matter physics and periodically driven
molecular systems.

The continuous modulation of kick strengths introduces an effective
synthetic dimension in time, a concept that proved fundamental
in realizing topological phase transitions [75, 95]. This temporal
synthetic dimension manifests in a different way than spatial dimen-
sions, yet maintains the essential geometric properties necessary
for topological classification. The ability to engineer such synthetic
dimensions opened novel possibilities for quantum state manipula-
tion and control. Our research reveals that this temporal dimension
serves a dual purpose: beyond enabling topological transitions, it
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provides a mechanism for quantum state preparation through the
geometric properties of Floquet states. While this approach shares
conceptual similarities with established protocols, it goes way be-
yond conventional static equilibrium frameworks. The power of
Floquet theory in this context lies in its capacity to provide an ex-
act treatment of the driving, effectively summing all orders in the
driving strength rather than relying on perturbative expansions.

Previous investigations of double-kicked planar rotors have revealed
rich topological phase diagrams, including spectra reminiscent of the
celebrated Hofstadter butterfly and associated Chern numbers [61,
122, 123]. We extend these ideas to rotating molecules in terms of
the 3D rotor. These discoveries could have implications for chemical
reactions and molecular control [124, 125]. We demonstrate the
engineering of an effective topological semimetal with topological
edge states, and suggest pathways toward realizing more complex
topological phases. The exceptional degree of control available in
molecular systems, combined with their inherent multi-band nature,
opens new possibilities for exploring non-abelian topological phases
and non-equilibrium quench dynamics that depend on the topol-
ogy of the system. These topics form the core of this thesis, whose
organization we now outline.

1.4 Organization of the thesis

The thesis is structured as follows:

Chapter 2 explores how ultrashort and strong laser pulses can ad-
dress the rotational degrees of freedom of molecules, developing
a novel platform for quantum simulation. This platform leverages
the high degree of control and flexibility afforded by laser pulses
to create a versatile testbed for studying multi-band lattice models
and localization phenomena. We show that the so-called sudden
approximation greatly simplifies the calculation of the full Floquet
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operator, which is necessary for subsequent chapters. We justify this
approximation, delineating the circumstances under which it holds
and its implications for the accuracy and validity of the simulations.

Chapter 3 demonstrates how periodically driven angular momentum
states can serve as a synthetic dimension, forming a lattice of angular
momentum. We analyze this for 2D and 3D rigid rotors, showcas-
ing the universality of the approach. We elucidate the emergence
of quantum resonances and the contrasting regime of dynamical
localization. We discuss the limitations for real molecules, such as
centrifugal distortion, and their impact on the observed phenom-
ena. Notably, the restriction of angular momentum to [ > 0 in 3D
leads to the appearance of edge states, which we later show to be of
topological origin.

Chapter 4 explores the role of topology, providing an introduction
to topological aspects in physics. We demonstrate how band degen-
eracies of periodically driven rotors can lead to symmetry-protected
topological charges. These charges manifest as topologically pro-
tected edge states, observed for a wide range of model parameters,
underscoring the robustness and universality of the topological phe-
nomena. We conclude by outlining an experimental protocol to
measure these states, discussing potential challenges and strategies
to overcome them.

Chapter 5 investigates novel multi-band topologies in periodically
driven quantum rotors, focusing on systems with three or more
bands. We demonstrate how symmetry-protected band degenera-
cies acquire non-abelian characteristics, leading to braiding phe-
nomena impossible in single-gap systems. The chapter establishes
how PT symmetry generates real Hamiltonians whose band sin-
gularities carry non-abelian frame charges. We analyze the Euler
class and its role in characterizing topologically protected nodes,
revealing how periodic driving enables the manipulation of these
non-abelian charges through controlled band crossings. The emer-
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gence of an anomalous Dirac string phase, unique to Floquet systems,
demonstrates the rich interplay between multi-gap topology and
non-equilibrium dynamics. We conclude by showing how these
phenomena manifest in experimentally observable zero-angular-
momentum edge states, providing clear signatures of the underlying
topological structure.

Throughout the thesis, we try to maintain a clear progression of
ideas, with each chapter building upon the concepts introduced in
the previous ones. By the end, readers will hopefully understand
how the interplay between ultrafast laser pulses, angular momentum,
and topology can lead to the emergence of new quantum phases and
phenomena in molecular systems.

18



CHAPTER 2 I

Rotating molecules with ultrashort
pulses

Science is an essentially anarchic enterprise.
— Paul Feyerabend

2.1 Overview

In the preceding chapter, we introduced the idea of using molecules
as a novel platform for exploring non-equilibrium topological phe-
nomena. While previous studies have examined topological aspects
of two-dimensional rotors, our research takes a significant leap for-
ward by focusing on three-dimensional molecular rotation. This idea
closely aligns with recent experimental advancements as outlined in
Section 1.1.2, which have demonstrated the feasibility of controlling
three-dimensional molecular rotations [27, 126], providing the basis
for our theoretical explorations. This chapter will examine the practi-
cal aspects of molecular physics that form the backbone of our work,
before transitioning to the more mathematically involved topological
physics in subsequent chapters.
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2. ROTATING MOLECULES WITH ULTRASHORT PULSES

We will demonstrate how molecules can serve as versatile platforms
for quantum simulation, starting with the fundamental case: a three-
dimensional linear molecule subjected to off-resonant, linearly po-
larized laser pulses!. In Section 2.2, we will explore the rotational
degrees of freedom in molecules and methods to manipulate them
using strong fields. While the primary focus of this thesis is on
the total angular momentum of linear molecules, one could also
consider the potential of more complex rotors, such as symmetric
tops or even asymmetric tops. These systems possess the additional
quantum number K, potentially expanding the usable Hilbert space.
Furthermore, by incorporating the laser polarization as an additional
degree of freedom, one can utilize the full rotational sphere SO(3) as
the synthetic manifold. As we will demonstrate in subsequent sec-
tions, the linear rotor alone provides sufficient complexity to observe
fascinating topological physics. Nevertheless, we will outline how
harnessing these additional degrees of freedom presents significant
potential for expanding our synthetic dimensions.

To arrive at the one-dimensional kicked rotor model, we must as-
sume that the pulse train consists of infinitely short pulses, known
as the impulsive limit (or "sudden approximation"), effectively es-
tablishing a lattice in time. This approximation has been widely
used to accurately describe the interaction between molecules and
short, far-off-resonant laser pulses. It posits that the timescale of
the laser-molecule interaction is significantly shorter than the in-
ternal rotational period of the molecule, effectively "freezing" the
rotational motion during the interaction. This simplified model of
laser-molecule interaction is incorporated into various theoretical
frameworks predicting the rotational dynamics of molecules driven
by short laser pulses.

To assess the validity of this approximation, we have developed an
effective theory for ultrashort laser pulses, which represents a novel

This chapter follows closely our work [4], Copyright © 2024 American Physical
Society.
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contribution to the field. In Section 2.3, we will undertake a com-
prehensive analysis of the full time-evolution operator and solve the
time-dependent Schrodinger equation at the operator level. Our in-
vestigation will show that there is a critical angular momentum, /,,,y,
which marks the point at which the impulsive limit ceases to be valid.
This finding underscores that the applicability of the sudden approx-
imation is not solely dependent on pulse duration, but also on pulse
intensity, as the latter determines the extent of angular momentum
state population. We will examine this for both ultrashort multi-cycle
(Gaussian) pulses and the less frequently studied half-cycle pulses,
each giving rise to distinct effective potentials. Subsequently, we will
critically assess the constraints of the impulsive limit and introduce a
novel approach that involves rescaling the effective matrix elements.
This method aims to provide a more refined and accurate portrayal
of rotational laser-molecule interactions. Afterwards, we will in-
vestigate the time-evolution to gain a more nuanced understanding
of the dynamics at play during strong laser-molecule interactions.
Surprisingly, we uncover curious behaviors of the wavefunction that
have not been observed before, either in theory or experiments. It
remains unclear whether these behaviors have a deeper significance
or are merely intriguing phenomena. They may potentially have
applications in non-equilibrium quench dynamics with molecules.

2.2 Laser induced rotation of molecules

Let us recapitulate what is the most generic expression for a (3D?)
asymmetric top molecule within a circular/elliptically polarized light.
Within the Born-Oppenheimer approximation [127] we can neglect
the vibrational and electronic degrees of freedom, which can be
considered as fast fluctuations on top of the rotation of the molecule

2The arguments of the 2D rotor are analogous to this discussion and will not be
given here; we will look into them more closely in the next chapter when discussing the
periodically driven rotor.
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b
Figure 2.1: Euler angles of the rotating

molecule. The two coordinate systems are
shown in black (laboratory frame) and green
(body-fixed molecular frame). The rotation is )
described by three angles: ¢ € [0, 27) repre-

sents rotations around the laboratory Z-axis, A
X € [0,27) describes rotations around the molec-

ular c-axis, and § € [0, 7) defines the angle

between the Z- and c-axes.

a

as long as the rotational energy is much smaller than the former. The
coupling between vibration and rotation can be taken into account
ad-hoc, as long as the vibrational level does not change during the
considered time window. This is also why it is important to use
off-resonant laser pulses. They do not leverage transitions between
different vibronic levels. Hence, for our purposes and the kind of
molecules we consider here it is sufficient to model the molecules as
rigid rotors>.

We describe the quantum mechanical rotation of a molecule us-
ing two coordinate frames: the laboratory frame (X, Y, Z) and the
molecule-fixed frame (a, b, ¢) (see Fig. 2.1). The body-fixed axes are
assigned according to the principal moments of inertia 1, < I, < I,
(see Table 2.1 for the rotational classification of molecules). The
rotational motion is governed by the Hamiltonian

H= AL+ BL; +CLZ, (2.1)
where L; are the components of the angular momentum operator in

the body-fixed frame and A = 1/(21,), B =1/(21;),and C = 1/(21,)
are the rotational constants [19].

3Non-rigidity may play a role when considering very strong electric field strengths, in
particular for linear molecules [128]. In that case one has to include the deformation terms
in the Hamiltonian. We will discuss the effects of centrifugal distortion in Section 3.5.2.
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The orientation of the molecule is specified by three Euler angles
(9,0, x). These angles define successive rotations: first by ¢ around
the space-fixed Z axis, then by 6 around the new Y axis (defining the
angle between the space-fixed Z and body-fixed c axes), and finally
by x around the body-fixed c axis [128]. The quantum mechanical
rotation operator R(¢,0, x) implements these rotations in sequence

R(¢,0,x) = e WFze0heixke, (2.2)
The rotational wavefunctions are expressed through Wigner D-matrices
Dyi(0,0,%) = (Im[R(, 0, )|1k) = e d, ()™, (2.3)

where d', (0) = (Im|e” 0L, v|lk) represents Wigner’s d-matrix element,
with quantum numbers | € Ny and |m|, |k| < [. A pure rotational
state is hence fully characterized by these complete set of basis states

20+ 1
82

(0, ¢, x|lmk) = Dl (6,0,X) (24)

with the normalization

5 8
/ DU Q)DL (Q)dQ = z+15mm’5kk’5””

ZDZ Q)D! (D ZD (Q) = G-
k

With these definitions of the relat1ve angles, the angular momentum
operators become

(2.5)

. J . 6
Ly=—t—, L.=—i— 2.6
Angular momentum operators satisfy [L;, L;j] = ie;j.L; and the

Casimir operator L' = > ﬁ? with the eigenvalues
B2|imk) = 131 + 1)|lmk),
Lo|lmk) = k|imk), (2.7)
Lz|lmk) = m|lmk).
23



2. ROTATING MOLECULES WITH ULTRASHORT PULSES

The rotational energies of the symmetric tops become

(l+1) /(1 1
A L) - ). 2.
Eror o1, th (210 21a> (2.8)

For the linear and spherical top the k-dependent term vanishes.
The asymmetric top gives rise to eigenstates with a superposition
of different k (either even or odd, depending on the parity of the
asymmetric top eigenstate [43]) and is generally not integrable.

Class Moments of inertia | Examples

Spherical top I.=1, =1, CH,, P4, CCly

Linear top I.=1,>1,~0 0O,,CO, H,(C,

Prolate symmetric top | I. = I, > I, CH;I, CHCl;

Oblate symmetric top | I. > [, = 1, CeHg, C4Hy, NH;3
Asymmetric tOp I.>1, > 1, NOz, HOz, HQOQ, C14H10

Table 2.1: Moments of inertia for molecular rotation.

2.2.1 Molecule-laser interaction

Next, we examine the interaction with a laser. A non-resonant laser*
leaves a molecule in its vibronic state and excites only rotational
eigenstates via Raman-type transitions®. We choose the laser coor-
dinates as the lab coordinates with the Z—axis as the direction of
propagation. The potential energy of a polar rotor in an electromag-
netic field is given by

V(t)=—p-E() (2.9)

with (total) dipole moment p and laser field amplitude £(¢). This
electric field, which leads to an induced dipole moment® through a

4We consider a laser with frequency w; > w,,w,, where w, are the molecular vibra-
tional and w, electronic frequencies of the molecule [129].

5This subsection is rephrasing the argument in [129].

®Higher orders such as quadrupole moments etc. can be included using higher
polarizability tensors such as the hyperpolarizability tensor 5(w) [27]. However, since the
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temporary Stark shift of the relevant energy levels and a hybridiza-
tion of the energy levels, can be modeled by the effective polariz-
ability a(w) of the molecule’. In the long wavelength regime of
interest the dynamical polarizability has converged to its dc limit
a(w) — a [129]. The total dipole moment then takes the form

(to)i + 5 ZaZJ (t) + OleX(1) (210)

with the permanent dipole moment of the molecule py and the
polarizability tensor «;;. For now, let us drop the permanent dipole
moment; then, we can express the interaction potential between the
laser and the molecule as following [43]

__! Z E:(1)albE, (1 %tr[alabF(t)] (2.11)

,Jl

with electric field with electric field tensor Fj;(t) = &(t)&€;(t). In
molecular coordinates, we can assume that the polarizability tensor
is diagonal in the principal axes of the molecule af}°' = a;;0;; and it
is therefore a spherical tensor of rank 2. The non- zero components
in the molecular frame read

043601 = é(ozm_ + ayy + ) = @, (2.12)
ool — @% —a), (2.13)
Oénig = Oéngl %(O‘m @yy)- (2.14)

Henceforth, the rotation of the tensor from the lab frame to the
molecular frame reads

aph = ZDmk ¢, 0, x)amol = ZD Q)ael (2.15)

size of a molecule is small compared to the wavelength of the electric field, they can be
neglected as a first approximation.
’See Chapter 8 of [130] for a derivation.
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with components (we abbreviate D! , = D! (4,0, x))
o = (2.16)
aky = Dot + (Dg, + Do y)asy! (2.17)
Oélza:kt)l Dilo mOI + Dﬂzamd (2.18)
Oélza:kﬁz DﬂoO‘mOI (Dﬂz + DiZ 2)043501- (2.19)

Likewise, the dyadic field tensor Fj;(¢) is a rank 2 spherical tensor
and can be written as

Fin(t) = 5l€0), (2.20)
Fa(t) = \/HE2() = JIE@P) (221)
Fasa(t) = F(E(DE-(1) + 6, (DE.(1) 222)
Foaalt) = L(EX(t) — E2(t) + 2E,(1)E,(1)). (2.23)

The potential (2.11) then becomes

Z e Fim (1) = =5 (g Foo(t) + g Fao(t)

+ le(t)%l + B 1(6)aE® ) + oY Foo(t) + oy Fo _o(t))

= —L(LAlEWI + (Dol + (DF + D} )a)\/3(E20) - SE@))
— (&(B)E:(8) + &y (D) E-(¢ ))(D%osz%Ol + DY)
+ (E(DE-(t) — &, (1)E-(1)) (D2 05y + D21505)
+ (D35 + (Dzz +D2, 2)&3501) (E2(t) — 52( ) + 208, (t)E,(t))
+ (D2 50055 + (D222+D22 2)ar21501) (E2(t) — ng(t) — 2i&,(t)Ey(t)))

= —1 (30lE)]” + a5y Bao(t) + a5y B (1))
(2.24)
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with coefficients

Ban(t) = Digr[3(E2(0) — EMDP) + E(DE(1)(D2y — D)
—i&,(1)E.(t)(Diy + D2 1g) + 5(D3g + D2y ) (E: (1) — £/ (1))
+iE(DE,(1)(D3g — D24),

Ba(t) = (Dgp + DS,_Q)M%(@Q (t) = 3IEWDF) + E()E-() (D% 5 — Diy)

— &, (H)E.(t) (D7, + D%1,2)
+ (E2(t) — 55(75)) - (D3, + D%,—Q + Dg2,2 + D%Z,—Q)
+ 2iE, ()€, (t) - (D + D%,fz - Dg2,2 - Dgz,ﬂ)-
(2.25)
When assuming some laser frequency w > 7' with the rotation time

of the molecule 75 = 2Z, we can integrate out the time-dependency

of the laser® and all the mixed terms &,(t)&,(t), E.(t)E.(t), ... etc.
vanish. For symmetric tops o, = o, and hence ag‘%"l = 0. In that
case, let us consider only By(t). It turns out that the force which is
applied on the molecule depends on the effective field direction of
the laser pulse, which is different for circular and linearly polarized
light. For linear polarized light, the axis should be (£); x ez, since
the angle § measures exactly the angle between the space-fixed Z and
body-fixed c axes (a linearly polarized pulse whose polarization axis
is aligned with the principal axis of the molecule does not exert any
force) and the D3, terms vanish. For circular polarized light with
X-Y plane as the polarization plane, the effective direction is again
the Z-axis. In that case, £.(t) = 0, (£;) = (€,(t)) and again the D2,
terms vanish; both cases lead to an effective potential V o cos?(6). A
non-exhaustive representation of the laser with the x,z-axis defined
as the polarization plane and y-axis as the propagation axis is given
by [43]

E(t) = &E(t)[es cos(wt)e, + €, sin(wt)e.,], (2.26)

8For a pulse with A = 800nm the cycle time is few femtoseconds, while the rotational
time scale is in the picosecond regime [128].
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2. ROTATING MOLECULES WITH ULTRASHORT PULSES

with the electric field envelope &(t), the polarization eccentricities
€, €, and the unit vectors e, e,. Note that the eccentricities satisty
e2+¢2 = 1. Fore, = 0 (or ¢, = 0) we recover a linearly polarized
field, for e, = €, a circular polarized field, and for 0 < ¢, < €, an
elliptically polarized field. As mentioned earlier, after integration
only few elements are non-zero. For the above parametrization, only
the following three spherical components of the field tensor are non-
zero (we also omit the £ term which introduces a constant shift in
all energies) [43]

Foo(t) = Z(2 = 36)E5(t),  Frua(t) = ;5 (1). (2.27)

The matrix element of the Hiq(t) in (2.31) becomes [43]

A+1 [ . mol (1 ,
(lkm|Hia|U'E'm') = 1 ( 'C lk20 + 1(Cllkk22 Czlkg 2))
X (F2 o(t )ClmQO + Fya(t) < ll;nQ/ 9 T ;7;%/2)) :
(2.28)
where C’lllTnl Ly = = (lymyloms|lm) are the usual Clebsch-Gordan coef-

ficients. The interaction with a linearly polarized laser field depends
only on the angle 0, the angle between the polarization vector of the
field (defining the z-axis) and the molecular axis, which corresponds
to the case €, = 0, i.e. only F3(t) is non-zero. If we further consider
the case of a linear molecule, the only non-zero component in the
polarizability is

041217“0‘ = %(ozcc —apy) = \/7 (a) —ay) \/7Aoz (2.29)

while (2.31) becomes

1n in. / 2l + 1 ! 'm/

Since for angular momentum addition we require m = m; + my
it follows that these elements are zero unless m = m/ and k = k.
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2.3. The sudden approximation

Hence, for a linear molecule with linearly-polarized lasers pulses
the molecule-laser interaction becomes

H(t) = —1&%(t) Aa cos’(6) (2.31)

1
4
with electric field envelope £(t), where we drop the underscore
zero from now. This concludes the derivation of the laser-molecule
interaction. In the next section we will take a closer look at pulses
that are much shorter in duration than the typical rotational time of
the molecule.

2.3 The sudden approximation

2.3.1 Overview

The following section is based on a recent paper of ours [4]. For off-
resonant ultrashort laser pulses (usually with infrared frequencies
far detuned from any transitions, as mentioned earlier), the rota-
tional motion is generally considered to be slow compared to the laser
modes, leading to the “frozen” rotational motion assumption during
the laser-molecule interaction [116, 131-137]. This justifies the im-
pulsive limit, which adapts a semi-classical approach by neglecting
the accumulation of quantum phases during the pulse duration. One
has to take into account however, that for linear quantum rotors, the
energy splittings grow linearly with the angular momentum /,

By — B oc 21+ 3, (2.32)

which causes the corresponding change of the relevant timescales.
Therefore the applicability of the sudden approximation does not
solely rely on the duration of the laser pulse, but also on its inten-
sity which determines how many [-states are populated during the
laser excitation. For example, for a molecule with a rotational period
Twot (1), for the impulsive limit to be valid, only states with [ satisfying
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2. ROTATING MOLECULES WITH ULTRASHORT PULSES

Tyot (1) > 71, should be occupied, where 7, represents the pulse dura-
tion of the laser. Additionally, the specific shape of the laser pulse is
an important factor to consider. It is not immediately evident which
values of 7, (l) are large enough or how different laser shapes affect
this relationship. Despite the widespread adoption of the impulsive
limit as a theoretical framework to describe molecular rotational
response to a laser pulse, a comprehensive analysis of the specific
states for which this approximation is valid remains unexplored.
Here, we develop an effective theory for ultrashort laser pulses by
analyzing the full time evolution of linear rotors during and after
an off-resonant, linearly polarized laser pulse illumination. A lot of
work has been done during the last decades employing the impul-
sive limit for very short pulses, providing analytic expressions in the
77, — 0 limit with applications to molecular alignment and orienta-
tion [131-133, 138-140], controlling molecular vibrational states [ 141,
142], as well as studying the dynamics of atoms [143], semiconduc-
tor nanostructures [144], and low-dimensional electronic systems
driven by pulses [145]. Our approach goes beyond these efforts by
illustrating how deviations occur from the sudden approximation,
providing some understanding of the specific conditions that cause
these deviations. Our approach can be extended to more complex
molecules with higher order polarizability terms and other laser
polarization schemes. While the sudden limit for multi-cycle pulses
is well-established [63, 65, 146], we also investigate the effects of half-
cycle pulses, which can generate unipolar fields [147-150]. Using
a theoretical method accounting for the full time-evolution oper-
ator, we demonstrate that the validity of the sudden limit can be
understood in terms of a critical angular momentum threshold /i
We propose a new method involving rescaling of matrix elements,
resulting in an effective theory that accounts for deviations from the
standard impulsive limit when encountering extended pulse dura-
tions. Our findings hold significant implications for experimentalists
working with ultrashort lasers and theorists who employ the sudden
limit within their models.
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2.3. The sudden approximation

Here we focus on time-dependence of the full time-evolution oper-
ator instead of time-evolving a single initial state with respect to a
given laser envelope, as commonly used to describe the dynamics of
rotational wavepackets. The advantage is that we do not only learn
about the time-evolution of a particular initial state, but also of all
possible superpositions. Following (2.31), the interaction of a linear

molecule with Hy = BIAJ2 with an ultrashort, off-resonant linearly
polarized laser pulse takes the form

H(t) = Ho — & (t) cos(0) — 1E*(t) Aa cos?(0) (2.33)

with angle between field polarization and molecular axis 6 € [0, 7],
the electric field in the Z-direction £(¢) and the difference between
parallel and perpendicular polarizability Aa. Molecular rotation
sets the timescale of the Hamiltonian, thereby justifying the repre-
sentation of time in units of the rotational revival time 75 = 7h/B,
denoted as ¢ = t/7p. In an effort to render the Hamiltonian dimen-
sionless, we can conveniently incorporate the ™! prefactor of the
time evolution into the coupling constants, resulting in the following
expression’

H(I) =L — £{)/E, cos(B) — E2(1) /€2, cos*(D). (2.34)

This includes the constants

B | 4B
5# - E) gAOL = mv (235)

which depend on the particular molecule under study. Moving
forward, we will omit the tilde on ¢ and H, keeping in mind that all
expressions are now unitless.

