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Resumen

La realizacion experimental del condensado de Bose-Einstein ha resaltado la importancia de
controlar y manipular, con facilidad, sistemas cuanticos cada vez mas complejos. En este contexto,
el estudio de dtomos ultra-frios cargados en redes 6pticas ha demostrado cumplir con estas exigencias,
proporcionando escenarios ideales para investigar sistemas cuanticos muy complejos, que solo pueden
ser analizados a través de simuladores cuanticos. En este trabajo, se implementa numéricamente
el teorema de Floquet usando el método del espacio de Hilbert extendido. El objetivo es estudiar
la dinamica de uno y dos bosones de espin 1 en una red 6ptica unidimensional, en el régimen de
superfluido, utilizando como base el hamiltoniano de Bose-Hubbard de espin 1. Ademas, se aborda
el estudio de dicho sistema bajo la influencia de campos de Zeeman lineales o cuadraticos externos,

conducidos periddicamente de manera tanto lineal como cuadratica.

En primer lugar, se presenta el modelo a estudiar. Comenzamos con el modelo de Bose-Hubbard sin
espin para, posteriormente, incorporar el grado de libertad de espin 1 junto con sus interacciones e
incluir campos de Zeeman, tanto lineales como cuadraticos, acoplados a un driving periddico, lo
que sitia a nuestro sistema en un marco dinamico. Posteriormente, se introduce la representacién
bosénica de SU(3) para espin 1 como grupo de simetria, junto con las bases, estados y observables

relevantes necesarios para caracterizar completamente nuestro sistema.

Para analizar eficazmente este sistema, se emplea una técnica numérica basada en la teoria de
Floquet. Se describe el teorema de Floquet, sus implicaciones y sus analogias con el teorema de Bloch.
Luego, se presenta el método numérico principal utilizado en nuestro analisis: el método del espacio
de Hilbert extendido, que aprovecha la naturaleza periddica de nuestro sistema para transferir
el problema al espacio arménico de Fourier, donde la evolucién del estado se puede determinar
facilmente. Este método se valida resolviendo analiticamente, de manera exacta, nuestro sistema de
una particula en dos sitios y se compara con nuestra implementaciéon numérica, demostrando una

coincidencia sin errores discernibles.

Entre los resultados obtenidos, se muestra que, independientemente de la presencia de interacciones
cuadrupolares o incluso de interacciones del tipo densidad entre particulas, cualquier estado de
espin 1 muestra inherentemente tanto orden cuadrupolar como espinorial. De hecho, se muestra que,

cuando el estado inicial es un estado local, sin importar el campo aplicado, la dinamica del orden

4
3

donde el limite superior e inferior resultan ser los valores propios de los operadores cuadratico y

cuadrupolar, junto con la espinorial, puede condensarse en la desigualdad 3 < (8)2 +(Q)? <

cibico de Casimir del grupo SU(3), respectivamente. Adicionalmente, se muestra que la presencia




de campos magnéticos genera nuevas fases y fenémenos en los sistemas, tales como la ruptura de la
simetria de invarianza temporal en el caso de una sola particula bajo un campo lineal, lo que da
lugar a fenémenos como la precesion del espin o la resonancia del spin-mixing en el caso de dos
particulas bajo un campo cuadratico, donde la intensidad del campo y la interaccion entran en fase,

mostrando oscilaciones maximas y rapidas que no decaen en el tiempo.

Finalmente, se concluye que el método numérico del espacio de Hilbert extendido, basado en el
teorema de Floquet, es una herramienta robusta y de alto nivel que proporciona una forma directa
y sencilla de estudiar sistemas cuanticos de manera dindmica, incluso en presencia de interacciones
complejas y espacios de Hilbert grandes. Ademads, demuestra una versatilidad notable para analizar
los sistemas desde distintos regimenes impuestos por la periodicidad del driving acoplado, tales
como el régimen de altas frecuencias, bajo la aproximacion de onda rotante, el régimen fuerte, entre

otros.

Palabras Clave: Redes 6pticas, modelo de Bose-Hubbard de espin 1, régimen superfluido, teoria

de Floquet.
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Abstract

The experimental realization of Bose-Einstein condensates has highlighted the importance of
controlling and easily manipulating increasingly complex quantum systems. In this context, the
study of ultra-cold atoms loaded into optical lattices has proven to meet these demands, providing
ideal scenarios for investigating highly complex quantum systems that can only be analyzed through
quantum simulators. The main objective of this work is to develop and implement Floquet’s
theorem numerically, specifically through its extended Hilbert space method, to study the dynamics
of one and two spin-1 bosons loaded into a one-dimensional optical lattice in the superfluid regime,
using the spin-1 Bose-Hubbard Hamiltonian as the foundational model. Additionally, this work
explores the system’s behavior under the influence of external linear and quadratic Zeeman fields,

with periodic driving applied in both linear and quadratic forms.

First, the model to be studied is presented. We begin with the spinless Bose-Hubbard model and
then incorporate the spin-1 degree of freedom along with its interactions, including both linear
and quadratic Zeeman fields coupled to a periodic driving, which places our system in a dynamic
framework. Subsequently, the SU(3) bosonic representation of a spin-1 as a symmetry group is
introduced, along with the relevant bases, states, and observables necessary to fully characterize

our system.

To effectively analyze this system, a numerical technique based on Floquet theory is employed.
Floquet’s theorem, its implications, and its analogies with Bloch’s theorem are described. Then,
the main numerical method used in our analysis is presented: the extended Hilbert space method,
which takes advantage of the periodic nature of our system to transfer the problem into Fourier
harmonic space, where the state’s evolution can be easily determined. This method is validated
by analytically solving our one-particle system exactly in two sites and comparing it with our

numerical implementation, demonstrating a perfect match with no discernible errors.

Among the results obtained, it is shown that, regardless of the presence of quadrupolar interactions
or any particle density type interaction at all, an arbitrary spin-1 state inherently exhibits both
quadrupolar and spin order. In fact, it is shown that when the initial state is a local state, regardless
of the applied field, the dynamics of the quadrupolar order together with the spin order can be
condensed into the inequality 1 < (8)? + (Q)? < 4, where the upper and lower limits correspond
to the eigenvalues of the quadratic and cubic Casimir operators of the SU(3) group, respectively.
Additionally, it is shown that the presence of magnetic fields generates new phases and phenomena

in the systems, such as the breaking of time-invariance symmetry in the case of a single particle

Vil



under a linear field, leading to phenomena such as spin precession or spin-mixing resonance in the
case of two particles under a quadratic field, where the field intensity and interaction come into

phase, showing maximum and rapid oscillations that do not decay over time.

Finally, it is concluded that the extended Hilbert space method based on Floquet’s theorem is a
robust and high-level tool that provides a straightforward and simple way to study quantum systems
dynamically, even in the presence of complex interactions and large Hilbert spaces. Additionally,
it demonstrates notable versatility for analyzing systems from different regimes imposed by the
periodicity of the coupled driving, such as the high-frequency regime, under the rotating wave

approximation, the strong-driving regime, among others.

Key words: Optical lattices, spin-1 Bose-Hubbard model, superfluid regime, Floquet theory.

viil



CONTENTS

1 Introduction 1
2 Spin-1 System Modeling 5
2.1 Bose-Hubbard Model . . . . . . . . .. ... 5
2.2 Superfluid-Mott Insulator Transition . . . . . . .. . ... . ... ... ... .... 7
2.2.1 Mott-Insulator Phase J < U . . . . . . . ... . 8

2.2.2 Superfluid Phase J > U . . . . . .. .. 9

2.3 Spin-1 Bose-Hubbard Model . . . . . . . . . . . ... ... .. ... .. 10
2.3.1 Imteracting Potential . . . . . . . . . . ... oo 10

2.3.2 External Fields . . . . . . . .. . ... 11

2.4 Building the Time-Dependent Driving Hamiltonian . . . . . . . .. ... ... ... 13
2.4.1  One Particle Dynamics . . . . . . . . .. ... 14

2.4.2 Two Particles Dynamics . . . . . . . . ... ... ... 16

2.5 Single Spin-1 Characterization . . . . . . . . . . .. ... Lo 19
2.5.1 SU(2) Description . . . . . . . . . L 19

2.5.2  SU(3)-Bosonic Representation of a Spin-1 . . . . . . .. ... ... ... .. 20

2.5.3 Spin-1 Basis . . . . . .. 22

2.5.4 Physical Observables . . . . . . . . ... .o 27

3 Floquet Formalism 30
3.1 Floquet’s Theorem . . . . . . . . . . . . 30
3.1.1 Consequences of Floquet’s Theorem . . . . . . . . . ... ... ... ..... 31

3.1.2  Analogies between Bloch’s Theorem and Floquet’s Theorem . . . .. .. .. 34

3.2 Numerically Solving the Floquet Problem . . . . . . ... ... ... ... ... ... 35
3.2.1 The Extended Hilbert Space . . . . . . . . . . ... ... ... 36

3.2.2  Truncation of the Harmonic Fourier Space . . . . . . . . .. ... ... ... 38

3.3 Implementation of the Floquet’s Theorem . . . . . . . ... ... ... ....... 40
3.3.1 Exact Solution . . . . . . . ... 40

3.3.2  Numerical Implementation . . . . . . . .. ... ... 0oL 43

3.3.3 Comparison between Analytical and Numerical Solutions . . . . . . . .. .. 44

X



CONTENTS

4 Dynamical Analysis 47
4.1 One particle . . . . . . . e 47
4.1.1 Linear Zeeman Field . . . . . . . .. .. ... 50

4.1.2 Quadratic Zeeman Field . . . . . .. ... oo 60

4.2 Two particles . . . . . . L 64
4.2.1 Antiferromagnetic Phase Uy >0 . . . . . . .. ... ... 67

4.2.2 Ferromagnetic Phase U <0 . . . . . . . . . . ... 71

5 Conclusions and Perspectives 74
5.1 Conclusions . . . . . . . . . 74
5.2 Perspectives . . . . . . 76

A Spin 1 Calculations 78
A.1 Interaction Potential . . . . . . . . . . .. .. ... 78
A.2 Second Quantization . . . . . . ..o 80
A.3 Schwinger Bosons (SB) . . . . . ..o 82
A4 SUB) Group . . . o oo 83

B Supplementary Material on Floquet Theory 86
B.1 Proof of Floquet Theorem . . . . . . . . . . ... ... 86
B.2 Alternative Approaches to Numerical Solutions . . . . . . . . . ... ... ... ... 90
B.2.1 Exact Time-Evolution of U(tg +T,to) . . . o o o oot 90

B.2.2 Trotter Decomposition of U(ty 4+ Tyt) . - o o o v v 90

B.3 Summary of Important Definitions . . . . . . ... ... 92

C Floquet’s Implementation in C/C++ 93
D Additional Findings on the Dynamical Analysis 96
D.1 One Particle . . . . . . . . . 96
D.1.1 Effect of Relative Phases . . . . . . . . . . ... oL 96

D.1.2 Driving Variations . . . . . . . .. ..o o 98

D.2 Two Particles . . . . . . . . . 100
D.2.1 Increase in the Number of Sites . . . . . . . ... .. .. ... ... ..... 100
Bibliografy 102




Chapter 1

INTRODUCTION

In the early 20th century, the emergence of quantum mechanics captivated physicists with its
numerous counter-intuitive predictions, including wave-particle duality [1], the principles of su-
perposition [2], quantum entanglement [3] among many others. Within this paradigm, in 1925,
physicists Satyendra N. Bose and Albert Einstein proposed a distinctive prediction, they predicted
that a group of bosonic atoms at ultra-low temperatures could all occupy the lowest quantum state
of the system, thus forming a “Super Atom” due to the overlap of all present wave functions. This
phenomenon led to the recognition of what we now call the fifth state of matter, the Bose-Einstein
Condensate [4, 5]. The extraction of these physical properties at a macroscopic level was a dream
and challenge for the technology of that time, due to the states required temperatures close to
absolute zero. It was not until 1995 that Eric Cornell and Carl Wieman, using rubidium atoms,
managed to achieve micro-kelvin (uK) temperatures through laser cooling, specifically Doppler
cooling [6, 7], and then used magnetic traps with evaporative cooling [8, 9] to obtain nano-kelvin
(nK). This experiment marked the first experimental realization of this quantum state, theorized
at the start of the century—the Bose-Einstein Condensate [10, 11]. This discovery implied a great
increase in interest in the control and manipulation of quantum systems that showed increasing
eccentricity in their properties, starting a new era, since that, the physics of ultra-cold atoms and
the use of lasers have been marked by numerous Nobel Prizes until today [12, 13, 14, 15, 16, 17].
These fields continue to be studied both theoretically and experimentally, further exploring these

quantum phenomena that captivate and drive technological advancements.

In this context, the study of ultra-cold atoms loaded into optical lattices has gained significant
relevance due to the possibility of controlling and manipulating various parameters within the
system, thus facilitating the study of quantum states [18], quantum phases [19], and quantum
phase transitions [20] with greater ease. This approach has proven to be one of the most powerful
and useful tools for driving advancements in several areas of physics, both at the experimental
and theoretical levels, enclosing emerging fields such as quantum simulators [21] and quantum
information [22], as well as areas with broader applicability, like quantum sensors [23], interferometry
[24], and others, like photonics [25].
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Optical lattices are periodic potentials created by superposition of lasers, where massive particles
can be uploaded due to the light-matter interaction. This interaction can be explained through two
processes [26]: the conservative process, which induces a dipole moment in the atom that interacts
with the electric field to create a spatially dependent potential energy and thus trapping the atom;
and the dissipative process, which involves multiple cycles of stimulated absorption followed by
spontaneous emission, eventually cooling the atom. A significant aspect of optical lattices is their
resemblance to the crystal structures of typical solids [27], which allows the well-established theory
of solids to be applied to these systems and where depending on their dimensionality, different
properties may arise. Various geometries have been explored over the years [28, 29, 30] with the
one-dimensional (1D) case being particularly interesting due to the inevitable interactions among
the particles loaded into the lattice, which provides a unique environment to explore quantum

coherence and cooperativity, which is the focus of this work.

Within this context, the importance of many-body physics and the formalism of second quantization
become evident. The indistinguishable nature of bosons in these systems facilitates the exploration
of collective quantum phenomena such as superfluidity [31], which is the main phase explored in
this work. Moreover, the formalism of second quantization is an indispensable tool for effectively
incorporating the quantum statistics of particles, providing a natural framework for describing
transitions between different many-body states and their associated dynamics [32]. In optical
lattices, the interactions between particles can range from binary collisions to three-body and
even four-body interactions, and for this work, we focus primarily on binary collisions, where the
interactions between their internal degrees of freedom such as the spin have to be taken into account
as well. Particularly in spin-1 systems, phenomena such as spin mixing can be observed [33], see
chapter 2 for further details. Furthermore, when external fields like a Zeeman ones either linear
or quadratic are considered, a comprehensive description of the system emerges [34], taking into

account all its phases and the intrinsically present quantum magnetism [35, 36].

However, due to the Hilbert space size associated with spin bosonic systems and the complexity
of the interactions present in their Hamiltonians, direct analysis is generally very challenging.
Consequently, the use of advanced computational techniques and alternative methods becomes
essential for an adequate description. Such methods include Quantum Monte Carlo (QMC) [37, 38],
Density Matrix Re-normalization Group (DMRG) [35, 39], the Gutzwiller ansatz [40, 41], among
other computational approaches. Typically, these methods are used to characterize the system
based on specific parameters that depend on the space, interactions, or some other variable specific

to the system. The ability to adjust parameters of cold atoms and optical lattices enables the
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study of out-of-equilibrium dynamics, a field that is still emerging and rather challenging. To date,
only a few topics within this field have been investigated, with most studies focusing on spinless
bosons [42, 43]. Therefore, the dynamics of spinor bosons remains an emerging field, where research
has primarily concentrated on mean field studies [44], dynamical instability [45], and only a few
investigations have explored the effects of external magnetic fields [46]. In this context, the Floquet
theory formalism [47] provides an effective approach for studying dynamical systems and addressing

temporal evolution in periodic systems, which is of great interest for this work.

Floquet theory is a sophisticated approach used to solve systems of ordinary differential equations
subject to periodic time conditions. Its central element is Floquet’s theorem, and it was proposed
by Gaston Floquet in 1883 providing the general form of system solutions [48]. Traditionally,
Floquet theory has not been the method of choice for solving ordinary differential equations due to
the analytical convenience offered by other techniques, such as characteristic equations. Moreover,
the application of Floquet theory requires that the system under study satisfy a certain periodicity
condition. However, as physical systems become more complex and the demand for numerical
methods has increased, simpler approaches often prove inadequate, leading to the inclusion of
periodic driven in the systems [49]. In recent years, Floquet theory has become a powerful
analytical and numerical tool, making significant contributions to both classical and quantum
systems, including studies in open systems [50], prethermalization [51], chaos [52], topology [53],
condensed matter [54] or even in exotic quantum phenomena such as time crystals [55] among many
others. Particularly in the physics of condensed matter, when, together with its spatial counterpart,
Bloch’s theorem, is taking into account the exploitation of spatial and temporal discretization
arise, giving to significant advances in fields such as optical lattices [56, 57]. In this framework,
the study of the dynamics of spin-1 bosons trapped in an optical lattice, modeled by external
periodic magnetic fields, provides a perfect scenario where Floquet theory allows the comprehensive

extraction of information from the system, the main numerical technique of this work.

This document is organized as follows: In Chapter 2, we explore the spin-1 Bose-Hubbard Hamilto-
nian which effectively describes a system of ultra-cold spin-1 particles trapped in a one-dimensional
optical lattice within the superfluid regime. We subsequently, incorporate a time dependence
through periodic Zeeman magnetic fields and finally, a complete description of a single quantum
spin-1 is provided, with general complementary material in Appendix A. In Chapter 3 we discuss
the formalism of Floquet’s theory, emphasizing its analogies with Bloch’s and the consequences of its
central axis, Floquet’s theorem. Subsequently, the numerical approach, the extended Hilbert space

method with which the Floquet problem is treated is described and finally a comparison between
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the numerical implementation and a particular case of our system that has an exact solution is
provided. In addition, supplementary material on Floquet’s theory is provided in Appendix B and
details of its numerical implementation in C++ are provided in Appendix C. In Chapter 4 we
perform the dynamic analysis for both the single-particle and two-particle systems, emphasizing in
the single-particle system the effects of both quadratic and linear Zeeman fields in the different
regimes provided by Floquet Theory. Subsequently, we address the system of two particles only
with a quadratic field focusing on the ferromagnetic and antiferromagnetic phase that the system
presents. Also with deeper analysis and changes in the parameters of the systems in appendix
D. Finally in the Chapter 5 the conclusions and perspectives collected throughout the work are

presented for subsequent studies.




Chapter 2

SPIN-1 SYSTEM MODELING

The present investigation focuses on the study of one and two spin-1 bosons trapped in a one-
dimensional optical lattice within the superfluid regime, subject to a periodic external magnetic
field. Our discussion begins by introducing the Bose-Hubbard model, which describes ultracold
spinless bosons loaded into a one-dimensional lattice system. Subsequently, we incorporate the
spin-1 degree of freedom, which alters the contact interaction between particles into two independent
scattering processes: charge scattering and spin scattering. Additionally, we introduce linear and
quadratic external magnetic fields to partially eliminate degeneracy in the case of the quadratic
Zeeman field, and completely in the case of the linear Zeeman field, thus allowing new magnetic
phases to emerge which are going to be extended by incorporating a temporal periodicity. Finally,
a complete description of a single quantum spin-1 is provided via the SU(3) bosonic representation,

in addition to the bases, states and observables that we use to analyze our system.

2.1 Bose-Hubbard Model

The model that describes bosonic particles (alkali atoms) loaded in an optical lattice is the Bose-
Hubbard Hamiltonian [58], which is constructed taking into account the kinetic energy of the
particles, the periodic potential of the lattice and the potential interaction between these, which
is uniquely of the contact type for the spinless particles. In first quantization the Hamiltonian is

expressed as,

N 9 N
A pZ A A~
H = Z <2m + Viat(z:) + Z Vint (i — %)) ) (2.1)

where the first term represents the kinetic energy of the particles, and Viy(z) and Vi (z — 2)
represent the periodic and interaction potentials, respectively. Since the system is composed by
many particles, it is appropriate to move ourselves to the second quantization formalism, considering
a basis that satisfies orthonormal conditions and is ideal to captures the discreetness of the space
imposed by the lattice. The set of functions that fulfill these conditions are the Wannier functions,

W;(z), characterized by their high localization in contrast to its dual, the Bloch functions,
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wai%;WM%M)wi/MWMM@Z% (2.2

where L is the number of lattice sites, R the lattice constant, ¢r(z) the Bloch functions, and k
represents the quasi-momenta that include all possible values in the first Brillouin zone. Now,
with the appropriate single particle basis established, we can construct the field operators ‘if(:z:) by
expanding them in terms of the Wannier functions and the creation l;I and annihilation b; bosonic

operators at the ¢-th site
Ule) =Y Wi()bl  and () =) Wilz)h. (2.3)

These operators adhere to the usual bosonic commutation relations:

0] = [bbs] =0, [oubl] =5,

A

01 (2), 1(2")| = [#(2), 9] =0, [¥(@), ¥'(")] = 6(a - 2.
Since we aim to describe a system of ultra-cold atoms, the interaction between particles in this
context is modeled as binary collisions at the lowest energy orbital, namely the s-wave. Consequently,

all information regarding the collision is captured in the scattering length a, which determines the

strength of the interaction [59]. This is represented by a contact potential given by:

Arha
m

Vie(z — 2') = d(x — '), (2.4)

being m the reduced mass of the particles. We can calculate the Hamiltonian in second quantization

using the previously mentioned field operators by means of,

H= / dz U (z) (— ZZ + Vlat(x)) U(x) + g / dr da' Ut (2)UT (2)0(x — )T ()T (), (2.5)

4drhla
m

localization, the Hamiltonian in second quantization is expressed as follows:

with g = . Finally, considering the tight-binding approximation due to the Wannier functions
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Fr= =0 37 (0 0B) 4 S il — 1)~ Y (2.6)

)

this expression is known as the Bose-Hubbard model. The first term, commonly known as the
hopping term, describes the tunneling between neighboring sites. The hopping rate J quantifies
the probability that a particle moves to its nearest site. This rate is considered equal for all sites

within the lattice and is characterized by the amplitude

n*v?
—J = /da: Wi (x) (— o + Vlat(:v)) W;(x). (2.7)
The second term in Eq. (2.6) represents the contact interaction, where n; = l;le)z denotes the
occupation number operator at the ¢-th site. This term is characterized by the interaction strength

U given by:
U= g/dx W (x)|*. (2.8)

Finally, we include the last term to situate our system within a grand canonical ensemble, allowing
the system to adjust the number of particles when needed in order to minimize the energy. Here, u
represents the chemical potential, which corresponds to the energy required to add or remove a

particle from the lattice.