In order to study the validity of the sudden approximation, we nu-
merically integrated the differential equation of the time-evolution

9Note that we do not employ the common units of H/B, since we are interested in

-2
expressing time in units of 75, which leads to an additional factor of 7 in front of L .
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2. ROTATING MOLECULES WITH ULTRASHORT PULSES

operator Usan(t),
10U (t) = H(t)Ugau(t) (2.36)

for a reasonable cutoff [ < [,,.x and various parametersm. As men-
tioned earlier, each angular momentum eigenstate |, m) oscillates
with the frequency

wiot(l) =7 - UL+ 1)/78 (2.37)
corresponding to the rotational periods

Tot(l) = 75/(1(1 + 1)) (2.38)

which provides a natural cutoff scale; the approximation can only
succeed for states with (/|¢)) ~ 0 for | with 7, > 7,,1(l). The eigen-
states [ with 7, > 7,,¢({) oscillate with a frequency equal or higher
than the pulse duration and a separation of timescales is not possible.
The matrix elements for the potentials are

(I'm/| cos(0)|lm) =~ zl;quoCll%m (2.39)
(' | cos? () |Im) = +rm (gcf;gocll%m + %5”/) . (2.40)

Henceforth, our analysis will concentrate exclusively on linearly
polarized laser fields that drive molecules at low temperatures for
which different m-sectors are independent!! and we can assume
m = 0. Following the definitions for the sudden limit in Egs. (2.50)

19For each calculation we increase the cutoff scale until the results we are interested in
are converged. This typically depends on the timescale (since high [ correspond to high
frequency) and the field strength (which determines how many [ states are occupied).

U1t §s important to note that when m = 0, molecular rotations occur within the
plane of the electric field. This characteristic simplifies the rationale for comparing the
field’s duration to the rotational period, given the changing relative angle as the molecule
rotates. Conversely, for situations where |m| ~ [ and [ is significantly large, the molecular
orientation tends to be nearly orthogonal to the electric field. In such cases, the angle
between the molecule’s axis and the field’s polarization remains relatively unchanged
throughout its rotational phase. Thus, in such extreme scenarios, there’s potential for
deviations from the findings presented in our analysis.
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2.3. The sudden approximation

and (2.59), the effective potential of the full time evolution can be
calculated as

~

Ve (t) = —ilogle OG0 (¢) e tiHoto] (2.41)

where one has to use the correct branch cut of the logarithm!?. For
times ¢ >> t; it converges to a constant, time-independent potential
Ver = Veg(t = 00). This is the potential an instantaneous laser pulse
at ty exerts upon the molecule, after the full time evolution. We want
to know if the effective matrix elements resemble the ones given
in (2.39) and (2.40). For perfect agreement the off-diagonal matrix
elements

o = (I £ s|Vegll) with s € {1,2} (2.42)

should resemble P, - (I + s| cos*(0)|l) where P, depends on the field

£(t). Inthat case, we can find the strength by P = vl(s)/(l:l:s\ cos*(0)|1)
which should be the same for all [. However, in a realistic case the
matrix elements deviate from that obtained in the sudden limit. This
implies that the kick strength coefficients

P! = 0 /(1 £ 5| cos*(B)]1) (2.43)

depend on [. In many cases, we are only interested in the convergence

up to some experimentally relevant /,,. We define the average of

a matrix element 4; as A = —— Zﬁgo A; and estimate the strength

= L+l
P; ¢ and its error by

2
Poot = pB¥), 0Pt = \/ (p®))2 —pls) . (2.44)

Clearly, if the sudden approximation was exact we would find 0 P; g =
0. For the case, where the sudden approximation is applicable, this
value should be sufficiently small. However, for small kick strengths,

2For values of the effective kick strength smaller than P ~  the logarithm is straight-
forward to calculate. For larger values one has to resort an algorithm that guarantees a
smooth transition of the operator eigenvalues in order to choose the correct branch cut.
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2. ROTATING MOLECULES WITH ULTRASHORT PULSES

this error becomes small as well, therefore, it is necessary to consider

the relative error
re = 5PS’eﬁ/P5’eff. (245)

Only the size of r; poses a sufficient criterion whether the sudden
limit approximation is valid or not. Until now we have assumed
that we are looking at the impulsive limit in the form of Egs. (2.50)
and (2.59). However, there is a more generic possibility of

A

Usudd,generic = e_lHO(t_tO) €+1VeH€_IHOtO (246)

with V4 as defined in Eq. (2.41). In that case, since V. is derived
from the full Schrédinger equation, U sudd generic = U However,
in many cases one is interested in situations where Veff assumes
a simpler form or when we can suitably approximate the effective
potential. In particular, as we will see later, the numerically estimated
effective potentials will often have the same off-diagonal structure
as the generating potentials V (t). Therefore, it is possible to use
rescaled matrix-elements vl(s) that originate from finite time pulses
or pulses that are not Gaussian, such as half-cycle pulse. A rescaled
potential will have the form vl(s) — vl(s) fl(s) with some function fl(s)
that depends on the laser shape. We introduce the usual interaction

picture of a Hermitian operator A by
A(t) = e iflot Jo—iHot (2.47)

and the time-evolution operator (with ty = 0) with U;(t) = eHHOT(¢),
The Schrodinger equation then reads

i0,U1(t) = Vi(t)U(t). (2.48)

In the following we resort to numerical integration of (2.48) and
use (2.41) to calculate the effective potential directly. The scaling
functions exhibit a continuous behavior over a wide regime and offer
a more streamlined approach compared to managing the entire po-
tential. Admittedly, while obtaining these functions requires solving
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2.3. The sudden approximation

the Schrodinger equation, one can envisage scenarios where explor-
ing a comprehensive parameter set is of interest. In such situations,
interpolating coefficients of the scaling function across a grid might
be more efficient than interpolating the entire potential. Thus, while
this method doesn’t entirely replace the simplicity of the conven-
tional sudden approximation, it provides an alternative strategy to
navigate the intricacies associated with finite-width pulses.

2.3.2 Gaussian pulses

In the far-field limit'® the electric field of the laser pulse has to inte-
grate to zero [151, 153, 154]

/ N E(t)dt = 0. (2.49)

For a laser pulse with many cycles one often assumes that only the
part with £(t)? is relevant, since the linear term averages out. In
that case, one can assume a purely positive Gaussian envelope'*
for the laser field amplitude with kick strength P, peak position
to and width o;. In the sudden approximation, the time-evolution
propagator (for t > t;) takes the simple form

Usudd gaussian = e—iﬁf()(t—t())/he—l—ipg cos? (9)6—11':]0&)/?1. (250)
Note that the kick strength is dimensionless. In first order of the
Magnus expansion we find

Aa [

Py=—=
2 i |

EX(t)dt (2.51)

which leads straightforwardly to

2 ="/ (2.52)

131n the broader context, and not strictly in the far-field limit, this condition may not
always hold true, as demonstrated, e.g., by [151, 152].
WTypically, for fast optical oscillations the slow envelope approximation is used.
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with the error factor
5 =1-f% (2.53)

that gives a good indication how much rescaling is necessary. Let us
now analyze the impact of pulses with a defined width that signifi-
cantly exceeds the duration of a single optical cycle. By leveraging the
slow-envelope approximation, we bypass the complexities of each
cycle, focusing primarily on the Gaussian envelope. Consequently,
our representation of multi-cycle pulses is based on the Gaussian
functions,

EX1)/ER = € T2 (03 2) (2.54)

with the squared field strength £%(t), 119 = 0, and P, = 1, which we
will denote Gaussian pulses in what follows. Hence, the pulse width
of the laser can be directly inferred from 7; ~ o, depending on the
definition of 7. Figure 2.2 provides an illustration of the results cal-
culated for a range of 0;. As one would intuitively expect we observe
that as the ratio o, /75 becomes increasingly small, the results aligns
more closely with the sudden limit. However, with an increase in
the value of oy, the effective potential begins to display noticeable
deviations from the sudden limit. This divergence is prominently
displayed in the off-diagonal matrix elements. A detailed look at
these matrix elements reveals a significant decrease for larger values
of [. This contrasts with the matrix elements of the pure sudden
pulse, which remains constant. One of the primary features of the
perfect delta kick is its ability to transfer angular momentum even for
states with high [ values. However, this feature is absent in the case
of pulses of finite width. Here, the transfer of angular momentum
may cease altogether for large [. This can occur when the rotational
periods 7,.:(!), are comparable or smaller than the laser pulse dura-
tion 7. We assume that such parity leads to destructive interference,
inhibiting the laser’s capacity to transfer energy to the molecule co-
herently. The phenomenon is more clearly depicted in Figure 2.3,
where the scaling factor, f;, and its error, 9, = 1 — f;, are showcased
for different values of ;. When the values of f; or §; are equal to 1 or
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2.3. The sudden approximation

Figure 2.2: Results for
a Gaussian pulse. The
full time evolution was
integrated numerically
and V4 was calculated
using Eq. (2.41). In

(a) the field strength
squared after the peak,
in (b) the diagonal ma-
trix element and in (c)
the second off-diagonal
matrix element. Other
matrix elements are
close to zero. We ob-
serve that the diagonal
matrix elements (b)
coincide perfectly with
the sudden limit (red
dashed line), but the
second off-diagonal ma-
trix elements (c) show
large deviations. For
increasing oy, the devi-
ations set in for lower

[. It becomes clear that
there only for I < .
with some . (P, 0¢)
the sudden limit with
Ve = Pcos?(0)isa
valid approximation.
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0 respectively, it indicates an agreement with a delta kick. However,
if §; diverges from 0, it signals a deviation from a delta kick. As per
our findings, the sudden limit holds true until a certain critical value,
lerit o< 07 1. Once this point is surpassed, the sudden limit no longer
applies, leading to decay in matrix elements and rapid growth in
deviations. However, the relative error in Figure 2.4 shows that the
approximation is insensitive to P». Henceforth, the time-evolution of
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Figure 2.3: Sudden approximation for Gaussian pulses. (a) The scaling factor f;,
Eq. (2.52), for different pulse widths o, as indicated by the color; (b) the deviation
9, Eq. (3.3), for a Gaussian pulse with P, = 1. In the region with f; ~ 1 or
low error §; (black) the sudden limit is a good approximation, i.e. for [ < lu;.
Approximately above the dashed white line (i.e. the non-black region) with
oy o< I, there are large deviations from a delta cos?(#) potential, see Fig. 2.2 for
examples.

6
100
Figure 2.4: Relative error ro. < 4 107 o
Following (2.44), this figure
demonstrates that the goodness 2 10-2
of the approximation is inde-

pendent of P, i.e. the integral
of the pulse: it is only sensitive
to the width o,.

10~4 10-3 102

o¢/TB

a wavepacket that is driven by a Gaussian-shaped pulse can be cap-
tured by the sudden approximation when the wavepacket has only
occupations for [ < [ (o). In that case, the sudden approximation
is valid and it is not necessary to integrate the Schrodinger equation
fully. Another possibility is to rescale the effective potential to

<l/m/|f/rescaled‘lm> — Omnv (fz(Q)gcll;ngCll%% + %5ll’> (2-55)

with the rescaling function f;. This way we can capture the deviations
that arise due to the non-zero pulse width. However, this rescaling is
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2.3. The sudden approximation

not possible in all cases, as we will demonstrate in Section 2.4. These
findings are expected to be useful in understanding the behavior
of half-cycle pulses, which we will be exploring in our subsequent
analysis.

2.3.3 Few-cycle pulses

Although it is possible to replace pulses with kicks, for few- and
half-cycle pulses one has to take into account the full spatial depen-
dence of the laser field. Here, we analyze the half-cycle pulse as an
exemplary and experimentally important case, but this analysis can
be extended straightforwardly to few-cycle pulses. We consider the
following parametrization from Ref. [154]:

0 (t < 0)
E(t) = { & cost(wi(t —1,)/2)sin(wi(t — ) (0<t<t) (2.56)
Es (1 - e—(t—tp)/ﬁ) e~ (t=tp)/T2 (t>t,),

with electric field amplitudes &;, & > 0, the laser frequency w;, the
pulse duration of the first part of the laser pulse ¢, = 7/w, (in the
following referred to as positive pulse duration), the switch-on and
switch-off times 71, 7. The ratio

£=86/& (2.57)

determines the width of the first peak relatively to the negative tail.
The pulse defined by Eq. (2.56) satisfies the condition (2.49) and
is shown in Fig. 2.5 for various values of £ (note the logarithmic
time-axis). The condition that the electric field is smooth at ¢t = ¢,
further leads to 7, = -2~ = ¢/w; and Eq. (2.49) leads to

wré

To = (2&)%’7’1)71 + \/(QCULTl)_Q + (wL)—2
= (2wr8) "+ V(207 + (wr) 7,
39
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see Ref. [154]. The decay time is determined by 7». The sudden limit
for this potential follows as

Uid half—cycle = o 1Ho(t—to)/h+iPi cos(8) ,~iHoto/h (2.59)
with estimated peak position ¢, and kick strength P;. Observe that
tp does not have to match with ¢,, as the pulse’s peak (i. e. the pulse
position) occurs for ¢y < t,. Furthermore, the duration ¢, might
not align with the laser duration 7;, based on the value of ¢, since it
would disregard the negative tail of the pulse. Still P, is frequently
approximated in the literature as [134]

/ £t (2.60)

i.e. by the integral over the positive part of the field amplitude.
This is a good approximation when the half-cycle pulse looks similar
to a Gaussian pulse, which we demonstrate below. Approximately,
the integral over the positive peak scales as P, « & - t, (the nega-
tive tail compensates for exactly this value). For half-cycle pulses a
simple expression for the rescaling function as for Gaussian pulses

1.0
— 5_01 ..... 5_05
7\
] =02—= £=1.0
5 0.5 /\ § £
- / \
< 0.0 — \ AT —
=7
o
—0.5 —— —
101 109 10!
t/t,

Figure 2.5: Parametrization of a half-cycle pulse. Following (2.56) in units of
the pulse position t,. & determines the pulse maximum, & the minimum and
the ratio £ = &,/&; the decay time (see the text). The laser pulse duration 7,
includes the negative tail up to some degree depending on the field strength. In
the Gaussian approximation, the pulse width is approximately given by 7, ~ ¢,,.
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Figure 2.6: Behavior of a finite-width half-cycle pulse. Following (2.56), for
different positive pulse durations ¢, = 7/w, where ¢, also controls the peak width
and hence also the strength P,. (a) The field strength £(¢)/€, for £,/&,, = 30 and
& /€, = 0.03. (b) The first off-diagonal matrix element of the effective potential
defined in Eq. (2.41). Note that we divide by (0|V.¢|1) to bring the potentials on
top of each other since each potential corresponds to a different P;. Similar to
the multicycle pulses of Fig. 2.2 we observe that for small ¢, the matrix elements
coincide perfectly with the sudden limit (red dashed line).

as in (2.52) is not possible, since one has to infer additionally the
effective strength P;. In this section, we shift our focus to half-cycle
pulses. For simplicity we focus only on the dominant term, the per-
manent dipole term with finite yy > 0. For many linear molecules
this is a good approximation since the specific constants (2.35) sat-
isfy £, < Eaq. As previously mentioned, in the case of half-cycle
pulses, there is a positive peak followed by a potentially long nega-
tive tail. While it is possible to fine-tune the sudden pulse position
to, we choose for simplicity ¢; = ¢, from now on and note that fine-
tuning this parameter only leads to minor improvements (which
could be important in specific situations which are are not consid-
ering here). The (I| cos(f)|l') matrix element is only non-zero for
| ="' £ 1. In many cases, this is also true for Vet Specifically, in
the limit where the ratio £ — 0 from (2.57), which we will refer to
as the Gaussian limit, the behavior converges to the Gaussian pulse
discussed earlier, since the depth of the negative tail is minimal and
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Figure 2.7: Outcomes for
half-cycle pulses in the
Gaussian limit. (a) The
deviation error, denoted as
o =|1- pl(Q)/pl(i)Ol, for a half-
cycle pulse where ¢ = 1073
(corresponding to the Gaus-
sian limit) and /,,., = 250.
Similar to the Gaussian pulse a: ° t,=3-10"37p
(refer to Fig. 2.3), a power- £ 10-14 ® t=T.10"%7s
law dependence on the crit- S
ical pulse width is observed ° . - .
(indicated by the dashed 101 102 103
white line, estimated visu- (c) & /€
ally). (b) The effective kick 107" 3
strength, P, .« evaluated up ]
to l,, = 50, as a function of
field strength &, /&, for three
distinct ¢,. (c) Confirms the
anticipated linear relation- —————
ship, Py e < t, - &1, with 10°? 1072 107!

d?Preg tp/TB
T A~ 0.287,

tp/TB

0.5
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[ XX
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it requires an infinite amount of time to satisfy Equation (2.49). In
Fig. 2.6, we illustrate the shape of the potential for very small values
of £&. As expected, the effective potential matrix elements diverge
from the cos(6) potential for increasing ¢,, exhibiting similar behavior
to that of Gaussian pulses (cf. Fig. 2.3). For half-cycle pulses, the
positive pulse duration ¢, plays a role analogous to the width o; for
Gaussian pulses. In Fig. 2.7 we find that the critical positive pulse
width scales as ¢, «it/75 o [ !, which is similar to the critical pulse
width for Gaussian pulses in Fig. 2.3. The primary difference arises
from the fact that ¢, = 7/w; (only for half-cycle pulses) with the
laser frequency wy,, corresponding to exactly half a cycle, while the
variable o, of the Gaussian pulses corresponds to the width of one
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2.3. The sudden approximation

Figure 2.8: Results for
half-cycle pulses for the
oscillating limit. With

¢ = &/& = 1withthe
same parameters as in Fig. 2.7,
ie 0 = |1 —p/p2,| with
Imax = 500. Again, a power-law
dependence on the critical
pulse width is observed (indi-
cated by the dashed white line, _*1\\ 0.5
estimated visually). However, tp.erit/ T X | .

unlike for Gaussian pulses
the break-down of the sudden
limit occurs for smaller /... In
(b) the effective kick strength,

P ¢ evaluated up to l,, = 50, < veseso T mmet

as a function of field strength &7 102 -::",..n-: qeeseeseiny

&, /€, for three distinct ¢,,. In [ goeee®® | t: o 10735
(c) we demonstrate that the 10—4 —
slopes of (b) are related to 10! 10? 10
tp by 0Py e /0(E1/E,) o 12 as (c) &1/,

long as t, is not large enough
(note that deviations for

b\)i O°°°°
=
t, ~ 107273). This i =
b~ 7). This is a new 5
&
[}
g
o

_ 1074 1
result and originates from the 0 / L 8? P o
. ¥ 1 .
non-Gaussian pulse shape, ’

which does not allow for T 1'0'73 R '1'0,2
the simple estimation of P, L)
Eq. (2.60). P

standard deviation, or approximately 68% of the nominal pulse area.
We note that in the Gaussian limit, we do not observe a dependency of
the relative error on the kick strength P, .4. However, when leaving
the Gaussian limit, i. e. when ¢ is not small, it plays an important
role how the potential deviates from the impulsive limit. Now we
look at the opposite limit ¢ = 1, which we denote the oscillating
limit, since the negative tail can not be integrated out, like we did
effectively for the Gaussian limit. Also in that limit we find that it is
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2. ROTATING MOLECULES WITH ULTRASHORT PULSES

possible to approximate the full time-evolution with the impulsive
limit, see Fig. 2.8. The main difference is that for a given ¢,, the sud-
den approximation breaks down for smaller /, which implies that
one has to choose smaller widths ¢, /75 than in the Gaussian limit
to achieve the same accuracy. Further, it is important to note that
unlike the Gaussian case the diagonal elements are not vanishing
completely. While we confirm the relationship P .z x &/&,, the
dependency on ¢, is more complicated than in the { — 0 case and
we find 0P o5/0(E1/E,) o tf,, displaying a strong deviation from the
generally accepted result (2.60). Finally, we turn our focus to the

Figure 2.9: Behavior for an (a) o 5
arbitrary value of {. With 10 10t
&1/€, =10%. In (a) and (b) the 10-1 .
relationship between angular w 10
momentum [ and ¢ for two 1072 10-1
positive pulse widths ¢, that s _2
incorporate a large cutoff at 10 100 10! 10
lmax = 500. In (c) the depen-

dency of the relative error 4, 0 )
as defined in equation (2.45), 10
on both ¢, and £ (where we 10°
averaged up to an value of »
lov = 20). As ¢ approaches 10
either extreme of 1 or 0 for 10-2
small ¢, we recover the be-

havior §; — 0 from previous 1
figures. However, within these 10!
extremes, the error scaling

is heavily influenced by the 10°
positive pulse width ¢,. This 10-1
makes sense as the specific 102

timescale exerts a significant
impact on how the rotational
modes interact with the field.

tp/TB

case involving arbitrary £. Our compiled results are presented in
Fig. 2.9. This consolidates our previous analyses for the two limiting
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2.4. Exact time-evolution of rotational wavepackets

scenarios: { — 0 and £ = 1. Additionally, it provides an understand-
ing of how the Gaussian and oscillating limits respectively cease
to hold for mid-range values of £, where the error J;, grows large
already for small /. Evidently, in the scenario of £ — 1, a small ¢, /75
ratio is necessary to maintain the sudden approximation, as has been
demonstrated in Fig. 2.8. Contrarily, we discover that in the opposing
extreme where ¢ ~ 0, a larger ¢, proves beneficial, at least for the
relative error. We observe that when £ approaches 1, the condition
of t, — 0 becomes critical. Interestingly, an increase in ¢, values not
only allows, but also appears to encourage, higher ¢ values when
transitioning from the £ ~ 0 limit. We have visually approximated
this relationship as . o< (t,/75)%?, although the actual dependence
can be more complex. Nevertheless, it’s noteworthy that increasing
the ratio ¢, /75 permits the use of a greater ¢ value for fixed &;.

2.4 Exact time-evolution of rotational
wavepackets

We executed a series of numerical simulations, aiming to examine
the dynamics of an OCS molecule’s wave-packet under illumination
of different half-cycle pulses. In Figs. 2.10, 2.11, 2.12, and 2.13, we
present the results using 75 ~ 80 ps, Aa ~ 4.67 A3, and 1 =~ 0.66
Debye [155]. By using rescaled units (2.34), we obtain the specific
field constants £, ~ 6 kV/cm and £a, =~ 1 MV/cm. Since £, < Eaa,
we neglect the influence of the A« term in what follows. In a study
by Fleischer et al. [156], they reported the use of half-cycle pulses
with an average field strength of approximately 22 kV/cm up to 1
MYV /ecm when applied to OCS molecules, which is the regime we
are examining here. Note that as can be inferred from Fig. 2.7, the
relative field strength £/Ea, should be on the order of 100 — 1000 in
order to see a visible effect on the molecule. The time-dependent
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Figure 2.10: Numerical simulation of wave-packet time-evolution for an OCS
molecule. The parameters characterizing the molecule [155] are 75 ~ 80 ps,
Aa = 4.67 A3, and p ~ 0.66 Debye. Field constants specific to OCS, Eq. (2.35), are
used. (a) The field profile of the half-cycle laser pulse in the Gaussian regime,
&1 = 6000,¢& = 1073, resulting in a peak intensity Eyax ~ 23 MV /cm. The inset
show the long-time behavior of the pulse. (b) The absolute value of the wavepacket
components for a wavepacket initialized with [ = 4. (c) The converged wavepacket
long after the pulse. (d) The effective matrix elements from the full time-evolution
and the sudden approximation for P, . =~ 2.28, as determined by Eq. (2.44). The
relative error for this potential, calculated using Eq. (2.45), is a modest r; ~ 2%,
indicating that the sudden approximation is effective in this context.

wave-packet evolution of a molecule (with m = 0) is controlled by

QC(t) = —i Yy (U'IVi(t)|1) C(t), (2.61)

=0
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2.4. Exact time-evolution of rotational wavepackets
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Figure 2.11: Similar parameters as in Fig. 2.10. (b) Shows that the negative tail
now lowers the occupations at high [ values and (c) demonstrates the deviation
from the sudden approximation. (d) The effective matrix elements for P, . ~ 1.07,
calculated by Eq. (2.44) for matrix elements up to [, = 10. The substantial relative
error of r; ~ 43% indicates the inadequacy of the sudden approximation in this
case.

with the potential in the interaction picture defined in (2.47), and
the solution for the wavefunction

(L (1)) = Cy(t)e 1 (2.62)

in units of rotational time 7. In Fig. 2.10, the molecule is exposed
to a half-cycle pulse in the Gaussian regime, with £ = 10~%, whose
profile is shown in Fig. 2.10(a). The pulse has a width ¢,, significantly
shorter than the molecule’s rotational period. The wavepacket in the
initial condition is in a pure [ = 4 angular momentum state', i.e.

1>We did not choose I = 0 as not to be influenced by the open boundary, which could
lead to other effects not mentioned here.
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Figure 2.12: Same as in Fig. 2.10, but with a significantly extended pulse duration
of t, = 1 ps. (d) The effective matrix elements for P, .+ ~ 1.2 as calculated
by Eq. (2.44) for matrix elements up to l,, = 10. High relative error of 41%
underscores the poor agreement with the sudden approximation. This discrepancy
is attributed to oscillations in the effective potential induced by the pulse width,
which is comparable to the rotational periods 7,.(/) of some non-zero angular
momentum states.

(l|t)) = 6;4. During the pulse illumination, the pulse performs akin
to a Gaussian pulse, with both lower and higher angular momentum
states being occupied. Notably, the angular momentum states stay
well below the critical value, which can be read off from Fig 2.7 (a)
with ¢,/ ~ 1.25 - 1073. Post-illumination, a decrease in the occupa-
tion probability for state | = 4 is evident, possibly due to destructive
interference. We use the sudden approximation, defined by (2.44),
to estimate the effective kick strength of an instantaneous delta pulse.
This approximation mirrors the final state of the wavepacket with
high precision, demonstrating a fidelity of 97%, and it accurately
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Figure 2.13: Same as in Fig. 2.10, but under oscillating conditions, £ = 1. (b)
highlights how the sharp the negative slope of the pulse counteracts the positive
peak, leading to an almost complete negation of previously occupied angular
momentum states. Despite this behavior, the agreement with the sudden approxi-
mation is very high, as seen in (c) with the long-time result of the wavepacket.
(d) The effective matrix elements for P, .4 ~ 0.2, as calculated by Eq. (2.44) for
matrix elements up to [ = 5 with a relative error of 3%.

predicts the dip in the [ = 4 state. The sudden approximation’s
agreement with the full time-evolution is further confirmed by the
effective matrix elements (2.41), see Fig. 2.10(d). The small relative
error (2.45) of r; ~ 2% underscores the appropriateness of the sud-
den approximation in this context. Figures 2.11,2.12, and 2.13 were
created similarly to Fig. 2.10, albeit with varied pulse parameters
and widths. In Fig. 2.11, the pulse is set in the intermediate regime
¢ = 0.1. The sudden approximation proves challenging to apply
in this scenario, as evident in the evolution of the representative
wavepacket. The matrix elements of the effective potential begin to
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2. ROTATING MOLECULES WITH ULTRASHORT PULSES

diverge for large [, failing to plateau like in the case of the sudden
approximation. Consequently, finding the correct kick strength that
could reproduce the full time-evolution results is problematic. There-
fore, we advise against using the sudden approximation in such a
scenario due to the significant deviations. In Fig. 2.12, we adjust the
pulse width to a longer duration (¢, = 1 ps), while staying within
the same intermediate regime (£ = 0.1). This modification leads
to noticeable oscillations (see Fig. 2.12(d)) in the matrix elements
of the effective potential, resulting from the compatibility of the
pulse width with the rotational periods of certain angular momen-
tum states. Evidently, in this regime, the laser’s timescale overlaps
with the molecule’s rotational oscillations, causing interference. This
interference hinders the application of the sudden approximation,
corroborated by a poor agreement between the wavefunctions of the
sudden approximation and the full time evolution (as low as 20%).
An intriguing observation is the absence of a depopulation in high
angular momentum states, likely attributable to the longer duration
of the negative peak. In the final scenario, as illustrated in Fig. 2.13,
we look into the oscillating limit by setting { = 1. We observe that the
pulse’s negative slope almost negates the positive peak, leading to a
markedly reduced effective kick strength. Nevertheless, the agree-
ment with the sudden approximation in this regime is remarkably
high, presenting a fidelity of 98%, reinforcing our previous analysis
of Fig. 2.8.

2.4.1 Validity of the sudden approximation

In summary, our analysis of the full time-evolution operator, solved
at the operator level, establishes clear criteria for the validity of
the impulsive limit. Both Gaussian and half-cycle pulses can be
accurately approximated by delta kicks when three conditions are
met: the angular momentum remains below ., the pulse width
(o or t,) is much shorter than the rotational period 75, and for half-
cycle pulses, the shape parameter £ approaches either the Gaussian
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(¢ — 0) or oscillating (£ = 1) limit.

These findings provide practical guidelines for experimental imple-
mentations, defining parameter regimes where delta kicks can be
reliably realized. Within these constraints, the matrix elements of
finite-width pulses become indistinguishable from those of delta
pulses in the long-time limit. Outside this regime, however, signifi-
cant deviations emerge due to non-negligible evolution during the
pulse width.

Our approach, based on the effective potential (2.41), complements
existing methods such as the Magnus expansion [157] and the tech-
niques developed in Ref. [145]. While these earlier works focus on
expanding the time-evolution operator in terms of 7, our method
provides novel insights into rotational states and off-diagonal matrix
elements specific to molecule-laser interactions. By quantifying de-
viations from the sudden approximation, we explicitly demonstrate
how increasing pulse widths and laser strengths lead to behavior
beyond the first-order Magnus expansion. This analysis not only de-
fines the boundaries of the impulsive limit but also characterizes the
nature of deviations beyond these boundaries. Future work could
extend these investigations to more complex pulse shapes, including
tew-cycle pulses, and explore quantum numbers beyond angular
momentum /.

2.5 Outlook

This concludes our analysis of single-pulse interactions. The fol-
lowing chapter extends our discussion to pulse trains, where the
sudden approximation developed and justified here will significantly
simplify the time-translation operator, enabling the study of more
sophisticated driving protocols.
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CHAPTER

Lattices of angular momentum

Attention is the rarest and purest form of generosity.
— Simone Weil

3.1 Overview

In their seminal 1979 paper, Casati et al. [46] discovered an extraor-
dinary manifestation of quantum interference: the localization of
angular momentum distributions in driven quantum rotors. This
phenomenon, while mathematically analogous to Anderson’s theory
of electron localization in disordered solids, occurs in the space of
angular momentum rather than physical position space. Although
the theory in its pure form is simple, it has sparked extensive re-
search in Quantum chaos, from quantum billiards and kicked tops
to quantum graphs [115]. The universality of this effect has since
been demonstrated across an impressive range of quantum systems—
from atoms in microwave fields [158, 159] to highly excited Rydberg
states [160]. Perhaps most intriguingly, when rigid linear molecules
are subjected to linearly polarized electromagnetic radiation [66],
they exhibit similar localization behavior [63, 65], despite their inher-
ently three-dimensional nature. As we established in Section 2.2.1,
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3. LATTICES OF ANGULAR MOMENTUM

the cylindrical symmetry of this interaction preserves the magnetic
quantum numbers (m, K), effectively projecting the dynamics onto
a planar rotor in the polar angle 6.

The hallmark of localization is the exponential decay of wavefunc-
tions [48]:
b(r) oc exp(=[l = Il /€) (3.1)

where ¢ is the localization length. The dynamical localization phe-
nomenon represents a striking breakdown of quantum-classical cor-
respondence: while the classical kicked rotor exhibits chaotic be-
havior with unbounded energy growth, its quantum counterpart
remains confined in angular momentum space. While dynamical lo-
calization occurs for a wide range of parameters, at so-called quantum
resonances a different phenomenon emerges that depends intimately
on the ratio between the driving period and the rotational revival
time [161-163]. These resonances, far from being mere curiosities,
reveal deep connections between the fractional revivals of the rotor
and quantum transport.

Our theoretical framework begins with an introduction to the Floquet
theory of the kicked rotor in Section 3.2, yielding an effective strobo-
scopic Hamiltonian whose structure we examine in Section 3.2.1. The
rich interplay between fractional revivals and quantum resonances,
detailed in Section 3.3, illuminates how the underlying time-lattice
geometry gives rise to fundamental quasi-momentum symmetries,
explored in Section 3.3.3. At perfect quantum resonance, addressed
in Section 3.3.4, the system shows the exactly solvable case of un-
bounded growth—in stark contrast to the anti-resonant case examined
in Section 3.3.5, where the dynamics freeze entirely. The exploration
of higher resonances in Section 3.3.6 reveals a hierarchy of increas-
ingly complex dynamical behaviors.

The extension to the 3D rotor, presented in Section 3.5, introduces
remarkable new physics while preserving essential insights from the
planar case. The convergence of matrix elements involving Clebsch-
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3.2. Floquet theory

Gordon coefficients, proven in Section 3.5.1, allows us to bridge the
apparent complexity gap between 2D and 3D rotors. The emergence
of the Anderson wall-a critical angular momentum beyond which
quantum resonances dissolve—is analyzed in Section 3.5.2, while
Section 3.5.4 reveals how the characteristic /(! + 1) spectrum of 3D
rotors gives rise unique revival patterns absent in planar systems.

Through careful examination of the interplay between dynamical
localization and quantum resonances, we uncover how the delicate
balance between strong pulses and quantum interference produces
a rich phase space of dynamical behavior. This foundation proves
essential for our subsequent exploration of topological phenomena
in quantum rotors in the next Chapter. Let us now begin with the
fundamental framework of Floquet theory.

3.2 Floquet theory

Finding solutions to the Schrédinger equation with a time-dependent
potential often presents greater challenges than those encountered
with static potentials. When energy is not conserved, energy eigen-
states do not exist either. In this work, we focus on a special case
where the potential is Hermitian! at any given moment-ensuring
real energies-but varies over time. Furthermore, we consider poten-
tials that are periodic in time, such as a train of laser pulses. This
periodicity allows us to employ methods from condensed matter
physics, including the Bloch theorem and related concepts.

In the time domain, this framework is encompassed by the Floquet
theorem, or more broadly, Floquet theory. We can express such a
Hamiltonian as H(t) = H, + V(t), where V(t + T) = V(t). Con-
sequently, the Hamiltonian commutes with the one-period time
translation operator, [H(t), U(t + T, t)] = 0, allowing for simultane-

!This implies that we neglect couplings to a bath or other dissipative processes.
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3. LATTICES OF ANGULAR MOMENTUM

ous diagonalization? with Uy (t) = U(t 4 T, t). The periodicity in T
also guarantees that the time-translation operator is periodic in both
arguments U (' + T,t) = U(t',t) for t' > tand U(t',t + T) = U(', 1)
for ' >t + T. Given that U is unitary, its eigenvalues lie on the unit
circle

Ut +T,1) [4;(8)) = e [oy(1)) = [o5(t + 1)) (32)

withj € {1,..., N} and the dimension° of the Hilbert space dim[H] =
N. The eigenstates |1;(t)) are also known as Floquet states. These
states form a complete basis for the Hilbert space and are periodic
in time with period T'. The corresponding eigenvalues e~ define
the quasienergies €¢;, which play a role analogous to energy in time-
independent systems. It is important to note that the quasienergies
are only defined modulo Q2 = 27/T, reflecting the discrete time
translation symmetry of the system. Importantly, this introduces the
possibility of having the so-called 7-gap, an energy gap that arises
due to the periodic nature of quasienergies. Hence, in Floquet sys-
tems, states that differ by €¢; — ¢; + /7T become equivalent in the
folded spectrum, so that an avoided crossing or band splitting about
7/T can form a gap. This phenomenon is unique to periodically
driven systems, since it relies exactly on this periodicity [164].

Let us define the 27-remainder norm for two numbers x,y € R with

|z — y|or = mi%\x—y—l—%m\ (3.3)
ne

2Let us recall briefly the argument behind simultaneous diagonalization. Let us
assume H is invariant with respect to a symmetry operator A (which according to Wigner’s
theorem [19], has to be either unitary or anti unitary), then

AHA" = H & [H,A] =0, H[}) = El)) = AH|p) = EA[)) & HA[p) = EA[Y).

The last argument shows that A[)) is also an eigenfunction of the hamiltonian with the
same eigenvalue. More important: We can always find simultaneous eigenfunctions if
[H, A] = 0, but they do not necessarily have the same eigenvalues.

3Let us assume for now a finite Hilbert space. However, the discussion carries over to
the infinite case with minor subtleties.
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which gives the minimal distance on the circle between radiants z, y.
Hence, we can define the gap between two quasi-energies by the
difference Ae- T = |1 — €T 2.

This property leads to a quasienergy Brillouin zone (similar to the
concept in solid-state physics). The Floquet states can be expressed
in the form

(1)) = e (1)) (34)

where |u;(t)) are time-periodic states satisfying
it +T)) = e D )ap(t 4 T)) = e U ap(t)) = |u;(t)).  (3.5)

These modes encapsulate the micromotion of the system within each
driving period. In the context of our study on kicked rotors and
molecular systems, Floquet theory provides a powerful framework
for understanding how the periodic application of laser pulses can
manipulate and control quantum states.

The Floquet states form an orthonormal basis, characterized by
(i(t)|(t)) = ;5. This property enables us to express the general
solution of the Schrédinger equation as a linear combination of these
special solutions

[6(t) = Y ci(Dley(D)), (3.6)

J

with coefficients c; determined by initial conditions

c; = (¥;(to)|o(t0))- (3.7)

Expressing time as t = ¢y + nI’, where n € Nj, we can rewrite the
solution

6(0)) = D eze " (to)): (38)

Note that |u;(t)) = |u;j(ty)), implying that the full dynamics is cap-
tured by the phase factors e~ti(t=to)  This allows us to express the
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time evolution operator as
Ut to) = > e "9 (1)) (w(to)- (3.9)
J
To illustrate, consider a time-independent Hamiltonian with station-
ary solutions H|1;) = E;|1);). In this case
Ut +T0)(8) = e as5(0)), (310)

Clearly, all |¢;(t)) are Floquet states with quasienergies ¢; = Ej, for
any 7' € R. The energies are proportional to quasienergies modulo
27. Returning to the time-dependent scenario, we substitute the
Floquet ansatz into the Schrédinger equation:

[iat - ﬁ(t)] S el (t) = 0. (3.11)

J

The linear independence of Floquet states allows us to separate this
into NV equations. For each j we find

[iat - ﬁ(t)} =15t u; () = 0 (3.12)
& [H () = idh] Jus(1)) = e5lus(0)) (3.13)

Given the periodicity of |u;(t)) and H(t), we can expand them into
Fourier series

i (8)) = Y lui(k)e™ ™, Ju;(k)) = % / e M uy(t))dt, (3.14)
k O
H(t)=> H(k)e™, H(k)=— / ' e () dt, (3.15)
k 0

where Q) = 2%. Substituting these expansions yields

3 (ﬁ(q)eiqm ~ m) HMuy(k)) = 3 e uy(k)).  (3.16)

k.q k
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Multiplying by e =¥, k/

> (H @0kt = (B + )b ) [ (R)) = 0

k,q

€ Z, and integrating over + fOT dt, we obtain

(3.17)

& >0 (B = k) = k) [us(K) = lu;(k))  (318)

& 3 My lu () = (k). (319)
k

Here, H gk, is the Floquet Hamiltonian. The final equation resem-
bles an eigenvalue equation for Floquet states with eigenvalue ;.
However, quasienergies are constrained to [0, (2], with solutions
€, = € = kQ corresponding to the same Floquet state up to a phase
e*!. Let us consider a simple periodic driving with frequency

H(t)=Hy+ V- (" + 7).

Then the Floquet Hamiltonian becomes

. F N N
H (k, k/) =H,— kQ(Sk’k/ + V- (5k,k’+1 + 5k,k’—1) .

(3.20)

(3.21)

The Floquet Hamiltonian can thus be written as an infinite tridiago-

nal block matrix
V
ﬁ0+3Q ‘7
1% Hy+ 29 1%
1% Hy+1Q V
1% Hy 1%
V.  Ho—1Q
1%

V
Hy — 29
V

‘7
Hy-3Q V
\%4

In the following sections, we will focus on strongly-driven rotors
that can be evaluated exactly, without the need to consider the full
Floquet Hamiltonian. This approach allows us to directly exam-
ine the quasienergies and Floquet states, often without relying on
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the frequency expansion. Specifically, since we are dealing with ex-
tremely strong but ultrashort kicks, far exceeding the weakly-driven
regime, a high-frequency expansion would be inadequate, as a Dirac
delta-shaped pulse has spectral components across all frequencies.
Therefore, we need to directly compute the time-translation operator
in order to understand the behavior of the system completely.

3.2.1 Stroboscopic Hamiltonian

While a driven Hamiltonian is not time-independent, we can find
an effective time-independent Hamiltonian, following the same idea
as in (2.40) when evaluating the effective potential for a pulse with
finite duration. The effective, i. e. stroboscopic Hamiltonian* is de-
fined by

Ur = exp[—iH T (3.22)

in dimensionless units with an hermitian operator H off, Which is
not necessarily unique, which we will demonstrate in the following.
Starting from the one-period time-translation operator Ur at t = %
with eigenvalues \; = e%7, We can construct one solution straight-
forwardly from the Floquet states (with a matching ¢ = ¢;) in (3.2).
The ambiguity of the effective Hamiltonian arises from the ordering
of the eigenstates, since quasi-energies can be degenerate, and the
periodicity of the quasi-energies. Let us denote the subspace of the
j—quasi-energy by M, then

F[eff = Z Ejpj (323)
J
with the projector P; = >, . . [tn) (| Clearly, the effective Hamil-
tonian shares the eigenstates with the one-period time-translation
operator
Heglthn) = €t0,)  ¥n e M, (3.24)

#Stroboscopic refers here to the analysis of the system only at integer multiples of the
period T, as in a stroboscopic camera.
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and the quasi-energies as the phases of the eigenvalues®. Formally,
we can define the logarithm by (3.23) and write

Hop = ilog[Us]/T (3.26)

while keeping in mind that this mapping is not unique.

3.2.2 Time-slide symmetry

Intuitively it is evident that the asymptotic behavior of a periodic
system remains invariant under shifts in the initial time ¢, a property
reflected in the invariance of quasienergies for the one-period time-
translation operator. Consider an arbitrary partition ' = U,U5. The
time-slide symmetry implies that the shifted operator W = U,U,
has identical eigenvalues. Expressing U; = ¢~41 and U, = ¢4 in
terms of Hermitian operators A; and Ay, we can relate these operators
through a similarity transform

U, = e et o T = e_iAllAfleiAl. (3.27)

This transformation demonstrates the spectral equivalence of U and
W. While their eigenvalues coincide, the eigenstates differ by a
rotation®.

"We can construct infinitely other other effective Hamiltonians that have the same
time-translation operator. Let us look at the exponential map

Up =Y e TP, (3.25)

then we realize that any choice of €; = ¢; + 27¢/T, q € Z leads to the same Uy. This can
even lead to the curious case that a pair of non-degenerate eigenvalues of the effective
Hamiltonian are effectively degenerate, because their distance is a multiple of 27 /T
Typically, we are interested in effective Hamiltonians that are smooth with respect to some
external parameter, which constraints the choice of Energies of the effective Hamiltonian.

%To prove this, let V; diagonalize U such that UV = ViyA, where A is diagonal.
Similarly, let Vy diagonalize W. Applying (3.27), we obtain

WefiAQ‘A/U = 671’142 VUA & VU = efiAl‘?WF (3.28)
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3. LATTICES OF ANGULAR MOMENTUM

3.3 Quantum resonance of rotors

Let us now apply this theory to quantum rotors. We will first examine
2D rotors and subsequently extend these results to 3D rotors in
Section 3.5. The 2D rotors can be derived as a limit of a 3D rotor
when [ — oo. In this scenario, the z-directional angular momentum
takes any valuem € Z and is quantized through the relation L.|m) =
m|m), where L, = —i-Z " 5-and the eigenfunctions are given by (m|¢) =
ﬁe‘im(ﬁ with ¢ € [0, 7) (note that this leads by definition to anti-
periodic boundary conditions for any wavepacket). The kicked rotor,
expressed in dimensionless units, is given by

Hgr(t) = + P cos(¢ Z d(t —nT) (3.29)

where P is the kicking strength and 7" is the duration between
kicks. Following the discussion in Chapter 2, the one-period time-
translation operator is simplified to

Uy = exp|—iTL’] exp[—iP cos(d)]. (3.30)

Note that even though angle ¢ is continuous, its compactness (which
is reflected in the quantized momenta) guarantees the discretization
of the eigenstates of U. The matrix element of the potential is”

2m
(m\e iP cos(¢ |m > 21 / o~ U(P cos(¢)+p(m—m)) d¢
T Jo

— (_i)m/_mjm’—m(P)

(3.31)

with the Bessel function .J,,(x). Since the matrix elements only de-
pend on the difference m — m/, the one-period time-translation oper-
ator inherits the periodicity of the free rotation.

where ' = diag[e~?®] accounts for the U(1) gauge freedom of each eigenstate, with ®
being a vector of freely chosen phases.
"Using the expression [165] e'’cs(®) = S~ (_§)n ], (P)e™?. Additionally,

etsin(9) = 57 ], (P)e™™? is also true, which we will use later.
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3.3. Quantum resonance of rotors

3.3.1 Fractional revivals and quantum resonances

Before looking into a complete pulse train, it is worthwhile to exam-
ine the revival structure of a 2D rotor following a single kick. This
approach can provide some insights into the nature of rotational
quantum resonances which will become important later. The re-
vival pattern of a freely evolving wavepacket, described by |¢(t)) =

e " (m|1p(0)), can be interpreted as an extended version of
the Talbot effect 8. In this context, the rotational time of the rotor
(Twot = 27 in our units) assumes the role of the Talbot time, during
which periodic wavefronts experience regular revivals.

Rotational revivals manifest as fractional revivals, characterized by
periodic sharpening and spreading of the wave packet’s angular
distribution. These phenomena bear resemblance to optical focusing
effects, particularly the so-called catastrophes such as rainbows and
glories. The concepts underlying these revivals are fundamental to
applications in molecular alignment. While the topics of rotational
revivals and quantum carpets have been extensively explored in the
literature [ 167-170], we present here a novel perspective on quantum
resonances.

The complexity of rotational revivals extends beyond the standard
Talbot effect, as the overlap with the initial state (i. e. , the autocorre-
lation function) dependents crucially on the initial state occupations

00 2

A() = [ O) = | Y [(mly(0))[Pe ™ (3.32)

m=—0oQ

where 1(0) for a single kick is given by (3.31) and the autocorrelation

8The Talbot effect, first observed by Henry Fox Talbot in 1836, is a near-field diffraction
phenomenon where a periodic structure (such as a diffraction grating) creates repeated
self-images at regular distances. When monochromatic light passes through a periodic
grating, the wave field replicates the original pattern at integer multiples of a characteristic
distance called the Talbot length (27 = 2a?/\, where a is the grating period and \ is the
wavelength), see [166] for a review.
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3. LATTICES OF ANGULAR MOMENTUM

function A(t). In Fig. 3.1 we show the results for a gaussian state
(mlgho) = NH(B)e (3.33)

with a normalization A/ (3)? such that |(1|¢))|? = 1 and a parameter
£ > 0 which controls the width of the distribution. For 5 — 0, the
gaussian state has a orientation signal (cos(¢)) of one'?. We observe
that at the revival times ¢t = 27n,n € N the wavepacket is revived
exactly; this phenomenon is commonly known as grand revival [171].
Further, we find that at half-revival times ¢t = 27n—m the overlap with
the initial wavepacket goes to zero. Strikingly, this is a state that has
negative orientation, which allows for a semi-classical interpretation
of the angular momentum wavefunction.

Fig. 3.2 illustrates the autocorrelation function .A(¢) as a function of
time for various kicking strengths P for an initial state ¢9 = dy,.
As P increases, a larger number of m states become occupied, each
oscillating with frequency wyot(m) = 27rm?, asin (2.37). Over time
t, these different modes dephase, leading to a decrease in A(t) due
to destructive interference. This explains the inverse relationship
between P and overall overlap for a given t.