2.2 Superfluid-Mott Insulator Transition

At ultralow temperatures, close to absolute zero, where thermal fluctuations become less relevant,
quantum fluctuations begin to dominate, potentially inducing phase transitions in the ground state
of the system by altering its parameters [28]. In the Bose-Hubbard model, the parameters typically
are rescaled in terms of U as the energy unit, i.e., J = % and I = . When the relative variation
of these two competitive terms crosses a critical value, a phase transition occurs. Consequently, a
competition arises between the hopping or kinetic energy and the interaction, leading to the division
of the physics described by the Bose-Hubbard model into two distinct phases: the Mott-Insulator

and the Superfluid.
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2.2.1  Mott-Insulator Phase J < U

This phase occurs when the interactions are significantly stronger than the kinetic energy, i.e.,
when J < U. In this scenario, due to the strong interactions, the particles encounter difficulties in
tunneling to neighboring sites. Consequently, the number of particles per site is fixed, the wave
functions of the system are highly localized in coordinates representation, and generally, the ground

state can be described as the tensor product of Fock states at each lattice site,

L

oan) o< @) (81) " 12). (2.9

7

where n is the number of particles in each site and |@) is the vacuum state. The phases are

appropriately described within the plane (7, .J), which is constructed by finding the ground state
wave function, followed by evaluation of the observables that characterize them. These include the
expected value of the number operator (i), and its standard deviation (An?) =" (nZ) — (7). In
the case of the Mott-Insulator phase, it is clear that due to the fixed number of particles per site
the variance vanishes (An?) = 0. The phase diagram can be derived using various techniques, such
as Density-Matrix Renormalization Group (DMRG) [60], Padé analysis of the series [61], Quantum
Monte Carlo (QMC) [62], among others. These methods are illustrated in Fig. 2.1, which illustrates

the region with unit occupation in the Mott insulator lobe, surrounded by the superfluid phases.

1.0 ) LA B B I S B B LA B B H 1‘

0.8 =

L SF 4

0.6 .

n
0.4 |- -
Ml

0.2 =m o000 O T
SF o

0.0 L 1 1 1 1 1 1 1 1 1 | 1 1 1 1 1 1 \I\—
0.0 0.1 0.2 0.3

Figure 2.1: Phase diagram of the Bose-Hubbard model (MI: Mott-insulator with density one,
SF:superfluid phase). The solid lines show a Pade analysis of 12th order strong coupling expansions,
the boxes show Quantum Monte Carlo data. The circles are the DMRG results (J — ¢, U = 1) [60].
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2.2.2  Superfluid Phase J > U

This phase occurs when the kinetic energy is significantly greater than the interaction, i.e., when
J > U. In this scenario, the high kinetic energy allows particles to move freely throughout the entire
lattice. Consequently, the wave functions of the system become highly delocalized in coordinates
representation but remain highly localized in momentum space, ensuring that the quasi-momentum
of the system is well-defined and long-range coherence is established. Therefore, in this case, the

ground state can be expressed as a superposition of all possible occupation states, as follows:

) (3) 1 210

where N is the total number of particles. This state is well described by a Poissonian distribution,
such as coherent states, thus it can be demonstrated that (An?) = (7)), as a consequence, there is
always an inherent uncertainty in measuring the number of particles, which may be of the order of

the mean value of the number of particles.

The transitions between these two phases were first experimentally observed in 2002 through
changes in the periodic lattice potential. Depending on the depth of the potential well, the system

exhibits characteristics of one phase or another, as illustrated in Fig. 2.2.

@ e @ o || B o0 @ o 1
e g h

Figure 2.2: Absorption images in momentum space of multiple matter wave interference patterns
showing the superfluid to Mott-insulator phase transition. Potential depths increased from 0 to
20 times the initial one. Graph a shows the superfluid phase, with high coherence, while in h
coherence is lost, representing a Mott insulator [28].




CHAPTER 2. SPIN-1 SYSTEM MODELING

In this work, we focus on the superfluid phase with the main objective of developing a numerical
method to study the dynamics of one and two spin-1 particles. Therefore, in the following we

introduce this degree of freedom into our one-dimensional system, along with external Zeeman

fields.

2.3 Spin-1 Bose-Hubbard Model

The inclusion of the spin degree of freedom to the system allows to the contact potential describe
spinorial interactions [63], which can be explained by theory of addition of angular momenta, in
terms of two well-known bases: the first is the coupled basis |sy, so, F, M) = |F, M), where s; is
the spin of the i-th particle, and F' and M represent the total spin and magnetic projection of
the particles, respectively. The second basis is the uncoupled basis |s1, $2, 01, 02) = |01, 02), which
considers the magnetic projections on the z-axis of each particle independently. Since we aim to
describe spin-1 particles, o; can take the values {—1,0,1}. The relationship between these two

bases is characterized by the usual Clebsch-Gordan coefficients.

2.3.1 Interacting Potential

The scattering processes associated with the total spin of the particles are independent, and due to
the bosonic nature of the particles, collisions can only occur in symmetric channels, that is, those
corresponding to a total spin F' = {0,2}. Therefore, using the coupled basis, the interaction can
now be expressed as a sum of processes associated with a total spin F' as shown in the following

expression,
~ ~ 47Th2ap
Vint = Pré(x —2'), with: = , 2.11
t ;QF ro(r — '), wi gr m ( )

where ap is the scattering length associated with the process involving a total spin F, and
Pp = |F, M)(M, F| is the projector associated to the total spin F. Using the expansion of the
coupled basis in terms of the uncoupled one, it is possible to rewrite the projectors as a superposition
of the uncoupled basis and compute the new interaction term as in Eq. (2.5). However, it is
also possible to write the projectors in terms of spin operators, as detailed in Appendix A, such
that

N A oA 2 —
Vint = (co + 254 - 52) d(x — ') with: ¢y = —go—; 92 and cy = 92 3 iy (2.12)
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CHAPTER 2. SPIN-1 SYSTEM MODELING

In this way, the scattering processes are divided into two types: one that is independent of spin,
responsible for what is commonly referred to as charge scattering, and another that depends on
the spin, proportional to S, - 5'2, responsible for spin scattering. Hence expresing the operator in

second quantization form

N 1 N N A A N
Vi =5 30 [ do do' B, (@)L, () 01,0Vl s, 1) o (o) B (), (213)
{o}

the interaction term then becomes

o= Bt 0+ 25 (B2 50 ). 210

)

where F; = (Ff, Y, Ff) is the total spin operator at site 7, with £ =3 _ BZ?U[S'”]J,U/ZQW/ being
[5’”]0,0/ the matrix elements of the standard spin-1 matrices. l;ja and l;i’g are the creation and
annihilation operators, respectively, which create and annihilate a particle with magnetic projection

o at site i. The interaction strength in the channel F'is denoted as Up and is defined as
Ur = cF/dx W (x)]*. (2.15)

The most commonly used elements for the formation of these ultracold spinor gases are alkali
metals. These metals typically have a single valence electron and a nuclear spin of 3/2 in their
most common and stable isotopes. Consequently, this interaction strength also characterizes the
type of spinor system we have. For instance, with Us; > 0, the system displays antiferromagnetic
behavior, exemplified by 23Na, which has a specific relationship with the charge scattering term,
Uy = 0.036U, [46]. Conversely, for Uy < 0, as in 8’Rb, the system exhibits ferromagnetic properties,
which also have a specific interaction strength relationship, Uy, = —0.004U, [46].

2.3.2 External Fields

Finally, the last term we take into account in our spin-1 Hamiltonian is the coupling to an external

magnetic field, which can be expressed in terms of spin-1 operators [64]:

: usB o B (50
H; =— ——57 11— 2.16
’ Ez: 2 i QChyp 4 7 ( )

11



CHAPTER 2. SPIN-1 SYSTEM MODELING

where B is the strength of the field, ;15 the Bohr magneton, and Cp,, is the hyper-fine constant
that couples the electron spin to the nuclear spin. It is well known that the linear Zeeman field
contributes more significantly to the total energy of the system compared to the quadratic field
[64]. However, because the interaction commutes with the linear contribution, i.e., ). S‘f, it does
not affect the dynamics of the populations when equally probable magnetic projection samples are
considered and therefore, only the quadratic contributions affect in this specific case, that is call
the balanced mixture condition. Otherwise, the linear field must be consider, so since we aim to
analyze the dynamics of one and two particles, in scenarios where only one particle is present and
thus no interaction occurs, the linear contributions of the Zeeman field can significantly influence

the system. Hence, these contributions should be considered in our analysis.

Then, the external magnetic field in second quantization takes the form:

H; =D ohig+ QY 0%, (2.17)

with D and @) representing the coupling of each Zeeman field, linear and quadratic, respectively.

These fields may lift the degeneracy of the system by favoring energy minimization for states with
different spin magnetic projections, which depends on the sign, strength, and type of the field. For
the linear magnetic field, if D = 0, the system is triply degenerate, and states with magnetic
projections —1,0, and 1 minimize the energy equally. Conversely, if D # 0, the degeneracy is
totally lifted: magnetic projection —1 is favored when D > 0, and projection 1 is favored when
D < 0. The effects of this external linear Zeeman field are depicted in Fig. 2.3.

! 1
® O @
-1 1

(a) D>0 (b) D=0 (c) D<O

Energy
=
Energy
Energy
S)

Figure 2.3: Degeneracy of states with magnetic projections —1, 0, and 1 as a function of the linear
Zeeman strength. (a) Projection —1 minimizes the energy. (b) States are triple degenerate. (c)
Projection 1 is favored.
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Now, if we consider the quadratic magnetic field, when ) = 0, the system is also triply
degenerate, and if @) # 0, the degeneracy is partially lifted, equally favoring projections -1 and 1
when ) < 0, and favoring projection 0 when () > 0. The effects of this external quadratic Zeeman
field are depicted in Fig. 2.4.

) 1 0

a o 1
0 -1 1
(a) @ >0 (b)@=0 () @<0

Figure 2.4: Degeneracy of states as a function of the quadratic Zeeman strength. (a) Projection 0
minimizes the energy. . (b) States are triple degenerate. (c¢) Projections -1 and 1 are favored

Energy
Energy
Energy

Finally, with the addition of the spin-1 degree of freedom to the interaction Eq. (2.14), the hopping
term, and the external Zeeman fields Eq. (2.17), we can rewrite the model Eq. (2.6) as the extended

spin-1 Bose-Hubbard Hamiltonian as follows:

Hog}\)ing Chemical Potential
~ N /—M
o 5t o R N
H=-J Z (bwbj,g + h.c.) O - Y e+ H (2.18)
(i,9),0 Interaction Lo Zeeman Fields

As mentioned above, the objective is to describe the dynamics of one and two spin-1 bosons in
the presence of the magnetic fields already described. In the next section, a temporal dependence
is introduced to these fields, which are periodic in time, hence we aim to approach the solution

through Floquet theory (see Chapter 3).

2.4 Building the Time-Dependent Driving Hamiltonian

The dynamics of spin-1 bosons has been relatively understudied in recent years. Nonetheless, the
effects of static Zeeman fields, which enhance quantum magnetism [36, 35], are better understood.
These fields are known to contribute to energy minimization by favoring states with different
magnetic projections of spin, as detailed in the previous section. With this foundation, our current
objective is build the Hamiltonian which is going to drive the dynamics of the system, under

conditions where these external fields are not static but modulated over time. This analysis includes

13



CHAPTER 2. SPIN-1 SYSTEM MODELING

both single-particle and two-particle physics when interactions are present.

2.4.1  One Particle Dynamics

For a single particle, it is understood that no interaction effects are present in the system, allowing
both linear and quadratic Zeeman fields to directly influence the single spin. However, for simplicity
and to focus our analysis correctly, we consider each Zeeman field independently, applying periodic
time dependence specifically to one while excluding it from the other. Consequently, the dynamics
of a single particle are analyzed in two distinct scenarios: one with a linear magnetic field and

another with a quadratic magnetic field.
Linear Magnetic Field

In the first scenario, the system is influenced only by the linear Zeeman field, as described in the

first term of Eq. (2.17), with the field coupling modulated periodically as follows:
D — D(t) = Dy cos®(wt) with Dy > 0. (2.19)

This modification dynamically lifts the degeneracy of the system, favoring energy minimization
towards the -1 magnetic projection, except near ¢t = nmw/2 where n is an odd number and all
magnetic projections are equally favored. The effects of this external periodic linear Zeeman field

are illustrated in Figure 2.5.

Linear Zeeman Strengh

1.0

0.5

0.5+

-1.0

Figure 2.5: Effect of the linear Zeeman field on magnetic projections over time.
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Then, with the addition of the periodic linear magnetic field we can rewrite the Eq. (2.18) for

one particle into a one-dimensional optical lattice as a time-dependent Hamiltonian as follows:
ﬁ(t) =—J Z <Bz,gl;i+1,g + lA)LLUZA)i,U> — I Z N + Do cos?(wt) Z TN - (2.20)

Quadratic Magnetic Field

In the second scenario, the system is governed by the quadratic Zeeman field, as specified in the

second term of Eq. (2.17), with the field coupling also modulated periodically:

Q — Q(t) = Qg cos*(wt) with Qg > 0. (2.21)

This modification causes the quadratic field to partially lift the degeneracy of the system dynamically,
favoring energy minimization towards magnetic projection 0. Similar to the linear field scenario,
this preference decreases near t = nmw/2, where n is an odd number and all magnetic projections
are equally favored. The effects of this external periodic quadratic Zeeman field are depicted in

Figure 2.6.

Quadratic Zeeman Strengh

1.0

0.5F

-0.5F

-1.0F

Figure 2.6: Effect of the quadratic Zeeman field on magnetic projections over time.
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Then, with the addition of the periodic quadratic magnetic field we can rewrite the Eq. (2.18) for

one particle into a one-dimensional optical lattice as a time-dependent Hamiltonian as follows:
ﬁ(t) =—J Z <ZA)ZT’UZA)¢+1,U + ZA)LLGZA)i,U) — I Z Mo + Qo cos?(wt) Z azﬁi,a. (2.22)

2.4.2 Two Particles Dynamics

In the case of two particles, interactions within the system become significant, and as shown in Eq.
(2.12), these interactions can be categorized into two types: charge scattering and spin scattering.
These two types of scattering are related with the three degrees of freedom present in the system:

charge, spin, and quadrupole [65].

The first degree of freedom, charge, is mainly related to the density of the particles and the
possibility of the particles occupying a specific location in the lattice or existing in a superposition
of locations. The second, spin, represents the typical intrinsic internal degree of freedom of all
particles, whose effects were first observed in the Stern-Gerlach experiment in 1922 [66]. The third,
quadrupole, is another internal degree of freedom similar to spin, but appears only in spin 1 systems
or higher. For S = 1, its origins are linked to the SU(3) symmetry [67], a topic that is explored

further in the next section.

On the other hand, the second term of the interaction, as expressed in Eq. (2.14), comprise
two implicit processes: spin-preserving and spin changing. These can be analyzed explicitly by
considering the identity of the total spin operator at site i, F? = 1(S; S + S;S;7) + (57)?
together with the Schwinger bosons formalism thus allowing a comprehensive representation of

spin interactions, as detailed in Appendix A.

Therefore, the total spin operator at site i, 13;2, can be reformulated as follows:

A~

2 . R 2 . R . R .
F7 = (Nig1—ni—1)" + i1+ 2050 + 71 + 2 (R 100 + N oM —1)

42 (B, buobun + Bloblgbusbi 1) (2.23)

this representation of the total spin operator reveals two distinct types of collisions in the system.
Figure 2.7 schematically illustrates these processes: a) two incoming particles (top) interact

(crossing lines) and result in two outgoing particles (bottom) with the same spin projection, hence,
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we term this a spin-preserving collision. b) In the second scenario, represented by a black dot, a
spin-changing collision occurs, where the interaction between the initial particles results in two
particles with altered spin projections. This process, induced by the last two terms of Eq (2.23),
involves a mixing between the o = +1 and 0 states, known as spin mizing [46], which enriches the
physics of this model compared with spinless models. However, it is important to note that a key
constraint must be satisfied: the total spin projection must be conserved before and after each

interaction, such that o; + g9 = 03 + 04.

01+ 09 =09+ 01 01+ 09 =03+ 04
(a) (b)

Figure 2.7: Two different spin-1 interactions, with a) spin preserving collision and b) spin changing
collision.

Now, taking into account the types of collisions and under the balance mixture condition, the role
of an external Zeeman field is mainly influenced by the quadratic contribution. Consequently, the
dynamics of two particles in this context is governed by the quadratic Zeeman field, as specified in
Eq. (2.17), with the coupling of the field modulated periodically as specified in Eqgs. (2.21).

The inclusion of this quadratic field initially favors the -1 and 1 projections, as shown in Fig. 2.4.
However, spin-changing collisions complicates the impact of this field on the system, particularly
when it is modulated. Despite this complexity, studies have demonstrated that in a three-dimensional
optical lattice with a constant field, the influence of the field significantly affects spin mixing [46],
as illustrated in Fig 2.8.
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5=5U,

1.5
NS
9
£ 1
-
~—

0.5

0

0.6
0.8

time (units of h/U2) 10

Figure 2.8: Spin-mixing oscillations in the presence of a magnetic field in the form of a quadratic
Zeeman shift. Panel shows the population in m = 0 as a function of hold time for several values of
the quadratic Zeeman shift(¢Q) — 0) [46].

Then with reformulation of the spin total operator of the Eq. (2.23) and the addition of the
periodic quadratic Zeeman field we can rewrite the Eq. (2.18) for two particles as a time-dependent

Hamiltonian as follows:

ﬁ =—J Z (B;r,ol;i-i-l,a + BLA,UBZ',J) - (M + UQ) Z /ﬁ'i,a + QO C082 (Wt) Z O-Qﬁi,a

UO ~ “ U2 2
+5 Z fig (g — 1)+ =Y F7. (2.24)

The Hamiltonians in Eqs. (2.20), (2.22) and (2.24) now satisfy H(t) = H(t + T), where T = 27 /w,
rendering them periodic in time. This periodicity is a crucial property that is exploited in the
chapter 3 using Floquet theory. However, before applying this technique, it is essential to understand
the type of information that can be extracted from the system. Therefore, the next section provides

a comprehensive overview of the entire description for a single quantum spin-1.
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2.5 Single Spin-1 Characterization

In this section, we discuss the fundamental components to characterize a single spin-1 system. We
begin by introducing the generators of the associated Hilbert space, then we proceed to describe
arbitrary spin-1 states. Subsequently we also explore the different bases that can be used to
represent the system. Finally, we provide an overview of the various observables that can be used

to extract information about our system.

2.5.1 SU(2) Description

To determine the potential observables that can provide relevant information about our spin-1
system, it is essential to understand the symmetry group that governs the system. For Spin—%
systems, the associated symmetry group is represented by the 2-dimensional representation of the

SU(2) group, with its generators being the Pauli matrices [68]:

a“z(o 1), ay:<q _i), Uzz(l 0). (2.25)
10 1 0 0 —1

For spin-1 systems, they can also be described by the SU(2) group, but with a 3-dimensional

representation, providing the typical spin-1 matrices:

| 01 0 1 0 — 0 1 0 O
St=—110 1|, SY=—1|7 0 —il, S =10 0 0 , 2.26
NG il (2.26)
010 0 =1 0 0O 0 —1

where both representations satisfy the Lie algebra [Sa, S’B] = ieaﬁvsw. These representations are
constructed from a complete set of commuting observables (CSCO), which in this case are {52, 5%},
providing a basis for different representations |S, o) where —S < o < S, and give us the typical

information about the magnetic density (S%), transverse magnetization |(S*)|? among others.

Thus, describing spin-1 particles requires at least a 3-dimensional representation or 3-dimensional
matrices to account for all magnetic projections. Notably, the fundamental representation of
SU(3) is also 3-dimensional, which enables us to obtain a SU(3) representation of spin-1, yielding
additional generators that provide more information than the 3-dimensional representation of SU(2)

does.
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2.5.2  SU(3)-Bosonic Representation of a Spin-1

The U(N) group consists of all N x N matrices that satisfy the unitary condition, i.e., UTU = I, and
therefore comprises N2 elements, then to generate any matrix within this group, N? independent
generators are required. The SU(N) group, a subgroup of U(N), consists of all N x N unitary
matrices with the additional special condition that their determinant must be equal to one. This
additional condition reduces the number of independent generators to N? — 1. For SU(3), this
results in eight independent generators that can provide additional information about the system,

unlike SU(2), which has only three generators.

Any Hermitian operator O acting in the associated Hilbert space can be decomposed as O =
Zz,ﬁﬂ Aupla)(B|, where [1), |2), and |3) are states from an arbitrary basis of the Hilbert space,
with real matrix elements satisfying A} 5 = Ag, [65]. These eight independent operators can be
constructed using the spherical tensor operator, defined as an operator whose components satisfy
the following commutation relations:

5%, 10| = 7",

q

55,10 = VAR —qle £ DI, (2:27)

where k is the rank of the tensor, and ¢ indexes its 2k + 1 elements (¢ € [—k, k]). It can be
straightforwardly shown that for £k = 0, the operator that fulfills the conditions is the identity.
However, since we are seeking non-trivial independent physical operators, the identity is not part
of the Lie algebra. For k = 1, this yields the first three non-trivial, independent physical operators,

which are S”r, S —, and Sz, For k = 2, it produces the five remaining generators, which are:

. %(3 (§2)2—5(5+1)>,
%{Si,SZ}, (2.28)
T - %(gi)?

Suitable linear combinations of the eight T operators result in eight Hermitian operators that

generate our local Hilbert space. Any operator can be constructed from their superposition:
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U R O
A4 — {S’I’ sz}7 AS _ {gngz}’ ]\6 _ {er’ 5%/}7 (2_29)

(o) (o) () G

where they meet the SU(3) algebra, as detailed in Appendix A. Thus, we may arrange these

operators conveniently in the following vectorial form:

A {57, 57}
" N Gx QY
s=| &= s | a=|Aa|=| U L (2.30)
v | @)
As ?

V3(85) - i

where the first vector is associated with the magnetic nature, represented by the spin operator, and
the second one is related to the quadrupolar nature, denoted as the quadrupolar operator [65]. Notice

that although Q is referred to as a vector, it is actually a tensor defined by Q% = §157 + 5987 —

S(S+1)
3

(2.30) [69]. In fact, these two vector operators are related with the conventional generators of SU(3),
the Gell-Mann matrices (A%) [70], so that S = <5\7, — ), 5\2) and Q = — (5\1, A3\ NS, —5\8>. This

arrangement underscores a strong connection between the generators of SU(3) and the physical

0;;. For convenience, we choose to arrange its independent components as specified in Eq.

quantities of interest in our system.

Therefore, apart from spin ordering, a system of local spin-1 particles inherently possesses the

capacity to also exhibit a quadrupolar order [69, 67]. The competition between these two vectorial

order parameters, S and Q, is reflected in the following equality that is valid for an arbitrary spin-1
state [65]:

° . . ~, 4

S (A = (8 + (@) =5,

a=1

(2.31)

and its value is directly related to the cuadratic Casimir operator of SU(3), specifically being its
eigenvalue (see Appendix A)[71]. Thus, as a consequence of the nature of spin-1, it is necessary to
introduce appropriate bases that allow extracting relevant physical information from both the spin

and the quadrupole [69].
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This new order that emerges in the system differs from its spinorial counterpart, as it is non-
magnetic. Furthermore, the emergence of this new order upon increasing the dimensionality of
the group in which the system is analyzed, is directly related to the understanding of spin-1/2
systems in an analogous manner. In this way, the spinorial part may be represented what is
conventionally understood as a magnetic dipole. On the other hand, when working with spin-1
systems, a quadrupolar order is introduced, which corresponds to what is commonly known as
a classical quadrupole. This new degree of freedom differs from other physical parameters, as it
requires five additional operators that provide information on how the quadrupole behaves in each

of the higher-dimensional projections defined by the spherical tensor operator.

2.5.3 Spin-1 Basis

The choice of a basis for representing a system, whether discrete or continuous, is crucial for both
extracting specific types of information and for the effective application of the numerical techniques
described in the following chapter. This section presents a summary of the most commonly used
bases, including Cartesian and magnetic bases, as well as an overview to spin-1 coherent states and

quadrupole states.
Magnetic Basis

The most common basis to represent any spin state is given by eigenstates of the Sz operator which
tell us that our quantization axis is the z-axis. Here, the eigenstates comprise the 3 states in the

following order,

By =A{[1),| = 1),10)}, (2.32)

forming what we denote here as the “magnetic” basis illustrated in Fig. (2.9) by using spin coherent

states representation [65].