However, fractional revivals occur when these modes constructively
interfere. For large P, this is most pronounced at ¢t = /2, where all
even m modes interfere constructively. At ¢ = 7, a phase inversion
occurs. This is because the even nodes are becoming orthogonal to
the initial wave packet. Additional revivals are observed at multiples

 The normalization factor can be evaluated straight-forwardly by N?(3) =
Yom e=Pm* = ©5(0, e~?) with the Jacobi-Theta function O3z, q).
1%We can evaluate the orientation signal at ¢ = 0 exactly by

(ol cos(@)|wo) = N72(B) > (efﬁ(mH)Q " e—ﬁ(mﬂﬁ) eI N2(B) S e Bl )tpm?

m=—0oQ m=—0oQ

= ¢7205(0,¢72%) /03(0,¢ ")
(3.34)
which for 3 — 0 goes to 1 and for 3 — oo goes to zero.
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3.3. Quantum resonance of rotors

Figure 3.1: Revivals (@) 1.0
of the 2D rotor in a
gaussian state. (a) . 057
Orientation signal § 0.0 -
for a gaussian state g
Qﬂ(t = 0) X B_Bm2 with - —0.5
= 1072 (b) Auto-
correlation function 101 i . i i i ! i i
A(t) of the same state. (b) 1.0 -
As expected, there is a '
grand revival att = 2w 0.75 4
and minor revivals at .
fractions of the revival ;“E’ 0.50 1
time (see main text). At
t = w, we find the anti- 0.25 7
revival, which can be 0.00

}nterpreted When look- 0 W'/Q L s o o s o " -
ing at the alignment, ;
which flips to ~ —1.

of w/3, /4, and consequently 7/12, related to the commensurability
of individual mode frequencies. The complexity of the revivals
becomes clear in Fig. 3.2(b), which shows a non-linear pattern of
minima and maxima in the autocorrelation function, interconnected
by branches of a fractal revival tree. As P increases, leading to the
occupation of more modes, we observe an increasing number of
autocorrelation minima branchings. Remarkably, even at strong
kicking strengths (P =~ 10), significant revivals persist, such as
resonances that appear to be ¢ = L7 and ¢ = 27, but this is difficult
to examine. Quantitative analysis of these revivals would make it
necessary to consider all kinds of fractal interference effects and
the analysis of the full non-linear revival manifold, going beyond
simple commensurability arguments. This phenomenon, involving
numerous participating modes, appears paradoxical from a classical
perspective. While we cannot exhaustively explore all details here, it
is evident that even the simple summation of oscillating terms ¢~""*
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—_— P =7 == t=157/16

—— = 237r/24

A(t)
10°
107!
7.5 7
5.0 7 10~2
2.5 1
0.0 T T T T T . T T T . 1073

0 7r/12 71'/6 7r/4 7r/3 57r/12 7\'/2 77\'/12 271'/3 371'/4 57r/6 117r/12 ™
t

Figure 3.2: Fractional revival pattern for the 2D rotor following a single kick.
(a) Autocorrelation function A(t) = |(¢(¢)[1(0))|* between the evolved and initial
wavepackets for various kicking strengths P. The plot is restricted to 0 < ¢ < 7
due to symmetry around ¢ = 7. (b) Heatmap visualization of A(t) as a function
of both time ¢ and kicking strength P. Despite the complex revival structure,
two consistent features are observed across all P values: a pronounced revival at
t = 7/2 and a characteristic low overlap at ¢t = 7 (for P > 0).
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3.3. Quantum resonance of rotors

generates a complex pattern.

Let us now consider a series of kicks in the quantum resonance regime,
defined by T' = 2w /N with N € N. In this regime, the free rotation
operator is given by

A2
—27L,

m') = e 7N, (3.35)

(mle

This operator is periodic with period N''. The interplay between
the previously discussed Floquet theorem and the complex revival
pattern we have observed in Fig. 3.2 gives rise to a new symmetry in
m-space. This symmetry allows us to reformulate the time-evolution
operator in terms of a new variable k, which we shall refer to as the
quasi-momentum.

Intriguingly, this symmetry bears a resemblance to crystal symmetry,
but manifests in the time domain and, consequently, in m-space.
This results in a regular lattice structure in time, governed by the
quantum resonance examined earlier. This temporal lattice structure
facilitates the definition of a Fourier transform.

3.3.2 Floquet fourier transform

Any operator with the aforementioned periodicity is translation
invariant in angular momentum space with period N, i.e.,

(m|A|m") = (m + N|A|m' + N) (3.36)

for all m,m’ € Z. Let us parametrize each m’,m by m = n- N +o¢ and
m' = n'-N+o' withn,n’ € Z and spinor variables'? 0,0’ € {0,1,..., N — 1}.

11f NV is divisible by 4, an additional symmetry emerges, reducing the effective period
to Neg = N/2. However, we will primarily focus on cases where N is not divisible by
4. The period of N is proven in the Appendix 6.2. More generally, we could choose

= 2rM /N with N,M € N. By dividing N, M by their greatest common divisor,
we obtain T' = 27 M /N, resulting in a period N equal to the least common multiple
N = LCM(N, M).

12Analogous to condensed matter physics where the dimension N of the unit cell
defines the pseudospin of the particle.
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3. LATTICES OF ANGULAR MOMENTUM

Then,

Ay = Avor(n,n') = Agor(n — n') = Ao (An). (3.37)

Evidently, A only depends on the off-diagonal index An, due to the
periodicity. This enables us to define a Fourier transform F that

maps from angular momentum space to quasi-momentum k-space
with £ € [0, 27) and reads

AUJ’(k) = Z e_iAn.kAao’(ATL)a
Ani==cs (3.38)
1 T
Agor(An) = — / Gk A (k) dk
27'[' 0

which is equivalent to the notion that the N-periodic operator A
conserves quasi-momentum k. Note that for N = 1, the quasi-
momentum trivially becomes the angle ¢, which makes sense be-
cause the m-quantum number is the Fourier transform of the an-

gle. In that case, Fle!" @] = ¢Psk) However, for a unit cell
larger than one, the situation becomes more intricate. For a state
f(m) = (m|f) € C, the Fourier transform is defined by

(0.9]

fok)y=">_ e ™ f(o+Nn),
An=—oe (3.39)
f(o+Nn) = % 0 fo(k)e ™ dk.
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3.3. Quantum resonance of rotors

Similarly, the Fourier transforms of the cosine and cosine squared
operators are given by

0 1 ek
( 1 0 1 \
. 1 0
(cos(¢)) (k) = 5 (3.40)
1
1 0 1
\e-i-ik 1 O)
Nx]\ﬂ(/[atrix
and
( 1 0 1/ e_““/2 0
0 1 0 1k —ik /2
1/ 0 1 0 1p
- 1 1/ 0O 1 0
(cos*(3)) (k) = 5 ;
1 0 1/
etk /2 0 1 0
\ 0 et/ L h 0 1)
NxNK/[atrix
(3.41)

These expressions allow us to calculate the Fourier transform of the
time-translation operator at arbitrary N and hence determine the
exact time-evolution at all times.

3.3.3 Quasi-momentum Symmetries

Also for this system we have a time-slide symmetry as explained in
Section 3.2.2. This implies that the position of the kick does not alter
the model, as it represents merely a gauge freedom. Let’s examine
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this symmetry in the case of a quantum resonance, i. e.

U(8) = e-2m‘£§(1—5)/1\[6—@'?6—27@35/1\7 o~ U= e—zmii/z\fe—ﬁ/ (3.42)
where the symbol ~ indicates that the two operators share the same
spectrum, albeit with a rotated set of eigenstates for any 0 < g < 1.
However, as noted earlier, a finite 3 results in a distinct NV-periodicity.
Let us express 3 = 7 where a,0 € Nand a < b. For incommen-
surable @ and b - N, the periodicity of the operator becomes b - N
(conversely, for commensurable ¢ and N - b, it will be the least com-
mon multiple). The equivalence of the spectra consequently leads
to bN bands replacing N bands, compensating for the larger unit
cell. This phenomenon is well-known in solid-state physics as "band
folding".

In addition to that, we find a time-reversal symmetry present for all
models with one kick in the Floquet operator (where we use that
our kicking potentials are real Hermitian V* = V = V7). More
specifically, a second kick with different strength!®> would break the
time-reversal invariance. For Hamiltonians and hence also for our
effective Hamiltonian, time-reversal symmetry is defined as [71]

TH=HT < TH,=H",T (3.43)

with an anti-unitary operator'* 7 and conjugation x. Note that in
the momentum space basis, we have to invert the momentum under
time-reversal®. How the time-reflection operator acts on a time-
translation operator is evident from its definition, but we can derive
it'® to be sure from (3.26),

Tlilog[U4])T) = T(ilog[U)/TY T & TU =U'T.  (3.44)

13For example, Uy.yjc = e~ 2miLL/N =iV1=2mill /N =iV \yith Vi # V.

14 According to Wigner’s theorem symmetries in quantum mechanics are either unitary
or anti-unitary [19]. Here, we can represent 7 by a unitary matrix U7 and the conjugation
operator K such that 7 = Ur K.

1>Which, mathematically, follows straightforwardly from the definition of momentum
space in (3.38), but can also be understood intuitively.

16We use (—log[(']) = log[U '] = log[U''].
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3.3. Quantum resonance of rotors

When the pulse is at the center, i.e. § = 1/2, the time-reversal invari-
ance takes the simple form of unity times conjugation 7 oc I K. Then,
TU = U*T = U'T. For the one-kick rotor models, we can show this
explicitely by using (4.15) and calculating U*(8 = 12)U(8 = 1/2) = L.
Clearly, for any time-reversal operators in this gauge U, ..., U,, the
product U,...U, 1U,U,_;...U; also has time-reversal symmetry".
Hence, to construct 7 for arbitrary gauges 3, we only need to bring U
(or H, respectively) back to the § = 1/2 gauge. This is accomplished
by the gauge transformation /() with

U(B) = e ID/EN) with UNBYU(BUB) = U(1p). (345)

The (anti-unitary) time-reflection operator then takes the form 7 () =
U(B) KUT(B) with conjugation K. The time-translation operator then
fulfills 7(B)U(B) = U (B)T(B).

. —9mrim?2 . . . .
The rotational phases, ¢,,, = e=2™™"/N  give rise to a inversion symmetry

for odd N. When we choose'® the inversion center of the first unit
cellton, = (N+1)/2e Nandfora0 < j <n.,wehave(, 1; = (u—j
and hence the matrix representation in m—space of the inversion
becomes / \

)
o =

P= A (3.46)

= o
O =

e |

inﬁnit;r matrix

17 Additionally, there are more ways to construct time-reversal invariant operators. For
instance, for an even number of arbitrary unitary operators the product U = Uy, ... U,
will have the UT = U* property by imposing Ug =U;_ ;1

18In the definition of the Fourier transform (3.38) there is an unmentioned freedom
at which m to define the unit-cell. Here, we choose it in a way that the inversion center is

in the center of the unit-cell.
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with PIP = P? = L. Since it’s a spatial symmetry and does not
involve conjugation, it acts similarly on the time-translation operator
PU = UP. In k-space we find

P=|: (3.47)
01
10

-
N x N Matrix

including a k—inversion k¥ — —k. For effective Hamiltonian we find
PH), = H_;’P and similarly for the time-translation PU, = U_,P.
Note that since this operator obeys both time-reversal and inver-
sion symmetry, we can always gauge it to a real form'. This holds
true even when an auxiliary parameter is introduced, acting as a
synthetic dimension that does not disrupt the existing symmetries.
Importantly, the system’s P77 symmetry remains intact along an adi-
abatic path P(«), where o € R, irrespective of any changes to these
synthetic dimensions (this will become important in Chapter 4).

3.3.4 Fully resonant case N =1

As mentioned earlier, for N = 1, the free rotation is trivial with
e~2™m* — 1. The one-period time-translation operator then reduces
to the kick (3.31). After n kicks, a wave packet evolves as

= \e*ipgb . e*ip% = e~inP? (3.48)
n

U(to + nT, to)

9Let us define the eigenstates and eigenvalues of P by PV = Vdiag[)], then, in
the time-reversal symmetric frame (3 = 1/2) the operator W = diag[v/A]V' defines a
transformation that gauges the Hamiltonian to be real, i. e. Hj, — H, = WHW'! e RVXN,
since H, = H Z & H e RV*N which follows from Hy, = H " . and inversion invariance.
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(a) (b)

100 :
50 - -
g 0 1 .
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" [(m|Yn=s0)|?

Figure 3.3: Dynamics of a quantum rotor at full resonance (N=1) with P=1. (a)
Logarithmic color plot of |(m|¢(nT))|?, depicting the ballistic spread of a wave
packet initially localized at m = 0. (b) Probability distribution |(m|¢(nT))[* at
t = 807, showing the squared Bessel function |.J,,(nP)[? (cf. (3.48)).

with rescaled matrix elements from the kick (3.31). For an initial
state with (m|v) = d,,.0, we can evaluate the kinetic energy exactly®’

(Hoy = (WL () imnr = (P1)?/2 (349)

which demonstrates a ballistic growth in energy (see Fig. 3.3). Like-
wise, one can straightforwardly show?! that the wave front of the

20To evaluate the identity, let us first look at

ﬁ izsin(¢) _ izsin(¢) L zm¢> o S imao
8¢e = iz cos(p)e = 8¢ Z Im =1 Z mdm (z)e?.

m=—0Q m=—0Q

Then, let us take the modulo square and integrate over f027r do,

2w
7mc2é/ dqﬁZJ* ym2ei(m= m/)¢—27TZm2|J (z)|?
0

which leads to the desired expression.

2IFirst we show that the Bessel function J,, () reaches its global minimum with
respect to m at m ~ z. To this end, we can use the stationary phase approximation.
Another integral representation is given by [165] J,,(z) = 1 [ cos(v(u))du with the
phase v(u) = mu — xsin(u). The stationary points occur where the derivative is zero,
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wavepacket spreads like m,.x &~ Pt, which suggests a linear spread
in angular momentum space. For other initial conditions than a pure
state, the wave fronts and the energy growth will deviate from these
exact results due to interference effects, but we still expect asymp-
totically a linear behavior in wave front spreading and a quadratic
growth in energy.

3.3.5 Staggering case N =2

This is a unique and somewhat unusual case compared to other
resonances, as after two kicks, any initial wavefunction is precisely
mapped back onto itself. This is noteworthy because it holds true for
any kicking strength P or any initial state. This can be demonstrated
straightforwardly using identities of the Bessel function?, but there is
another argument that will be useful later, which is more illustrative
and simpler. Specifically, we can perform the Fourier transform to
gain insights into the spin model that naturally emerges from this
mapping. For N = 2, the cosine in (3.40) becomes

FP cos(d)] (k) = (1 N ”Oe_ik) — (1 + cos(k))o, + sin(k)a,

(3.50)

v (u) =m — zcos(u) = 01i.e. cos(u) = 2. Solutions exist when |m| < z. The maximum
contribution to J,,,(z) occurs when u = 0, leading to m = x. The maximum of the wave
packet (with g = o) with [(m|y(t = nT))|? = |J(nP)[? then occurs, likewise, at
m = Pn.

22Consider an initial wave function [¢)g). The free rotation simply introduces a phase
factor (—1)™, while the kick results in the matrix elements (3.31). After two kicks, we

m
T

have
(mly) = (=1)™ > (=)™ Ty (PY D)™ (=)™ oy g Ty —my (P) (matbo)
= > (=)™ M male) Y (=)™ Ty (P) Ty (P) = (mltbo).

where in the last step we shifted the sum m; — m; + m and utilized the identities
J_m(P) = (—-1)"J and > °° I (P)Im4q(P) = J4(0) = 6g,0.

m=—0oQ

74



3.3. Quantum resonance of rotors
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Figure 3.4: Dynamics of a quantum rotor at half resonance (N=2) with P=10.
(a) Time evolution of the probability density |¢(¢)|? for an initially localized state
(m|1(0)) = 0. (b) Temporal evolution of [¢)(m, t)|? for an initially Gaussian state
(m|(0)) oc e P with 8 = 1072, (c-d) Kinetic energy dynamics corresponding
to (a-b). As demonstrated in the main text, the system exhibits perfect revival
after two kicks, returning to its initial state with no net change. For a Gaussian
state we do not see any change in population.

with the pauli matrices o;. They can be easily exponentiated using a
variant of the Euler-Rodrigues’ rotation formula [15]

e = Tcos(€) 4 i(n - o) sin(€) (3.51)

where d;, = (P(1 + cos(k)), Psin(k),0) = &n with n? = 1. The free
rotation simply becomes F [5mm/e_”m2] = 0, and thus the one-period
translation operator takes the form

A~

U(k) =0,cos(§) + io,(n-0o)sin(§) (3.52)
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-2
which clearly squares to one U (k) = I. Hence, after two kicks, the
initial wavepacket is recovered.

3.3.6 Higher order quantum resonances

Let us now examine the case of the triadic resonance N = 3. In
Fig. 3.5 we show the quasi-energy spectrum and time evolution. We
observe that the spectrum branches from a single band at P = 0
into three bands with increasing width as P increases, consistent
with the expected periodicity. Notably, at P ~ 4, there is a band
touching, which will be investigated at a later stage. Similar to the
N = 1 resonance case, we observe unobstructed ballistic growth
for most initial eigenstates. While we derived an exact expression
for the energy growth in the N = 1 case (see (3.49)), obtaining
such expressions for the general case proves to be significantly more
challenging. We can express the effective Hamiltonian in momentum
space as

Hip=dg(P)- A (3.53)

where \; € {\1,..., Ag, [} are the Gell-Mann matrices belonging to
the Lie algebra of SU(3), including the unity as the ninth matrix
(see [76,172]), and di(P) € R¥"! is the so-called winding vector,
similar to the 2-band case in (3.51). This formulation allows us to use
the properties of SU(3) to understand the symmetries and structure
of our system. Using (3.3) we can define the bandgap of the n-th
band by of the model by

5, = min e, (k) — €y01(k)|on 3.54
kgl[(){gﬂ\e() €nt1(k)|2 (3.54)

and the minimal band gap by min,, d,,.

As outlined in Section 3.3.3, this Hamiltonian obeys the symme-
tries THy, = H*, T and PH; = H_;P, which constrain the vector
d;. For resonances with N > 3, we can generalize this approach
using the SU(N) generalized Gell-Mann matrices. When we look
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Figure 3.5: Quasi-energy spectrum at the triadic resonance N = 3. (a) Quasi-
energy spectrum as a function of kicking strength P from exact diagonalization
(see (3.29)). The spectrum exhibits branching from a single band at P = 0 into
three bands with increasing width as P increases. (b) Quasi-energy spectrum
as a function of quasi-momentum k at P = 3 (indicated in (a) by the dashed
vertical line), demonstrating the inversion symmetry around £ — —k. (c)-(d)
Time-evolution of the probability density |1 (¢)|? for the same states as in Fig. 3.4.

at higher quantum resonances N > 3, Fig. 3.6 demonstrates that
these resonances also exhibit a linear spread of the wavefunction.
However, determining the precise slope of the wavepacket spread for
arbitrary N is challenging, since unlike the cases before, there is no
known expression for the maxima of the wavefunction. As empha-
sized in Fig. 3.6, the spread in angular momentum is generally less
pronounced the higher the quantum resonance N is. This is a phe-
nomenon already outlined in [49], which provides a semi-empirical
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equation with
(Ho)y ~ Dt* exp[—2N/D] (3.55)

where D = PTQ is a semi-classical diffusion constant??, noting that
this equation is only valid for ¢ < D. Upon examining different
resonances, it becomes apparent that the order of resonance alone
is a poor indicator of the growth of energy. To elucidate this be-
havior further, let us examine Fig. 3.7, which shows the growth of
energy for more general resonances ¢ = 4 with two coprimes M, N
(see footnote 11). As it turns out, some of them coincide and have
identical spread (for example ¢ = 1/5 and ¢ = 3/5), while others
vary immensely in their spread (for example ¢ = 1/5 and ¢ = 2/5).
Further, there is a dependence on the kicking strength P as well. We
can estimate the average growth of kinetic energy using the spinor
representation (3.38) of the ¢ — th power of the time-translation
operator (3.30)

(Z Yoo (ke Sa(k)> =D Weo(k)e Wyl (k)

(3.56)
with the eigenstates v, ,(k) of U, (k). Then, using m = Nn + o, the
kinetic energy for a state ¢(¢) takes the form

Eian(t) = (0(0)| L216 (1)) = (0] (U L2U"| )
= Z $0.m B0 (U, 12 (U)’

mm'm/’

= 3 G0 (n)b0.00 (") (UL (0 = 1)) (N0 + 02 (Ul

00; a: ;
nn'n

(3.57)
Now, we choose? ¢ = ds,00n,0 as the initial state and can remove

2In the classical kicked rotor [49], the average momentum changes with (Hy); ~ Dt /2.
24The calculation can possibly also be done with a generic initial state, but it will
become very cumbersome.
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Figure 3.6: Time-evolution for higher quantum resonances. (a-d) The plots show
the linear spread of the wavefunction for various resonance orders N. The color
scale shows the probability density |¢(t)|? as a function of momentum m and time
t. The linear nature of the spread is evident across all resonances, although the
specific rate of spread varies by orders of magnitude (note the different ranges of
the axis). There is a general trend where higher resonances correspond to slower
spread. For a more detailed analysis of the energy accumulation see Fig. 3.6.

four of the sums. Factorization in eigenstates becomes

1 27 2w
Nn+0_ / dk/ kl —Z k‘, )+t($ S))

T 4r (3.58)

J?’LSS

w ( )1/}80'( )¢s a( )1/)'0(15)

Remarkably, we can derive an identity for > °° _ (Nn+o)%e "+ =k),
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Figure 3.7: Growth of kinetic energy for higher quantum resonances. The
plots show the quadratic growth of energy (P = 1) for various resonance orders
¢ = M/N with Floquet operator U = ¢~27iL:M/N¢=ios0) First, we confirm that
all resonances lead asymptotically, after an initial irregular phase, to quadratic
growth ¢? as visible from the slope of the curves. Second, we confirm that overall,
for increasing resonances N, the growth rates drop exponentially (with notable
exceptions, such as ¢ = 1/8).

see”’), and remove the infinite sum. With defining

Xso (k) = e "W o (kg7 o (k) (3.59)

2 After expansion, there are three terms can be written as

0 oo oo
N2 Z n2e—znAk +2No Z ne—znAk +O‘2 Z e—znAk

n=—00 n=-—00 n=—00
—_— ——— ———
=2y 0" (Ak—2mn) —2miy o2 0'(Ak—2mn) 2y 0 o 0(Ak—27n)

Clearly, in the infinite sums only n = 0 contribute, since Ak € [0, 27). The delta functions
then facilitate the integration over £’ and by noting that dary (k) = Okt (k) we arrive
at (3.60).
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3.4. Dynamical localization

we find

1 o .
E(t) = 5 > / dk x5y (k) (0%Xs0 (k) — 2iNGOy X0 (k) — N20fxy0(k)) -
o,ss’ 0
(3.60)
The expression inside the integral constitutes something like a trans-
port tensor that needs to be integrated over k. Since ¢, s, s’ all run only
from 1 to NV, this is something one can evaluate straightforwardly.

3.4 Dynamical localization

What happens when we deviate from perfect resonance conditions?
Consider the case where T' = 27wg with some non-rational num-
ber ¢, for example, ¢ = 7~!. A fascinating phenomenon emerges,
known as dynamical localization, where the wavefunction becomes
localized in angular momentum space [46]. To develop physical
intuition, consider a driven oscillator analogy: When kicks occur
at intervals incommensurate with the oscillator’s natural frequency,
they effectively appear as random perturbations rather than coher-
ent driving. Instead of resonant energy absorption, we observe
destructive interference effects that inhibit energy growth, creating
behavior reminiscent of dissipative processes, though the underlying
mechanism is purely quantum mechanical. Figure 3.8 illustrates the
time evolution of a rotor in the dynamical localization regime. The
system initially exhibits a brief growth phase before settling into a
quasi-steady state with bounded random fluctuations. This state
persists indefinitely, as demonstrated in panels (b) and (d), with
the wavefunction displaying exponential localization. The origin of
this phenomenon lies in Anderson localization physics. The driving
period’s incommensurability with the rotational period effectively
introduces quasi-random disorder into the system, causing local-
ization in momentum space analogous to Anderson localization
in real space lattices. The degree of localization depends critically
on the "incommensurability" of ¢. Figure 3.9 demonstrates this for
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Figure 3.8: Time-evolution demonstrating dynamical localization. All panels
show results for P = 1 and 7' = 1. The left panels show the short-term evolution
over n = 50 kicks and the right panels the long time-evolution over n = 10000
kicks. In (d) we show the exponentially localized wavepacket at ¢ = 10*. The
system exhibits strong localization with the kinetic energy fluctuating chaotically
about a mean value. Notably, this localized behavior persists even over long time
scales, contrasting sharply with the ballistic spreading observed in resonant cases.

g = 0.3331, which lies near the rational value ¢ = 1/3. While the
system exhibits strong localization, it displays significant kinetic
energy fluctuations. These fluctuations, though appearing regular,
are fundamentally chaotic and non-repeating. Notably, the energy
variations arise primarily from wavefunction phase changes while
the probability density remains relatively stable.

For delta-kick potentials V, we can establish an exact mapping to a
tight-binding model [173]. Given a Floquet operator U = e~ HoT e~V
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Figure 3.9: Time-evolution near quantum resonance. Here we look at ¢ = 0.3331,
near the 1/3 quantum resonance. (a) Time evolution of probability density | (t)]?
and (b) time-evolution of the phase arg[¢]|1| within a selected time window.
(c) Full time evolution of kinetic energy, demonstrating large-scale fluctuations,
and (d) selected time window. Despite the nearly constant probability density
distribution, the system exhibits dramatic kinetic energy fluctuations up to 80% of
the mean value, driven by quantum phase interference effects.

with Floquet mode U |y)) = e~ 1)), we obtain®®:

> Wair = G Qune (€)) 8y = 0 (3.61)

ml

iV 14w
=1

26First, we use the fact that we can rewrite e~
W = — tan[V/2]. Then, U|¢)) = e~|)) turns into

with an hermitian operator

(1 4+ e HD) ) i (1= =i H0) ) —.

1—e—i(e—HoT)

Finally, we replace |¢)) by ¢ = 1 — (e~#¢=H0T))|)) and use the identity T =
itan[(e — HoT)/2] to arrive at (3.61).
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Figure 3.10: On-site potentials for the tight-binding map. Following the defini-
tion of on-site potential in (3.61), (a-b) shows cases at quantum resonance, where
we understand that the on-site potentials are perfectly periodic, confirming what
we already know from the discussion about the periodicity in (3.35). (c-d) is
in the dynamical localization regime, but close to the resonance ¢ = 1/3, as in
Fig. 3.9. (e-f) is far away from any resonance and does not show any periodicity.
In contrast, it shows large fluctuations.
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3.4. Dynamical localization

where W, = —(m|tan[V /2]|m’), Q = tan((e — HyT)/2), and ¢, =
(m|1—(e~"<=HoT))|3)). While this equation is not directly solvable due
to the dependence on ¢, it provides valuable insights. For moderate
coupling, W,,,, represents regular nearest-neighbor hopping, with
system behavior largely determined by the on-site potential (),,.
Compared to our previous expressions of the dynamics, for example
the stroboscopic Hamiltonian, this formulation separates the regular
hopping potential V from the rotational phases ¢~*” appearing as
on-site terms.

To understand this tight-binding model, we can look at a related
model that looks very similar: The Lloyd model offers exact solution
of the localization length?

77/)n+1 + Un"vbn + 7#n—l = E,wn (362)

with probability distribution

1 w?

P = e
n

This model exhibits exponential localization for any non-zero disor-
der strength w, with localization length &

vn > 0. (3.63)

&L = arcosh E <\/(2 +E)2+wl+ /(22— E)2+ w2>] (3.64)

For E = 0, a Taylor expansion of the localization length yields

2 4
-1 w w
€ = arcosh(2) + 16 + 004

+O(wd) (3.65)

which leads to the characteristic scaling &, o< 1/ w? for small disor-
der. The divergence of the localization length as w — 0 signals the
localization-delocalization transition at zero disorder, marking the
boundary between localized and extended states.

?’Pollowing [49] closely.
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For our quantum rotor, while not truly random, the terms @, =
tan(e —m?T')/2) become sufficiently disordered for incommensurate
T to induce localization. This disorder-induced localization differs
fundamentally from the topological edge states we will encounter
in the 3D rotors of the next Section, where boundaries give rise to
distinct edge modes of topological origin.

3.5 Periodically driven 3D rotors

In Chapter 2, we extensively discussed the interaction of molecules
with off-resonant multi- and few-cycle pulses. The sudden approxi-
mation, which we elaborated there, will serve as the basic ingredient
for the periodically driven molecule. From now let us assume that
we are working in the regime where the sudden approximation is
applicable and refer the reader to our previous discussion when
questions of validity arise.

Within the sudden approximation, the full Hamiltonian of a linear
molecule plus interaction with a train of linearly polarized laser
pulses takes the following form of a time-independent Hamiltonian
Hj and a periodic potential

Hgr(t) = BL + (P1 cos(f) + P COSQ(@)) i o(t —nT)
n=0 (3.66)

= Ho+VZ(5(t—nT).
n=0

with the effective pulse strengths P, P, defined in (2.60) and (2.51)
and the duration between the pulses 7. The terms arising due to
finite P, we will call orientation pulse (analogous to the orientation
signal (cos(#))) and P, we shall call the alignment pulse (analogous
to the alignment signal (cos?(#))). For other cases such as the sym-
metric top or elliptical polarization, the effective strength P; becomes
tensor dependent on the different spherical sectors.
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3.5. Periodically driven 3D rotors

The two-dimensional rotor with iz might seem fundamentally dif-

ferent from the full three-dimensional case governed by L. Indeed,
instead of the simple basis functions e "¢ we need to consider the
more involved spherical harmonics of (2.4), which, at first glance,
introduce significant complications. However, as we will see in the
following, we can simplify the problem considerably. When we
consider linearly polarized pulses (see Section 2.2 for the complete
reference system), the matrix elements (I'm’|V|Im) exhibit a remark-
able property: they are proportional to ¢,,,, and converge rapidly
to constant values for [,!" > 0. This convergence enables us to ex-
tend our Fourier transform techniques and momentum-dependent
Floquet states to the three-dimensional rotor, given that we choose
the kicking interval to be at a quantum resonance 7' = 27 /(B - N).
Instead of a phase factor oc m?, the phases turn into

¢ = e 2millH /N (3.67)

which, nevertheless, possess a period N?*. However, a fundamental
distinction arises: unlike the two-dimensional case where m € Z
spans all integers, three-dimensional angular momentum is confined
to [ > 0, creating a half-infinite lattice with a boundary at [ = 0. This
boundary prevents direct application of Fourier methods to states
with significant weight near [ = 0, which will be important for a
specific class of edge modes that are of topological origin. While few
in number, these boundary-localized states profoundly influence
the molecular dynamics under periodic driving. When including
additional terms of a real molecule, such as centrifugal distortion,
this will lead to an effective maximum [, of the lattice, framed
Anderson Wall. We will discuss this phenomenon in Sec. 3.5.2. From
now on, when we work with real-space diagonalization, we shall for
practical reasons always assume a finite lattice 0 <[ < [, with the
possibility of edge states at both boundaries. For bulk states, however,

28As in the 2D rotor, there are special cases; for N = 2 + 4n,n € Ny, the period is N/2
instead of NV due to an accidental symmetry. We prove this in the appendix 6.2.
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the infinite lattice approximation remains remarkably accurate, as
we shall demonstrate in the following.

3.5.1 Convergence of matrix elements of the 3D rotor

The asymptotic expressions take the simple form?’

/ LI>0
(I'm’| cos()[lm) = —mm CimioCirono = Gy (G141 + Orp-1) /2
(3.71)
and
(I cos* (O)1m) = Sy (2CHRClg + 300 5

LU >0

Sy (0107 + (042 + 610-2)/2) /2.

For m = 0, these coefficients show particularly rapid convergence,
as demonstrated in Fig. 3.11. Thus, the behavior of the 3D rotor is

To prove this asymptotic, one can use the Edmonds asymptotic formula for 3j-
symbols [174]

< I lo I3 > forla,l3 > 1y (_1)l3+m3 dlrir,l,lsflz (04) (3 68)
mp mg M3 Vie+13+1 .
with cos(ar) = 7474, the Wigner function dlm’m, () and 3j-symbols which are related to

the Clebsch-Gordan coefficients [175]

(j1 my joma|J M) = (—1)~1ti=M /57 ¢ 1< o ) (3.69)

il
mi1 Mo —-M

For (3.71) this leads to

m
(— 1)l+l/d(1),zfz/ (”/Q)d(l),zul (7/2)

where we used that a = 7/2 for both terms. Since the Clebsch-Gordan coefficients allow
only / — ' = +1 and d&il(ﬂ/z)d(l);l(ﬂ/@ = 1/2 this leads to the desired relation. For (3.72)
this derivation proceeds analogously, with the difference that d§ ,(7/2)d§ o(7/2) = 3/8
and dj 1.o(7/2)d§ o(7/2) = 3/sand dj ,(7/2)d§ (7 /2) = 1/1, which in total leads to the desired
result.

/ 1 1 1 1 107
ofm clf o = (=172 + 1) (20 4+ 1) ( ) ( >
forl,1’ >0
—
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Figure 3.11: Convergence of the off-diagonal Matrix elements. Here we demon-
strate that the products of Clebsch-Gordon coefficients that define the relevant
transition matrix elements of a laser kick convergence fast for [ >> 0 for different
m quantum number. (a) for cos(#) potential, (b) cos?(0) potential.

Figure 3.12: One-period
time-translation operator

for a 3D rotor. Here we show 18
the matrix elements for the ]

. . 15 A
time-translation operator ]
with U = e27L 3¢~V and g 121
V = P, cos(f) + Pycos(f) at 9 T
P =1,P =2m=0. We ob- 6 ] R[(I', 01U 1, 0]
serve that there is a periodicity 3 R ——
of N = 3, as we expected, and 0 +———— ._.1. [ .0. - E
the deviations around [ = 0 are o 3 6 9 12 15 18

very small and barely visible. !

well-approximated by assuming constant values for these matrix
elements. Even more remarkably, we recover the periodicity from
(3.36) that ensures the validity of the Fourier analysis.

Fig. 3.12 illustrates the matrix elements of the time-translation op-
erator for the three-dimensional rotor under a kick described by

U = e 27 B¢~V Two crucial features emerge from this analysis:
First, we observe the expected periodicity of N = 3, with devia-
tions near | = 0 being remarkably small and barely visible. Sec-
ond, the rapid convergence of matrix elements, anticipated by (3.71)

89



3. LATTICES OF ANGULAR MOMENTUM

and (3.72), is clearly manifest. The matrix structure revealed in
Fig. 3.12 suggests that despite the apparent complexity of three-
dimensional rotation, the essential physics can be captured by a
relatively simple effective model.

Building on our previous analysis, let us now examine the quasi-
energies and Floquet states of a periodically driven 3D rotor with
N = 3and m = 0. Fig. 3.13 shows the results of exact diagonalization,
using parameters similar to those that generated the matrix elements
in Fig. 3.12. A comparison between real-space and momentum-space
diagonalization shows close to perfect agreement for the bulk spec-
trum and the corresponding Floquet states. Crucially, the real-space
method reveals edge states at both boundaries that are inherently
absent in the Fourier analysis, as the latter assumes an infinite system.
These edge states exhibit exponential decay in angular momentum
space.

3.5.2 Anderson wall

While an ideal 3D rotor exhibits the energy spectrum E,.. = Bl(I+1),
allowing for driving at quantum resonances, any deviation from a
perfect rigid rotor modifies this relation. A prominent example is
the centrifugal distortion in non-rigid rotors, which introduces an
additional term>°

AE = D(I(I + 1)) (3.73)

where D is the centrifugal distortion constant. As evident from
Table 3.1, D is typically much smaller than the rotational constant
B, making this correction negligible for small / [171]. However,
its significance grows with increasing /, eventually destroying the
N-periodicity of the system. This occurs because the system now
exhibits two typically incommensurate timescales, making the reso-
nance condition impossible to satisfy (unless B were an exact multi-
ple of D, which is highly improbable).

30For a detailed derivation, see Sec. 1.1.1 in [171].
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Figure 3.13: Exact diagonalization of the N=3 band model for the driven 3D
rotor. (a) Comparison between real-space (dotted) and Fourier-space (solid line)
diagonalization at P, = 1, P, = 2. While the bulk spectra show nearly perfect
agreement, the real-space calculation reveals additional edge states (red crosses)
absent in the Fourier analysis. (b) Spectrum in Fourier space as a function of
quasi-momentum k. (c) Representative bulk state wavefunction from real-space
diagonalization. (d) Edge state wavefunction showing exponential localization in
angular momentum space.

This phenomenon, first identified in [176] and termed the Anderson
wall, implies that the resonance condition holds only approximately
up to some critical momentum /.. Defining the ratio ¢ = D/B, we
can approximate this critical angular momentum as>!

lerit = T/w (374)

where r is a constant determined by the acceptable magnitude of

31This approximation follows from analyzing the zeros of the tangent function in the
tight-binding Hamiltonian derivation from Section 3.4, see [176].
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deviation. To quantify , we define a unit-cell matrix norm deviation

N
1
AU(D) =5 D Ukorsor = Uiiorrsorl (3.75)

o,0'=1

Setting a threshold of AU(!) > 0.1 yields r ~ 0.36, which agrees well
with numerical time-evolution simulations of wavepackets which
show a change of behavior at that angular momentum (see Fig. 3.14).
The results confirm the inverse cubic scaling predicted by Eq. (3.74).
The physical manifestation of this effect is striking: without cen-

Molecule ¢, (ps) g¢-10° Estimated l.;

H, 0.281 794 ~4
Ny 8.383 2.90 ~25
Cl, 68.57  0.765 ~39
IC1 1464  0.354 ~51
CO, 4274  0.343 ~51
Brs 2035  0.255 ~57
OCS 8222  0.214 ~60
I 447.0  0.107 ~77

Table 3.1: Effects of centrifugal distortion. Revival times (t.., = 7h/B), ratio
of centrifugal distortion to rotational constants (¢ = D/B), and estimated [ ~
r/+/g values for various linear molecules, see (3.74). Values of molecules taken
from [176].

trifugal distortion, we expect ballistic spreading of the wavefunction.
With distortion, this ballistic spread persists only up to [, beyond
which localization occurs. This effectively creates a finite-size system
bounded by | = 0 and [ = [, with wavepacket reflections occurring
at both boundaries. For practical purposes, we can set l ;. = [t and
restrict our analysis to [ < ., as the regime beyond this threshold
is only accessible through specific driving protocols, such as high-
intensity pulses. Now, having a finite lattice will also lead to a partial
failure of the quasi-momentum description. Let us look at this in
more detail.
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Figure 3.14: Analysis of centrifugal distortion effects in a 3D rotor. Results
shown for P, = P, = 1. (a) Critical angular momentum evaluated using the
criterion AU() > 10! (Eq. (3.75)) with = 0.36. (b) Matrix norm deviations for
various g values. (c) Representative matrix for g = 107%. (d) Exact time-evolution
of a wavepacket initially in the rotational ground state at g = 10~.

3.5.3 Limitations of the quasi-momentum description

While not visible in the spectrum, the boundaries at ! = 0 and | = [,
lead to deviations in the eigenstates of the Hamiltonian. The fun-
damental sampling theorem, as established by Shannon and Nyquist
[177], becomes particularly relevant when transforming finite real-
space lattice configurations to momentum space and vice versa. For
example, the phenomenon of aliasing manifests when attempting to
represent high-momentum components of wavefunctions, particu-

larly near the Brillouin zone boundaries, leading to spurious folding
of bands [178].
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Another aspect is spectral leakage [179], which is an issue for all kinds
of discrete Fourier transforms and becomes particularly relevant
when dealing with localized states. Namely, when the spatial extent
of a wavefunction does not perfectly match the periodic boundary
conditions, energy contributions can "leak" across multiple k-points.
This is why it is important to fine-adjust the Fourier transform pa-
rameters (in particular the center in (3.39), which corresponds to
the point where we define n = 0). Here, the choice of window func-
tions could be another way to approach this issue. However, while
windows like Hamming or Blackman can reduce spectral leakage,
they simultaneously modify the real-space structure of the wavefunc-
tions [179]. For tight-binding calculations, this introduces artificial
spatial correlations that must be carefully accounted for in any phys-
ical observable calculations. In this work, we do not use window
functions, and instead outline the problems with finite size effects.
Edge effects become particularly relevant when studying systems
when we investigate the topological edge states.

Then, a challenge is phase unwrapping, which emerges when calcu-
lating Berry phases or analyzing topological properties of bands.
The discrete sampling in momentum space can lead to ambiguities
in determining the continuous evolution of wavefunctions across
the Brillouin zone, particularly near band degeneracies or touch-
ing points [180]. This is particularly important for £ ~ 0, which
corresponds to the infinite wavelength limit and can thus not be re-
solved in a finite lattice. This will become important in Section 4.4.1,
where we use quasi-momentum Floquet states in order to analyze
the real-time evolution of a rotating molecule.

3.5.4 Quantum revival pattern for symmetric tops

The quantum dynamics of the 3D rotor exhibits markedly different
behavior from its 2D counterpart, primarily due to the distinct phase
accumulation described in (3.67) and the restriction to non-negative
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angular momentum quantum numbers (! > 0). These fundamental
differences manifest most clearly in the revival structure, which we
previously examined for the 2D case in Fig. 3.2. While the 2D rotor
exhibits a revival time of ¢,., = 27, the revival time of a symmetric
top is halved to t,., = m7p = 7/B. This characteristic behavior
is demonstrated in Fig. 3.15, where we analyze the evolution of a
Gaussian initial state. The revival dynamics can be categorized into
three distinct scenarios, each corresponding to different types of
kicks. Fig. 3.16 illustrates the case of a pure orientation kick (P, = 0),
revealing a simpler revival structure compared to the 2D rotor. The
most striking feature is the appearance of a complete anti-revival
at t = m7p/2, where the wavepacket shows zero overlap with its
initial state. This phenomenon, absent in the 2D case, arises from
the additional symmetries of the 3D rotation group. For alignment
kicks, shown in Fig. 3.17, we observe a more complex revival pattern.
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Figure 3.16: Fractional revival pattern for the 3D rotor following a single orien-
tation kick. (a) As in Fig. 3.2, the autocorrelation function A(t) = [(¢(¢)[1(0))[*.
The plot is restricted to 0 < t/75 < 7/2 due to symmetry around ¢t = 7/2. (b)
Heatmap visualization of .A(t). There are no consistent revivals except at t = w7,
but characteristic low overlap at ¢t = 7/2 (for P > 0).
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Figure 3.17: Fractional revival pattern for the 3D rotor following a single
alignment kick. Similar as in Fig. 3.16. (a) Autocorrelation function A(t) =
|(x(¢)]1(0))|? and (b) Heatmap visualization the same function for various times ¢
and kicking strengths P. As in for the orientation kick, there is a consistently small
autocorrelation function at ¢t = 757/2, indicating the anti-resonance. In between,
there is a complex revival structure that depends on both kicking strength and
time ¢.
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Figure 3.18: Fractional revival pattern for the 3D rotor following a single generic
kick. Here we consider a kick with both P = P, = P,. (a) Autocorrelation
function A(t) = [(¥(t)[¢(0))|* and its (b) Heatmap visualization as a function of
both time ¢ and kicking strength P. We observe consistently low overlap for a wide
range of parameters, with many branchings. Unlike the other two cases before, the
combination of both an alignment and orientation kick leads to a suppressed phase
coherence. Even more suprisiung it is that after ¢ = w7 there will be perfectly
revival.
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While maintaining the anti-resonance at ¢t = 773 /2, the intermediate
revival structure exhibits rich dynamics that strongly depend on
the kick strength P,. The branching patterns visible in the heatmap
reveal the interplay between the pulse and the rotational degrees of
freedom unique to the 3D rotor. Perhaps most intriguingly, Fig. 3.18
presents the case of simultaneous orientation and alignment kicks
(P = P, = P»). This configuration leads to a surprising suppression
of phase coherence across a wide parameter range, manifesting as
consistently low overlap values. The complex branching structure in
the heatmap suggests a highly non-trivial interplay between the dif-
ferent angular momentum states. Remarkably, despite this apparent
chaos, clearly the system still achieves perfect revival at t = w7p.

3.6 Outlook

With these findings, we conclude our analysis of driven quantum
rotors. We established how quantum resonances emerge from the
interplay between driving period and rotational revival time-a cru-
cial foundation for what follows. The rich structure of dynamical
regimes we uncovered, from perfect transport to complete freez-
ing, reveals striking parallels with condensed matter physics, but
now manifesting in angular momentum space rather than position
space. As we will see in the next chapter, these dynamics, combined
with the symmetries of our Floquet states and their band structure,
provide the essential building blocks for understanding topological
phenomena in driven quantum rotors.
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CHAPTER 4 I

Geometric phases of driven rotors

In science we like to emphasize the novelty and originality
of our ideas. This is harmless enough, provided it does not
blind us to the fact that concepts rarely arise out of nowhere.
There is always a historical context, in which isolated precursors
of the idea have already appeared. What we call "discovery"
sometimes looks, in retrospect, more like emergence into the air
from subterranean intellectual currents.

— Michael Berry

4.1 Overview

As demonstrated in the previous Chapter, periodic driving can shape
the time-evolution of quantum rotors. Section 3.3.6 revealed that
quantum resonances enable the engineering of band models with an
arbitrary number of bands N'. These quantum resonances generate
one-dimensional stroboscopic Hamiltonians of the form

Hy(P) =dg(P)-T

'While higher-order resonances require considerably longer time evolution to resolve
the characteristics of the band model (see Fig. 3.7), N > 2 remains within experimental
reach.
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with the generalized Gell-Mann matrices I'; of the su(N) algebra,
the pseudo-momentum k from Section 3.3.2, and d;, € RN*~1, This
formulation provides some insight into the dynamics of a rotor af-
ter consecutive pulses. By modulating the kicking parameters with
each pulse, we can engineer higher-dimensional lattices in synthetic
dimensions. Beyond its intrinsic interest for quantum simulation of
lattice models and probing quench dynamics of non-trivial states,
this approach offers a method for adiabatic preparation, manipula-
tion, and probing of angular momentum states.

Returning to Section 1.2, we argued that topological properties
emerge from the geometry of the wavefunctions rather than specific
material details. Given the flexibility in engineering lattice models
within our framework, we now investigate whether these models
can exhibit non-trivial topological properties analogous to those of
topological insulators in real materials. Section 4.2 establishes how
topological physics emerges from fundamental matrix properties,
which is developed through several steps: Section 4.2.1 examines
the fundamental origin of geometric phases. Section 4.2.3 explores
how symmetries generate topologically protected gapless phases,
whose classification extends beyond that of gapped phases. Sec-
tion 4.2.4 presents the bulk-boundary correspondence, linking topo-
logical invariants to non-trivial boundary eigenstates. Section 4.2.5
addresses topological physics in non-hermitian systems, crucial for
our strongly-driven, non-energy-conserving system, extending be-
yond conventional hermitian matter classification.

Building on these foundations, Section 4.3 examines periodically
driven rotors. The previously identified symmetries generate topo-
logical charges manifesting as Dirac cones. These cones influence
the quantum dynamics of the rotor through Landau-Zener transi-
tions and, notably, give rise to topologically protected edge states, as
predicted by the bulk-boundary correspondence. Section 4.2.4 traces
their emergence and establishes their connection to topological in-
variants. Section 4.4 explores the translation of topological invariants
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into measurable observables, focusing particularly on orientation
and alignment signals.

4.2 Geometric phases

The elegance of geometric phases unfolds from a surprisingly simple
origin - as Berry showed, even a simple 2x2 matrix contains all the

essential physics [82]. Consider the Hamiltonian?
. EQ + A ()
H= ( . Hy— A) , (4.1)

where Ej, A,v € R. The eigenvalues of H are £y = Ey £ r withr =
Vv? 4+ A2 A degeneracy occursatv = A = 0, forming a nodal point 3
in the (v, A, Ey) parameter space (Fig. 4.1 (a)). The normalized
eigenvectors take the form

s} = 2T(iiA) (Aj”> (4.2)

with a U(1) gauge freedom |¢o1) — €?|¢).) that underlies the subse-
quent phenomena. Consider a circular path of the eigenstate |¢..)
encircling the degeneracy point. Using polar coordinates, we express
v =rsink and A = r cos k, transforming the eigenstates to*

o) = — +1COS(k) (1 j;rcl:c;s k) = sign[cos(k/2)] <Z?§((Z?§)))(4 )

This parametrization is discontinuous at k = m where |¢) — —|¢).
While multiplying by sign|cos(k/2)] yields a smooth parametrization,

2This choice of coordinate system (Ep, v, A) exemplifies the general case for matrices
with symmetries. Adding complex phases on the off-diagonal let us reach the space of all
hermitian matrices, but breaks the necessary symmetry, as will be shown later.

3With nodal point we refer from now to a degeneracy of the eigenvalues. Conversely, a
nodal line is a 1-dimensional subspace where (at least) a pair of eigenvalues are degenerate.