More generally, any spin-1 state can be described through a linear superposition of the states of
B,
|¢> = Cl|1> + CQ‘ - 1) + 03|0>, (233)

the coefficients of the superposition are generally arbitrary complex numbers, but imposing a
normalization condition and considering the overall phase, it can be demonstrated that any state
of a spin-1 particle can be fully described using just four real numbers [65]. It’s important to note

that, while the states |1) and | — 1) exhibit a magnetic nature characterized by a finite spin-dipole
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1) =1 10)

Figure 2.9: Usual, “magnetic” basis for a spin—1 system, formed by eigenstates of S=. States [1), and
| — 1), have a finite spin—dipole moment (blue arrow). Meanwhile, the state, |0), has a quadrupolar
magnetic moment, which can be represented through a director (red bar), perpendicular to the
plane of the quadrupole. States are represented as probability surfaces through the spin coherent
states [69].

moment, the state |0) does not demonstrate this property,
(015°10) = (0]5710) = (0]5%(0) =0, (2.34)

in this instance, the state |0) cannot support a dipole moment [69]. On the other hand, if we
look at the other generators of the group, some of them indeed exhibit this quadrupole magnetic

moment,
2

A8
(0|A°|0) = —ﬁ, (2.35)
implying that A8 has a quadrupolar nature. Therefore, one of the distinctive characteristics that
differentiates spin-1 particles from spin-1/2 particles is the potential existence of a finite quadrupole
moment at a single site. This peculiarity makes spin-1 particles excellent candidates for illustrating
magnetism rooted in higher-order moments, as well as atypical and unique quantum phases [65,
69]. For this reason, to effectively highlight the quadrupole nature, it is advisable to work with

alternative bases, such as the Cartesian base.
Cartesian Basis

Although the magnetic basis is often predominantly used for the description of spinor systems, this
choice of basis is not unique. Any linear combination that forms three orthogonal states can be

used to represent the system. Therefore, one alternative is the base known as the Cartesian basis
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[72]:
B, = {|$>,|y>,’2>}7 (236>

where its superpositions are expressed as follows:

z) = —=(1) =[=1),

) = —=(|]1) + [1)), (2.37)

5= 8-

|2) = —i[0),

likewise the magnetic basis, the Cartesian can be illustrated using coherent states as shown in the
Fig. 2.10.

J

2)

Figure 2.10: Cartesian basis for a spin-1 moment. The three states exhibit a characteristic
“doughnut-shaped” profile of spin fluctuations characteristic of a quadrupolar nature [69].

In particular, some authors define this basis with an extra factor of i (e.g., |Z) = —i|x)) [73],
however, this does not affect any physical property and is done for convenience. From Eq. (2.37),

we can extract the transformation matrix to relate B, and B,,. Thus, we define

i 1
V2 V2
Upe=| -+ L 0 |. (2.38)
m—c \/Ex/i
0 0 —i

This is the transformation matrix that goes from the magnetic basis to the Cartesian basis, where
we have assumed the order [1),| —1),|0) for the magnetic basis. Similarly, we can express a general

spin-1 state as a linear superposition of the elements defined in Eq. (2.37). Thus, [¢)) must be
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expressed as
) = cilz) + ealy) + cs]2), (2.39)

with complex coefficients ¢;. However, as mentioned before, a general normalized wavefunction
with a fixed phase can be characterized by four real parameters. Therefore, a general spin-1 state
can be written as

1) = €™ sin 0 cos p|z) + e sin O sin @|y) + cos ]2), (2.40)

where {0, ¢} € [0,7/2) and {a, 5} € [0,27] [65]. This basis is also known as the time-reversal
invariant basis [69], as any state formed by a superposition within this basis remains invariant
under the action of the time-reversal operator, T|¢) = |¢). This is because T changes the sign of
|0) and interchanges |1) with | — 1), i.e., T|0) = —|0), T|1) =| — 1) and 7| — 1) = |1), along with

the complex conjugation of the associated amplitudes.

Another interesting feature of this basis is that the action of the spin operators can be expressed

concisely.

S8y =i 3 capsh), (2.41)

V=E,y,2
consequently, the basis elements are zero eigenvalue eigenstates of the corresponding spin opera-

tors,
S7|z) = SY)y) = §%|z) = 0. (2.42)

Having introduced the magnetic and Cartesian bases, it is useful to introduce two types of states
that allow us to explore the limiting cases of spin-1 states: the coherent states and the quadrupolar

states.
Spin Coherent States

A spin coherent state |Q2) is a state in which the spin length is maximal, i.e., ((2|S|))? = 52,
Such a state describes a spin pointing in the direction of the unit vector € and is fully characterized
by the polar angles {6, ¢} [65]. Hence,

sin 6 cos ¢
(QIS|Q) =52 =5 | sinfsing |, (2.43)

cos
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where 0 € [0, 7] and ¢ € [0,27). The coherent spin state |€2) is furthermore an eigenstate of the
spin component parallel to the vector 2, meaning (€2 - S)|Q) = S|Q).

In fact, for the spin-1 case, the coherent spin states may conveniently be written as a superposition

of the magnetic basis in the form [65]:

1+4cosf _, sin ¢ 1 —cosf
Q) =—e"|1 Yl -1 2.44
9) = =55 + T2j0) + 5] - 1), (2.44)
and they obey the completeness relation
N 3 s 2
I = —/ / dedfsin 0]€2) (|, (2.45)
A Jo Jo

which makes coherent states form an overcomplete basis. Applying this completeness relation to an

arbitrary spin-1 state [¢)), we can find:

T 27
W) =1y =1 [ [ acassmopie) (2.46)

Hence, we can see that [¢)) can be expressed as a superposition of coherent spin states. This result

allows for a pictorial representation of any arbitrary spin-1 state, as previously shown in Figs. 2.9
and 2.10.

Quadrupolar States

On the other hand, the quadrupolar states |d), contrary to the coherent states, are those in which

the corresponding spin length is equal to zero, namely,
(dS|d)? =0, (d-S)[d) =0. (2.47)

Nevertheless, as seen in Fig. 2.9, the spin fluctuations exhibit anisotropy, which confines the state
to a plane perpendicular to an axis known as the director [65]. Therefore, a quadrupolar state is
fully characterized by the polar angles 6, ¢ defining the unit vector d as follows:

d, sin 6 cos ¢
d=| d, | =| sinfsine |, (2.48)
d, cos 6

26



CHAPTER 2. SPIN-1 SYSTEM MODELING

which points along the director axis. In particular, quadrupolar states can be conveniently written

using the Cartesian basis,
|d) = dalx) + dyly) + d:|2), (2.49)

where d; are the components of Eq. (2.48). This form reveals the nematic nature of a quadrupolar
state, i.e., the quadrupolar states characterized by |d) and —|d) are physically equivalent, meaning it
defines an axis without direction [69]. Bearing this in mind, the quadrupolar states are characterized

by d, which we refer to as the director, rather than the axis along which it points [65].

One interesting feature about these states is that every quadrupolar state, when depicted as a
probability surface, assumes a doughnut shape, as illustrated in Fig. 2.10, characterized by a vector
director defined in Eq. (2.48). In contrast, coherent states exhibit a “globe-like” appearance, shown
in Fig. 2.8. These two states, coherent spin states and quadrupolar states constitute the extremes
of possible states for a spin-one system. However, a typical spin-one state simultaneously exhibits
distinct spin and quadrupolar characteristics, as detailed in Eq. (2.31). It’s important to note that
these states are defined by four independent real parameters, making the specification of just the

length and direction of the spin vector insufficient for uniquely determining a physical state.

2.5.4  Physical Observables

Once the generators of the associated Hilbert space and the different bases for representation
have been analyzed, it becomes feasible to identify several candidates for physical observables.
These observables can provide various types of relevant information for analyzing the magnetic
and quadrupole nature of the system either statically or dynamically, where the latter is of great

interest in this work.

The first three candidates are clearly the number of atoms per lattice site in each spin component,

namely,
{(Ri1), (Ri—1), (Pio) } (2.50)

which can be detected either in situ [74] or, after the release of the atoms from the lattice, by
the Stern-Gerlach separation method where the spin states are first spatially separated and then
detected [75].

Other possible operators that can provide information about the system are found among the
generators. However, not all generators provide relevant physical information. To determine those

relevant generators, it is useful to look at those that form a Cartan Subalgebra [71] which are called
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Cartan operators. A Cartan Subalgebra b is a subalgebra within the Lie algebra of the group,

characterized by being a commuting subalgebra. Namely,
VAL A € [[\a,[\b} —0, (2.51)

the importance of the Cartan subalgebra is that all its members can be diagonalized simultaneously.
This means that they form a complete set of commuting observables, and therefore their eigenvalues

are physical quantities that can be measured in the laboratory.

In the case of SU(3), the Cartan operators are A5 and Ag, which correspond to two quantities called
the magnetic density (SZ> and the quadrupolar density (Qd> respectively, which can be written in

terms of number operators of the magnetic projections as:

S; = M =i,

Qf = % (Frig + 71 — 2M40) - (2.52)
These observables, being Cartan operators, can be diagonalized simultaneously, in this case within
the magnetic basis. The eigenvalues of these operators provide crucial information. For instance,
the magnetic density reveals the difference in populations between the |1) and | — 1) states. On the
other hand, the quadrupolar density offers insights into the competition between the quadrupolar
and magnetic natures. This is achieved by comparing the populations in the |1) and | — 1) states
with those in the |0) state, which can fluctuate due to spin-changing collisions, thus revealing the
behavior of the quadrupole.
Another interesting observable is the total transverse magnetization at site i, |(F*)|2, which can
provide information about the spin fluctuations in the plane perpendicular to the quantization
axis, allowing for the extraction of more comprehensive information about the system and the spin
1 nature. This can also be expressed in terms of creation and annihilation operators using the
Schwinger boson formalism. This observable can be measured using Faraday rotation spectroscopy,

which allows continuous observation of the spin population in a BEC [76].

Finally, another relation worth analyzing dynamically is the one given by the competition between
the spin order and the quadrupolar order, Eq. (2.31) with which it is proven that a spin 1 state
presents both orders, and with which it is possible to analyze and connect our system with the

SU(3) symmetry group through the quadratic and cubic Casimir operators (see Appendix A).
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Having studied all the physics related to spin-1, including its different bases, nature, and observables,
to understand the dynamics of the Bose-Hubbard Hamiltonian of spin-1 in more depth, we are now
ready to introduce the formalism with which the dynamical problem is addressed. This formalism
is the Floquet theory (Chapter 3), which, through its numerical approaches, allows us to evolve the
system, revealing the rich physics that arises from the interplay between the internal magnetic and
quadrupolar degrees of freedom on time.
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Chapter 3

FLOQUET FORMALISM

Floquet theory is both an analytical and numerical formalism used to solve systems of ordinary
differential equations subject to periodic time conditions. Its central element is Floquet’s theorem,
proposed by Gaston Floquet in 1883, which provides the general form of the solutions of the
system [48]. In this chapter, Floquet’s theorem is first stated, highlighting its main conditions and
consequences. Subsequently, it is shown how Floquet’s theorem can be understood as the temporal
counterpart of Bloch’s theorem, referring to the quantities that are discretized in both cases: the
quasimomentum and the quasienergies for Bloch and Floquet, respectively. Consequently, the
different numerical approaches that Floquet’s theorem can take to solve an arbitrary system are
formulated, focusing mainly on the extended Hilbert space approach and the expansion in discrete
Fourier series. Finally, the problem of the spin-1 Bose-Hubbard Hamiltonian for a single particle in
two sites is addressed through Floquet’s theorem. These results are compared with those obtained
from analytical solutions in momentum space, thus corroborating the validity of the technique to

be used in the complete one- and two-particle systems that are analyzed in last chapter.

3.1 Floquet’s Theorem

The Floquet’s theorem in quantum mechanics can be enunciated in several ways, one of them
focuses on the form of the time evolution operator U (t,to) and its properties at any time and
during periodic jumps, emphasizing the Heisenberg picture [77]. The other approach is to use that
operator on an arbitrary initial state, providing a general form for the solutions of the system’s
Hamiltonian, emphasizing the Schrodinger picture [47]. Considering the convenience of using the

numerical approach, we express it in the latter form as follows:

Consider a quantum system whose dynamics is governed by a time-periodic Hamiltonian:
Ht+T)=H(t),

with driving period T'.

The system’s evolution state [¢,,(t)) can be expanded in a complete basis of orthonormal quasi-

30



CHAPTER 3. FLOQUET FORMALISM

stationary states called “Floquet states”:

[ (1)) = 7o 700 [ (1)), (3.1)

where the states |u,(t)) are called the “Floquet modes” and satisfy |u,(t + 1)) = |u,(t)). The
parameter &, is called the “quasienergy” and n labels the different eigenstates, reflecting the
analogy with the quasimomentum £ characteristic of Bloch’s theorem in the solid state physics (see

Appendix B for supplementary material that deepens Floquet’s theory).

3.1.1  Consequences of Floquet’s Theorem

Floquet’s theorem presents a scenario in which, independent of the Hamiltonian, if it is periodic,
a general expression can be given for the evolution of the state |¢(t)) at any time ¢ > 0. This
provides a basis to write any initial state |¢)(0)) that subsequently evolves using the time evolution
operator. This basis is clearly given by the Floquet modes, which fulfill the typical completeness

relation at an arbitrary time, let’s say to = 0:

> 1 (0)) (un (0)] = 1, (3.2)

n

Then, we can write any initial state as a superposition of this basis,

[(0) = Y [un(0)) (wa(0)](0)),

n

[(0)) = > calun(0)).

n

=cn

Therefore, the state at later times is given by

[W(t) = U(0)p(0),
= ZCnU(t’O)’un(o»a

() = Y caeTm ug (1)) (3.3)
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We can see that in this superposition, the coefficients ¢,, don’t depend on time, carrying all dynamics

Lent

in the Floquet modes |u,(t)) and the “Floquet multipliers”, e~ »***. This implies that occupancy
probabilities |c,|? can be assigned to states that are conserved despite the periodic influence of
time, allowing various concepts and techniques used for time-independent quantum systems to be
applied to periodically time-dependent systems [57].

k3

In fact, the factor e=#"* in Eq. (3.3) resembles the factors e~ wEnt that appear in the temporal
evolution of the eigenstates of time-independent Hamiltonians, with F,, being the eigenenergies
of the system itself, i.e. resembles to stationary states [78]. Therefore, the quantity &, is similar
to the energy of the system and were aptly named quasi-energy by physicists Yakov Borisovich
Zel’dovich [79] and Vladimir Ivanovich Ritus [80] in 1966, referring also to the aforementioned
Bloch theorem.

Now, the problem is to find the respective eigenvalue equation that satisfies the Floquet modes,
thus also allowing us to find the quasienergies. This enables us to determine the superposition of
the Eq. (3.1) and construct the evolved state at any time ¢. To achieve this, we start with the
time-dependent Schrodinger equation and apply Floquet’s theorem.

m%w@» — HO)(),
@'h% [6_%5"t|un(t)>} = 6_%€ntﬁ(t)|un(t)>a
[mt) —m%] ) = ealun(t)),
HF(t)’un(t» = enlun(t)), (3.4)

where Hp(t) = H(t) — ih4 is the Hamiltonian that satisfies the eigenvalue equation for the Floquet
modes, and is called the “Floquet Hamiltonian”. Note that the eigenvalue equation in Eq. (3.4)
resembles a typical time-independent eigenvalue equation; however, both the Floquet Hamiltonian
and the Floquet modes depend on time. This implies that the state does evolve over time, despite
not having the typical form of the Schrodinger equation. Nevertheless to solve it, we need a specific
representation, and due to the form of the Floquet Hamiltonian, its matrix representation loses
meaning, requiring additional elements to solve and find the respective Floquet modes and their
quasienergies. These elements are discussed in subsequent sections, delving into one of the numerical

approaches to Floquet’s formalism.

Another consequence of Floquet’s theorem, as seen in Eq. (3.4), is that the Floquet modes can be
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expressed with an additional phase that has a certain driving frequency w. Specifically,
[Unm(t)) = €™ un(t)), (3.5)

where m is an integer m = 0,+1,+2, and w = 27 /7. This new form of Floquet modes yields the

same eigenvalue equation (3.4), but with a shifted quasienergy:
En = Enm = En + M. (3.6)

Therefore, this implies that the quasienergies €,, can be mapped into a zone that contains independent
information and is not affected by the multi-evaluation of the complex exponential function. This
zone is called the first “Floquet-Brillouin zone” [47], alluding again to a concept from solid-
state physics, the Brillouin zone. By convention, it is given for m = 0 and includes the interval
—hw/2 < e < hw/2, which can be shifted in multiples of Aw for the convenience of each system.

Floquet spectrum
2 T T

—_
T
1

Quasienergy &/ (hw)
=
T
|

.2 1 0 1
ky (ﬂ'/\/ga)

Figure 3.1: The Floquet (quasienergy) spectrum, obtained by diagonalizing the Floquet Hamiltonian
Hp, is periodic with a Floquet-Brillouin zone of width equal to the driving field energy, hw[47].

Thus, any solution to the Eq. (3.4) with quasienergies outside the first Floquet-Brillouin zone,

contains physical information identical to a corresponding one inside the first Floquet-Brillouin
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zone. Consequently, as illustrated in Fig. (3.1), the spectrum of Hp consists of an infinite number
of copies of the Floquet spectrum, that is, the information within the first Floquet-Brillouin zone,

shifted up and down by integer multiples of hw.

Now, what type of information about the system do quasienergies offer? We know that because
the Hamiltonian depends on time, the energy is no longer conserved, and its expected value loses
meaning. However, it can be shown that, under certain conditions, the quasienergies and Floquet
states can be seen as approximations to the eigenenergies and eigenstates of the time-independent
system [55], thereby providing insights into the system’s behavior across different regimes with
or without periodic driving. Nevertheless, although quasienergies can provide us with important
information about the system, they are not analyzed in this document due to the initially proposed
objectives. Thus, quasienergies are utilized solely for constructing the evolved state, as shown in
Eq. (3.3) and from it extract information about the observables raised in the Chapter 2. Then,
before addressing the time-dependent problem, let’s briefly review the theory that describes the
spatially periodic but yet temporally static system, Bloch’s theorem and its similarities with the

Floquet theorem.

3.1.2  Analogies between Bloch’s Theorem and Floquet’s Theorem

The Bloch theorem is the spatial counterpart of Floquet’s theorem, and like it, it provides the

general form of the solutions for a system that is periodic, but in space [81].

This theorem is used when solving the stationary Schrodinger equation for a Hamiltonian with
a spatially periodic potential, i.e., H(z) = Ho(z) + V() with V(z) = V(z + R), where R is
the lattice spacing. Bloch’s theorem tells us that the solutions to the system are given by
Vn(m, k) = e* ¢, (2, k) with ¢, (2, k) = ¢, (v + R, k), where ¢,,(z, k) are the Bloch functions and k

is called quasimomentum.

The crucial advantage of the Bloch functions is their spatial periodicity, which allows us to expand

them into position-independent Fourier coefficients a, ;(k):

o0

Sulz, k) = D an;(k)eFom. (3.7)

j=—00

This expansion is not limited to functions or states with spatial periodicities but can be applied

to any function or state with a parameter that meets the same periodicity conditions. In this
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way, Floquet states can also be expanded into a discrete Fourier series, enabling advantages in the

harmonic Fourier space, as discussed in the following section.

So, in spatially discrete lattice systems, the continuous momentum p loses its meaning and is
replaced by hk, the quasimomentum, defined within the first Brillouin zone —7/R < k < w/R and
the Bloch’s theorem helps us describe such systems more adequately. Conversely, in Floquet theory,
due to the periodicity in time, energy becomes undefined and must be replaced by quasienergy,
defined within the first Floquet-Brillouin zone —fw/2 < ¢ < hw/2. In both theories, a given
quantity of the system is replaced due to the discretization of one of its parameters. In Bloch’s
theorem, space discretization replaces momentum with quasimomentum, and in Floquet’s theorem,
time discretization (or periodic time jumps T') replaces energy with quasienergy. This illustrates
the clear relationship between space-momentum and energy-time, as pairs of canonically conjugated
variables that are inherently closely related, exemplifying basic principles of quantum mechanics
such as the the canonical commutation relations or the Heisenberg uncertainty principle [78].
However, the analogies between Bloch and Floquet theories hold only to a certain extent and
should not be overstretched, as the two descriptions address different problems and time cannot be

associated as eigenvalue to any operator.

Given this context, we see the importance of both tools for the problem posed in this work. Bloch’s
theorem helps us lay the foundations for writing and understanding our initial Hamiltonian, which
is inherently periodic in space. On the other hand, Floquet’s theorem provides a method to tackle
the system’s dynamics, considering its all degrees of freedom (spin, quadrupole and charge) in
a simple and practical manner, provided the condition of temporal periodicity is also met. This
condition was introduced in Chapter 2 through external fields, constituting the periodic driving.
With this in mind, we are now ready to demonstrate how the Floquet eigenvalue equation proposed
in Eq. (3.1) can be solved numerically to analyze the dynamics of the proposed system, which is

the main objective of this work.

3.2 Numerically Solving the Floquet Problem

To solve the Floquet problem numerically, that is, to find a solution to the Floquet modes and
quasienergies, there are several approaches focuses in the time evolution operator [77]. However,
another common option is to further exploit the periodicity property by expanding the Floquet
modes and the Hamiltonian of the system into discrete Fourier series, as we saw can be done in

the previous section. This approach transfers the system to harmonic Fourier space, where Eq.
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(3.4) can be diagonalized directly. This method is known as extended Hilbert space [47] and is the

method used to solve the system under study in this Thesis. .

3.2.1 The Extended Hilbert Space

The extended Hilbert space method [47] uses, as mentioned, the fact that the Floquet modes meet
the periodic condition |u,(t +T')) = |u,(t)), in such a way that they can be expanded into discrete

Fourier series in terms of their harmonics and the drive frequency w = 27/T,

o0

un(£)) = > ey, (3.8)

m=—0oQ

where |v™) is the m-th Fourier coefficient. Note that the Fourier coefficients |v™) are not
normalized, i.e., generically (y,(qm)|yf(bm)> < 1 and there is not a simple orthogonality relation between
different Fourier coefficients [14™) and \l/flml)), apart from the (nontrivial) fact that they must add
up to produce orthogonal Floquet states |1, (t))) at every time ¢. Now, the Hamiltonian of the

system H (t) for the same reasons, also can be expressed as,

H(t)y= Y e ™'HMm, (3.9)

m=—00

Then taking into a account de Fourier decomposition of Floquet modes Eq. (3.8) and the Hamiltonian

(3.9) the eigenvalue equation (3.4) can be express in terms of the Fourier coeflicients as follows,

(Z g —mf‘W> V) = enlu™), (3.10)

where

X P R A . ,
Hm=m) — — / dtH (t)e=m=m)t, (3.11)
T Jo

Note that the Eq. (3.10) takes the form of a typically eigenvalue equation in the Fourier harmonic

space. Specifically, we can create a vector &, by “stacking up” the Fourier coefficients {’Vém)>},

and rearrange the coefficients H™=m) into a matrix H acting on vectors in this space, namely the

Eq. (3.10) can be represented as:

36



CHAPTER 3. FLOQUET FORMALISM

with
. D 2 :
" HO O _ mhw HED (=2 ‘V£m>>
= 2> - o ~ 9 _'n: m 5 313
H® B HO _(mtDhe BV [T P | ) (3.13)
j2t) H®
where
. 1 [T
HO = — / dtH(t) , (3.14)
T 0

is the time-average Hamiltonian. Note that the matrix H, known as the Floquet Matriz, in Eq.
(3.13) has a block structure: each block is of size d, where d is the dimension of the Hilbert space
of the local system, i.e., the dimension of H (t). The number of blocks, labeled by Fourier harmonic

indices, is formally infinite since the sum over m in Eq. (3.8) and (3.9) ranges over all integers.

By diagonalizing Eq. (3.12), we can obtain the stack of Fourier coefficients and their respective
quasienergies, thus providing the necessary superposition to reconstruct the Floquet states and

subsequently the state at any time t:

() =D cac i fuy (1) = D cpeiot ( > e—imwtyy,gm>>> . (3.15)

m=—00

However, the extended Hilbert space method has a significant challenge. As seen in Eq. (3.13),
we have transitioned from a problem with a matrix of finite dimensions to one requiring the
diagonalization of an infinite-dimensional matrix, since the Fourier expansion includes all possible
integer harmonics to reconstruct the state. Numerically, this makes it impossible to completely
reconstructed the state. Nevertheless, it is important to consider that, as is known, not all
coefficients in a Fourier expansion are significant, allowing for the truncation of the matrix in
Eq. (3.13). This truncation depends on the regime being studied, as discussed in the following

section.
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3.2.2  Truncation of the Harmonic Fourier Space

The problem of dimensionality in the extended Hilbert space can be managed by truncating the
Fourier expansion, that is, truncating the matrix of Eq. (3.13), at a certain harmonic m/, such
that the sum over the harmonics is within the interval m € [—m’, m’]. This approach increases the
dimensionality of the original system’s matrix H(t) from d to d(2m’ + 1), making it numerically
solvable. However, the question arises: Is it possible to truncate the matrix H without losing
relevant system information? To answer this, it is convenient to analyze the structure of the matrix
‘H given a certain periodic drive, which is commonly cosine-shaped. Let’s consider the following

time-dependent Hamiltonian:

~

H(t)=Hy+V(t), V(t)=Ve +Vie™, (3.16)

the corresponding extended-zone of the Floquet Hamiltonian, H then takes the form in Eq. (3.13)
with HO =V, HCY = Vi and HA™ = 0 for |Am| > 1. In this case, H has a block-tridiagonal
form, with the non-driven Hamiltonian H, (shifted by multiples of fw) repeated along the diagonal
blocks, and the drive coupling V (V1) placed in the blocks above (below) the diagonal:

~

. 1% 0
Vi Hy+hw V 0
H=1]0 vt H, 1% 0 (3.17)
0 Vi Hy—hw V
0 Vi

Importantly, the (block) tridiagonal structure of H is closely analogous to a tight-binding lattice
with nearest-neighbor hopping and a linear potential, i.e., to the problem of a particle in a one-
dimensional lattice with a uniform electric field, but in this case it would be in a harmonic Fourier
space or in a “Floquet lattice”, as can be seen in the Fig. (3.2). By making analogies to Bloch
oscillations [82] and to the Wannier-Stark ladder [83], we may gain important insight into the
nature of the Floquet states encoded in the solutions to Eq. (3.13). These insights furthermore
shed light on the utility of this approach as a numerical method for obtaining Floquet states.
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Fourier harmonic index, m

Figure 3.2: The extended-zone of the Floquet Hamiltonian, Eq. (3.17), can be interpreted as
describing the one-dimensional tight-binding dynamics of an effective “particle” hopping in Fourier
harmonic space [47].

So, as we can see, the extended Hamiltonian in the Fourier harmonic space can be interpreted as
the dynamics of an effective “particle” that jumps between sites of a one-dimensional lattice, the
Floquet lattice. Each unit cell is represented by a harmonic m and is described by the time-averaged
Hamiltonian Hy. The linear driving term induces “jumps” between neighbors in the different lattice
sites of the Fourier space, making the harmonic index m change by one, and the energies at the
sites vary linearly with m due to the terms —m#Aw in the diagonal blocks of Egs. (3.14), which can
be interpreted as a “linear potential” analogous to applying a uniform field in a classical system. In
the absence of this potential, the eigenstates of the system can be understood as “Bloch functions”
in Fourier space with a corresponding bandwidth W ~ {(V), (H,)}, being strongly delocalized.
However, by including the “linear potential” (—mhw), it acts as a uniform electric field on the
particle, meaning that from a semi-classical point of view, the effective particle can only explore a
range of harmonics £, ~ W/(fw), and therefore the Floquet states represent “Wannier functions”,
implying they are strongly localized in the Fourier harmonic space. Consequently, the infinite
dimensional matrices of Eqs. (3.13) and (3.14) can be safely truncated up to the most relevant

harmonics [47].

But how can we truncate this matrix up to the most relevant harmonics? Here, we have to distinguish
two regimes. In the “weak-driving” regime, i.e. , which is also known as the high-frequency regime

[84], only one block of the Floquet matrix is relevant, namely,

39



CHAPTER 3. FLOQUET FORMALISM

Ho+hw V
g (Hofhe V) (3.18)
Vi H,

in which it recognize in the context of quantum optics as the rotating-wave approximation [85]. If
instead the driving frequency is on the same order as the periodic driving hw ~ <V>, we reach the
“strong-driving” regime in which many blocks of the Floquet matrix have to be taken into account
[86]. One way to know how many blocks or harmonics are enough to completely reconstruct the
state is to consider the completeness of the Floquet modes. Since unitary evolutions are always
being considered, the norm of the state must be preserved (Eq. 3.15), and therefore, the sum of
the square modulus of the superposition coefficients must be exactly equal to 1, at every instant of
time ¢, > |c,|* = 1. If this sum is greater or less, it means that not enough harmonics are being
considered and therefore they must be increased, or, alternatively, the period of the driving must

be decreases to be closer to the high-frequency regime.

Having explained the technique and numerical method to be used, the implementation of Floquet’s
theorem and the extended Hilbert space for the case of a single particle in a two-site lattice is shown
below, in addition to the exact analytical calculation that can be developed. This comparison
between the numerical technique and the exact solution demonstrates the validity of the method

for its subsequent use in the complete system described in Chapter 2.

3.3 Implementation of the Floquet’s Theorem

To show the comparison between the numerical implementation of Floquet’s theorem and the exact
calculation provided for a single-particle system, let us start with the analytical solution which

involves a typical diagonalization with Fourier transforms.

3.3.1 Exact Solution

To solve the single-particle system described in chapter 2, we start with the Hamiltonian given in
Eq. (2.20), which is:

ﬁ(t) =—J Z <ZT)ZT,UZT)¢+1,U + lA)ZTH’UZA)i,U> — i Z N + Do cos?(wt) Z TN - (3.19)
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As mentioned, this Hamiltonian describes a single spin-1 particle in a one-dimensional optical
lattice under the influence of a periodic driving, let’s consider the linear Zeeman field, but one can
equally apply a quadratic Zeeman field. The analytical solution for this system is obtained through

a Fourier transform of the Hamiltonian, which allows it to be expressed in momentum space,

¢TIk, (3.20)

L L
=1

) 1 e 1
bj,o’ = ﬁ Ze ijck,cr; Cho = ﬁ

k=1 j

then, the Hamiltonian in momentum space takes the form:

R 2
H(t) = —QJZ cos (%k) Ngo — 4 Z ko + Do cos?(wt) Z Mk ors (3.21)
k,o‘ ]g,o' k,o’

which is diagonal in momentum space. Note that the temporal dependency of the Hamiltonian in
Eq. (2.20) was introduced as an amplitude of a specific operator, in this case S2. This indicates
that the commutation relations between the operators that make up the Hamiltonian do not change

over time, ensuring that the Hamiltonian commutes at different times, i.e., [H(t;), H(t3)] = 0.

Consequently, the time evolution operator can be calculated in the usual form:
. i [t
Ut) = exp{—ﬁ/ H(t')dt'}, (3.22)
0

therefore, integrating the Hamiltonian, we obtain

b 2 sin(2wt) + 2wt
H(t))dt = —2J —k | — the s + D Nk s 3.23
/0 (" ; ( cos ( 7 ) u) Mo + Do ™" kz(;ank7 ( )

and finally, the time-evolution operator is given by

Ut) = exp{% > (enrt —g(t)o) nk} (3.24)

k,o

where we define €, ;, = 2.J cos (k) + p and g(t) = Do—sm(%ﬁ”m

the eigenbasis of the number operator {|ni,n_1,ng)}, which tells us the number of particles with a

. Now, the choice of basis is clearly

momentum k (site i) in a specific magnetic projection o, namely,
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Position space ‘ Momentum space

(3.25)
- Ny, moy, e )iy, oy, Mo iy s | [P e, Mo kM M, o) Reger -

Then, since we want to describe a single spin-1 particle in the entire lattice, the only possible states
are of the type {|1,0,0);|@)---,|0,1,0)1|@)---,[0,0,1)1]|@)---,|@)|1,0,0)2|@) --- ,--- }, i.e., one
particle in the magnetic projection 1, —1, or 0 with a momentum (site) 1 and vacuum in the other
sites, or one particle in the magnetic projection 1, —1, or 0 with a momentum (site) 2 and vacuum
in the other sites, and so on. Note that the time evolution operator of Eq. (3.24) evolves any initial
state for any number of sites. However, determining the evolved state for any number of initial
states and calculating all observables for those different initial states becomes impractical, thus the
implementation of a numerical technique (Floquet) to speed up this process becomes more striking.
Therefore, for comparison, let us consider only two sites L = 2. The matrix representation for the

two-site time evolution operator is given by

(k) |2) [1,0,0)|@) 0,1,0)|@) 10,0,1)[@) [2)|1,0,0) [2)]0,1,0) [2)[0,0,1)
(2] 1 0 0 0 0 0 0
(@](1,0,0] | 0  enle2t=9() 0 0 0 0 0
_ (e)(0,1,0] | © 0 en(crat+g(t) 0 0 0 0
~ (2)(0,0,1] | © 0 0 ererat 0 0 0
(1,0,0/(z|| 0 0 0 0 ek (e2at—g(t)) 0 0
(0,1,0/(z|| 0 0 0 0 0 o b(eat+g(®) 0
0,0,1(2]| | 0 0 0 0 0 0 a2t

where the matrix representation is given in the momentum basis (k). We can see that the vacuum
state |@) has been included in the basis, due to the importance of the vacuum state in this type of
lattice systems, where jumps between sites only occur if there is a vacuum in the consecutive sites.
Without the vacuum state, the description of the system in Hilbert space would be incomplete,
meaning that some physically possible configurations of the system would be inaccessible in the
mathematical formulation. Furthermore, the vacuum state plays a crucial role in modeling phase
transitions, such as the Superfluid-Mott Insulator transition in the spinless model [87]. Thus, only
the initial conditions |1(0)) are needed to calculate the state at any time |1p(t)) = U(£)[4(0)).
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3.3.2 Numerical Implementation

For the numerical implementation of Floquet’s Theorem and the extended Hilbert space approach

in our model, the following steps are followed (for further details see appendix C):

1.

Set the initial parameters: For both of our considered systems defined by the Eqgs. (2.20)
and (2.24), we set the number of sites L, the hopping rate J, the chemical potential u, the
interaction strengths U, and Uy (which vanish for the one particle system), the Linear Zeeman
Strength Dy (or quadratic Zeeman strength @)y), the driving frequency w, which is set to
w > Dq (his fixed to 1) for the high-frequency regime or w ~ Dy for the strong-driving
regime, and the number of harmonics m, which are determined depending on the regime used,

and is equivalent to 2m + 1 blocks of the Floquet matrix.

Generate the local and non-local matrix of the Hamiltonian: With the parameters
defined previously, we generate the local matrix of each operator of the Hamiltonian in the
position basis, i.e., the matrix of each operator of only one site (two sites in the case of
the hopping term): the hopping term, the chemical potential 7n,,, the charge scattering
nio(Nie — 1), the spin scattering IAWZ?, and the linear Zeeman field on; , (or quadratic Zeeman
field 027%7(,). Then, we generate the non-local matrices from the local ones using Kronecker

products, i.e., we generate the matrices for L sites.

Generate the Floquet Matrix: Once the Hamiltonian matrix for L sites is defined, we
generate the Floquet matrix from Eq. (3.13), calculating each Fourier coefficient of the
Hamiltonian as specified by Eq. (3.11), integrating with the Trapezoidal Quadrature, given
by the C++ Boost-Math library and only up to the number of harmonics m specified.

Diagonalization and reconstruction of the state: Given the previously calculated
Floquet matrix, we proceed to diagonalize it with the help of the LAPACK library, thereby
finding the quasienergies and the determined Floquet modes to reconstruct the state given by
Eq. (3.15), taking into account the previous calculation of the coefficients ¢, defining the
initial state [1(0)).

Measurement of observables: Once the state |1)(¢)) has been reconstructed for any time
t, we measure the observables described in chapter 2, the number of atoms per lattice site in
each spin component (7, ,), the magnetic density (5?), the quadrupolar density (Q?), and

the total transverse magnetization, |(}A7’f) |2, analyzing their behavior over time.
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3.3.3 Comparison between Analytical and Numerical Solutions

To compare the numerical technique with the exact analytical solution, we established the two-site
single-particle model. The analytically evolved state is obtained by applying the time evolution
operator given by Eq. (3.24), and the numerically evolved state is obtained by following the steps
described above. Note that the matrix of the two-site system is expressed as follows:

0 0 0 0 0 0 0

0 —pu+ Dgcos®wt 0 0 —2J 0 0

0 0 —p—Dgcos?wt 0 0 —2J 0

0 0 0 — 0 0 —2J |. (3.26)
0 —2J 0 0  —p+ Dgcos? wt 0 0

0 0 —2J 0 0 —u—Dycos?wt 0

0 0 0 —2.J 0 0 —1

To simplify both analytical and numerical calculations, we set the following values for the system
parameters, taking into account that the hopping rate is our energy unit: J =y = Dy = 1 and
w = 2m/T with T'= 0.01 s. This places us in the high-frequency regime, where only one harmonic
m = 1 is sufficient to consider. Once the parameters are established, we choose an arbitrary initial
state; in this case, [1(0)) = [1,0,0)|@), i.e., the initial state is given by a particle with magnetic
projection 1 at site 1 = 1.

It must be noted that the numerical method is given in the position basis, while the analytical
solution is in the momentum basis. To ensure that the same initial state is evolving, it must be
written |1(0)) in the momentum basis using Eq. (3.20),

)Vlo) +

[4(0)) = [1,0,0)"|2) = )11,0,0), (3.27)

1‘®
V2

where the superscript i (k) indicates the state in the position (momentum) basis. Therefore,

1
——11,0,0
\/5’

using the time-evolution operator of Eq. (3.24) and noting that with the parameters given above
€12 = —1, €20 = 3, and ¢(¢) results in a global phase, the evolved state in the momentum basis is

given by
o 2it " p2it

——11,0,0 o) +
\/§| )2)

\/5|®>|1,0,0>(“, (3.28)

() =
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or in the position basis using again Eq. (3.20) as
lih(t)) = cos (2t)|1,0,0)|@) + isin (2t)|2)]1,0,0). (3.29)

This allows us to measure the observables mentioned in the previous section over time. For
comparison purposes, a clear behavior of the evolution of the state can be seen if we project it onto
its initial state [1(0)),

(W (0) [ (£))[* = cos(2t), (3.30)

which can also be seen numerically in Fig 3.3.

12 - Analytical
Numeric  *

(0] (1))

Figure 3.3: Probability that the evolved state [¢(¢)) returns to its initial state [1/(0)) = |1,0,0)®|&),
calculated exactly Eq. (3.30) and numerically through Floquet’s theory, for L =2, J = pu= Dy =1
and T = 0.01 s.

Then, we can see that the numerical implementation matches perfectly with the exact analytical
solution, showing in both cases a clear transition between the states |1,0,0)|@) — |@)|1,0,0), i.e.,
a jump of a particle from site 1 to site 2, then from site 2 to site 1 again, and so on in time, always

preserving the same initial magnetic projection (i.e., c=1) due to the absence of interactions.

We can also compare the behavior of the observables described in Chapter 2. However, due to the
lack of interactions and the polarized initial state, it can be easily shown that the quadrupolar

density, magnetic density, and transverse magnetization remain constant over time: (Q¢); = \/Lg,

(S7) =1, |(57),]> = 0, as corroborated by Fig 3.4.
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Figure 3.4: The expected value in time for the quadrupolar density Q?, the magnetic density S'f
and the transverse magnetization S¥ given the initial state [1/(0)) = |1,0,0)®|2).

Note that for this specific initial state, the contribution of the Zeeman field results in a global
phase, so the imposed driving does not affect the system, and its behavior depends exclusively
on the hopping term and the chemical potential. However, this is due exclusively to the initial
condition, and by exploring different initial states, the effect of the driving and its different regimes
on the system can be better analyzed, both for linear and quadratic Zeeman fields, as discussed in
depth in the following chapter.

Although the above description for the implementation of Floquet’s theorem was given for a
particular physical system with an exact analytical solution, it is easy to modify all parameters to
work with more sites, different initial states, include interactions, among other modifications which
make the system more complex and therefore analytically unsolvable, but numerically plausible
and flexible. Whether for one or two particles, the method requires following the steps provided in
this section. Likewise, if two-dimensional or three-dimensional lattices are considered, it is possible
to apply Floquet’s technique by adjusting the Hamiltonian of the system accordingly, just as with
any other numerical method that works with lattice systems. In Appendix C, we provide a more
in-depth explanation of the implementation of Floquet’s theorem in the C4++ language, mentioning
the libraries used, specifications in the integration method, and other details introduced to make

the calculations more efficient.

With the construction of our numerical Floquet theorem, we proceed to use it to study the dynamics
of one and two spin-1 lattice bosons in the presence of external magnetic fields, focusing mainly
on the behavior of spinorial and quadrupolar dynamics and the effects of driving on this type of

system.
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Chapter 4

DYNAMICAL ANALYSIS

In this chapter, we present the study of the dynamics of one and two spin-1 lattice bosons in
the presence of external periodic magnetic fields, either linear or quadratic Zeeman, within the
superfluid regime, employing the Floquet theory described in chapter 3. This chapter is divided
into two main sections: one focusing on the dynamics of a single particle and the other on the

dynamics of two particles.

First, we analyze a single particle. For this, we establish the parameters and cases to be analyzed,
which are divided into a linear Zeeman field case and a quadratic Zeeman field case. In each
case, we focus on the weak and strong driving regimes, analyzing the behavior of the observables

described in previous chapters with different initial states.

Subsequently, we analyze two particles. We again begin by establishing the chosen parameters.
In this case, only the dynamics with a quadratic field is relevant and the section is divided into
antiferromagnetic and ferromagnetic phases. In each phase, we focus on the regimes appear due to
the presence of the Zeeman field, the interaction regime and the Zeeman regime, analyzing the

behavior of the same observables with a polarized initial state.

4.1 Omne particle

To show the dynamic behavior of our single-particle system, following the steps that we established
in the previous chapter in the numerical implementation, let us first specify the particularities of

the single-particle system:

1. Set the initial parameters: The Hamiltonian for this system is given by Eq. (2.20) and
Eq. (2.22), each differing only by the external magnetic field, while the other parameters of
the system remain the same. Taking this into account, we define the number of sites L, which
is determined by considering how our system grows given a number of sites and defining an L
according to our computational power. This is also related to the number of states in the basis.
Generally, the number of states (Nr) or the size of the Hilbert space in these types of systems

grows exponentially as a function of the states of the local basis (n;) and the number of sites (L),
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i.e., Ny = (n;)f. In this case, the states of the local basis are given by the number of magnetic
projections, {|1,0,0),|0,1,0),]0,0,1)}, and the vacuum state |@). Thus, the growth of our Hilbert
space would be 4. However, since we want to describe a single particle in the entire lattice, the
number of states given by this analysis includes all mathematically possible combinations of states
given a local basis, which are not all physically possible due to our single-particle constraint. To
see this, let’s consider the case with only two sites L = 2, such that the total number of states is
Np = 16. However, the matrix of the system includes only 7 effective states. To see where these

seven states come from, let’s consider the 16 total states:

Site 1 Site 2 All combinations of states
EE 2)e)  [2)L0,0)  [2)0,1,0)  [2)[0,0,1)
11,0,0) [1,0,0) |1,0,0)|@) [1,0,0)|1,0,0) [1,0,0)/0,1,0) |1,0,0)|0,0,1) (4.1)
0,1,0) 1]0,1,0) — |0,1,0)|@) 10,1,0)|1,0,0) |0,1,0)/0,1,0) |0,1,0)|0,0,1)
10,0,1) 10,0,1) |0,0,1)|@) 10,0,1)|1,0,0) |0,0,1)[0,1,0) 10,0,1)|0,0,1)

As we can see, all the mathematically possible states are built from the Kronecker product (see
appendix C). However, only the states in row 1 and column 1 are physically possible, since they
respect the single particle constraint. Hence, for two sites, the effective basis consists of 7 states.
For three sites, the effective basis consists of 10 states. Thus, for L sites, the total number of states
is Ny = 3L + 1. Consequently, for a single particle, the size of our Hilbert space grows linearly,

making the growth of the system not result in any computational problem.

Having taken this into account, it is possible to choose an arbitrary number of sites without any
numerically relevant cost. For this case, we choose L = 30, a common number of sites in these

types of systems.

For the other parameters, we must consider our energy unit, which is the hopping rate, J = 1. We
similarly set the chemical potential to the same order p = 1. For the parameters of the external
field, we establish the couplings Dy = 1 and Q¢ = 1 for the linear and quadratic fields, respectively.
Finally, we establish the study regime, considering that for the weak driving regime, we set the
period to 1000 times smaller than the field coupling, i.e., T' = 1073 Dy, such that w > D, and
only one harmonic is sufficient m = 1. For the strong driving regime, we set the period of equal
order to the coupling, i.e., T' = Dy, such that w ~ Dy and set five harmonics m = 5, ensuring
that for each initial state Y |c,|? =1 is fulfilled.
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2. Generate the local and non-local matrix of the Hamiltonian: We generate the non-local
operators directly, the matrix elements are arranged as specified in Eq. (3.25), in the position
basis. Additionally, we manually include periodic boundary conditions (PBC), allowing transitions

between the local states first and last sites.

3. Generate the Floquet Matrix: We generate the Floquet matrix as specified in Eq. (3.13).
This matrix has a dimension of (3L 4 1)(2m + 1) x (3L + 1)(2m + 1), which again does not pose

any further computational cost.

4. Diagonalization and reconstruction of the state: We diagonalize and fully reconstruct
the state for any time ¢ in time steps of 6t = 0.01 s, specifying the initial evolved state, which was
chosen based on experimentally realizable initial states. These generally encompass polarized states
[46] in a specific magnetic projection, polarized states with slight deviations indicating a certain

uncertainty, quadrupolar states, among others that are specified in each case.

5. Measurement of observables: Finally, we measure the average number of total particles in

each magnetic projection (fi,) , the total magnetic density (S?), the total quadrupole density (Q?)

and the transverse magnetization |(5%)|2.

These considerations leave us with the following suitable parameters for the single-particle system.

Cases:

1. L=30,J=1,u=1,Dy=1,T =103D,, and m = 1 for the weak-driving regime

with linear Zeeman field.

2.L=30,J=1,pu=1,Dyg=1,T = Dy, and m = 5 for the strong-driving regime with

linear Zeeman field.

3. L=30,J=1,0=1,Qy=1,T =10"3Q, and m = 1 for the weak-driving regime

with quadratic Zeeman field.

4. L=30,J =1, u=1,Qy=1,T = Qp, and m = 5 for the strong-driving regime with

quadratic Zeeman field.

This section should be read in conjunction with Appendix D, which further explores various changes

to system parameters that aid in a more comprehensive analysis of the system.
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4.1.1 Linear Zeeman Field

For the linear Zeeman field described by Eq. (2.19), we begin by analyzing the behavior in the

weak-driving regime, 7' = 1073 D,, first case.
Case 1: Weak-Driving Regime with a Linear Zeeman Field.