4Using the identities 1 + cos(k) = 2 cos?(k/2) and sin(k) = 2sin(k/2) cos(k/2).
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Figure 4.1: Degeneracy and Mébius strip. (a) Linear degeneracy of the energies
from (4.1) (b) Mobius strip as an example of a non-orientable surface.

the wavefunction becomes periodic only over £ € [0, 47]. Remarkably,
no gauge choice enables smooth behavior within k € [0, 27]. Upon
completing one circuit, the wavefunction inevitably undergoes a
sign inversion: |14 (0)) = —|¢+(2m)). This sign inversion reveals that
|1;) cannot be defined as a continuous, single-valued function over
the circle S! in the parameter space (v, A) without encountering
a discontinuity. The nodal line (v, A, Ey) = (0,0, Ey) represents a
singularity where eigenvalues become degenerate and eigenstates
are arbitrary. This topological structure parallels the Mdbius strip
(Fig. 4.1), where traversing the base space once results in a twist’.

SIn differential geometric terms, ¥, (k) forms a section of a fiber bundle over S*. This
line bundle, where each fiber contains the eigenstate at a point on S, is nontrivial due
to the impossibility of globally defining 1, without discontinuity. The nontrivial line
bundle over S! is characterized by its first Stiefel-Whitney class [172].
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4.2. Geometric phases

4.2.1 Berry Phase

A deep connection exists between the inability to define a smooth
wavefunction on k € [0, 27] and the phases acquired during adiabatic
evolution [76]. To explore this connection, consider a Hamiltonian
H(x) dependent on parameters x. For slowly varying parameters,
the instantaneous eigenstates |1/(x)) and energies F(x) evolve adia-
batically according to

(1)) = e PVlp(x(1))), (4.4)

where «(t) represents the acquired phase. The time-dependent
Schrodinger equation i0;|V(t)) = H(x(t))|V(¢)) must be satisfied.
Hence, substituting the adiabatic wavefunction and applying the
chain rule yields

da(t) = A (X)% — E(x(t)) (4.5)

where A;(x) denotes the Berry connection [121]

Aj(x) = i@ (x)[V[i(x)). (4.6)

For sufficiently slow adiabatic evolution along a closed path, the
dynamical phases integrate to zero, leaving only the geometric phase,
known (among other names, see Section 1.2) as the Berry phase

7= § A P = § 4, eoaxd (47)

Note that this is actually the proper definition of a line integral, and
it exhibits the fundamental properties that are known from classical
mechanics [15]. In particular, the parametrization independence
reflects that only the path matters, not the rate of traversal. Even more
so, the gradient theorem implies that a non-zero geometric phase
indicates a non-conservative force field. By the fundamental theorem
of vector calculus, every differentiable vector field decomposes into
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irrotational and solenoidal components. In three dimensions®, the
Helmbholtz decomposition gives

F(x) = =Vo(x) + V x A(x) (4.8)

with scalar potential ¢(x), a vector potential A(x) and the field
strength F(x). The Berry connection thus represents the solenoidal
component’. Returning to (4.1), we can resolve the smoothness prob-
lem in (4.2) by choosing the gauge |1/, ) = €”/?(cos(k/2),sin(k/2))".
This smooth interpolation allows calculation of the Berry phase

2m
e = [ AL ()dk = 42 (4.9)
21 J, 2

where A, (k) = i(¢y(k)|Ok+(k)). The degeneracy at r = 0 quan-
tizes this phase®. This concept generalizes to arbitrary state spaces
and parameter dimensions. The profound insight lies in extract-
ing topological properties from integration of local quantities [76].
This connection between geometry and topology is far from trivial
and will be explored in more detail in the next Section. Here, the
quantization emerges from symmetry — specifically, the Hamiltonian
degeneracy in the A — v plane for all £, — which prevents smooth
deformation between loops encircling and avoiding the singularity.
Thus, the geometric phase is protected by symmetry.

But what is the geometric interpretation for the topology of a 2x2
Hamiltonian (4.1) and how can we understand this in a more general

®This generalizes to complex vector fields in arbitrary dimensions through the Hodge
decomposition for differential forms on Riemannian manifolds, where any differential
form uniquely decomposes into exact, co-exact, and harmonic components [172].

7In differential geometry, vector fields correspond to differential 1-forms. Conservative
fields correspond to exact 1-forms d¢, while irrotational fields correspond to closed 1-forms
w where dw = 0. The property d? = 0 ensures every exact form is closed, hence every
conservative field is irrotational. For simply connected domains, every closed 1-form is
exact [172].

8The gauge factor e proves crucial; without it, the connection would be flat. The
central singularity transforms the topology from that of a flat space, previously evident
only through the sign function.

ik/2
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framework? The answer lies in examining the space that eigenval-
ues and eigenvectors of matrices form. Consider a diagonalizable
square matrix H(x) € CV*¥ that depends on parameters x. Clearly,
the eigenspaces are determined by the zeros of the characteristic
polynomial fz(\)

fa(A,x) =det (H(x) — I\) (4.10)

with eigenvalue ). The eigenvalues define the level sets M = f71(0)°,
forming a manifold with potentially non-trivial topology. While
the matrix structure is linear, the manifold can exhibit rich non-
linear features, including curvature and holes. We can characterize
the tangent space of this manifold M through the implicit function

theorem™
ONx)  [0fa(nx)] 7" Ofa(\ x)
ox j B [ O\ ] ox j
This formulation will prove invaluable when we employ it as a
method of continuation for nodal lines. From a broader perspective,
this framework provides a universal approach to understanding
topological phase transitions through eigenvalue degeneracies.

. (4.11)

Following our discussion in Section 1.2, we can draw a parallel with
electrodynamics. Let us look the two-level system as a spin, express-
ing the Hamiltonian (up to the constant Ej) as

H=Ao,+v-0,=B-0 (4.12)

where we identify an effective magnetic field B = (v,0,A). This
Hamiltonian anti-commutes with o,, namely o,Ho, = —H 03

9Note that here we really mean f(\, x) = 0, hence the solution of inverse f~! at 0.
19This holds for some x with fa(\,x) = 0, provided % # 0. In this case, small
neighborhoods around x lead to well-defined flows. Special care must be taken at saddle
points and other critical points [181].

We note that any two Pauli matrices could be chosen, leading to a chiral symmetry of
the third matrix. Indeed, we can rotate in that space and select a quantization plane where
the geometric phase counts the number of windings around the singularity. This holds
even for complex coefficients d, but departing from the plane breaks the quantization,
allowing v to take any real value [71]
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property known as chiral symmetry. This symmetry ensures a
Z/2—valued winding number (the geometric phase) in odd dimen-
sions [71]. The introduction of a o, term would break this chiral
symmetry, enabling the adiabatic transformation of a loop encircling
the singularity into one that does not, thus lifting the quantization
condition. However, from electrodynamics we know of a different
topological invariant which holds even for systems without symme-
tries: the charge.

4.2.2 Magnetic monopoles

There are many ways to introduce Chern numbers. Here, we con-
sider an analogy to classical electrodynamics, where we encounter
the U(1) gauge symmetry from before. This symmetry manifests
through the four-potential A, a covariant object that unifies the
scalar potential ¢ and the vector potential A. The physical electro-
magnetic fields emerge from the electromagnetic field tensor [87]

Fu(z) = 0,A,(x) — 0,A,(x), (4.13)

a covariant tensor defined in arbitrary dimensions!? for x € R
The form of this tensor arises from two fundamental principles:
gauge invariance and Lorentz invariance. Under gauge transforma-
tions, the potential transforms as

A (z) = Au(z) + 0ux(z), (4.15)

with an arbitrary scalar function x(z) . The anti-symmetric structure
of F,,, ensures invariance under these transformations, as the partial

121n 3+1 dimensions, the spatial components F = V x A in the absence of a source
field ¢ correspond exactly to the magnetic field. Explicitly, the tensor takes the form:

0 —F —E, —E;
Ei 0 —-B; B
Ey, By 0 -B
Es —-By Bi 0

Fo = (4.14)

1%
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derivatives in (4.15) cancel in (4.13). Additionally, the tensor must
transform appropriately under spacetime rotations'®. In Maxwell’s
equations, the covariant form reads

O F" =37, (4.16)

where j” represents the 4-current. The anti-symmetry of F*” leads
to Gauss’s law for charge conservation

0,5 = 0,0,F" = 0. (4.17)

This conservation law manifests in the total electrical charge () within
a volume V

2@ = /V P(x)dPr = [ FY(2)dS; = / E - ds, (4.18)

% Ov

where the second expression follows from Stokes” theorem applied
to the boundary 0V with the surface element dS,, [87]. The last
term represents the special case for d = 3. This identity appears
in mathematics as the first Chern number [71, 172], a topological
invariant characterizing compact complex manifolds in even dimen-
sions [76]. The quantization of charge emerges naturally from requir-
ing single-valued fields F,,,, leading to integer-valued topological
invariants [87]. This topological protection explains both charge
conservation and quantization, independent of specific dynamics.

Maxwell’s equations also contain the Bianchi identity

(‘A]-"W + 8M}LA + &,F/\H =0, (4.19)

13This is a direction which we will not explore further, but lead to similarly interesting
consequences, see [87]. The Lorentz invariance is guaranteed by the correct choice of

-1 ifpu=v=0,
contraction rules A, = 7., A" with the Minkowski metricn,, = {1 ifu=v>0
0 ifu#uwv.
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which prohibits magnetic monopoles. The magnetic flux through a
ball S demonstrates this [76]

@S = / Elu/)\fy/\dsu = /B . dS = O, (420)
S S

where the last expression represents the special case for d = 3.
The vanishing flux holds in all dimensions as a direct consequence
of (4.19). However, it is important to note that classical electrody-
namics is less general than the effective gauge fields constructed
previously, such as the Berry connection in (4.6), allowing both elec-
tric and magnetic monopoles. Consider the degeneracy at d(x) = 0
of a band Hamiltonian

H=d(x)-o. (4.21)

As we will show now, this degeneracy acts as a monopole of an
effective magnetic field B. The Berry-curvature, analogous to (4.13),
takes the form

Fij(x) = 9;A;(x) — 9;4i(x). (4.22)

For a sphere of radius r in parameter space, the surface element
reads dS = e,r?sin(f)dfd¢ = e,dS. The Chern number becomes

2rC = / e F7 (x)dS" = / B(6, $)dfde (4.23)
S s
where (compare to (4.8), where this term appeared already)
B(0,0) = 0pAs(0,0) — 05A0(0,0) = (V x A(0,0)),.  (424)

For the two-band model (4.21), the Berry-curvature of the states (+)
takes the form [182]

o d(x) 1
VA = o) 2a 07

Using (4.23), with a » = 1 sphere parametrization d(x) = e,(0, ¢),
we find

(4.25)

Oy = +1, (4.26)
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confirming the monopole character. This result generalizes to arbi-
trary parametrizations, where the degeneracy acts as a monopole [71].
We realize that arbitrary integer Chern numbers C' € Z arise from
multiple wrappings around the monopole, and with opposite wrap-
pings we find monopole-antimonopole pairs in parameter space.

4.2.3 Topological invariants for gapless phases

The mathematical framework we have seen here connects directly
to topology: the classification of spaces through loops defines the
first homotopy group 71, also known as the fundamental group [172].
When we consider higher-dimensional wrappings, such as spheres
or n-th hyperspherical integrals, we obtain the second or the nth-
homotopy groups m,,'*

The classification of non-interacting Hamiltonians through homo-
topies rests on a key principle: when we modify the Hamiltonian
adiabatically while preserving its fundamental symmetries, certain
topological invariants change only when the gap closes™. We call
Hamiltonians that allow smooth transformations between each other
without gap closure homeomorphic'® to each other [76].

Our classification scheme for topological phases has relied funda-

4The sequence of homotopy groups 7, (X) of a topological space X forms a funda-
mental algebraic invariant. For n = 1, we consider loops and their deformation classes.
For n = 2, we examine maps from the 2-sphere S 2to X, describing how 2-spheres can
wrap around holes in X. This pattern continues for higher dimensions. These groups
connect through the exact homotopy sequence, which relates the homotopy groups of
fiber bundles, base spaces, and total spaces [76, 172].

150Or one of the gaps, for a multi-band Hamiltonian. The gap closure represents a
critical point where the band structure undergoes a topological phase transition, analogous
to phase transitions in classical systems [71].

16A homeomorphism between topological spaces X and Y is a bijective function
f: X — Y such that both f and its inverse f~! are continuous. More precisely, for any
opensetU C Y, the preimage f~1(U) is open in X, and for any openset V C X, the image
f(V) is openin Y. Two spaces are called homeomorphic if there exists a homeomorphism
between them (taken from [183]).
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mentally on the existence of an energy gap. This raises a conceptual
challenge: how can we extend this theory to systems where the gap
condition is violated by construction, such as semi-metals with band
nodes in their Brillouin zone that persist under parameter variations?
As it turns out, the formalism we introduced extends naturally to
these gapless phases through the concept of topological defects in
momentum space [71]. Here, we must account not only for the sym-
metries and dimension of the Hamiltonian but also for the dimension
of the band nodes, which can appear as points, lines, or surfaces
in the Brillouin zone. While this introduces additional complexity,
many principles from the classification of gapped phases remain
applicable, particularly the role of symmetry-protected topological
invariants.

The (anti-)unitary symmetries create specific constraints on the space
available for adiabatic transformations, effectively restricting the pos-
sible deformations of the Hamiltonian. This framework culminates
in the Altland-Zirnbauer (AZ) tenfold classification of topological insula-
tors and superconductors, which systematically catalogs topological
invariants across different dimensions and (anti-)unitary symme-
tries [71]. Beyond the fundamental symmetries of particle-hole,
time-reversal, and chiral symmetry that shape this classification,
crystal symmetries (spatial point-group symmetries) such as inver-
sion can introduce additional constraints, leading to novel states
like higher-order topological insulators [184-186]. These additional
symmetries enrich the classification by introducing new protected
boundary states and topological invariants.

This aspect will become particularly relevant for the periodically
driven quantum rotors we are considering, where we will encounter
topologically protected nodal lines that come from time-reversal and
inversion symmetry. These nodal lines manifest as one-dimensional
singular submanifolds in the spectrum where bands touch. We will
see that the quantum rotor system exhibits remarkably rich topolog-
ical physics, including multiple types of topological invariants and
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protected boundary states.

4.2.4 Bulk-boundary correspondence

The bulk-boundary correspondence represents a fundamental prin-
ciple in topological physics that connects the topology of the bulk
system to the existence of robust boundary modes!”. While this
correspondence has remarkable generality across different dimen-
sions and symmetries, its mathematical foundation often requires
sophisticated concepts from differential geometry and K-theory'®.
Let us develop a concrete physical picture that captures the essential
ideas while setting aside the mathematical machinery for now.

To illustrate these concepts, let us return to the two-band model
from (4.12),

Hy, = rcos(k)o, + rsin(k)o.. (4.27)

When interpreting £ as a crystal momentum, the real-space version
describes a variant of the Su-Schrieffer-Heeger model (SSH) [182],
which captures the physics of polyethylene (among other systems).
The specific form of the model is not essential since the topological
properties are universal.

17Here, robustness refers to the stability of these boundary modes against perturbations
commonly encountered in real materials, such as structural defects, impurities, and many-
body interactions, as long as these perturbations do not destroy the essential symmetries
of the Hamiltonian. This does not mean the states are indestructible — strong perturbations
that break the protecting symmetries can destroy them. For instance, magnetic impurities
can destroy states protected by time-reversal symmetry, and strong electron-electron
interactions can break the non-interacting topological classification [71]

18At its core, K-theory works with vector bundles over topological spaces and their
equivalence classes. The so-called 'K’ groups capture stable equivalence classes of these
bundles - 'stable” meaning that we can add trivial bands without changing the topological
classification. K-theory unifies different approaches from vector bundles, cohomology
theories, and index theorems. As it turned out, this machinery proves particularly useful
when understanding both strong and weak topological invariants, as well as crystalline
topological phases [187].
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Taking the continuum limit corresponds to focusing on modes with
wavelengths much larger than the lattice constant (i.e. £k — 0), we
can substitute k = —i9, in real-space to obtain for (4.27)

H(x) = —irc,0, + roy. (4.28)

This represents a simplified version of the Jackiw-Rebbi model®™.
Due to chiral symmetry, we expect the system to have a symmetric
spectrum with extended states at finite energies. By symmetry ar-
guments, any non-propagating bound state v(z) must occur at zero
energy. Solving H (z)y(x) = 0 using (4.28) yields

Orth(x) = oy () (4.29)

which admits the exact solution?® ¢)(x) o< e~*(i,1)?. One can demon-
strate that this state exists only when the path exhibits non-trivial
topology — with an associated topological invariant. Surprisingly,
this result does not hold only for localized modes at open bound-
aries, but extends to all kinds of defects, phase boundaries and lattice

dislocations?!.

As we will see in the following, this concept goes beyond Hermitian
matrices. For the periodically driven molecules we study, we can-
not speak of closed systems — energy conservation breaks down as

PThe Jackiw-Rebbi model, introduced in quantum field theory [188], describes
fermions interacting with a topological defect. It provides one of the earliest examples
of fractionalization, where excitations carry quantum numbers that are fractions of the
fundamental ones. The model has found applications far beyond its original context,
appearing in condensed matter physics and quantum computation [71].

2'We can solve this by noting that the eigenvectors of o, are ¢, = (+i,1)7 with
eigenvalues +1. A general solution takes the form ¢ (z) = 4 (z)¢4+ + _(z)¢p_ with
coefficients 14 (x). From (4.29) we find 0,¢+(x) = F¢+(x). Hence, we obtain two
solutions (for each boundary) when applying appropriate boundary conditions. The
physical solution must be normalizable, so we need to take the exponentially decaying
solution.

2This generalization is known as the defect classification of topological phases. Defects
can be viewed as lower-dimensional topological phases embedded in a higher-dimensional
system [71].
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the pulses can add significant energy over time. This necessitates
extending our discussion to non-hermitian topology.

4.2.5 Non-hermitian topology

Research has long focused on topological invariants of hermitian
matrices, specifically on classifications based on gap closings of the
energy bands. In contrast, driven and dissipative systems cannot
generally be described by a single hermitian matrix. The interplay
between gain and loss can lead to new properties. Several frame-
works exist to describe such systems, including Liouvillian super-
operators and the Keldysh formalism for non-equilibrium quantum
fields [189]. In some special cases, we can derive an effective non-
hermitian Hamiltonian to describe the behavior of the system. While
this offers significant simplification compared to the theories men-
tioned before, it introduces complex instead of real eigenvalues .
This formalism has been applied successfully to a wide range of
driven-dissipative systems, encompassing classical optical systems
with decay channels, electrical circuits, mechanical systems, and
driven-dissipative quantum materials [190].

While early works by Parachatnam were basically non-hermitian
by construction [88], Hatano Naomichi realized in 1996 that non-
hermitian couplings can lead to similar topological physics as in
the static case, with topological invariants, bulk-boundary corre-
spondence and edge modes [191]. This effect, now known as the
non-hermitian skin effect, demonstrates how topological concepts of
hermitian physics extend to the non-hermitian case. Moreover, new
phenomena emerge, which relate to the so-called exceptional points or
exceptional nodal lines [192]. However, for the description of periodi-
cally driven systems with unitary symmetries, we can concentrate on
a subclass of non-hermitian topology concerning the classification
of Floquet Hamiltonians [164, 193-195]. When we examine the effec-
tive Hamiltonian H.g with Uy = e~ it often suffices to consider
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static topological invariants of H.s, and the discussion of the last
section remains fully valid. However, there are cases where this
approach proves insufficient, and the periodicity of the quasi-energy
plays an important role; these are called anomalous Floquet phases,
that is, anomalous when compared with the static setup. This occurs
precisely when we examine topology that arises due to band-node
closings of both the usual gap and the 7-gap. We will explore this
case in detail in Section 5.4. Another case emerges when we examine
non-abelian gauge groups of periodically driven rotors, which we
will discuss in Chapter 5. In that case, we can create a non-abelian
anomalous phase. Let us first examine the simple case of band nodes
that appear in periodically driven molecules and their influence on
the dynamics of the system.

4.3 Dirac cones and topological charges

Building upon our previous understanding of how eigenvalue degen-
eracies can lead to geometric phases, we now return to periodically
driven molecules with a finite, one-dimensional angular momentum
lattice introduced in Section 3.5, bounded by | = 0 and | = [ 2%
Certainly, there are also topological invariants for 2D rotors, but
unlike the 3D rotor there are no natural boundaries. We examine the
model defined by (3.66) with N = 3, which exhibits three bands®.
With three bands come three gaps (including the 7-gap). Fig. 4.2(a)
shows the phase space of the model in terms of band degeneracies.
The degeneracies form nodal lines arranged in a regular grid-like
pattern. As emphasized earlier in Section 3.3.3, two fundamental
symmetries protect these nodal points: time-reversal symmetry and
inversion symmetry. These symmetries cause the nodal points to
extend into nodal lines and place the model in the class AI [71]. Asa

22Here, we present extended and refined results from our paper [2].
BFor N = 1, there exists only one band, for N = 2 the map shows perfect revival, thus
we select NV = 3 as the smallest N with non-trivial behavior.
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consequence, while the Berry curvature vanishes at all momenta, the
band nodes transform into topological charged Dirac cones. These can
only disappear through symmetry breaking or through annihilation
of two Dirac cones with opposite charges. The symmetries define a
conserved topological charge under adiabatic parameter changes. In
Fig. 4.2(b-c), we present the spectrum along a specific path through
parameter space as a function of s € [0,1]. Each value of s corre-
sponds to one model Uy (P, P») with specific kicking strengths?.

Due to the symmetries, gap closings occur either at k = 0, k = 7 or
at momentum pairs (k, —k). Fig. 4.3 reveals the momentum-space
dependence of the quasi-energies and demonstrates this behavior
for the two paths from Fig. 4.2. In this case, the gap closing of the
first wo bands appears at & = 0, while the closing of the second gap
occurs at k = 7. We also examine a path® crossing a (—k, k) nodal
line in Fig. 4.2. While the nodal lines at P, = 4nn/3 &+ 2P, appear at
k = 0 and k = 7, the other nodal lines emerge at momentum pairs
(—k, k), as shown in (c) and (f) of Fig. 4.3.

4.3.1 Engineering synthetic dimensions with
adiabatic paths

Let us now examine how tuning the kicking strengths leads to topo-
logical phase transitions at band touching points, transforming the
system from a regime without topological edge states to one where
edge states emerge. While Fig. 4.2 displays only the minimum of
gaps, all three gaps exhibit closings. We can create a two-dimensional
model by tuning the parameters periodically with o € [0, 27] such
that

a— fla)= (P, P), [(0)=f(2r), (4.30)

thereby engineering a momentum space torus — a compact manifold.

24The two paths are parametrized as following: For the two paths, we choose (P, P») =
ro(2ms + w/2,47(1 + s))/3 with rg = /3.
Here we choose (Py, P,) = ro(27s/6 + 7n/3,4m(1 — 5/6)/3).
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Figure 4.2: Phase diagram for N = 3 of the periodically driven 3D rotor. (a)
The minimal band gap as a function of driving strengths P, and P,. The phase
diagram reveals a grid of nodal lines where the bandgap J,, vanishes. There are
straight lines at k£ € {0, 7} and curved lines forming (—k, k) rings. (b) Path across
the nodal line of the first gap, indicated by the blue line in (a). (c) Path across
the nodal line of the second gap. Edge states (red dashed) emerge when crossing
either nodal line, arising from the topological charge of the effective Dirac cone.

Following our previous discussion, the degeneracy of the bands
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Figure 4.3: Band nodes at k—symmetric points. (a) The band gap of the first path
of Fig. 4.2 (b) the band gap of the second path, (c) band gap of a path going over
a (—k, k) nodal line. All three as a function of the parameter s and momentum
k. (d-f) The corresponding spectra with at their critical values s = s and (d)
k=0, (e) k=m, and (f) with £ ~ £0.77.

should lead to a characteristic signature in the wavefunction, mani-
festing as a Berry phase. In Fig. 4.5, we show the results for a circular
path?®. By construction, since the nodal lines at k = 0 or k = 7 are
linear in the P, — P, plane, every circular path must cross them twice.
Thus, models of this construction always exhibit an even number
of nodal points. This property extends to the curved nodal lines
with (—k, k), as each point (P}, P») contains at least two nodal points,
ensuring an even total number for any circular path.