Fully-Polarized Initial States.

The most typical initial states to analyze are the polarized states corresponding to each of the mag-
netic projections. In this scenario, the only particle in the lattice is in the magnetic projection 1, -1, or
0 at an arbitrary site, with all other sites in the vacuum state, i.e., {|1,0,0);|@) --- ,]0,1,0);|@) - - -,
|0,0,1)1|@) - - - }. Tt is possible for simplicity to use the single-spin magnetic basis notation as shown
in Chapter 2. This approach allows us to analyze the behavior of the observables given the initial

states |1), | — 1), and |0) in the weak-driving regime, as illustrated in Figs. 4.1 and 4.2.
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Figure 4.1: The expected value in time for the number of particles in each magnetic projection n,,
(left), the quadrupolar density Q? together with the magnetic density S’Z(Center) and the transverse
magnetization g”(right) given the initial state [0 = 0) with L =30, J =1, p =1, Dy =1,
T = 103Dy, and m = 1.

As depicted in Figs. 4.1 and 4.2, for all three initial states, the evolution of the observables remains
constant over time. Moreover, the behavior for the initial states with projections |1) and | — 1)
is identical, with the exception that the magnetic density changes sign and the populations are
clearly inverted. Consequently, when this clear symmetry is present, it is sufficient to analyze
only one of the two states. Additionally, it is observed that the external field has no effect on
the system, since in all three cases, the initial state is polarized with a single particle, meaning
there is no interaction that alters the initial magnetic projections. Furthermore, both the magnetic
density and the quadrupolar density retain their expected values given the initial states described
((j:1|,§z| +1) = +1, (0|Q?|0) = —%), as demonstrated in Eq. (2.35). It is also noteworthy that
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Figure 4.2: The expected value in time for the number of particles in each magnetic projection n,,
(left), the quadrupolar density Q? together with the magnetic density 57 (center) and the transverse
magnetization S%(right) given the initial state |0 = 1) (top row) and |0 = —1) (bottom row) with
L=30,J=1,u=1 Dy=1,T =10"3Dy, and m = 1.

for all three initial states, the transverse magnetization vanishes, which is typical of polarized states

that do not exhibit any spin fluctuations in the plane.

Another important quantity worth for analyzing over time is the total contributions from both the
spin and the quadrupole, i.e., verifying whether the competition (S’ 2+ (Q>2 = 4/3, described in Eq.
(2.31) is fulfilled over time. As observed, this relationship is composed of quadratic contributions,
making it sufficient once again to distinguish only between magnetic (|1) and | — 1)) and non-
magnetic states (|0)). This approach explicitly illustrates the contribution of higher-order magnetic

moments.

We can see in Fig. 4.3, the competition between spin and quadrupolar orders over time, given
the magnetic and non-magnetic states as initial states. Note that these contributions remain
constant and fulfill exactly the relationship expected for the SU(3)-Bosonic representation of spin-1,
summarized in Eq. (2.31). This demonstrates that the spin-1 states, even a single particle, exhibit
both spin and quadrupolar order. It is also noteworthy that the magnetic states exhibit both orders,
as (S)2 # 0 and (Q)2 # 0, unlike the non-magnetic state that only presents quadrupolar order
(§)2 =0, (Q)? = 4/3, indicating its nematic nature.
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Figure 4.3: Spin-Quadrupole competition in time for the initial state | & 1)(left) and |0) (right)
with L=30,J=1,u=1,Dy=1,T =10"3Dy, and m = 1.

Partially-Polarized Initial States.

Now, the polarized states may not necessarily remain completely polarized in a specific magnetic
projection. Therefore, it is of interest to also analyze the behavior of initial states that are
superpositions of the three magnetic projections, but with a greater preference for one of them.

These states are of the form:

8 1 1 1 8 1
) =\ D+ sl =1+ ) |¢_>=¢—1_0|1>+\[—0|—1>+¢—1_0|0>,
) = =) + sl 1y 4/ 0 (4.2

In this way, these states indicate that they are malnly polarized in a certain magnetic projection
but with a probability amplitude different from zero of being projected in a different magnetic
projection. In this case, they are 80% polarized in the main magnetic projection and 20% in the
remaining ones. This type of state is of interest because it is closer to real systems where complete

polarization is not always possible. The behavior of the observables is depicted in Fig. 4.4.

As illustrated in Fig. 4.4, the change in the initial states of the system leads to noticeable
variations in the behavior of the observables. Firstly, it becomes evident that the amplitudes of the
corresponding probabilities of the states directly correlate with the average number of particles
in each magnetic projection. Specifically, the contribution of a magnetic projection in a certain
percentage within the superposition is reflected proportionally in the average number of particles.
Since these contributions to the populations remain constant, both the quadrupole density and the

magnetic density do not vary over time. This implies that the behavior of these observables can
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Figure 4.4: The expected value in time for the number of particles in each magnetic projection
ne (left), the quadrupolar density Qd together with the magnetic density Sz (center), and the
transverse magnetization S% (right) given the initial state |1) (top row) and |1+) (bottom row)
with L=30,J=1,u=1,Dy=1,T =103Dy, and m = 1.

be inferred solely from the initial state, rendering them less significant in the dynamical analysis.

Nevertheless, their respective values are presented when they are of relevance.

On the other hand, one of the most significant changes in the dynamics is the behavior of the
transverse magnetization, which exhibits temporal oscillations in both cases. This reveals the
first noticeable effect of the driving field on the system, directly influencing the spin fluctuations
within the plane. Furthermore, it can be demonstrated that the amplitude and frequency of
these oscillations are directly dependent on the probability amplitudes of the initial state and the
magnitude of the coupling-field (see Appendix D). It is also worth noting that, only the states
|1y ) and |1)o) are depicted, as the behavior of ¢, ) and |[¢)_) is identical, with the only difference

being an inversion in their populations ((71) — (n_1)) and a sign change in the magnetic density
(457 |1hs) = = (- [S5*[¢-)).

Continuing with the analysis of the observables and their relations to the partially polarized initial
states, one of the most intriguing outcomes is the behavior of the total spin and quadrupole

contributions, as depicted in Fig. 4.5.
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Figure 4.5: Spin-Quadrupole competition in time for the initial state |¢1) (left) and [¢)o) (right)
with L =30, J=1,u=1,Dy=1,T = 103Dy, and m = 1.

As illustrated in Fig. 4.5, unlike polarized states, the superposition with a certain degree of
polarization does not satisfy the equality in Eq. (2.31) over time. Instead, it satisfies an inequality
where the upper bound is precisely 4/3, i.e., (§)? + (Q)? < 4/3. This can be attributed to the
presence of the linear Zeeman field. As demonstrated in Chapter 2, the linear field preferentially
benefits one magnetic projection over time; energetically speaking, the magnetic states become
completely distinguishable, with only the | — 1) state minimizing the energy. This creates an
imbalance among the states in the system, which is reflected in the spin order. To satisfy the
equality, the spin order would need to oscillate in counter-phase with the quadrupolar order. Since
this does not occur, it indicates a clear breaking of the symmetry between the |1) and | — 1) states,
specifically the time-reversal symmetry [88]. Furthermore, the driving applied in the field maintains
a constant energy advantage for a single magnetic projection because it is a quadratic driving, i.e.,
of the form D(t) = Dy cos?(wt), ensuring that D(t) > 0 at all times. However, if this driving were
linear, i.e., of the form D(t) = Dy cos(wt), then over time, on average, the |1) and | — 1) states
would benefit equally since D(t) would frequently change sign. When D(t) > 0, the | — 1) state
is favored, and when D(t) < 0, the |1) state is favored, leading, on average, to both states (or
neither) benefiting over time, thereby restoring symmetry between the magnetic states on average.
Consequently, their contributions to the spin and quadrupole are balanced, as depicted in Fig. 4.6

and the equality is fulfilled.

This phenomenon can also be understood analytically within the weak-driving regime or the rotating
wave approximation (RWA). The RWA is based on averaging the contributions of the linear driving
to zero and the quadratic driving to 1/2, that is, D(t) = Dgcos*(wt) — Drwa(t) = Dy/2 and
D(t) = Dy cos(wt) — Drwa(t) = 0. Thus, in the case of quadratic driving, this is averaged to a
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Figure 4.6: Spin-Quadrupole competition in time for the initial state [i)4)(left) and |¢)) (right)
with L=30,J=1,u=1,Dy=1,T =10"3Dy, m = 1 and a linear driving as a couple of the
linear Zeeman field D(t) = Dy cos(wt).

constant value, once again breaking the energetic symmetry of the magnetic states. In the case of
linear driving, it is averaged to zero, causing the external field to disappear. Consequently, there is
no lifting of the degeneracy of the magnetic projections in the system, meaning the system does

not energetically favor any particular state, and we simply have a fully spin-1 particle.

Non-Polarized Initial State.
Finally, another possible case study of interest is that of an equiprobable initial state in each

magnetic projection, i.e., a state of the form:

1 1 1
Vo) = —=I1) + —=| = 1) + —=|0), 4.3
) = )+l = 1+ ) (4.3
this type of state does not have any privileged magnetic projection, making it more likely to be
found in a sample that has not experienced any prior polarization process, such as an atom in a

typical bosonic gas. Therefore, its analysis may be of particular interest.

As shown in Fig. 4.7, for a state that is equiprobable across all its magnetic projections, the
transverse magnetization reaches its maximum value, the spin and quadrupole contributions again
satisfy an inequality for the reasons previously discussed, but interestingly the minimum value of its
oscillations falls on the value 10/9, which is precisely the eigenvalue of the cubic Casimir operator
of the group SU(3). Thus the inequality stated above now has not only an upper limit but also a
lower limit 10/9 < (8)2 4 (Q)? < 4/3, such that the oscillation of constant values, fall within this
band, as we can see in Figs. 4.7, 4.5 and in the subsequent ones. Additionally, it can be observed

that in a superposition of this kind, both the magnetic density and the quadrupole density vanish,
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Figure 4.7: The expected value in time for the quadrupolar density Qd together with the magnetic
density S* (left), the transverse magnetization S* (center) and Spin-Quadrupole competition (right)
given the initial state [1,) with L =30, J =1, u=1, Dy=1,T = 1073Dy, and m = 1.

indicating a clear equilibrium in the populations without meaning absence of dynamics in either
sector. On the other hand, it is also useful to analyze the transverse magnetization along the y-axis

to gain a more comprehensive perspective of the spin contributions.
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Figure 4.8: The expected value in time for the transverse magnetization 57 and the transverse
magnetization SY given the initial state |,) with L =30, J =1, u=1, Dy =1, T = 103Dy, and
m = 1.

As depicted in Fig. 4.8, the transverse magnetizations along x and y oscillate in counter-phase.
Moreover, since the populations do not change, the magnetic density remains constant, leading
to a consistent sum of spin contributions, as seen in Fig. 4.7. This again indicates a broken
symmetry between the magnetic states, which in this context can also be understood as isotropy

in the spin fluctuations within the plane. This isotropy, along with the expectation values of the
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operators S and S’y, can be interpreted through the typical effect observed in a spin-1/2 particle
subjected to a linear magnetic field, known as spin precession [89]. Spin precession is a dynamic
phenomenon predominantly studied in spin-1/2 particles, where a spin particle in a linear magnetic
field experiences a kind of “torque” that attempts to align its spin orientation with the direction
of the applied magnetic field. This causes the spin to precess around the axis along which the
field is applied, in this case, the quantization axis z. Consequently, the expectation values of the
spin components oscillate evenly in a plane, resulting in their average contributions remaining

constant.

As we can see, this phenomenon is also applicable to spin-1 particles. The imposed linear field
does not affect the non-magnetic projection (]0)), allowing the magnetic projections (|1) and | — 1))
to exhibit behavior similar to that observed in spin-1/2 particles. This effect occurs as long as
there are contributions from both |1) and | — 1) projections in the initial state, causing the same
precessional effect for each initial state studied and, hence, the imbalance between the spin and the

quadrupole orders.

Thus far, we have only analyzed the dynamics within the weak-driving regime. As demonstrated,
this regime falls within the RWA, meaning the true effect of the driving on the system has not yet
been fully explored.

Case 2: Strong-Driving Regime with a Linear Zeeman Field.

As previously mentioned, studying the strong-driving regime requires considering a sufficient number
of harmonics to achieve a complete reconstruction of the state. However, if this period is extended
excessively, such that w < Dy, the system enters a “low-frequency regime”, where, regardless of
the number of harmonics considered, it becomes impossible to fully reconstruct the state using
the extended Hilbert space method. Therefore, in the strong-driving regime, a period of the same
order as the field coupling, T'= Dy = 1, w = 27, is chosen. In this context, at least five harmonics
m = 5, or equivalently 11 (2m + 1) blocks of the Floquet matrix, must be taken into account to

ensure a reliable dynamic evolution.

To observe the real impact of driving on the system, we focus on the equiprobable magnetic
projection superposition state [1,) Eq. (4.3). Under the weak-driving regime, we observed that
the transverse magnetization and the quadrupolar contributions oscillate, as shown in Fig. 4.7.
However, as previously noted, these oscillations are a consequence of the typical dynamic evolution

of the system within the framework of the RWA and are not directly caused by the driving.
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Figure 4.9: The expected value in time for the the transverse magnetization S* (left), Spin-
Quadrupole competition (right) along with quadratic driving D(t) = Dy cos?(wt) given the initial
state |¢,) with L =30, J =1, u=1, Dy =1, T = Dy, and m = 5.

With this in mind, Fig. 4.9 illustrates the genuine effect of driving on the system at frequencies
comparable to the field, in the strong-driving regime, two types of oscillations can be recognized:
one corresponding to the intrinsic dynamics of the system without periodic driving (i.e., within
the RWA framework), referred to as slow dynamics, and another corresponding to the effect of
driving on the system, which involves the slow dynamics, known as fast dynamics or micro-motion
(see Appendix B). The interplay between these two types of oscillations constitutes the overall
dynamics of the system. The large oscillations primarily depend on the driving coupling Dy, while
the small oscillations depend mainly on the driving frequency w. Furthermore, the shape of these
small oscillations corresponds to the driving oscillations: when D(t) reaches a maximum, the fast
dynamics of the system, or the fast oscillations, tend to increase in amplitude, and when D(t)
reaches a minimum, these oscillations tend to decrease in amplitude. Additionally, it is evident
that the spin order and the quadrupolar order continue to satisfy an inequality due to the presence

of a linear field, although this dynamics is now accompanied by the small oscillations.

It is also possible to analyze the case where the system is subjected to linear driving, Dy cos(wt),
which, as illustrated in Fig. 4.6, reestablishes the symmetry completely or even some low-amplitude
oscillations due to the RWA. However, in the strong-driving regime, the true effect of this linear
driving can be observed in Fig. 4.10. The dynamics are once again composed of slow dynamics,
which in this case show a constant value as seen in Fig. 4.6, and fast dynamics, which manifest

as oscillations. Notably, in this strong-driving regime, the equality of Eq. (2.31) is not fully
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reestablished, unlike the case of the RWA with linear driving. This discrepancy arises because the
driving oscillations are not sufficiently rapid, allowing the system to capture the advantages in each

magnetic projection.
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Figure 4.10: The expected value in time for the transverse magnetization Se (left), Spin-Quadrupole
competition (right), along with linear driving D(t) = Dy cos(wt) given the initial state |¢),) with
L=30,J=1,u=1 Dy=1,T = Dy, and m = 5.

The analysis conducted for the previously established frequency may still be considered as cor-
responding to a high-frequency regime. However, as noted earlier, a substantial increase in the
driving period destabilizes the system’s dynamics, such that the fast dynamics dominate over the
slow dynamics, making it impossible to separate them, which is fundamental to Floquet’s theorem.
In this situation, regardless of the number of harmonics considered, the state is not accurately
reconstructed. An example of this scenario is provided in Appendix D, where alternative approaches

for evolving the system in this low-frequency regime are also discussed.

We now observe that, for a periodic linear field, the dynamics exhibited by a spin-1 boson align
with the expected values for a time-independent system or even with those expected for spin-1/2
systems, with periodic variations in these values. However, as demonstrated, the presence of the
linear field disrupts the symmetry between the magnetic states of the system, leading to effects such
as spin precession and consequently preventing equalities such as Eq. (2.31), which are unique to
spin-1 particles, from being fully satisfied. Despite this, it is evident that the impact of a periodic
driving field on such systems primarily involves introducing small oscillations into the system’s
dynamics (in addition to the dynamics induced by the field) in the strong regime, and facilitating

the dynamic description of the system even without direct action in the weak regime.
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4.1.2  Quadratic Zeeman Field

Having analyzed the case of a linear field, we now turn our attention to the dynamics of the system
under a quadratic field, which, as demonstrated in Chapter 2, energetically benefits the magnetic
states equally. In this scenario, we consider both the weak and strong regimes, now with a expanded
understanding of the behavior of each regime. For this analysis, we utilize the Hamiltonian from
Eq. (2.22) with the values L =30, J = u = Qo = 1, and T = 1073Q, for the weak regime, and
L=30,J=p=0Q=1, and T = Q) for the strong regime. Additionally, we analyze the dynamics

coming out with the same initial states as before.
Case 3: Weak-Driving Regime with a Quadratic Zeeman Field.

Fully pollarized initial states do not provide an interesting dynamics as it was already shown in
Figs 4.1 and 4.2 regardless the magnetic field. Hence, let us start with partially polarized initial
states {|14), [1_), [1o)}, where the field plays a significant role in the dynamics. Figs. 4.11 and
4.12 shows, how the relationship (S)% + (Q)? = 4/3 is now fully satisfied, demonstrating that the
initial states proposed, evolve displaying both spin and quadrupole orders, since the time-reversal
symmetry is preserved and causing the spin and quadrupole contributions complement each other
in counter-phase. Additionally, it is noteworthy that in this scenario, the transverse magnetization
components x and y continue to oscillate in counter-phase (or remain equal to 0 in the case of the
state [¢y)). However, these oscillations no longer exhibit the same amplitude, causing the total

spin order to oscillate accordingly.
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Figure 4.12: The expected value in time for the transverse magnetization x and y S“‘, Sy (left),
and Spin-Quadrupole competition (right), given the initial state |¢) with L =30, J =1, pu =1
QO = ]_, T= 10_3Q0, and m = 1.

)

A similar behavior can also be observed in the state with equiprobable magnetic projections, |1, )
Eq. (4.3), as depicted in Fig. 4.13. For this equiprobable initial state, we again observe both spin
order and quadrupole order competing in time while satisfying their 4/3 equality. The transverse
magnetization component x also reaches its maximum amplitude, and spin fluctuations are observed
exclusively along this axis, indicating an anisotropy in the spin fluctuations that favors the spin
order for its oscillations. Furthermore, this suggests that the presence of a quadratic field no longer
exerts a torque on the spin of the particle, thereby preventing spin precession around the z axis.
As a result, the particle deviates from the typical spin-1/2 behavior and instead exhibits the orders

expected for a spin-1 particle.
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Figure 4.13: The expected value in time for the transverse magnetization x and y S (left),
and Spin-Quadrupole competition (right), given the initial state |¢,) with L =30, J =1, p =1,
Qo=1,T=103Q, and m = 1.
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Note also that, given the initial states presented above, their respective quadrupole and magnetic
densities were not depicted. This omission is due to the fact that, as mentioned earlier, the
populations of these states remain invariant over time, meaning the observables do not change.

Consequently, the values depicted in Figs. 4.4 and 4.7 for a quadratic field are maintained.

It is also possible to analyze the scenario where a linear driving field (Qg coswt), rather than a
quadratic one (Q cos? wt), is coupled to the quadratic Zeeman field (S #)2. However, as demonstrated
with the linear field, in the weak-driving regime, the field averages to zero under the RWA. Therefore,

this scenario exhibits the same behavior as previously studied in Fig. 4.6.

Thus, we observe that for the quadratic Zeeman field in the weak-driving regime, the dynamic
behavior is similar to that seen with the linear field. However, the key difference is that the quadratic
field preserves the symmetry between the states |1) and | — 1) and does not induce spin precession.
This results in a clear competition between the spin and quadrupolar order. Nevertheless, the true
effect of periodic driving is revealed when analyzing the strong-driving regime, where, as seen in

the linear field case, a fast dynamics behavior is anticipated.
Case 4: Strong-Driving Regime with a Quadratic Zeeman Field.

Taking into account the behavior observed in the strong-driving regime for the linear field, we now
focus exclusively on analyzing the equiprobable state [¢,), to confirm the separation between fast
and slow dynamics in the context of a quadratic Zeeman field. Consequently, the evolution of the

other initial states can be inferred from this analysis.
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Figure 4.14: The expected value in time for the transverse magnetization S (left), Spin-Quadrupole
competition (right), along with quadratic driving Q(t) = Qq cos*(wt) given the initial state |¢,)
with L=30,J=1, u=1,Qy=1,T = @y, and m = 5.
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Fig. 4.14 shows the expected behavior of both the transverse magnetization (left panel) and the
spin-quadrupole competition (left panel) is depicted for the strong-driving regime. The dynamics
consist of a slow component and a fast component, similar to the linear case, but with micro-motion

that encapsulates the slow dynamics.

Interestingly, in this strong-driving regime with a quadratic field, if we consider a linear driving
Q(t) = Qo cos(wt), the spin contributions also oscillate, periodically satisfying both the spin and

quadrupole order equality.
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Figure 4.15: The expected value in time for the the transverse magnetization S (left), Spin-
Quadrupole competition (right), along with linear driving Q(t) = Qy cos(wt) given the initial state
|y) with L =30, J =1, u=1,Qo=1,T = Qo, and m = 5.

In Fig. 4.15, the difference between the effects of a quadratic Zeeman field (5’2)2 and a linear one
(5’ #) is explicitly illustrated. While the linear field disrupts the internal symmetries of the magnetic
states in the system, leading to spin precession and constant spin contributions, the quadratic field
preserves the symmetry between the magnetic states, thereby preventing phenomena such as spin
precession. As a result, the spin order oscillates and maintains competition with the quadrupolar

order, regardless of whether the driving is linear or quadratic.

Thus, the dynamic analysis of a spin-1 particle through Floquet theory enables the exploration
of various scenarios in its dynamic evolution. By coupling the driving to an external field, its
effects can be clearly observed, either in a constant manner (weak regime) or periodically (strong
regime). Although many more parameters and states can be varied, it is evident that the nature of
the field —linear or quadratic— significantly influences the evolution of a spin-1 state, with the

quadratic field being preferable for preserving the symmetries of the magnetic projections. For a
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more detailed analysis, additional findings are presented in Appendix D.

Having studied the dynamics of a single spin-1 boson, it becomes captivating to consider the
scenario where an additional particle is included. This introduces not only the effects previously
observed but also the interactions between particles, providing insights that more closely resemble

the behavior of a real system.

4.2 Two particles

To demonstrate the dynamic behavior of our two-particle system, it is essential to primarily
consider the interactions that emerge, as well as establish the parameters and conditions of the
system. In doing so, we adhere the steps outlined in the previous chapter concerning the numerical

implementation, while specifying the particularities unique to the two-particle system.

1. Set the initial parameters: The two-particle system, the Hamiltonian that models this
scenario is given by Eq. (2.24), which includes the interaction between particles through their spin
projections and accounts for phenomena such as spin mixing. With this in mind, we define the
number of sites to be analyzed. The choice of the number of sites is numerically crucial due to the
exponential growth of the system’s state space. In this case, we aim to describe all possible states
that can involve up to two particles across the entire optical lattice, resulting in a local basis with
10 states, as follows:
1) |@), 2)[1,0,0), 3)1(0,1,0), 4)]0,0,1),

5) |1,1,0), 6)[1,0,1), 7)[0,1,1), (4.4)

8) [2,0,0), 9)[0,2,0), 10) |0,0,2),

where, the notation |nj,n_1,ng) indicates the number of particles n, in each magnetic projec-

tion.