As we have already seen in Fig. 3.13 in the last chapter, for a finite
system there are localized eigenstates. However, now we identify
them as a result of the topological phase transition at the two nodal
points. This is an important result, because this shows that they are
connected to the topological charge of the nodal points. Once created
by the first nodal point, these states can only vanish by merging with

26Here we choose (P;, P2) = (0.6sin(a) + 1.0, 1.8 cos(a) + 2.2).
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o

Figure 4.4: Engineering synthetic dimensions. By adiabatically changing the
kicking parameters of the driven model with time ¢, we can simulate higher-
dimensional models. By choosing circular paths a € [0, 27] we effectively cre-
ate another momentum dimension, which can lead to the simulation of a two-
dimensional band model. When doing this adiabatically, we expect that the
Floquet eigenstates stay in their band. We will see later how this could be probed
experimentally.

the second nodal point (which, as we will show, carries opposite
charge). The topological edge states behave analogously to field lines
in the space of wave functions between the two degeneracies. In
Chapter 5, we will demonstrate the possibility of annihilating the two
nodal points in the opposite direction of their creation, generating
topological modes disconnected from the bulk. The two-dimensional
momentum vector becomes

k =(k,a). (4.31)
To calculate the geometric phase around a path encircling the nodal
points, we use (4.31) and (4.9) to obtain

1
o

120

Yo Ajo(K)dR, (4.32)



4.3. Dirac cones and topological charges

miny, [0,

0.01 + 100 —e— Edgestateata =
= = 1073 A
= 0.005 1 =
o _ 10—6 .
Bulk stateata =
07 ' ' T T T 107 T T T T T
0 50 100 150 200 0 2 4 6 8 10

l l

Figure 4.5: Nodal lines as topological phase transitions. As in Fig. 4.2 we look at
the results of periodically driven molecule at N = 3. In (a) we show the phase
space for this section, including the circular path whose spectrum is shown in (b).
As before, we understand how the nodal lines give rise to the gap closings and
the corresponding topological edge states. In (c), we show a regular bulk state, as
compared to (d) with a topological edge state, both evaluated at o = 7.

with A;,(k) = iy} (k)9;1,(k) and the partial derivative with respect
to k. We can evaluate” the phases for the two nodal points. The red
path evaluates to 7; = 1/2, and the blue one to 7, = —1/2 (note that
for the second band, i. e. 72, we would find the opposite result); as
expected, the total charge sums to zero.

27Herefore, we use the method introduced in [196], which uses the logarithm of the
scalar products to avoid the random phases of numerical diagonalization.

121



4. (GEOMETRIC PHASES OF DRIVEN ROTORS

Figure 4.6: Topological charges
of the Dirac cones. As a

heatmap we show the energy 2T /s
difference between the first and 8m/2 /2 5
the second band of Fig 4.5. Fur- < /3 &
ther there are the contours taken o IS
in (4.32) for the two nodal /2 fe
points, i. e. Dirac cones, in or- 0 _0 Sy T sy 2w 0

der to evaluate their topological o

charges.

4.4 Experimental signatures of Dirac cones

At this point the question arises whether this has any experimental
signatures. Apart from measuring energy or angular momentum
states directly (which are typically difficult to measure) the orienta-
tion signal (cos(f)) and the alignment signal (cos?()) can give good
indications what is happening in the system. In the limit where both
of them are translationally invariant, we can evaluate them fully in
momentum space using (3.40) and (3.41) for different Floquet states
Y, (k, a) with

(cos(0)) = ¥l (k, a)(cos(0))y e (k, ) (4.33)
(cos?(8))1 = YL (k, @) (cos®(0))x v (K, ) (4.34)

where cos(); and cos(0);, are N x N matrices (here: N = 3), re-
spectively. In Fig. 4.7 we show the results for the Floquet states of a
circular path from the last section (Fig. 4.5). We observe that the two
signals are not close to 0 to begin with; we see that the eigenstates
have significant alighment for a wide range of parameters. This
occurs because the eigenstates of these two operators are delocal-
ized in angular momentum space”. Even more so, we see that the
alignment strongly depends on the position of the band nodes. We

BTrivially, both have the angle state | & §) with 6 € [0, 27] as eigenstates, whose matrix
elements are the spherical harmonics (Im| £ 6, ¢) = Y}, (£, ¢).
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Figure 4.7: Alignment and orientation signatures of band nodes. As in Fig. 4.5
we look at a circular path a € [0, 27| of periodically driven molecule at N = 3. In
(a,c,e) we show the orientation signal and in (b,d,f) we show the alignment signal;
each for the three bands 0. We see that the band nodes at & ~ 1 and a ~ 4 lead to
a inversion of these signals respectively.

realize that the band node has a clear interpretation in terms of these
signals; it marks exactly the position where a positively oriented
Floquet state of the first band transforms into the negatively oriented
Floquet state of the second band. Note, though, that this description
does not include the edge states, which evade a momentum-space
based description.

4.4.1 Adiabatic time-evolution

Despite the elegance of this band description, we must verify its
applicability to full exact diagonalization. As we mentioned in Sec-
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tion 3.5.3, working with finite lattices presents well-known challenges
in discrete Fourier transforms. Surprisingly, the band description
of the driven rotor proves more accurate than initially anticipated.
Even when approximating the synthetic a—dimension with just
a few kicks and considering states of small total energy and few
angular momentum components (states potentially achievable in
experiment), the band model and particularly the Dirac cones pro-
vide remarkable insight into the system dynamics. Let us begin
by considering a Floquet state ¢,(k,a) € CV of band o as initial
state. The time-translation operator conserves momentum since
Uk, @)y (k,a) = e "y (k o). This momentum conservation
proves to be an excellent approximation. For a change o — o + da
in the next kick (at fixed k),

Ua + 6a)ihy(a Z e~ Ty (o + 00) (o ( + 50) [1hg ().
- (4.35)

For a series of kicks,

o(t) = U(a)Usr(ay_1) . .. Ur(k, a1)o(t = 0), (4.36)

with a path oy ... o. Let us first assume suppressed interband transi-
tions o0 — ¢’. Then, for an expectation value of a translation-invariant
operator A, all phases cancel out®” and we find

(D) A1) = (o)Al () (4.37)

For an adiabatic path o4, we expect interband transitions to scale
inversely with both the quasi-energy difference and the magnitude
of changes da = o — a;—;. However, a pure quasi-momentum
state presents two challenges: it is completely delocalized in angular
momentum with infinite energy (making experimental preparation

»(Clearly, the quasi-energy terms e~w(?) cancel out. The overlaps are related to
the Berry connection (compare to (4.5)) since limso—0 ({({(¢o () |[¢o (o + dat)) — 1) Joax =
(Yo (a)0a|ths(a)) and cancel out as well.
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difficult) and impossible to achieve in a finite lattice. Therefore, we
turn our attention to states localized in both quasi-momentum and
angular momentum. For a band with small bandwidth, not only
pure states ¢(0) x 1, (k, o) follow the band adiabatically, but also
superpositions of eigenstates. States with identical quasi-energy
but different momenta evolve in parallel, maintaining their shape
due to decoupled quasi-momentum sectors. For different energies,
the wavepacket shape evolution follows the bandwidth, determined
by quasi-energy differences across occupations. Since the Fourier
transform of a Gaussian state is also a Gaussian state, we choose a
superposition of eigenstates of some band with an approximately
Gaussian profile’® with width o, centered around some chosen
momentum kj € [0, 27| such that

_ (k—kg)?

¢t =0)oce i ok, a) (4.38)

and evaluate the orientation and alignment signal for this state when
choosing path «(t) that quenches over the Dirac cone established
in Fig. 4.5. We choose a momentum that is close but not identical
to k = 7 in order to resolve the nodal point structure shown in
Fig. 4.7. The results are shown in Fig. 4.8. Indeed, we can confirm
that the quasi-momentum description works extremely well, even
in this scenario of changing kick parameters a. The state keeps
its shape both in angular momentum and quasi-momentum space
almost perfectly over the series of kicks (note that this would be

30Tn fact, the method to find such a state is numerically more involved. First, we
generate a Gaussian state according to (4.38). Then, we Fourier transform this state back
to real-space using the second expression in (3.39) at some [j as reference point for An.
However, due to finite size effects, this state is not only occupying the o —band, so we
construct a projector P, using the real-space states of that band and project out the other
bands with P,|¢). This projection leads to a slight delocalization, hence we regularize this
state with a real-space Gaussian e~ (1=10)*/(297) and repeat the projection - regulation until
the state is converged. This method leads to a perfect occupation in the —band, and both
localization in angular momentum and quasi-momentum space, even though the latter is
slightly perturbed by the method. However, numerics show that it works surprisingly
well.
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Figure 4.8: Quench dynamics of a Gaussian state. Here we show the results of
exact diagonalization with N; = 10 kicks for the same parameters as in Fig. 4.5 and
with a(t) = 2t/N,. The upper panels show [¢|? in (a) angular-momentum space
and (b) quasi-momentum space. The wavefunction is approximately localized
in both spaces at ¢ = 0 (see inset figures) and throughout the time-evolution
(note that there is a drift towards [ = 0 though in angular momentum space).
In (c) we show the orientation and in (d) the alignment signal. Both show a
drastic change due to the Dirac cone at o, ~ 1. The state is constructed with
ko = m, 0, = 0.45,1y = 55,0, = 15, see footnote 30 for the technical details of the
state construction. Note that the state construction leads to the intended shift
towards smaller momentum £, even though we started with ky = 7.

different if the wavepacket would come close to the boundary [ = 0,
at which the periodicity condition is broken and quasi-momentum
is not conserved. However, what happens is that at the boundary
quasi-momentum is inverted from £ — —k). Further, even though
there is no visible change in the wavefunction (apart from a drift
towards lower [, which is insignificant for this analysis. The same
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results can be achieved for a wavepacket towards higher /; after some
fine-tuning one could possibly find a state with no drift at all), there
is a drastic change in the orientation and alignment signal. Note
that both change corresponding to what we expect from the analysis
of the Floquet states in quasi-momentum from Fig. 4.7. Hence, the
results of these expectation values are more closely related to the
relative phases (and hence, the berry connection) than the absolut
occupations, which are predicted not to change considerably.

4,5 QOutlook

As we conclude this chapter, let us outline its significance for our sub-
sequent exploration of non-abelian topology. Our analysis revealed
how degeneracies in spectrum of even simple matrices give rise to
a rich variety of phenomena, whose classification depends funda-
mentally on the symmetries. For simple cases of the periodically
driven rotors, we showed that the two-band hermitian topological
classification suffices, as the Floquet operator manifests precisely
these simple classes through the stroboscopic Hamiltonian. How-
ever, in the next chapter, we will see how this framework extends
to reveal the non-abelian character of the topological charges. Most
intriguingly, the non-equilibrium nature of our system will lead us to
discover an anomalous Dirac-string phase — a phenomenon unique
to driven systems that transcends conventional hermitian topology.
Understanding this phase requires careful analysis of the full Flo-
quet operator, drawing us into the fascinating frontier of multi-band
Floquet topology.
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CHAPTER 5 I

Non-abelian topological phases

The greatest strategy is doomed if it’s implemented badly.
— Bernhard Riemann

5.1 Overview

The exploration of band degeneracies in the preceding chapter re-
vealed how topological invariants emerge through single-band in-
tegrals of the Berry connection. The Berry phase stands as a fun-
damental quantity underpinning our understanding of topologi-
cal insulators and topological semimetals. While this single-band
framework has driven substantial advances in topological materi-
als [184-186, 197-203], recent developments have highlighted the
rich physics arising from multi-band interactions and their associated
non-abelian topological characteristics. These phenomena extend
beyond conventional solid-state systems, manifesting in photonic
crystals, mechanical metamaterials, ultracold atoms, and driven
quantum systems [204-207].

The study of multi-band topological phenomena, particularly un-
der constraints imposed by combinations of (anti-)unitary and crys-
talline symmetries, has generated universal classification schemes [ 199,
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200]. These schemes unveil the intricate relationship between mo-
mentum space constraints and real space properties. Our focus lies
on such symmetry-constrained multi-gap topology, where collective
band behavior reveals phenomena unattainable in single-gap sys-
tems [208-215]. The field has expanded rapidly across diverse physi-
cal platforms: from phononic [216, 217] and electronic systems [209,
218, 219] to magnetic materials [220], metamaterials [221-223], and
out-of-equilibrium phenomena [224-229], including an anomalous
variant requiring periodic driving [226].

Systems with N > 3 bands featuring real Hamiltonians due to PT
symmetry! present a compelling example. Band singularities in
these systems carry non-abelian frame charges [208, 209, 230], and
their braiding between adjacent band pairs modifies these charges,
leading to topologically protected nodes characterized by the Euler
invariant. Building on our previous discussion of periodically kicked
quantum rotors and their Floquet topological phases, we note that
these driven systems offer distinct advantages over solid-state im-
plementations. Their well-controlled parameters and tunable band
number N provide an ideal platform for exploring novel multi-band
topological phenomena in non-equilibrium settings.

In section 4.3, we demonstrated how periodic driving induces time
evolution in quantum rotors that can host single-gap topological
charges. These charges develop distinctive properties under addi-
tional symmetries. We now examine how maintaining time-reversal
symmetry (7) in kicked quantum rotors allows topological singu-
larities to acquire non-abelian properties for N > 2 [208, 209, 230].
Systems with P77 symmetry reveal a rich structure through the lens
of the Euler class. Multi-band topological physics transcends the con-
ventional Chern classification of topological insulators: The funda-
mental distinction arises from band closings (degeneracies) or nodes,
which exhibit non-commutative behavior. This non-commutativity

10Other combinations of symmetries also generate real hamiltonians, for example Co 7~
with the n-fold rotational symmetry C,, [210].
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generates exotic braiding phenomena, leading to novel topologi-
cal phases including Euler insulators and anomalous Dirac string
phases in periodically driven systems. The 27 periodicity of the
Floquet spectrum allows gap closings in the m-gap between bands
n = 1and n = N, generating anomalous Floquet topologies without
equilibrium analogues [204, 205, 226, 231-233].

Our investigation proceeds as follows. We examine the non-abelian
braiding of topological singularities through periodically kicked
quantum rotors. By modulating laser pulse intensity, we demon-
strate how band node non-abelian charges transform through mutual
circulation during rotor evolution. This manipulation realizes an
anomalous Dirac string phase [226], where topological singularities
in all gaps, including the anomalous 7-gap, participate in the braid-
ing process. Zero-angular-momentum edge states serve as definitive
signatures of these multi-gap phases.

The structure of the chapter is as follows: Section 5.2 examines the
phenomenon of orientability in detail, beginning with the Stiefel-
Whitney class in Section 5.2.1. We then introduce non-abelian charges
in Section 5.2.2 and demonstrate the emergence of Dirac strings
across different gaps in Section 5.2.3.

Section 5.3 applies these concepts to periodically driven quantum
rotors through the triple-kicked rotor model. Section 5.3.1 demon-
strates how the Euler class captures the braiding process, generating
non-abelian topological invariants, including the multi-gap Euler
number. These invariants characterize the Dirac string braiding
process and its classification.

Section 5.4 introduces the anomalous Dirac-string phase, a novel
state emerging from the interplay between multi-gap topology and
periodic driving that transcends static system classification schemes.
We conclude in Section 5.5 with a review of our findings and high-
light the distinctive achievements of this work.
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5.2 Non-Orientability and Dirac-strings

5.2.1 The Stiefel-Whitney Class

To understand how these non-abelian properties emerge, we must
first examine the fundamental role of symmetry in our system. The
combination of inversion P and time-reversal symmetry 7 enables
us to work in a gauge where the effective Hamiltonian becomes real?.
This reality condition extends naturally to the eigenvectors, i. e.

H(k)¢0(k) - ea(k)¢0(k)7 (51)

where v,(k) € RY. We can express this more compactly through an
orthogonal transformation

H (k) = R(k)diag[e(k)]RT (k), (5.2)

with the orthogonal group R(k) € O(N). The crucial observation is
that when there is only one gap, which is positioned between bands
o = pand o = p+1, we can continuously deform the spectrum while
preserving the essential topological features [234]. This deforma-
tion process, known as spectral flattening?, relies on the homotopy
equivalence between Hamiltonians with the same gap structure [71].
Specifically, we can define a continuous path of Hamiltonians H; (k)
for t € [0, 1] such that

H,(k) = R(k)diag[fi(e1(k)),..., fen(k))|R" (k), ~ (5.3)

where f;(z) smoothly interpolates between the original spectrum
(t = 0) and the flattened spectrum (¢ = 1)

fe(x) = (1 — t)x + tsign(z). (5.4)

2See footnote 19.

3The flattening procedure is well-defined as long as the gap remains open throughout
the deformation. This is guaranteed by the continuity of eigenvalues with respect to
perturbations, a consequence of the implicit function theorem, see (4.11).
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This homotopy preserves the gap, ensuring that no eigenvalue be-
comes degenerate during the deformation. The endpoint of this
deformation is the flattened Hamiltonian @ (k)

Q(k) = R(k)diag[(—1,...,—1,1,..., D)]R" (k). (5.5)

D N-p

After flattening, the Hamiltonian @) (k) exhibits degeneracies of O(p)
symmetry in the lower bands and O(N — p) symmetry in the upper
bands*. The classifying space of such a system is naturally described
by the real Grassmannian [210]

Gr, v = O(N)/[O(p) x O(N — p)], (5.6)

which parametrizes all possible ways to split an N-dimensional real
vector space into orthogonal subspaces of dimensions p and N — p.

While complex vector bundles are characterized by integer-valued
Chern classes ¢, € Z, real vector bundles exhibit a fundamentally
different topology through the Stiefel-Whitney classes w,, € Z, [172].
The distinction between Z and Z» invariants reflects the different
nature of orientability in real and complex spaces’. Additionally, the
Euler class x € Z, emerges as a fragile topological invariant®, which
we will consider in Section 5.3.1.

The physical meaning of the Stiefel-Whitney class becomes clear
when considering the Berry-phase along non-contractible paths in
the Brillouin zone (for example, in k or « direction). The first Stiefel-
Whitney class manifests as a geometric phase accumulated when
transporting states along such paths. When this class is non-zero,

“These degeneracies arise from the freedom to perform orthogonal transformations
within each eigenspace while preserving the spectral flattening.

°In complex vector bundles, phases can wind continuously, leading to integer classifi-
cations. In real vector bundles, only sign changes are possible, resulting in Z, classifica-
tions.

®The Euler class is "fragile" because, unlike the Stiefel-Whitney classes, it can be
destroyed by adding trivial bands [210].
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it becomes impossible to define R(k) consistently throughout the
Brillouin zone — attempting to do so results in a sign ambiguity
R(k) = —R(k) upon completing certain closed paths (this is in direct
correspondence to the scenario in Section 4.2). This mathematical
obstruction directly reflects the non-orientability of the vector bundle,
analogous to the twist in a Mobius strip”.

Now, let us consider again the case of non-degenerate Hamiltoni-
ans [230]. Each eigenvector can be multiplied with 1 (which corre-
sponds to O(1)), hence the space of Hamiltonians is just the coset
space O(N)/O(1)V.

5.2.2 Non-abelian charges

Already for N = 3 the implications of the preceding discussion lead
to non-trivial aspects. The space of Hamiltonians turns into

0(3)/0(1)* = O(3)/Z3 = SO(3) /D, (57)

with the Dihedral group D,8. The band nodes in this system carry
topological charges that extend beyond the usual Z, classification.
These charges manifest through the first homotopy group

m(SO(3)/D2) = Q, (5.8)
where Q is the non-abelian quaternion group [230]
Q= {1,+i, £j, £k, —1}. (5.9)

satisfying
i’ =i =k* =ijk = —1. (5.10)

Just as one cannot define a continuous normal vector field on a Mdbius strip, one
cannot define continuous real wavefunctions globally when the first Stiefel-Whitney class
non-zero wy # 0.

8See p.34 in [235].
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The quaternions form a non-abelian group, sharing this property
with the more familiar SU(2) group of Pauli matrices. This connec-
tion becomes precise through a one-to-one correspondence

i=—ioy, j=—ioy, k= —ios. (5.11)

From this mapping or directly from (5.10), we find that any two
different elements a, b € Q anticommute with ab = —ba.

The physical significance of these quaternion charges can be un-
derstood through individual Berry phases. When encircling a band
node, each band ¢ accumulates a Berry phase v, € {+1/2}, see (4.32),
that maps directly to a specific element of the quaternion group. We
can see this by looking at the rotation matrix R(k) defined in (5.5),
where the rotation matrix can be written [230] in terms of rotation
matrices L, with o € {x,y, 2z} such that

R(k) = exp|(k + )L, /2] (5.12)

where the chargesi, j, k correspond now to clockwise rotations around
o, i.e. the three band indices respectively. While the Berry phase
indicates whether a nodal line is encircled, the quaternionic charge
specifies the eigenframe rotation axis.

This mapping reveals a profound consequence: since band nodes
of different bands correspond to distinct quaternion elements, they
must be non-commutative, just as rotations. Specifically, when two
band nodes of different gaps exchange positions - a process we call
braiding - they can flip their associated Z, frame charges’. These
braiding rules mirror the familiar non-commutative nature of spin
rotations in quantum mechanics [209]. This non-commutativity has
profound implications for our physical system. When we braid band
nodes carrying quaternion charges, their order matters - braiding
node A around node B produces a different result than braiding B

9We call them frame charges, because they are gauge-dependent, since there is a
higher gauge symmetry than just U(1).
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5. NON-ABELIAN TOPOLOGICAL PHASES

around A. The anti-commutation relations directly determine how
the frame charges transform under braiding operations [209].

The non-abelian nature of these charges leads to a remarkable phe-
nomenon: Consider a pair of nodes (of the same gap) with (+1), (—1)
frame charge. The sign of one of the node’s frame charge can be
reversed through braiding with a node hosted in either adjacent gaps
(i.e. the gap directly above or below). Afterwards, the two band
nodes (of the same gap) cannot annihilate each other, since they both
carry the same Z, frame charge, which reflects the anticommuting
algebra of the quaternion elements [209, 210, 226]. This property
distinguishes our system from conventional topological insulators,
where braiding typically results in Abelian phase factors.

The connection between the geometric phases we studied in Sec-
tion 5.2 and these non-abelian charges becomes clear: the impossibil-
ity of defining a global frame (non-orientability) manifests as discrete
quaternion charges that cannot be continuously deformed into one
another. This discrete nature, combined with the anticommuting
property of quaternions, ensures the robustness of the non-abelian
braiding operations.

However, to make this analogy precise and explain what we mean by
"commutation” of band nodes, we must first introduce the concept
of Dirac strings in the next Section.

5.2.3 Dirac strings of topological charges

In systems with magnetic monopoles (and hence topological charges,
see Section 4.2.2), we observe the physical manifestation of Dirac
strings — mathematical objects that have drawn significant attention
since Dirac’s foundational work [236] and which we will explain
in detail below. While these strings remain elusive in fundamen-
tal physics despite intensive searches [237], our system provides a
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5.2. Non-Orientability and Dirac-strings

Ytot = l/2

Figure 5.1: Dirac strings between nodal points. (a) A large contour (blue) en-
circling two band nodes yields zero total Berry phase, while individual contours
(red and green) around each node reveal opposite charges (+1/2). (b) When con-
tinuously shrinking the blue contour, the phase must discontinuously jump from
+1/2 to —1/2 between the nodes through a Dirac string. The band nodes prevent
the contour from being reduced to a point, creating an unavoidable obstruction.
This structure is classified by the first Stiefel-Whitney class w;, which captures the
impossibility of choosing consistent signs for real wavefunctions across the region.

platform where these theoretical constructs become tangible and
measurable [75].