Now, as we can see, the number of states in the system grows as Ny = 10”, but, as explained in the
case of a single particle, not all states are physically relevant, potentially allowing for a reduction
in this exponential growth. However, in the case of a two-particle system, the construction of a
effective basis is not as straightforward as in the single-particle case. Therefore, the selection and
treatment of only effective states become impractical. Consequently, it is more straightforward
to use all possible states as given by the Kronecker product and to ensure accurate evolution by

simply initializing states that are physically realizable. Nevertheless, despite being more practical
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manually, this approach becomes significantly more computationally demanding. For instance, if
we were to use the same number of sites as in the single-particle case (L = 30), our code would
need to handle a matrix with at least 10°° complex entries, which exceeds the capabilities of any
conventional computer. Therefore, in this case, the number of sites to be worked on and analyzed
is set to the minimum possible, that is, L = 2, with additional explorations and studies involving

an extra site provided in Appendix D.

Regarding the other parameters of the Hamiltonian, we must consider the two phases present in
the system: the ferromagnetic phase and the antiferromagnetic phase, as explained in Chapter
2. For the antiferromagnetic phase, it was shown that the interaction forces must follow a given
relation, Us = 0.036U, to establish a scenario similar to that of *Na [46]. However, this relation
holds for a three-dimensional system which was analyzed by means of the mean-field approximation
and the deep lattice Hamiltonian. In our case study, we allow free hopping between neighbors
mediated only by the hopping term, so in order to observe a significant interaction, we must set the
relation between the interaction forces to a higher value than usual, specifically Us = 0.4Uy. On the
other hand, it can be shown that the charge scattering interaction strength U, can be expressed
in terms of the hopping ratio J and the number of neighboring sites z (which is equal to unity
since we consider L = 2), such that Uy = 2zJ. Therefore, the system for the antiferromagnetic
phase is based on our energy unit J, which we then set to J = 0.1, resulting in Uy = 0.2 and
U, = 0.08.

For the ferromagnetic phase, the interaction strengths can also be established in relation to the
hopping term, with the difference being a sign change in the spin scattering term, such that
Uy = —0.005U, exemplifying a scenario similar to that of 8Rb [46]. However, this proportion
between the interaction terms is too low to observe clear dynamics in our system, so it is increased
such that U, = —0.1U,. Thus, for the ferromagnetic phase, we again define J = 0.1, resulting in
Uy = 0.2 and Uy = —0.02.

Once the interaction parameters are defined, our objective is to study the system under the
influence of a quadratic Zeeman field. This field is initially imposed as periodic; however, as shown
in the single-particle case, the periodicity primarily affects the system’s typical evolution through
micro-motions. Therefore, we analyze the field just in a constant manner by coupling a quadratic
driving in the weak-driving regime, i.e., Q(t) = Qg cos?(wt), with T' = 1073Qg, which is equivalent
to a field coupling of the form Qg /2. Given this, a single harmonic is sufficient for a reliable study.

Finally, we set the last parameter of the system, the chemical potential, to a value that allows us
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to clearly observe the dynamics, p = 1.

2. Generate the local and non-local matrix of the Hamiltonian: The Hamiltonian is built
using the Kronecker product (see Appendix C). Since the system under consideration consists of
only two sites, this process is applied to all terms except for the hopping term which, being a matrix
that directly involves two sites, is manually incorporated into the code by explicitly calculating the

non-zero matrix elements.

3.Generate the Floquet Matrix: Once we have obtained the Hamiltonian that describes our
complete system of two sites, we generate the Floquet matrix as specified in Eq. (3.13) with one
harmonic. This matrix has a dimension of 300 x 300, representing a computational cost similar to

that of the single-particle case.

4. Diagonalization and state reconstruction: We diagonalize the Floquet matrix as outlined
in the numerical implementation and completely reconstruct the state for any time ¢ in time steps
of 6t = 0.1 s, clearly specifying the initial evolved state in each case. The initial states are chosen
based on experimentally realizable scenarios. In this case, we focus on states that satisfy the
balanced mixture condition to ensure that the contribution of neither linear Zeeman nor linear
driving have to be taken into account. Then, we consider a two-particle polarized state with both
in a 0 magnetic projection, |0, 0,2), such that spin-changing and spin-preserving collisions can be
observed.

5. Measurement of observables: Finally, we measure the relevant observables, including the
average number of total particles in each magnetic projection, (n,), the total magnetic density,
(S’Z), the total quadrupole density, (Qd>, and the transverse magnetization, \(F )|?, where these
last three operators have been previously divided by a factor 2 since there are two particles and we

want to follow their response per particle
These considerations yield the following suitable parameters for the two-particle system:

e L =2 J=01 =1 Uy = 0.2 U, = 0.08, T = 1073Q, and m = 1 for the

antiferromagnetic phase.

e L =2 J=01,pu=1 Uy =0.2 U; = —0.02, T = 1073Qy, and m = 1 for the
ferromagnetic phase.

This section should be read in conjunction with Appendix D, which further explores scenarios

involving an increased number of sites that contribute to a deep analysis of the system.
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4.2.1  Antiferromagnetic Phase U, > 0

The antiferromagnetic phase occurs when Us > 0 and is characterized by favoring the anti-alignment
of the spins, prioritizing configurations where there is no net magnetization or it reaches its minimum
value |(F)| = 0.

Evolution without a Magnetic Field.

As demonstrated in the single-particle system, the weak-driving regime is equivalent to the RWA.
Under this approximation, a linear driving causes the coupled term to vanish. Therefore, to
understand how a quadratic Zeeman field influences our two-particle system, we first couple a linear
driving, Q(t) = Qo cos(wt) — Qrwa () = 0, so that the dynamics are primarily controlled by the

interaction terms. We consider the case of two polarized particles in the 0 magnetic projection.

5 T T 1 T T 1 T T
Gz [y |2
| T — | oosh KE)* — .
0.5 QY ——
1.5 E
| = o 0.6 - —
St o 4 Z
N" —_— 205 1 il
0.5 - 4 02 L il
-1
L L 1 L | 0 | | | | 1
0 100 200 300 400 500 600 0 100 200 300 400 500 600 0 100 200 300 400 500 600
t [s] t[s] ts]

Figure 4.16: The expected value in time for the number of particles in each magnetic projection 7,
(left), the quadrupolar density Q? together with the magnetic density S*(center) and the transverse
magnetization F*(right) given the initial state |0,0,2) with L =2, J=0.1, u =1, Uy = 0.2 and
U; = 0.08.

As shown in Fig. 4.16, the dynamical evolution of the two-particle system is characterized by a
continuous exchange of populations between the 0, 1, and —1 magnetic projections. This behavior
explicitly illustrates spin-changing collisions, or spin mixing, which occurs between the states |0, 0, 2)
and |1, 1,0), describing the transition from the annihilation of two particles in the 0 magnetic
projection to the creation of two particles in the 1 and —1 magnetic projections. It is important
to note that due to this exchange in populations, the quadrupole density also plays a role in the
dynamics. On the other hand, since we have a balanced mixture condition, both the magnetic
density and the transverse magnetization remain constant at zero, rendering them less relevant in

the dynamic analysis.
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On the other hand, we can observe that the change in populations manifests as modulated
oscillations, where at certain moments these oscillations appear to cease, only for the amplitude to
grow again and re-activate the dynamics. These points are referred to as collapses and revivals in
the context of quantum optics, and are extensively studied in systems such as the Jaynes-Cummings
model [90]. This phenomenon can be understood as follows: Initially, the quantum system may
be in a coherent or superposition state, with all contributions in the superposition being in phase,
thereby combining constructively. However, due to the internal dynamics of the system, in this
case, interactions, this coherence can decrease as the different components of the superposition
begin to interfere destructively with each other. This process leads to an apparent loss of coherence,
resulting in a “collapse”, where the system’s dynamics seem to disappear. However, after a period
of collapse, the terms in the quantum superposition can re-synchronize due to the system’s inherent
periodicity. As a result, the coherence of the system can be partially or fully restored, leading to a
“revival” of the dynamics. Therefore, we show that this phenomenon can also occur in dynamical

spin-1 systems [46].

It is worth examining the competition between quadrupolar order and spin order, particularly since
we have spin-1 particles, together with nonlocal spin-1 states. Fig. 4.17 shows the competition
between quadrupolar and spin order, now significantly more complex than in the single-particle
case, presenting oscillations that deviate considerably from those previously observed, making the
analysis more challenging, with three frequencies: the two presented in the single particle case plus
a periodic envelope. In the latter is noteworthy that at ¢ = 0, and at regular intervals, the expected
relation is fulfilled, adding up to the value of 4/3, while deviating from this relation at other times.
This can be understood by considering that the initial state is a completely a spin-1 local state.
Even with two particles, the state is expected to follow the relation perfectly. However, as the
transition |0,0,2) <> [1,1,0) occurs, the resulting states are no longer typical spin-1 states but
rather combinations of such states across various sites, with different contributions. As a result, the
relation given by Eq. (2.31) is no longer strictly followed. Despite this, it is important to note that
the maximum peak still corresponds to the eigenvalue of the SU(3) quadratic Casimir operator,
conditioning the system to this symmetry group and maintaining the inequality (S)? 4+ (Q)? < 2,
but only with the upper bound.

Having seen the dynamic evolution of the system in the absence of the quadratic Zeeman field, let

us now see how its presence can affect it for different amplitudes of the coupling.
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Figure 4.17: The expected value in time for the Spin-Quadrupole competition given the initial
state 0,0,2) with L =2, J=0.1, u =1, Uy = 0.2 and Uy = 0.08.

Effects of Quadratic Zeeman Magnetic Field.

To examine the effects of the quadratic Zeeman field on the system, we consider a quadratic
driving as coupling, such that in the RWA, this can be interpreted as a constant coupling, Q(t) =
Qo cos®(wt) — Qrwa(t) = % = Q- In this context, we must first recognize that depending on the
strength of this coupling relative to the interaction strength, two distinct regimes are identified:

the interaction regime, where @, < 2Us, and the Zeeman regime, where Qj > 2U, [91].

In Fig. 4.18, we can distinguish between the interaction and Zeeman regimes. In the interaction
regime, they dominate, leading to longer spin mixing cycles, fewer collapse-revival events, and a
more gradual transition between the two states of the system with fewer modulations. Conversely,
in the Zeeman regime, the Zeeman field dominates the system, limiting interactions and resulting
in higher frequency oscillations with lower amplitudes. If the field is significantly stronger than
the interaction strength, the system ceases to interact and maintains the same initial state over
time. This behavior in the Zeeman regime is also recognized in the context of quantum optics as

off-resonant Rabi oscillations [91].

An interesting case arises when the amplitude of the field is precisely at the threshold between both
regimes, Q) = 2U,. In this situation, the system exhibits a phenomenon known as “spin-mixing
resonance” [91], where the effects of the external magnetic field and the interaction are perfectly in
phase. This results in oscillations with maximum amplitudes and very high frequencies that do
not decay over time, as illustrated in Fig. 4.19. In this specific simulation, the resonance was not
obtained exactly at the value Qf = 2U,, but rather at Q) ~ 1.61U,. This deviation occurs because

the initial coupling is not constant; instead, it is a quadratic driving that, due to the weak-driving
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regime (RWA), we approximate as constant. Consequently, this approximation influences the
precise numerical value of the resonance. However, the resonant behavior of the system between

the interaction and the external magnetic field is clearly in agreement.
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Figure 4.18: Spin mixing dynamics, for different values of the quadratic Zeeman coupling in the
interaction regime (top row) and the Zeeman regime (bottom row) with L =2, J = 0.1, p = 1,
Up = 0.2 and Uy = 0.08. All graphs share the same key as subfigure (f).
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Figure 4.19: Spin mixing dynamics for the limit between the interaction regime and the Zeeman
regime. In our system, the spin-mixing resonance is observed at Q( ~ 1.61Us.
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This resonance phenomenon can be understood by drawing an analogy to a classical system of
a forced pendulum: when the forcing frequency equals the natural frequency of the pendulum,
maximum oscillations are achieved. Similarly, when the magnitude of the quadratic Zeeman field
equals the interaction strength present in the system, these interactions are significantly enhanced.
As a result, as shown in the figure, an almost complete transition is observed in the transformation
from the state |0,0,2) to the state |1, 1,0), demonstrating that the interaction within the system

reaches its maximum intensity.

4.2.2  Ferromagnetic Phase U; < 0

The ferromagnetic phase occurs when Us; < 0 and is characterized by favoring the alignment of

~

spins, prioritizing configurations where there is maximum net magnetization [(F')| = 1.
Evolution without Magnetic Field.

The ferromagnetic phase prioritizes magnetization, however if the initial state is not magnetized,
this is also preserved over time, so that the dynamics of the system without a field can be seen in

the following figure given the same initial state polarized at 0.
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Figure 4.20: The expected value in time for the number of particles in ceach magnetic projection 7,
(left), the quadrupolar density Q* together with the magnetic density S*(center) and the transverse
magnetization F*(right) given the initial state |0,0,2) with L =2, J =0.1, u =1, Uy = 0.2 and
U, = —0.02.

In Fig. 4.20, the ferromagnetic phase exhibits oscillations, as the collapses and revivals, but much
smaller. This is because, as mentioned, the ferromagnetic phase prioritizes configurations with
aligned spins, and given our initial state, only transformations between non-aligned states occur,

which affects the dynamics.
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Effects of Magnetic Field.

The ferromagnetic phase is influenced by a quadratic Zeeman field, with the dynamics separating
into the same two regimes: the interaction regime and the Zeeman regime, with the boundary

between them marked by the spin-mixing resonance.
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Figure 4.21: Spin mixing dynamics, for different values of the quadratic Zeeman coupling in the
interaction regime (left), spin-mixing resonance (center) and the Zeeman regime (right)

Fig. 4.21 displays the fact that, the ferromagnetic phase under a quadratic Zeeman field exhibits
three regimes as well: interaction regime, a Zeeman regime, and a intermediate one where spin-
mixing resonance occurs. Note that the value at which spin-mixing resonance is observed differs
significantly from the one predicted analytically, @ = |2Us|, due to the reasons previously
discussed. Additionally, the required field strength for resonance is larger, indicating that the
system’s preference for aligned spins necessitates a stronger field to achieve resonance with the

interaction, especially since the initial state transitions between states with non-aligned spins.

In summary, when analyzing the evolution of systems starting from states such as [11), |1,), or
|0,0,2) under a linear or quadratic field, as illustrated in Figs. 4.5, 4.7, 4.13, and 4.17, it becomes
evident that the oscillations or stable values of the spin and quadrupole orders consistently fall
within two specific limits: an upper limit and a lower limit. Notably, when the oscillations are
maximal, as in the case of the state [/, ), these limits correspond to the eigenvalues of the quadratic
and cubic Casimir operators, respectively. Thus, it appears that for any local spin-1 state within a
linear or quadratic field, the competition between quadrupolar and spin order can be dynamically

encapsulated by the following inequality:
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10 A A 4
5 S8+ (@7 <3, (4.5)

thereby demonstrating a clear relationship between the dynamic evolution of a system and the

Casimir operators associated with its underlying symmetry group.

Furthermore, it was shown that the real effect of a driving term together with besides an external
magnetic field preserves the typical evolution of the system under that same field, but also adds
small oscillations or micro-motion, making the interplay between these two types of oscillations

constitute the true global dynamics of the system.

Finally, as demonstrated by the effects of the quadratic field in the two-particle system (Figs.
4.18 and 4.21), it was shown that not only can the action of an external magnetic field alter the
properties of the system, but also the intensity, frequency, and manner in which it is applied can
give rise to new phases, such as the interaction and Zeeman regimes, or phenomena like spin-mixing

resonance. This underscores the essential role of magnetic fields in the study of spin-1 systems.
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Chapter 5

CONCLUSIONS AND PERSPECTIVES

We have developed and implemented the extended Hilbert space method based on Floquet theory to
investigate the time-evolution of quantum systems, applying it to simulate the spin-1 Bose-Hubbard
model for both one-particle and two-particle cases in the superfluid regime. This approach has
allowed us to characterize the different phases and regimes that emerge in these systems when
external periodic magnetic fields are applied. Thus, to conclude this work, we provide a final
summary of the essential information and significant results obtained throughout this extensive
study. In addition, we present a list of perspectives for possible improvements to the method or
study different approaches, as well as a deeper exploration of the model, which still contains much

unexplored physics.

5.1 Conclusions

In summary, this work has demonstrated the feasibility of using Floquet theory and the extended
Hilbert space method to study the dynamics of spin-1 lattice bosons in the presence of external
periodic magnetic fields, employing the spin-1 Bose-Hubbard Hamiltonian as the foundational model.
Moreover, we have successfully characterized the various phases present in both the single-particle
and two-particle systems, revealing rich and significant physics within the field of spin-1 systems,

exploring vastly their spin and quadrupolar behavior.

In Chapter 2, we presented a comprehensive modeling of spin-1 systems, specifically focusing on a
system composed of spin-1 bosonic particles confined in a one-dimensional optical lattice. We began
with the spinless Bose-Hubbard model, incorporated the spin-1 degree of freedom, and included
both linear and quadratic Zeeman fields subject to a periodic driving that placed our system in a
dynamical framework, specifically for one and two particles across the lattice, inevitably leading
to the superfluid regime. Subsequently, we introduced the SU(3) bosonic representation as a new
group for studying such systems, alongside the relevant bases, states, and observables needed to

more fully characterize our system.

To effectively study this system, we employed a numerical technique based on Floquet theory
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(Chapter 3). We first outlined Floquet’s theorem, its implications, and its analogies with Bloch’s
theorem. The method utilized in our analysis was the extended Hilbert space method, which takes
advantage of the periodic nature of our system to transfer the problem into Fourier harmonic space,
where the evolution of the state could be more readily determined. We validated this method
by analytically solving our one-particle system at two sites and comparing it with our numerical

implementation, demonstrating a perfect match with no discernible errors.

From the dynamical analysis conducted in Chapter 4, three main conclusions can be drawn. First,
through the analysis of spin and quadrupolar operators across various states and fields, we concluded
that even in the absence of quadrupolar interaction terms in the Hamiltonian, or any interaction
at all, spin-1 states inherently exhibit both spin and quadrupolar order. This was explicitly
corroborated using Eq. (2.31), which revealed the competition between spin and quadrupolar order
based on the expectation values of their observables, converging in their quadratic sum to the value
of the quadratic Casimir operator of SU(3), 4/3. This relationship holds as long as the symmetry
between the magnetic states of the system is preserved; otherwise, dynamically the equality may be
replaced by the inequality 1 < (8)2+(Q)? < 3, where the upper and lower bounds correspond to
the eigenvalues of the quadratic and cubic Casimir operators of the SU(3) group, respectively. This
finding underscores the intrinsic connection between spin-1 systems and the SU(3) symmetry group,
which must be considered in both static and dynamic analyses, even in the absence of quadrupolar

operators in the Hamiltonian or absence of particle-particle interactions.

Second, external magnetic fields, whether linear or quadratic are crucial for inducing different
quantum phases in spin-1 systems. As demonstrated in the single-particle system, linear magnetic
fields break time-invariance symmetry, leading to a preference for one magnetic state and the
emergence of phenomena such as spin precession, making the system behave more like a spin-1/2
system. Conversely, quadratic fields preserved this symmetry, ensuring equal preference for magnetic
states and causing the magnetic and quadrupolar orders to oscillate in time, maintaining their
expected competition. This indicates that the influence of these fields can significantly alter the
internal symmetries of the system and, consequently, its characteristics. In the two-particle system,
the quadratic magnetic field is shown to divide the system’s inherent phases (ferromagnetic and
antiferromagnetic) into two crucial regimes: the interaction regime and the Zeeman regime. It
was possible to either enhance or completely suppress internal interactions by adjusting the field
strength, with specific field values marking the point where the field and interactions enter into
phase, leading to the phenomenon of spin-mixing resonance (Q ~ 1.61U; for the antiferromagnetic

phase and Qf, ~ [4.96U,| for the ferromagnetic phase). Thus, magnetic fields in spin systems
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substantially enrich the physics, especially in dynamic systems like in our case. Moreover, the
numerical study and analysis of these types of systems offer a more detailed perspective on the
parameters required for the experimental reproduction of spin-1 systems, enabling an in-depth

exploration of phenomena such as spin-mixing resonance.

Finally, it can be concluded that Floquet theory and specifically the extended Hilbert space
approach provide an exceptionally powerful tool for addressing dynamical systems in a practical and
straightforward manner. The inclusion of a periodic driving term allowed not only the successful
reproduction of system dynamics but also offered diverse insights into how the Hamiltonian term
to which the driving is coupled affects the system. The method’s versatility, whether in examining
the system without the term (weak-driving regime and linear driving), with the term in a constant
manner (weak-driving regime and quadratic driving), or with the term oscillating the system (strong-
driving regime), positions it as a strong technique that can be applied to any quantum system in
a practical way. Despite extending the dimension of the Hilbert space, which can be challenging
depending on the degrees of freedom of the system, the method converges rapidly if compensated
by techniques such as effective bases in the case of single particles or few sites in the case of
two particles, thereby also demonstrating computational efficiency. Moreover, further numerical

enhancements can always be implemented in order to extend the length of the system.

Given these conclusions, it is evident that the extended Hilbert space method, as provided by
Floquet’s theorem, is an incredibly powerful tool for studying any type of dynamical system. It
opens up the possibility of exploring different quantum systems dynamically, including those that
are not typically studied due to their complexity. In this work, we effectively applied it to study
the dynamics of one and two spin-1 bosons loaded into an optical lattice in the presence of external
magnetic fields using the spin-1 Bose-Hubbard Hamiltonian as a foundation. However, as mentioned,
this method can be applied to any quantum system and even combined with other analytical
techniques or approximations. This work also serves as a guide for implementing Floquet’s theorem
in other systems or for continuing research in the field of dynamical spin systems, where much
remains to be discovered, especially for my colleagues in the Theoretical Solid State Physics research

group in our Physics Department, contributing to high-level research at Universidad del Valle.

5.2 Perspectives

Finally, with the numerical construction of the extended Hilbert space method provided by Floquet

theory, we present a list of potential enhancements for this approach and suggest directions for
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investigating the unexplored physics in the spin-1 Bose-Hubbard Model:
For the Floquet Theory Tool:

e Implement and study different types of periodic driving that can be coupled, such as square,
triangular, sawtooth (ramp), pulsed, or rectified signal-type driving, among other periodicities

widely used in experimental contexts.

e Use and implement other numerical approaches based on Floquet’s theory, such as the Trotter

decomposition of the time evolution operator, U (to + T, to).
For the Unexplored Physics in the Spin-1 Bose-Hubbard Model:

e Develop an algorithm to generate effective state bases in the system, which would significantly
reduce computational costs as the number of sites increases, enabling the study of the system

with any number of particles.

e Explore further the properties and implications of Eq. (4.4) concerning the superfluidity of
the system.

e Conduct a study involving three particles, including three-body interactions.

e Perform spectral analysis of the system using the quasienergies provided by Floquet theory
and analyze what type of information can be extracted, for instance, related to the energies

of the non-dynamic system.

e Investigate a two-dimensional or three-dimensional lattice, which could allow for phenomena

such as condensation within the system.

e Analyze the system under approximations such as mean-field theory or deep lattice Hamilto-

nian.

e Study variations of the system by coupling the driving to different terms of the Hamiltonian,

such as the interaction term.
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Appendix A

SPIN 1 CALCULATIONS

With the addition of the spin-1 degree of freedom, new physics emerges. In this appendix, we detail
the on-site interaction potential of the Bose-Hubbard Hamiltonian for spin-1 particles. Initially, we
demonstrate how to convert the interaction potential from projector operators to spin operators,
considering the addition of angular momenta and the spin-1 characteristics. We then proceed
to express the whole Hamiltonian in second quantization and outline the effective potential used
to describe many-particle systems as shown in Eq. (2.14). Then, we describe how to employ
the Schwinger bosons formalism to represent the entire Hamiltonian in terms of creation and
annihilation operators, facilitating the use of a common basis for matrix representation. Finally,
some aspects of SU(3) group is shown, which connects the symmetry group of the system and the

physical observables.

A.1 Interaction Potential

We define the spin operators for a two-particle interacting system as {S’l, ,5'2}, where the subscript
indicates the particle to which the operator corresponds. These operators form a new operator for
the coupled system:

F=8+8,, (A1)

this total spin operator enables us to describe the spin-1 system in terms of a new complete set of

commuting observables (CSCO), the coupled basis is given by the following set of operators:
{8383 F2 =}, (A.2)

where S’f are the squares of the spin operators for each individual particle, F? is the square of the
total spin operator for the coupled system, and F* is its associated magnetic projection on the z-axis.
This set of operators defines the set of eigenstates {|s1, s2, F, M)}, where |s; — so| < F < 51+ 59
and —F < M < F.

The typical uncoupled basis is defined by the set of operators {S’%, 52 8z, S*g}, with its set of
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eigenstates {|s1, $2,01,09) }, where the relationship between these two bases is given by the well-
known Clebsch-Gordan coefficients. Since the total spin F' is conserved in a binary collision, the
interaction Hamiltonian can be divided according to the spin channel F' as:

Arh’ap

Vi = 3 _ grPpo(z — 2'), with gp = —. (A.3)
F

The scattering processes are independent in each channel, and with the bosonic nature of the
particles, the available channels are F' = {0,2}. Therefore, the interaction can now be expressed as

follows:

~

Vine = (90]50 + 92152> o(x —2'), (A.4)
For convenience, we aim to rewrite the effective potential in terms of the spin operators, so using
Eq. (A.1), we write:
~ ~ ~ 0\ 2 ~ ~ ~ ~
j - <51+52> —82428,.5,+ 82
& & Lizy a2 a2
51-52:§(F —51—52>, (A.5)
due to the linear independence, we use the interaction channels as a basis for the space of linear

operators acting on the two particles, yielding the decomposition:
Sl . S'Q = /\OPO + )\QPQ, (AG)

Applying S - S, to the elements of the coupled basis according to the identity in Eq. (A.5), we

obtain:

S, S|, M) = % (F(F+1) = s1(s1 + 1) — sa(s5 + 1)) |F, M), (A7)

since s; = so = 1 implies A\g = —2 and \y = 1. Additionally, the identity operator of the bosonic

Hilbert space can be expanded as I=PFB+D, giving us the following system of equations:
j:p0+p2, 5'1'5'2:—2p0+p27 (A8)
then, solving the system of equations for the projectors, we get:

21 +5,- 5,

POI—'v p2: 3 )

finally allowing us to write the interaction potential as:
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N SN 2 —
Vit = (co + S - SQ) d(x — ') with: ¢y = w and ¢y = g2 — 90 (A.10)

A.2 Second Quantization

First led us to define the new fields operators ‘ifa(x) which includes the spin 1 degree of freedom
=" Wi@)bia, (A.11)

where W;(x) are the wannier function of the lowest Bloch band, which is a strongly localized wave
function in the i-th site of the lattice, and satisfy the common orthogonal relation, a = —1,0,1 are

the spin projections and now this operators satisfies the following commutation relations
|:bja, bj 5] - |:8i,al;j7ﬁ:| = 0, [Bi,al;;ﬁ] = 5a,85ij7

Wl (@), W(@)] = [Fa(@), Bs(@)| =0, |[Fala), Th(@")] = dasdle — ),
In order to derive the model we start from the Hamiltonian for one particle which reads,
P . .
H:_‘i“/lat‘l’v;nt—*—HZa (A12)
2m

in the second quantization formalism with the addition of spin 1 degree of freedom the hopping

term would be

i, - Z / dz Wl (2)(a (—if +V1at(a:)) 18)Ws(x),

- ZZ/de* ) (- + Vialo) ) Wl

,j a,B

— IS (). (A13)

for the Zeeman fields we have

o, = ; / dz Ul (2)(a (DOS’Z + Qo (5)2) 18)Ws(x),
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= Y [ de W@l (Do(alS*13) + Qulal(5°P13)) buatV(a),

i,5,0,0

= Dozzb%a aﬁblﬁ_'_QOZZb AZ aﬂbz'g’
= D()ZO'TM’U—FQOZU ni,(ﬂ

and for the interaction potential defined in Eq. (A.10), we get,

Vit = 3 Z /d:f dz' Wl () W] (), | Vime | B, 0) W s () U (),

owyﬁo

(A.14)

= §j/ﬁxc%ﬂ YU ()W (@) Fa(w) + D] (@) B (0)[S]as - (S0 Ty (@) (2))

aﬁva

= Zbiabiﬁlﬁbzw— > bLabl[5"as[8")obiobis,

/L a /B /[’7a?/87770-7y

= Z B;‘r,a(l;i,agzg — 504/3)81'”3 + % Z { < ) Z b SV Jag[S

i,a,8 i,V

= % i (Mg — 1) +@Z <F2 —2277,“,) :

1,0

where

h*v?
1= [dowite) (<TG Viale) ) W)
2
U = o [ de W) = 2222 [ae )
u::@/wmmwzﬁg%/mwwm%

- (ﬁwzm7ﬁ;y’ﬁwzz) ) Zb SV acr’bzo’

sty

(A.15)

So finally, the Bose-Hubbard Hamiltonian for spin-1 particles, in second quantization and in the

grand canonical ensemble, is given by,

. N Up e . .. Us — & o
H=-7%" (bjﬂ,gbi,g + h.c.) PO i (g — )+ 2 S B (a4 Un) Y it A (A16)

1,0
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A.3 Schwinger Bosons (SB)

Since we are working with spin-1 bosons, we can adopt an SU(3) bosonic representation where
the generators of the Hilbert space are based on creation and annihilation operators. A standard
construction of the SU(3) generators, utilizing these operators, involves defining three independent

pairs of annihilation and creation operators (often referred to as three “flavors”) (IA),;J,, bl ), where i

i,0 |

denotes the lattice sites and o represents the three magnetic projections: {1, —1,0} [65]. Specifically,

ZAJL,|®> — |o); creates a particle with magnetic projection o at site i. The generators I ;’"’/ = l;;r’gbi,a/
form the SU(3) Lie algebra and fulfill the SU(N) commutation relations [92].

[F?’U ,F?’a :| = 5ij (&ﬂar?a - 5004Fg “ ) ' (A17)

The identity and the N? — 1 generators of SU(N) form a basis for the (N + 1) x (N + 1) matrices
acting on the Hilbert space associated with the site ¢. This includes the vacuum state, which
adds a row and a column of zeros to the matrix, a crucial aspect for a complete description of the
system. Therefore, any local operator can be expressed as a linear combination of these generators.
Thus, for a local operator Oi, its representation in terms of Schwinger bosons can be expressed as
follows:

Oi - Z 6;[70—[0]0',0’61',0’7 (A18)

where [OA]J’U/ corresponds to the matrix elements (in the magnetic basis) of the local operator O;.
Consequently, we can express any spin operator in the Schwinger Boson (SB) representation as
functions of the b operators, as detailed below:

5‘@-&- == \/5 (6;{081771 + 83’18170> 5 Sz_ == \/5 (63’_161}0 + 81706171> 5
sz - [A?;r’li)iJ - i);r’_l?)i’,b (Alg)

in such a way that, utilizing the identity F? = %(STST + S+S7) + (57)2, we can reformulate the

total spin operator involved in the interaction in terms of Schwinger Bosons.
2 . A 2 . . A A A
F7 = (ni1—ni—1)" + i1+ 200 + M1 + 2 (R 170 + N oM —1)

42 (B, buobun + Bloblgbusbi 1 ) (A.20)
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And in the same way to the operator Ff = %(S‘j + S’[ ), for its measurement as an observable of

the total transverse magnetization at site 4,

A 1 Ay oA Ay A
e_ L (its it
= <b%0bl,_1 + b gbs1 + . c.) . (A.21)

It is important to remark that the spin operators keep the usual spin commutation relations, as a

consequence of the bosonic commutation relations.

A.4 SU(3) Group

The group SU(3) is an 8-dimensional Lie group consisting of all 3 x 3 unitary matrices with
determinant 1 [93]. Our generators of the SU(3) are given in the cartesian {|z), |y}, |z)} basis
by:

00 0 0 —i 0 —i 0
At=10 0 —i|, A= 0o 0o, =i 0 o],
0 i 0 i 0 0 0 0 0
0 0 0 0 0 —1 0 -1 0
AM=10 0 -1, A°=[0 0 o], A°=|-1 0 of, (A.22)
0 -1 0 ~1 0 0 0 0
1 0 0 1100
ANM=10 =1 0], A*=—10 1 0|,
V3
0 0 0 00 —2

which are related, simply by a change in the order and signs, with the typical generators of SU(3),
the Gell-Mann matrices (A*) [70]. Then, with the change of basis of the Eq. (2.38) in the magnetic
basis {|1),]| —1),|0)} are given by:

! 0 01 1 0 —1 0O 0
AM=—100 1], A>=— |, A*=10 -1 o],
NG V2 '
1 1 0 7 —1 0 0O 0 0
. 00 —i . 0 1 ) 0 —i 0
AM=—100 , AN = 0 —1], A°=— 0 of, A.23
N R /3 AN (4.23)
7 1 0 -1 0 0O 0 0
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010 1100
A7:100,A8:ﬁ010,
00 0 00 —2

the above matrices, being Hermitian and traceless, satisfy the following SU(3) algebra:
[Aa, [\b] =2} foeie, (A.24)

where f® are structure constants having the following numerical values:

F184 258 _ V3
2 )

F123 _ pUT _ f165 _ ¢354 _ 0246 _ g257 _ 1

> (A.25)

f376 -1

A.4.0 The Casimir Operators of SU(3)

The Casimir operator or Casimir element C' is defined as the operator that commutes with every

generator A% of the group [71], namely
[é,[\a} — 0. (A.26)

The importance of this operator lies in the fact that, since it commutes with all the generators of the
group, its form is diagonal regardless of the chosen basis. Additionally, it satisfies a crucial property:
regardless of the representation, it is always a multiple of the identity, making its eigenvalues a

natural way to label the different representations.

One way to understand this is by examining the SU(2) Casimir operator, which is expressed as
a quadratic operator of the generators J2 = J2 + Jf + J2 in a general way. Together with the
magnetic projection on the z-axis Jz, they form the typical magnetic basis used to describe angular
momentum in quantum mechanics [78]. This basis is denoted as |7, m) with the respective eigenvalue
equations J2|j,m) = hj(j + 1)|7,m) and JZ|j,m) = hm|j,m). As we sece, the eigenvalues of the
Casimir operator provide a natural way to label the different representations of SU(2), which in

this case physically represent different spin values of the particles (j = 1/2,1,3/2...). Therefore,
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~ A

the Casimir operator takes the form j2j21/2 = %f, J?j—1 =21 ..., which as we can see is always a
multiple of the identity.

Now, the SU(3) case is quite similar. The Casimir operator is defined in the same way as a quadratic

operator of the generators, namely

8
C=> AN =8"+Q7 (A.27)
a=1
and just as in the case of SU(2), its eigenvalues serve to label the different representations. In fact,
one can prove that given the typical magnetic basis ({92, S *} — |S,0)), its eigenvalue equation is
given by
R N R 4
C15,0) = (8 + Q)|S.0) = 35S+ 115.0). (A.28)

However, in our case, the important representation is the fundamental or three-dimensional
representation (S = 1), which takes the form, C? = %_f .

Typically, it is common to express the generators with a factor of 1/2, i.e., 7o = %A“, such that the

quadratic Casimir operator is expressed in the most common way as

8
C? = 12/\@/\@ ZT“T“— I (A.29)
a=1

thereby connecting the SU(3) quadratic Casimir operator with the expectation values of the total
spin and quadrupole contributions, Eq. (2.31).

Furthermore, it can be shown that in the case of SU(3), there is no unique Casimir operator.
Indeed, for the group SU(N), there are N — 1 Casimir operators, each expressed in quadratic, cubic,
and higher-order forms [94]. Therefore, in the case of SU(3), the cubic Casimir operator is given
by
= da T, (A.30)
ab,c
where dg. are structure constants [93]. Then, in its fundamental representation, the cubic Casimir

operator takes the form

s — %i (A.31)

also connecting it with some results seen in this study (see appendix D and Chapter 4).
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Appendix B

SUPPLEMENTARY MATERIAL ON FLOQUET
THEORY

Since Floquet theory encompasses many analytical and numerical approaches, this appendix provides
supplementary material to delve deeper into the formalism used. First, the most common proof of
Floquet’s theorem is provided, emphasizing the properties of the time evolution operator. Then,
other types of numerical solutions to Floquet’s problem are covered. Finally, the different concepts
and definitions established in Floquet’s formalism are summarized, highlighting its analogies with
Bloch’s theorem.

B.1 Proof of Floquet Theorem

As mentioned in chapter 3 there are several ways to express Floquet’s theorem, for its demonstration
it is easier to state it in such a way that it focuses on the properties of the time evolution operator,

which due to the periodicity of the Hamiltonian satisfies:
U(t+nT,to) = Ut to) [U(to 4T, toﬂ . (B.1)

This proof is a simplified form of the typical proof basing in the time evolution operator, emphasizing

in the more relevant points [77].

Then, in principle, the whole dynamics is captured by the unitary time-evolution operator U (t,to),

which evolve the state in the common way
- et
G(0) = Ot i)l olto)), with D(t,to) = TeXp{—% / H(t’)dt’}, (B.2)
to

where 7 denotes the time-ordering. Now, evidently this time evolution operator satisfy the following

property
Ulta, to) = Ulta, t1)U(t1, to), (B.3)
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with this in mind consider the time-evolution operator from initial time #; to some final time
t+7T

Ut +T,tg) = Ut +T,to+T)U(to + T, 1),
U(t, to)U(t + T, ).

We knowing that any time-evolution operator U (t2,t1) must be unitary (i.e. Uty = 1), therefore

we are able to write the second part of our time-evolution operator as

A

U(to + T, to) = 67%HFT, <B4)

where Hp is called the “Floquet Hamiltonian” and its exponential is the “Floquet Operator”, the
“Floquet Propagator” or the “slow-motion operator”, and as Hp is a hermitian operator (]:I} = HF)

using this, we can rewrite the time-evolution operator of the whole system as

~ PEDN

U(t; tO) = U(t7 to)e%HFX(t—to) 6—%ﬁF><(t_tO)7

U(t,to) = P(t, to)e i Hlrx(t=to),

and now again due the unitarity P(t,t,) must be
P(t,t) = U(t, to)eh Trxi=to) — o=iKr(®), (B.5)

where Kp(t) is called the “stroboscopic kick operator” and its exponential the “fast-motion operator”,

that obeys e iKr(t+T) — o—iKp(t)

This means that the kick operator describes the motion within one period 71" but does change from
one period to the next(it just depends on the global choice of starting time ¢y). This allows us
to directly write down Floquet’s theorem for periodically modulated Hamiltonians, which states
that given a Hamiltonian that satisfies H(t) = H(t 4+ T) then its time-evolution operator is given

by

Ult, to) = ¢~ iKr(t) =i Hrx(i=to) (B.6)
where
e Kr® . Fast-motion operator, e~ #Hrx(t=t) . Slow-motion operator.
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This result is the mathematical way of separating the slow dynamics (governed by H F> from the

fast-motion during one period T' (governed by eikr (t)>, as illustrated in the Figs B.1 and B.2.

U(f, tg)

8—%ﬁpx(t—to) e—ifn{p(t)

H(t)

-
1
1
:

> >
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1
I

Loy to+T to+2T t

Figure B.1: Floquet’s theorem illustrated. The slow dynamics (from one period T to the next) is
captured by Floquet Hamiltonian Hp, whereas the fast “micro-motion” within a period is governed

by the fast motion operator e *47(t),
A
2
o = i
B s\,
A 2 ;
~ 1
=} 1
Vv 1
: ‘ . : : ! : :
fo f0+T fg+2T 4 to E0+T [0+2T {

Figure B.2: The action of a periodic drive (left panel) on the time-evolution of a quantum system.
The slow dynamics of an observable (red line) is captured by the Floquet Hamiltonian Hr whereas
the exact dynamics (black line) is composed of fast dynamics (micro-motion) and slow dynamics.
—iKp(t

The micro-motion is described by the kick operators e ) and vanishes at stroboscopic times

to,to + T etc.

Now, the Floquet operator, being unitary can be in principle diagonalized, it means that a complete
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set of eigenstates exist, let us indicate them by |u, (o)), such that

e HAPX—t0) |y (1)) = e~ hen X0y (1)), (B.7)

X (tfto)

where, these eigenvalues e~ hen are called the “Floquet multipliers”. Remember &, is a real

parameter called quasienergy being unique up to multiples of Aw, w = 2% Taking the multivaluedness

of the energies ¢,, into account, we can also directly get the eigenstates and eigenvalues via

ﬁF|un(t0>> = enlun(to)), (B.8)

where the eigenstates |u,(t)) are called the “Floquet Modes”. Now we expand an arbitrary initial

state [1(tp)) in eigenbasis of Floquet Hamiltonian,

[$(t0)) = D _ un(to)) (un(to)¥(t0)),

= chlun(to)>.

Then, the state at later times is expressed as

=cn

() = Ult, to)[1(to)),
_ Z Cnefikp(t)ef%HFX(tfto)|un<t0)>7

n

_ Z Cne—%enx(t—to)e—zf(p(t)|un(t0)>7

=3 cue i, 1), (B.9)

where [u, (1)) = e KrO |y, (t)) with |u,(£)) = |un(t + T)), and in the literature the states

[ (1)) = 77X =00 |y (1)), (B.10)

are often called “Floquet states” in analogy with the Bloch theorem.
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B.2 Alternative Approaches to Numerical Solutions

In the following subsections, we explore additional methods for numerically solving the Floquet

problem, either directly or through approximations of the time evolution operator U (to+T,to).

B.2.1 Exact Time-Evolution of U(ty + T, t)

If the Hilbert space of H (t) is not excessively large and its analytical form is not overly complex, it
is possible to obtain U (to + T, ty) by integrating the time-dependent Schrédinger equation over one
period, i.e., by solving the Schrodinger equation in the standard manner. First, the initial state is

expanded in the Floquet modes:

[6(t0)) =D calto)[un(to)). (B.11)

n

The state |¢(tp)) is then evolved over one period according to the time-dependent Schrédinger
equation:

ih%cn(t) = Hum(t)em (). (B.12)

This results in a set of n coupled differential equations for each coefficient ¢, (ty) from tq to to + T.
The solutions to this set of differential equations provide the time-evolved vectors {c,(to + 1)},
which are directly related to the columns of U (to + T,to). Diagonalizing this matrix yields the
Floquet multipliers {e_%E"T}, thereby providing all the necessary components to reconstruct the

state at any time ¢.

Clearly, solving a set of n coupled differential equations is not a trivial numerical task. Therefore, this
approach is recommended only for cases where the dimension of the Hamiltonian is relatively small

(which is not the our case) and the functional form of the Hamiltonian is not overly complex.

B.2.2 Trotter Decomposition of U(ty + T, )

If the Hilbert space is too large, a direct numerical integration of Eq. (B.12) can become impractical.
In such cases, an alternative approach is the Trotter decomposition of the time-evolution operator
[95], which involves dividing the time-span [to, o + 7] into N segments ¢; = to + iAt with At = &

(see Fig B.3). The time-evolution operator can then be approximated as follows:
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Z‘ to+T .
Ulto+ T,to) =T exp (—%/ H(t)dt> ,
to
Nl
~ exp <_ﬁ H(ti)At> :
=0
N-1 i
~ exp (—ﬁH(ti)At) + O(A). (B.13)
=0

Here, T denotes time-ordering, and the third line represents the Trotter decomposition, i.e.,
transitioning from the exponential of a sum to the product of exponentials. This can be challenging
because Hamiltonians at different times generally do not commute, i.e., [H(t,), H(t5)] # 0. The
Trotter decomposition ensures that the error introduced by ignoring the commutators is only
O(At?), meaning it decreases quadratically with the duration of each time-step. During each
time-step, the Hamiltonian H (t;) is assumed to be constant, thereby reducing the time-ordered

integral to a product of exponentiated matrices. As before, diagonalizing U (to + T, to) yields the

7

Floquet multipliers {e_?a"T}, providing all the necessary components to reconstruct the state at

any time .

CH(t)
‘ —)A(t— Time
to t; o+ T

Figure B.3: Trotter decomposition of the time-evolution operator U (to+ T,tg). The time-axis is
discretized in units of At | taking the Hamiltonian H (¢;) to be constant at each instant.
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B.3 Summary of Important Definitions

Name(s) Definition Expression
Floauet  Hamilto- A Hermitian operator that extends the con- ) A
niar? cept of the Hamiltonian to include the effects Hp = H(t) —ihd

of periodic variations in a quantum system.

The eigenstates of the Floquet Hamiltonian,

F1 t mod . : t
OQUEL Modes which define the basis of the system. [tn(to))
The eigenvalues of the Floquet Hamiltonian,
Quasienergies serving as the repla(':e.ment for energy in the e~ T
system. The term originates from the analogy
with quasimomentum in Bloch’s theorem.
A time-evolution operator that governs the
Floquet operator\ | C )
slow dynamics,” i.e., the dynamics from one — 5 px (—to)
Floquet propaga- e ntE 0

tor\
Slow-motion opera-
tor

interval to another in the system. Its respec-
tive generator is the Floquet Hamiltonian.

Floquet multipliers

The exponentials of the quasienergies and
the corresponding eigenvalues of the Floquet
operator.

An operator that describes how the state of a

Stroboscopic kick | (antum system changes after one complete Kp(t)
operator cycle of the periodic perturbation.

A time-evolution operator that governs the
Fast-motion opera- | “fast dynamics,” i.e., the dynamics within an Y S0

tor

interval in the system. Its respective genera-
tor is the Stroboscopic operator.

Floquet states

The solutions of the time-dependent
Schrodinger equation, expanded in terms of
Floquet modes and Floquet multipliers. The
term draws an analogy with Bloch states in
Bloch’s theorem.

[a(t)) = € 7= un (1))

Floquet-Brillouin
zone

The zone that, in analogy with solid state
theory, contains all distinct Floquet state so-
lutions to the Schrodinger equation.

Emin < En < Emin + Aw

Table B.1: Summary of important concepts discussed in this document.
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Appendix C

FLOQUET’S IMPLEMENTATION IN C/C++

This appendix provides more detailed information about the numerical implementation used in
this work. It serves as a guide for implementing the extended Hilbert space method of Floquet
theory in other physical systems or as an instruction manual for further research into the spin-1
Bose-Hubbard model. It includes the names of the essential libraries and programs required for
implementing the numerical technique. As well as a description of how to create the Hamiltonian

of the system from the local operators of the basis.

C.0 Numerical Implementation Details

The first observation to note is that the numerical implementation of the extended Hilbert space
method, as described by Floquet theory, is carried out in C/C++. This language is chosen for its
efficiency in controlling system resources and its ability to compile directly to machine code, which
enables significantly faster execution compared to interpreted or byte code-compiled languages such
as Python. Additionally, C/C++ allows the use of robust and well-optimized libraries in the field of

linear algebra. Given the requirements of the method, the resources employed are as follows:

1. Linear Algebra Handling: The extended Hilbert space method and state reconstruc-
tion are managed using a matrix representation of the system. All operations involving
matrices, vectors, tensors, and basic linear algebra routines are handled with the Boost
library, specifically the uBLAS module. This module facilitates the manipulation, operation,
and measurement of various observables and necessary states (for more information, see
https://www.boost.org/doc/1libs/1_85_0/1libs/numeric/ublas/doc/index.html). Ad-
ditionally, standard C/C++ libraries are utilized to handle arrays for matrix and vector

blocks, as used in the Floquet matrix.