The existence of these Dirac strings in our system follows from basic
topological arguments. In Section 4.3.1, we established how band
nodes form and relate to topological charges. Consider a pair of band
nodes of the same gap with opposite charges v4 = /2,75 = —1/2, as
shown in Fig. 5.1. A large contour C encircling both nodes yields
zero total Berry phase

1
Ytotal = 2—7{A(k) -dk = 0. (5.13)
™ Jc

When we continuously deform this contour to decrease its radius,
we cannot shrink it to a point - the two band nodes act as obstruc-
tions, each contributing +1/2 to the Berry phase. This requires a sign
change from +7 to —7 between the nodes, manifesting as a line of
discontinuity - the Dirac string - connecting the two nodes where the
phase flips sign. While the string’s position depends on gauge choice,
its endpoints remain fixed at the band nodes, making them physi-
cally observable through various experimental techniques. When
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Figure 5.2: Creation of a lone Dirac string. Kicked 3D rotor system as in Fig. 4.6.
Each row shows: quasi-energies for lower two bands (left), wavefunction compo-
nent 5 (of first band) at « = 7 (middle), and as a function of both k, a (right).
Evolution from top to bottom: no nodes/strings (a-c), quadratic node appears (d-
f), splits into two linear nodes (g-i), and after node annihilation at the boundary, a
lone Dirac string remains (j-1). While the Dirac string’s shape is gauge-dependent,
its endpoints are fixed by band nodes when present. In (j-1), the sole existence of
the string (connecting left to right) is protected by the Stiefel-Whitney class w;.
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5.2. Non-Orientability and Dirac-strings

band nodes annihilate across the periodic boundary, they create a
particularly interesting state: a persistent Dirac string protected by
the inability to smoothly transform it away. In Fig. 5.2, we examine
this process in our kicked rotor system with N = 31°. The system
evolves through several distinct phases: First, we create a quadratic
node, which splits into two linear (Dirac) nodes, and finally these
nodes annihilate across the periodic boundary. This process leaves
behind a Dirac string that remains stable against gauge transforma-
tions and small perturbations. While the band nodes are visible
in the band structure, they also manifest in the wavefunction. To
analyze this, we examine the third component 5 of the first band’s
wavefunction!! as a function of momentum. Band nodes emerge
as phase vortices with non-zero contour integrals. In the second
column, we show the wavefunction component v3 at & = 7, which
visualizes the Dirac string as a discontinuous jump from —1 to +1.
In fact, the non-zero Berry phases around individual nodes can be
understood as a direct consequence of this Dirac string.

The node annihilation at the periodic boundary (a = 0) creates a
persistent Dirac string, ensuring a non-zero Berry phase in the k-
direction across all « (this is sometimes also called Zak-phase, since it’s
around a non-contractible direction of the Brillouin zone). This pro-
vides another interpretation of the bulk-boundary correspondence:
the topological phase with edge states arises from node creation and
annihilation, resulting in a non-trivial first Stiefel-Whitney class w;.
Thus, we conclude that the process of nodal point annihilation across
periodic boundaries in k-space naturally leads to a non-trivial Berry
phase in the a-direction.

The phenomena we have discussed here — band nodes, their Dirac

1OWe use (P, Py) = (0.1sin(a) + 0.57,0.2 cos(a) + (2 — r)) where r controls the topo-
logical regime: r < 0.85 trivial, » > 1.15 topological, with a gapless phase between.
Parameters: (a-c) r = 0.70, (d-f) r = 0.85, (g-i) r = 1.0,(j-1) r = 1.3.

"We examine 13 in a gauge where ; > 0, achieved via v, (k) = v, (k)sign[¢; (k)],
ensuring wavefunction smoothness everywhere except at the Dirac string, where this
non-smoothness cannot be removed by any gauge choice.
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strings, and their annihilation — can occur in simple two-band abelian
systems. The concept of Dirac strings, however, proves essential for
understanding the deeper implications of non-abelian band nodes.
With this foundation, we can now analyze how the non-commutative
nature of multi-band systems leading to the braiding of band nodes
that we introduced in Section 5.2.2. The nodal lines shown in the
phase diagram in Fig. 4.2 play a central role in this analysis. Non-
abelian braiding of band nodes requires specific crossings of nodal
lines between different bands. Each nodal line carries both a Z, frame
charge and a quaternionic charge, with the latter depending on the
exchange order with other nodal lines. The non-commutative nature
emerges when nodal lines of different gaps encircle each other [209,
210, 230], with the specific behavior determined by the encircling
path.

Although this physics might be accessible in the simple kicked rotor
for very high kicking strengths, we now turn to a slightly more
complex model where these effects arise naturally even at small
kicking strength.

5.3 The triple-kicked rotor

Let us construct a system that manifests the non-abelian phenomena
we discussed in the previous section at experimentally accessible
kicking strengths!'?>. We combine three kicked rotors into a single
Floquet operator that preserves both time-reversal and inversion
symmetry!?

Urkr(P) = Ukr(P1, P2)Ukr(Ps, Py)Ukr( Py, Ps). (5.14)

This triple-kicked rotor, parametrized by P = (P, P, P, P,), ex-
tends our previous analysis of Dirac strings and band nodes to a

12This section is based on our recent submitted paper [5].
13See footnote 17.
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Figure 5.3: Triple-kicked rotor (5.14). We use P, = P; = 0, which reduces
the protocol to two infrared pulses and one terahertz pulse within each Floquet
period. We vary the pulse strengths stroboscopically on a circular path (see main
text). In (a) we show the Pulse sequence, the inset shows the variation of pulse
strengths over the entire protocol, spanning NNV, = 40 iterations with three pulses
per sequence within each of which « is adjusted as «,, = 27n/N,. In (b) and
(c) we show the full time evolution of a driven rotor under this protocol, see
Section 4.4.1 . (b) Starting with typical thermal state (with 7/(7kgT") = 0.17),

~2
we observe resonant energy absorption (Ey, = (L™) &~ 5 - 10%), as expected for a
generic initial state in this system. Conversely, (c) showcases an edge state (with
the same initial energy) that persists throughout the protocol and absorbs little

energy ((ﬁ2> ~ 50). Significantly, this is an anomalous m—gap topological edge
state, which we will later show is a witness of the anomalous Dirac String phase
and exists even though all Berry phases are zero.

regime where non-abelian effects emerge naturally. As shown in
Fig. 5.3, we can implement this protocol' using linear molecules
driven by a sequence of infrared and terahertz laser pulses (see
Chapter 2 for the molecular physics details). The time evolution in
Fig. 5.3(b,c) already reveals two distinct behaviors: generic states
show delocalization dynamics, while an edge states of the 7—gap

4The pulse strengths vary as (Pz, P3) = (1.6 +sin(a)/2, 6.0 — cos(«) /2) with synthetic
dimension « € [0, 27].
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Figure 5.4: Nodal lines of the triple-kicked rotor. Gap functions ¢, between
adjacent bands: (a) d;, (b) d2, and (c) d3 (which corresponds to the 7-gap). Panel
(d) shows the minimal gap min,,(J,). Colors mark nodal lines of different gaps at
k = m (dashed), k = 7 (solid) and (k, —k) pairs (dotted).

remains localized even though the Berry phases are zero— a direct
consequence of the system’s topological structure, as we will see
later. The phase diagram in Fig. 5.4 reveals how our previous single-
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Figure 5.5: Dispersing nodal lines of the triple-kicked rotor. Non-abelian braid-
ing in (k, %, P3) space using parameters from Fig. 5.4. (a) A nodal line in the
second gap (green) winds around a nodal line in the third gap (blue), demon-
strating their non-abelian braiding. (b) Formation of a (k, —k) nodal line pair
encircling a k = 0 nodal line. Additional nodal lines omitted for clarity.

gap nodal lines transform' in this multi-gap system. These lines
emerge from symmetric points £ = 0 and k = 7, extending through
parameter space under the control of the kicking strengths. The two-
dimensional projections suggest that nodal lines from different gaps
intersect. However, Fig. 5.5 shows their actual three-dimensional
structure: lines from different gaps pass by each other at distinct
quasi-momenta k. We also observe how a single nodal line at k = 0
generates a pair of (k, —k) nodal lines. As we will see in the following,
this three-dimensional arrangement of nodal line crossings enables
non-abelian braiding: when nodal lines of different gaps cross, their
associated topological charges interact non-commutatively, manifest-
ing the quaternionic algebra we derived in Section 5.2.2.

I>Here, we have evaluated all nodal lines by numerical homotopy continuation,
see [238].
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5.3.1 Euler class and non-abelian braiding

Let us now introduce the mathematical structure that captures the
topological obstruction against annihilating band nodes'®. Consider
two adjacent bands n and n + 1 within a patch D of the Brillouin
zone. The obstruction is quantified by the path Euler class [210]

1
X5n+1 = — <y§ Eu(k) dk A da — 7{ Apnii(k) - dk) € Z, (5.15)
’ 2 \Jp oD
which consists of two terms. The first involves the Euler two-form

Eu(k) = <ak¢n‘8a¢n+l> - <aoﬂpn|ak¢n+1>v (516)

measuring how the wavefunctions ¢, (k) and ,,11 (k) twist relative
to each other as we move through the Brillouin zone. The second
term involves the non-abelian Berry connection

An,n+1(k) - (%(k)\V%H (k)>> <5°17)

which captures the interband geometric phase accumulated along
the boundary of the patch. When band nodes are created in pairs
from the vacuum, they naturally carry opposite charges, resulting
in a vanishing patch Euler class. However, this can change when
we consider the case when band nodes of adjacent gaps exchange
positions with these nodes, since this exhibits non-abelian behavior.
To demonstrate this, let us examine a sequence of manipulations in
our kicked rotor system!?, illustrated in Fig. 5.6.

Starting with a single pair of band nodes (first column) with opposite
charges, yielding a zero Euler class within the corresponding patch.

16The concepts presented in this section build upon additional mathematical founda-
tions beyond the scope of our current discussion. For a comprehensive understanding,
we recommend consulting the referenced literature.

7The parameter evolution follows f(z,y, 3) = (0.7 + %(y +1),(1+58(z+1),0.7+
%(y +1)),0.4 + 25(z + 1)) with g = 0.15 (first column), 8 = 0.21 (second column),
B = 0.3 (third column), though the phenomenon is robust across different parameter
choices.
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Figure 5.6: Non-abelian braiding demonstrated in the triple-kicked rotor. The
columns show three different parameter configurations, with the upper row dis-
playing the paths through parameter space and the corresponding nodal lines
(red and green), while the lower row shows the resulting gap functions of the cor-
responding paths. (a,d) A path crossing the red nodal line, creating an oppositely
charged pair. (b,e) Additional crossing of the green nodal line, creating a second
pair while maintaining trivial Euler classes. (c,f) Path showing the green node
having crossed the Dirac string of the red pair, altering the charge structure, see
main text. Note that fundamentally, the origin of this behavior is the crossing of
the red and green nodal line in phase space.

Then (second column) we create a second pair of nodes, marked
by intersections with the nodal line of the second gap (green line in
Fig.5.6(b)). At this stage, both patches maintain trivial Euler classes,
as expected for nodes created from vacuum.

The non-abelian nature of the system reveals itself when we move
the green band node through the Dirac string of the red pair (third
column). This braiding operation alters the charge structure: we end
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up with two equally charged green band nodes. While the total Euler
class remains zero due to the Dirac string contribution, the patch
containing the band nodes of the other gap now carries an Euler
class of one. This transformation demonstrates how frame charges
can be modified through braiding, creating topological obstructions
that prevent node annihilation unless their charges are realigned
through further braiding operations.

5.4 Anomalous Dirac-String phase

The Z, Berry phases alone cannot fully capture the rich non-equilibrium
topological phenomena in our system [226, 228]. This limitation
arises from a unique feature of the periodically-kicked quantum ro-
tor: it can support a nodal line in the anomalous 7-gap (d3), a direct
consequence of the 2r-periodicity of quasienergies.

Fig. 5.7 reveals this richness through a phase diagram where we track
both nodal lines and Berry phases. Following the marked path from
the trivial phase (gray area), we encounter a sequence of topological
transitions. Remarkably, after crossing nodal lines in each gap, we
arrive at another phase with vanishing Berry phases. Despite sharing
the same Berry phases, these phases are topologically distinct— one
cannot transform between them without closing gaps [228]. This
novel state, termed the anomalous Dirac string phase [226], emerges
from the system’s non-equilibrium nature and manifests through
nodal lines in all quasienergy gaps. Its topological character becomes
evident in Fig. 5.8(c), where we observe edge states in every gap,
including the anomalous 7-gap.

A crucial aspect here is that it’s possible to align pairs of Dirac strings
through smooth gauge transformations, leading to mutual cancel-
lation. The Berry phase v, thus only indicates the parity of Dirac
strings along a path. Each nodal line fixed at k = 0 or kK = 7 marks a
phase boundary where the Berry phases (in k-direction) of the corre-
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Figure 5.8: Anomalous Dirac string phase. Evolution of the system along paths
marked in Fig. 5.7. Upper panels show the jth component of the n = 2 eigenstate,
while lower panels display the corresponding quasienergy spectrum. (b) Annihi-
lation of two nodal points over the periodic boundary leaves their Dirac string,
changing Berry phases to 7§ =+5 =7 and inducing edge states. (c) After crossing
two additional nodal lines, the Berry phase of each band returns to zero due to
the nodal line in the anomalous gap (d3), enabled by periodic kicking-a signature
of the anomalous Dirac string phase with edge modes in each gap.
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sponding bands switch between 0 and 7. For instance, a nodal line be-
tween the first and second band at k£ = 7 (i.e. with 6;(k = w, P) = 0),
shown as a red dashed line, triggers such a Berry phase transition in
both bands.

5.5 Outlook

The exploration of non-abelian topology in driven quantum systems
reveals a rich landscape of phenomena that transcend conventional
static classifications. We have seen how the patch Euler class, (5.15),
provides a mathematical framework for real systems that allows us
to understand topological obstructions in band node manipulation,
leading to non-abelian braiding behavior when nodal lines of ad-
jacent gaps exchange positions. This braiding manifests through
the modification of frame charges, creating topological constraints
that prevent arbitrary node annihilation unless specific braiding
operations realign their charges.

Most remarkably, the combination of this non-abelian character with
the periodic nature of the quasi-energies in Floquet systems gives
rise to novel topological phases without static analogues. The anoma-
lous Dirac string phase exemplifies this uniqueness — it harbors edge
states in all gaps despite displaying trivial Berry phases, demonstrat-
ing how traditional band invariants fail to capture the full richness
of driven quantum matter. This phase emerges from the intricate
interplay between periodic quasienergies, multiple band gaps, and
the manipulation of Dirac strings.

148



CHAPTER

Conclusion

All success cloaks a surrender.
— Simone de Beauvoir

6.1 Summary

As we close this inquiry into driven quantum rotors!, our work
shows how linear molecules under strong periodic pulses become
elegant platforms for probing fundamental physics. Our studies
demonstrate that quantum rotation — typically related to molecular
spectroscopy — gives rise to mathematical structures and topological
phenomena that persist even at room temperature.

This story began with a deceptively simple question: How does a
molecule respond to ultrashort laser pulses? Pursuing this question
led us to reexamine the foundations of laser-molecule interactions,
where we identified subtle quantum interference effects hidden be-
neath the standard sudden approximation. These effects, while
significant in their own right, opened an unexpected direction. By
applying multiple pulses in sequence, we found that molecular rota-

!For structured summary of the chapters, please refer to Section 1.4 of the introduction.
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tions could be transformed into a synthetic crystal — not in physical
space, but in the abstract space of angular momentum.

This crystalline structure in angular momentum exhibited novel
properties beyond our expectations: The intrinsic symmetries of the
system, combined with periodic driving, generated topological prop-
erties previously observed only in few solid-state materials. Dirac
cones emerged naturally in our system, their topological charges
protected by the very symmetries from which they arose. An im-
portant finding occurred when we extended our model to include
three or more bands; then these Dirac cones showed their nature as
non-abelian entities.

The manifestation of non-abelian physics in such a conceptually
accessible system is closely linked to fundamental physics. The same
Dirac strings that continue to elude particle physicists in their search
for magnetic monopoles appear naturally in our driven molecules,
where they can be studied and manipulated through specifically
chosen laser pulses. Through our triple-kicked rotor protocol, we
demonstrated the braiding of these non-abelian charges, uncovering
an anomalous Dirac string phase unique to driven systems — a phase
hosting topological edge modes in every gap despite vanishing Berry
phases.

While these abstract phenomena translate into measurable molecu-
lar alignment signals at room temperature, the implications extend
well beyond molecular physics. Quantum rotors now appear across
diverse physical systems: driven Bose-Einstein condensates, nanoro-
tors, and as quasiparticles — rotational states of excitons, polaritons,
the recently characterized angulons, and Laughlin quasi-holes. Each
manifestation provides insights into fundamental physics, showing
connections between seemingly disparate phenomena.

Our work establishes quantum rotors as versatile platforms for in-
vestigating topological phenomena. The ability to precisely engineer
band structures in experiment offers distinct advantages over con-
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ventional solid-state systems, particularly for exploring non-abelian
multi-band topology. Their experimental accessibility makes them
valuable both for learning about fundamental aspects such as Dirac
strings, but also as potential building blocks in emerging quantum
technologies.

6.2 Future directions

The exploration of periodically-driven quantum rotors suggests sev-
eral research directions, spanning from practical applications in
physical chemistry to fundamental questions in quantum theory.
Here, we outline several directions that follow up on the theoretical
foundations established in this thesis.

At the most immediate level, our understanding of quantum reso-
nances and periodic driving indicates novel approaches to chemical
reaction control. The ability to manipulate molecular rotation with
laser pulses, combined with our understanding of the non-abelian
nature of rotational dynamics, presents new possibilities for control-
ling quantum states of linear molecules and their orientation and
alignment signals [27, 33]. This control, particularly in regard to go-
ing beyond the traditional picture of conical intersections, becomes
instrumental for selective bond manipulation — a critical component
for engineering chemical reactions and synthesis [116].

The connection to many-body physics presents an intriguing direc-
tion, such as rotational impurities in quantum baths — the recently-
discovered angulon quasiparticles [33, 239] - subjected to periodic
driving. Earlier work indicates that bath-impurity coupling leads
to collective quantum states, potentially creating controlled non-
abelian excitations analogous to those in fractional quantum Hall sys-
tems [35]. We propose probing and controlling these states through
periodic pulses, potentially leading to topological phase transitions
and novel intermediate regimes. This connection extends to lattices
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of ultracold molecules in optical tweezers [240], where periodic driv-
ing could generate topologically protected many-body states [241].

Beyond atomic and molecular physics, our findings suggest innova-
tive approaches to materials science. Driven rotational impurities in
solid-state systems, when populated into topological states, could
modify material properties in controllable ways. Recent research
indicates that polaronic rotational states enhance photovoltaic effi-
ciency in lead-halide perovskites [ 242, 243]. Through specific driving
protocols, it may become possible to control these rotational states
and develop new mechanisms for quantum transport. The ability to
influence material properties through topological control of molecu-
lar rotation suggests promising directions for materials design and
optimization.

These directions represent both extensions of our current work and
gateways to novel areas of study. As we hope to have demonstrated,
the driven quantum rotor — whether manifesting as a molecule, quasi-
particle, or abstract mathematical structure — bridges topology with
quantum dynamics in ways that extend far beyond traditional ap-
proaches. This connection offers unique opportunities to explore
fundamental or applied physics with exceptional control over sys-
tem parameters. As this field evolves, quantum rotors could become
exemplary platforms where theoretical insights converge with ex-
perimental accessibility.
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Appendix

Integrals
We want to calculate the matrix element (I'm/|e’?«®)|Im). We ex-
pand in spherical harmonics

1 2
= / dCOS(H) / dd)%jﬂ(e, gb)}/}/m/(e’ ¢)€iPCOS(9)
-1 0
1 | 1)
= 27r5mm/Nlle:m/ d cos(8) e« P (cos(8)) Py (cos(h))
1
where we used Y;,,(0,¢) = Ny, Fi(cos(#))e™? and the associated
Legendre polynomials F(cos(d)). Hence, with © = cos(f) we are
only left with the integral

I = /_1 ' Py(x) Py(z) de. (2)

The exponential term ¢'7”

polynomials as

can be expanded in terms of Legendre

elPT — Z(2n + 1)i"j, (P) P, (z) (3)
n=0
where j,,(P) is the spherical Bessel function of order n. Hence, the
integral becomes

o~ 1

=Y @+ 05 (P) [ RR@REd @

n=0 -1
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We can evaluate the integral of the product of three Legendre poly-
nomials using Gaunt’s formula

/ 11Pn<xm<xm/<x>das:28%l(é ' 3)2 (5)

[ U s

000

that Gaunt’s formula is only valid if the two conditions are satisfied:
First, the triangular condition with |l — '] < s <[+ !" and second
the parity condition that [ + I’ + s must be even. Then, the integral
turns into

where is the Wigner 3j-symbol, and s = [ + I’ + n. Note

I+ N 2
I=2 ) ij(P) (0 0 0> . (6)
s=[1-1|

with these conditions.

Periodicity proofs

In this section we provide the proofs that guarantee the periodicity
of the lattice for arbitrary quantum resonances 7' = 27 M /N. The
first lemma will deal with the rotational phases of the 2D rotor, and
the second lemma with the rotational phases of the 3D rotor. We
will make use of some nomenclature of algebra [244].

Lemma 1. Let M and N be coprime positive integers. For any integer m,
the smallest positive integer q satisfying

exp (—2m' M(mTW> — exp (—zm' M]\Tz> (7)

is exactly

N/2 if N is divisible by 4,
q={ 2y v ®)

N otherwise.
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Proof. The equality in (7) holds if and only if

M ((m+q)* —m?)  M(2mq+ ¢%)
N = N €. (9)

Since M and N are coprime, M, the condition simplifies to

2mq +¢* =0 mod N. (10)

For the equality to hold for all integers m, the coefficient of m must
be congruent to zero modulo N

2¢=0 mod N (11)

which implies that N divides 2g. So we need to satisfy both (11)
and (10).

Case 1: N is even.

Let N = 2n for some positive integer n. Now, it turns out we need to
differentiate between the cases of NV divisible by 4 and NV not divisible
by 4.

Subcase 1.1: n is even (N is divisible by 4).

Then n = 2k for some integer k, so N = 4k. From (11), N divides 2¢,
SO
2¢=0 mod 4k — ¢=0 mod 2k.

We can choose ¢ = 2k = N/2. Let us check the constant term in (10)
=0 mod N = (2k)>=4k*=0 mod 4k.
Since 4k? is divisible by 4k, the condition is satisfied.

Subcase 1.2: nis odd (N =2 mod 4).
In this case, N = 2n with n odd. From (11),

2¢g=0 mod2n = ¢=0 mod n.
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Let us set ¢ = n = N/2. The constant term yields

¢ =n*=n> mod 2n.

However, since n? is odd and 2n is even, n? is not divisible by 2n, so
¢*> # 0 mod N. The condition is not satisfied with ¢ = N/2. Hence,
we must take ¢ = N, which is the smallest ¢ possible.

Case 2: N is odd.

Since N is odd and ged(NV, 2) = 1, from (11) it follows that N divides
q. Therefore, the smallest positive integer ¢ is ¢ = V. ]

Lemma 2. Let M and N be coprime positive integers. The smallest positive
integer q satisfying

exp (—zm' M+ Q)](\l[+ % 1)) — exp <—2m' w> (12)

for all integers [ is

N/2 if N=2 mod 4,
g= N2 IN= (13)
N otherwise.
Proof. The equality in (12) holds if and only if
M ((1 — 2
I+l +g+1)—I0+1) MQR+e+a) ., (14)
N N
Since M and N are coprime, we can simplify the condition to
2g+¢*+¢=0 mod N. (15)

For the equality to hold for all integers [, the coefficient of [ must
satisfy

2¢g=0 mod N, (16)
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which means N divides 2¢. Since [ can be arbitrary, the constant
term must also satisfy

¢¢+¢=0 mod N. (17)

Case 1: N is odd.

Since gcd (N, 2) = 1, from (16) it follows that N divides ¢, so ¢ = N.
The constant constant becomes

P+q¢g=N*+N=0 mod N.
Thus, both conditions are satisfied.
Case 2: N is even.
Let N = 2n for some positive integer n.
Subcase 2.1: nis odd (N =2 mod 4).
From (16):
2¢g=0 mod2n =— ¢=0 mod n.
Let us set ¢ = n = N/2. The constant becomes
F+qg=n*+n=n(n+1).

Since n is odd, (n + 1) is even, so n(n + 1) is divisible by 2n = N.
Therefore, ¢*> + ¢ = 0 mod N and hence ¢ = N/q is the smallest
number that satisfies (14).

Subcase 2.2: niseven (N =0 mod 4).
From (16):
2¢g=0 mod2n = ¢=0 mod n.
Let us set ¢ = n. The constant term yields
F+qg=n*+n=n(n+1).
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Since n is even, n and (n + 1) are consecutive, one even and one odd.
However, n(n + 1) is divisible by n but not necessarily by 2n or 4n.
Therefore, ¢> + ¢ may not be divisible by N = 2n or N = 4n. Thus,
q = N is the smallest positive integer satisfying both conditions. [
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