2. Numerical Integration: As discussed in Chapter 3, the extended Hilbert space method
requires the calculation of various Fourier coefficients, as expressed in Eq. (3.11), which
necessitates numerical integration. This integration is performed using the trapezoidal
quadrature method, implemented via the Math module of the Boost library. This module
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includes a variety of mathematical tools such as constants, special functions, interpolation,
differentiation, and numerical integration, among others (for more information, see https:
//www .boost.org/doc/1libs/1_85_0/1libs/math/doc/html/index.html). The trapezoidal
quadrature method is chosen for its simplicity and efficiency in integrating periodic functions

both rapidly and accurately [96].

3. Diagonalization: As noted in Chapter 3, the extended Hilbert space method requires
diagonalization of the Floquet matrix. This process is accomplished using a static library
provided by the Solid State Physics Theory research group of the Physics Department,
which employs the LAPACK subroutine “zheev.” This subroutine returns the eigenvalues and

eigenvectors of a Hermitian matrix.

4. Compilation and Plotting: It is advisable to include flags during the command or
compilation of the code to identify potential errors. Since repeating this process can be
uncomfortable, we utilize the make program and create a Makefile to register all necessary
flags and commands for compilation and execution. Once the code is compiled and executed,
the measured observables are plotted using .dat files with the assistance of the Gnuplot

program.

It is also important to note that the numerical implementation of the system, from coding the local
matrices, integration, and diagonalization to state reconstruction and measurement of observables,
is conducted within a single .cpp file. This approach allows for direct modification of system
parameters within the source code, which is then compiled, executed, and plotted for each variation.
Despite this setup, and considering the cases addressed in Chapter 4, the numerical implementation
of the extended Hilbert space method under Floquet’s theorem proves to be both efficient and

practical for periodic systems.

C.0 Construction of the Hamiltonian

To generate the matrices for the entire system and therefore the complete Hamiltonian, we employ
the standard construction of non-local matrices in a lattice from the local ones using the Kronecker
product. Let O; be a local operator at site ¢ with dimension n; X n;. To generate the operator that

acts on a state of the complete lattice with L sites, we construct it as follows:

A ~ A ~ A

0=0101,0 @1, +[,20,01,@ @I+ +1,® - ®I,00;
—r —r ——r

L-1 L-2 L-1
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0= I¥® 0, @ [2E 1), (C.1)

where ® represents the tensor product or Kronecker product, and I, is the vacuum identity operator,

which has a 1 in the vacuum state and 0 in the other local states, namely:

0 0
00 -0

I, = . (C.2)
0 0 0

This matrix represents the addition of an empty site in the lattice, and fsz’” represents the tensor
product of the vacuum identity operator with itself n times, i.e., ]ASQO =1, f?l =1, f§2 =1,®I,

and so on.

This construction is used to generate the matrices of the entire system from the local ones. If
the local operator is defined over two or more sites (such as the hopping term), the sum must be
adjusted to consider the tensor product with the remaining sites. Note also that, in our system,
the tensor product is performed with the vacuum identity operator, thereby adding only sites and
not particles. If we wish to add more sites that can also host particles, we must use the standard

identity operator.

This method was implemented only for the two-particle system, as the one-particle system allows
for the matrices of the entire system to be easily constructed by considering only the effective states.
The Kronecker product generates a matrix with all mathematically possible states; however, since
only empty sites are added and not all of them are physically relevant, considering all states results

in (n;)¥ states, significantly increasing computational cost.
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Appendix D

ADDITIONAL FINDINGS ON THE DYNAMICAL
ANALYSIS

Given that the system under analysis permits the variation of numerous parameters, this appendix
aims to provide a more in-depth exploration of the behavior of the observables by examining
different initial states and other relevant configurations. First, the scenario involving a single
particle is explored, with a focus on the impact of relative phases in the initial states, such as
quadrupolar states. Subsequently, the behavior of the system is examined under changes in the
driving conditions, including variations in the coupling amplitude and the low-frequency regime.
Finally, in the case of two particles, the analysis is extended to consider a greater number of lattice

sites.

D.1 One Particle

As mentioned in the dynamic analysis of a single particle, additional variations in the system’s
parameters can be made, with particular interest in the effects of relative phases and changes in the

system’s driving, to gain a deeper understanding of the dynamic behavior of spin-1 systems.

D.1.1 Effect of Relative Phases

In the dynamic analysis of a single particle, it was shown that initial states whose superpositions
included contributions from the three magnetic projections were influenced by external fields. These
contributions are represented as probability amplitudes, which can be either real or complex numbers.
This implies that the introduction of relative phases into the system alters its evolution. To illustrate
this, consider the equiprobable state |1),) but now in the Cartesian basis, |i.), representing a

quadrupolar state of the form:

-1 1 —1

1
|¢c>:%|x> \/—|y> \/—|> > (D.1)

Thus, it is essentially the same superposition as in Eq. (4.3), since it includes the same contributions
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from each magnetic projection but with relative phases that significantly alter the system’s dynamics.

To understand how these dynamics are affected, let us examine the weak-driving regime, initially

with a linear magnetic field and quadratic driving.

T T T T T T
(S:)f —_—— ‘<§:z:)£]2 — <$>3 —_—
(Qzl)t —— ) ’(Q)Q‘ ., —
1k _ 1 b (8) +(Q) —
L4~ S4/3
Q
= 05 - 1 10/9
5 1r :
2 0.6 b
% 0 0.8 - —
3} 0.4 -1 06 3
05 7 04 -
0.2 b
0.2 - b
1k u
! ! ! I I 0 1 1 1 T 0 T T T T T
0 5 10 15 20 25 30 10 15 20 25 30 0 5 10 15 20 25 30
t[s] t[s] t[s]

Figure D.1: The expected value in time for the quadrupolar density Qf together with the magnetic
density S7 (left), the transverse magnetization S7 (center), and Spin-Quadrupole competition
(right) given the initial state |1.) with L =30, J=1,u=1, Dy =1, T = 1073Dy, and m = 1.

As observed in Fig. D.1, the evolution of the observables is similar to what is seen in the absence of

relative phases. However, these phases cause both the transverse magnetization and the magnetic

density to approach zero, indicating that this initial state is completely confined within the plane,

thereby displaying only quadrupolar order, as expected for a quadrupolar state. Conversely, if this

initial state is evolved in the presence of a quadratic field instead of a linear one, a notable change

occurs.

Expected Value
(=3 (=] (=3 (=]
) IS =N 1) —
T T

S

1(57)el*

10/9

Figure D.2: The expected value in time for the transverse magnetization S'f (left), Spin-Quadrupole
competition (right) given the initial state |1.) with L =30, J =1, u=1, Qo =1, T = 1073Q,,

and m = 5.
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As illustrated in Fig. D.2, when a quadratic field is applied instead of a linear one, the competition
between quadrupolar order and spin order differs significantly from what is observed in the case
of the initial state without relative phases (]i),)). Indeed, this competition deviates from the
expected behavior described by Eq. (2.31), as the equality no longer aligns with the eigenvalue
of the quadratic Casimir operator of SU(3), which is 4/3. Rather, it intriguingly corresponds to
the eigenvalue of the cubic Casimir operator of SU(3), which is 10/9 (see Appendix A). Therefore,
in this case, the competition between spin and quadrupole order appears to be governed by the
relationship <,§’ )2+ <Q>f = % satisfying even in this case, with the lower limit the inequality of Eq.
(4.4).

D.1.2  Driving Variations

Another variation that can be introduced to the system under study involves modifications to the
driving coupled to the field, such as changes in its amplitude and the behavior of the system under

a low-frequency regime (w < Dy or w < Qo). To begin, let us analyze the first case.
Variations in Amplitude

For this analysis, we again consider the equiprobable initial state [¢),) under the weak-driving
regime, with a linear field and quadratic driving. The impact of varying the driving amplitude Dy
is depicted in Fig. D.3.
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Figure D.3: The expected value in time for the transverse magnetization x and y Sf ’gly , given
the initial state [i,) for different values of the driving amplitude with L = 30, J =1, u = 1,
T =1073Dy, and m = 1.
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As illustrated in Fig. D.3, variations in the driving amplitude are manifested in the frequency of
the oscillations of the expected values, clearly indicating a relationship between this amplitude and

the well-known Larmor frequency [89)].

The Larmor frequency refers to the rate at which the spin precesses around the axis aligned with
the applied field, and it is directly proportional to the field’s magnitude, which, in this context, is
represented by the driving amplitude.

Low-Frequency Regime

As discussed in Chapters 3 and 4, the regimes for studying the system’s dynamics via the extended
Hilbert space are typically defined by a high-frequency or weak-driving regime, w > Dy, and
a medium-frequency or strong-driving regime, w ~ Dy. It was also noted that further lowering
the frequencies to enter a “low-frequency regime,” w < Dy, destabilizes the system to the extent
that the state cannot be accurately reconstructed. To illustrate this, let us again consider the
equiprobable initial state |¢,) with a quadratic field (S’Z)2 and quadratic driving (Qg cos® wt), i.e.,
the same system conditions analyzed in Fig. 4.13 but with 7" = 15, such that w < Q.

Q)
(ST |* ——

._
1
1
+ o
e

:

Expected Value
< <
(=} oo

<
'

0 5 10 15 20 25 3( 0 5 10 15 20 25 30

Figure D.4: The expected value in time for the transverse magnetization S* (left) and Spin-
Quadrupole competition (right), with quadratic driving Q(t) = Qg cos?(wt) given the initial state
|ty) with L =30, J =1, u=1, Qo =1, T = 15Qo, and m = 8.

As shown in Fig. D.4, the behavior of the observables at low frequencies deviates significantly from

those observed in the weak- and strong-driving regimes. In this case, it is not possible to clearly
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distinguish between fast and slow dynamics in the system, making it difficult to assess how the
driving explicitly affects the system. Notably, for these low frequencies, eight harmonics m = 8 or
equivalently 17 blocks of the Floquet matrix were considered. Despite this, complete normalization
of the evolved state > |c,|* = 0.9796 could not be achieved, rendering the dynamics observed in

the observables unreliable.

Furthermore, even if the number of harmonics were increased indefinitely, it would not be possible
to achieve higher precision in the state’s normalization, as the extended Hilbert space method is

not particularly suited for such scenarios.

Given these considerations, if one wishes to analyze the dynamics of a system under periodic
driving at low frequencies, it is advisable to employ alternative numerical approaches based on
Floquet’s theorem, as mentioned in appendix B, or even explore other entirely different numerical

techniques.

D.2 Two Particles

As demonstrated in Chapter 4, increasing the number of sites in the two-particle system exponentially
enlarges the size of the Hilbert space (Ny = (n;)L), and therefore, the computational cost also
increases exponentially. This makes the dynamic analysis for a typical number of sites in such
systems highly complex. However, in the following section, we present the behavior of the system
for a number of sites that our computational resources can still manage (L = 3), allowing us to

make predictions about the evolution in systems with a significantly larger number of sites.

D.2.1 Increase in the Number of Sites

To illustrate the evolution with an increased number of sites to 3, we use the state where both
particles are polarized at 0 (|0, 0,2)), under a quadratic magnetic field (5%)2, with quadratic driving
(Q(t) = Qpcos?wt) in the RWA (Q(t) = Qo/2 = Qj), focusing on the antiferromagnetic phase,
considering open boundary conditions and in time steps of 6t = 1 s in this case.

As shown in Fig. (D.6), the evolution of our two-particle system in the 3-site antiferromagnetic
phase evolves similarly to the 2-site system discussed in Chapter 4. However, in this case, the
dynamics slow down significantly, requiring a longer time scale for detailed observation. It can also
be seen that the collapses and revivals are less distinct than in the 2-site case, with the system

maintaining a spin-mixing dynamic characterized by relatively high frequencies. Additionally, the
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Figure D.6: Spin mixing dynamics, for different values of the quadratic Zeeman coupling in the
interaction regime (top row) and the Zeeman regime (bottom row) with L =3, J = 0.1, = 1,
Up = 0.2 and U, = 0.08. All graphs share the same key as subfigure (f).

quadratic Zeeman field exhibits the same effect as before, dividing the phase into the same two
regimes observed in Chapter 4, namely the Interaction and Zeeman regimes. Furthermore, the
spin-mixing resonance in this case was observed at Q) ~ 1.51U,, suggesting that with a greater
number of sites, the resonance can be observed at lower field values. However, this could also be

influenced by the presence of open boundary conditions.

Therefore, it is evident that the evolution of the system can be analyzed with a larger number of
sites. However, as mentioned earlier, the computational cost for this two-particle system increases
exponentially. For instance, analyzing a system with just 5 sites would involve working with a
matrix of 10'° entries. Considering that each entry stores a complex number and each complex
number occupies 16 bytes of memory, at least 160 GB of available memory would be required to
accurately reconstruct the state. This estimate does not take into account the expansion of the
Hilbert space by our extended Hilbert space method, which would necessitate even more memory.

Thus, working with such systems on conventional computers becomes highly complex.

101



BIBLIOGRAFY

[1]

[10]

E. Schrodinger. “An Undulatory Theory of the Mechanics of Atoms and Molecules.” In: Phys.
Rev. 28 (6 Dec. 1926), pp. 1049-1070. URL: https://link.aps.org/doi/10.1103/PhysRev.
28.1049.

P. A. M. Dirac. “The Principles of Quantum Mechanics.” In: Ozford University Press (1958).
URL: https://global . oup.com/academic/product/the-principles- of - quantum-
mechanics-97801985201157cc=us&lang=en&#9.

J. S. Bell and Alain Aspect. Speakable and Unspeakable in Quantum Mechanics: Collected
Papers on Quantum Philosophy. 2nd ed. Cambridge University Press, 2004.

Bose. “Plancks Gesetz und Lichtquantenhypothese.” In: Zeitschrift fir Physik 26.1 (Dec.
1924), pp. 178-181. URL: https://doi.org/10.1007/BF01327326.

André F. Verbeure. “Bose Einstein Condensation (BEC).” In: Many-Body Boson Systems:
Half a Century Later. London: Springer London, 2011, pp. 43-107. URL: https://doi.org/
10.1007/978-0-85729-109-7_4.

William D. Phillips. “Nobel Lecture: Laser cooling and trapping of neutral atoms.” In: Rew.
Mod. Phys. 70 (3 July 1998), pp. 721-741. URL: https://link.aps.org/doi/10.1103/
RevModPhys.70.721.

Claude N. Cohen-Tannoudji. “Nobel Lecture: Manipulating atoms with photons.” In: Rewv.
Mod. Phys. 70 (3 July 1998), pp. 707-719. URL: https://link.aps.org/doi/10.1103/
RevModPhys.70.707.

Harald F. Hess. “Evaporative cooling of magnetically trapped and compressed spin-polarized
hydrogen.” In: Phys. Rev. B 34 (5 Sept. 1986), pp. 3476-3479. URL: https://link.aps.
org/doi/10.1103/PhysRevB.34.3476.

Kendall B. Davis, Marc-Oliver Mewes, Michael A. Joffe, Michael R. Andrews, and Wolfgang
Ketterle. “Evaporative Cooling of Sodium Atoms.” In: Phys. Rev. Lett. 74 (26 June 1995),
pp. 5202-5205. URL: https://link.aps.org/doi/10.1103/PhysRevLlett.74.5202.

M. H. Anderson, J. R. Ensher, M. R. Matthews, C. E. Wieman, and E. A. Cornell. “Observation
of Bose-Einstein Condensation in a Dilute Atomic Vapor.” In: Science 269.5221 (1995),
pp. 198-201. URL: https://www.science.org/doi/abs/10.1126/science.269.5221.198.

102


https://link.aps.org/doi/10.1103/PhysRev.28.1049
https://link.aps.org/doi/10.1103/PhysRev.28.1049
https://global.oup.com/academic/product/the-principles-of-quantum-mechanics-9780198520115?cc=us&lang=en&#9
https://global.oup.com/academic/product/the-principles-of-quantum-mechanics-9780198520115?cc=us&lang=en&#9
https://doi.org/10.1007/BF01327326
https://doi.org/10.1007/978-0-85729-109-7_4
https://doi.org/10.1007/978-0-85729-109-7_4
https://link.aps.org/doi/10.1103/RevModPhys.70.721
https://link.aps.org/doi/10.1103/RevModPhys.70.721
https://link.aps.org/doi/10.1103/RevModPhys.70.707
https://link.aps.org/doi/10.1103/RevModPhys.70.707
https://link.aps.org/doi/10.1103/PhysRevB.34.3476
https://link.aps.org/doi/10.1103/PhysRevB.34.3476
https://link.aps.org/doi/10.1103/PhysRevLett.74.5202
https://www.science.org/doi/abs/10.1126/science.269.5221.198

BIBLIOGRAFY

[11]

[12]

[13]

[15]

[16]

[17]

[20]

[21]

K. B. Davis, M. -O. Mewes, M. R. Andrews, N. J. van Druten, D. S. Durfee, D. M. Kurn, and
W. Ketterle. “Bose-Einstein Condensation in a Gas of Sodium Atoms.” In: Phys. Rev. Lett. 75
(22 Nov. 1995), pp. 3969-3973. URL: https://link.aps.org/doi/10.1103/PhysRevlett.
75.3969.

Claude N. Cohen-Tannoudji and William D. Phillips. “New Mechanisms for Laser Cooling.”
In: Physics Today 43.10 (Oct. 1990), pp. 33—40. URL: https://doi.org/10.1063/1.881239.

Wolfgang Ketterle. “Nobel lecture: When atoms behave as waves: Bose-Einstein condensation
and the atom laser.” In: Rev. Mod. Phys. 74 (4 Nov. 2002), pp. 1131-1151. URL: https:
//link.aps.org/doi/10.1103/RevModPhys.74.1131.

Roy J. Glauber. “The Quantum Theory of Optical Coherence.” In: Phys. Rev. 130 (6 June
1963), pp. 2529-2539. URL: https://link.aps.org/doi/10.1103/PhysRev.130.2529.

Iulia Georgescu. “Nobel Prize 2012: Haroche & Wineland.” In: Nature Physics 8 (2012),
pp. 777-777. URL: https://doi.org/10.1038/nphys2472.

Nobel Prize. The Nobel Prize in Physics 2016. https://www.nobelprize.org/prizes/
physics/2016/summary/. 2016.

John F. Clauser, Michael A. Horne, Abner Shimony, and Richard A. Holt. “Proposed
Experiment to Test Local Hidden-Variable Theories.” In: Phys. Rev. Lett. 23 (15 Oct. 1969),
pp. 880-884. URL: https://link.aps.org/doi/10.1103/PhysRevLett.23.880.

Immanuel Bloch. “Ultracold quantum gases in optical lattices.” In: Nature Physics 1 (2005),
pp. 23-30. URL: https://www.nature.com/articles/nphys138.

Tetsuo Ohmi and Kazushige Machida. “Bose-Einstein Condensation with Internal Degrees of
IntroductionFreedom in Alkali Atom Gases.” In: Journal of the Physical Society of Japan
67.6 (1998), pp. 1822-1825. URL: https://doi.org/10.1143/JPSJ.67.1822.

SHI-JIAN GU. “FIDELITY APPROACH TO QUANTUM PHASE TRANSITIONS.” In:
International Journal of Modern Physics B 24.23 (2010), pp. 4371-4458. URL: https://doi.
org/10.1142/30217979210056335.

Immanuel Bloch, Jean Dalibard, and Sylvain Nascimbene. “Quantum simulations with
ultracold quantum gases.” In: Nature Physics 8 (2012), pp. 267-276. URL: https://wuw.
nature.com/articles/nphys2259.

103


https://link.aps.org/doi/10.1103/PhysRevLett.75.3969
https://link.aps.org/doi/10.1103/PhysRevLett.75.3969
https://doi.org/10.1063/1.881239
https://link.aps.org/doi/10.1103/RevModPhys.74.1131
https://link.aps.org/doi/10.1103/RevModPhys.74.1131
https://link.aps.org/doi/10.1103/PhysRev.130.2529
https://doi.org/10.1038/nphys2472
https://www.nobelprize.org/prizes/physics/2016/summary/
https://www.nobelprize.org/prizes/physics/2016/summary/
https://link.aps.org/doi/10.1103/PhysRevLett.23.880
https://www.nature.com/articles/nphys138
https://doi.org/10.1143/JPSJ.67.1822
https://doi.org/10.1142/S0217979210056335
https://doi.org/10.1142/S0217979210056335
https://www.nature.com/articles/nphys2259
https://www.nature.com/articles/nphys2259

BIBLIOGRAFY

[22]

23]

[24]

2]

[27]

28]

[29]

Gavin K. Brennen, Carlton M. Caves, Poul S. Jessen, and Ivan H. Deutsch. “Quantum
Logic Gates in Optical Lattices.” In: Phys. Rev. Lett. 82 (5 Feb. 1999), pp. 1060-1063. URL:
https://link.aps.org/doi/10.1103/PhysRevLett.82.1060.

Jose Carlos Pelayo, Karol Gietka, and Thomas Busch. “Distributed quantum sensing with
optical lattices.” In: Phys. Rev. A 107 (3 Mar. 2023), p. 033318. URL: https://link.aps.
org/doi/10.1103/PhysRevA.107.033318.

C. A. Weidner and Dana Z. Anderson. “Experimental Demonstration of Shaken-Lattice
Interferometry.” In: Phys. Rev. Lett. 120 (26 June 2018), p. 263201. URL: https://link.
aps.org/doi/10.1103/PhysRevLett.120.263201.

Dragomir N. Neshev, Andrey A. Sukhorukov, Arnan Mitchell, Christian R. Rosberg, Robert
Fischer, Alexander Dreischuh, Wieslaw Z. Krolikowski, and Yuri S. Kivshar. “Optical lattices
as nonlinear photonic crystals.” In: 14th International School on Quantum Electronics: Laser
Physics and Applications. Ed. by Peter A. Atanasov, Tanja N. Dreischuh, Sanka V. Gateva,
and Lubomir M. Kovachev. Vol. 6604. International Society for Optics and Photonics. SPIE,
2007, 66041B. URL: https://doi.org/10.1117/12.726976.

Ana Maria Rey. “Ultra-cold bosonic atoms in optical lattices: An Overview.” en. In: Revista
de la Academia Colombiana de Ciencias Exactas, Fisicas y Naturales 45 (Sept. 2021), pp. 666—
696. URL: http://www.scielo.org.co/scielo.php?script=sci_arttext&pid=S0370-
39082021000300666&nrm=1iso0.

P.S. Jessen and [.H. Deutsch. “Optical Lattices.” In: ed. by Benjamin Bederson and Her-
bert Walther. Vol. 37. Advances In Atomic, Molecular, and Optical Physics. Academic
Press, 1996, pp. 95-138. URL: https://www.sciencedirect.com/science/article/pii/
S51049250X08600993.

Markus Greiner, Olaf Mandel, Tilman Esslinger, Theodor W. Hansch, and Immanuel Bloch.
“Quantum phase transition from a superfluid to a Mott insulator in a gas of ultracold atoms.” In:
Nature Physics 415 (2002), pp. 39-44. URL: https://www.nature.com/articles/415039a.

Tian-Heng Han, Joel S. Helton, Shaoyan Chu, Daniel G. Nocera, Jose A. Rodriguez-Rivera,
Collin Broholm, and Young S. Lee. “Fractionalized excitations in the spin-liquid state of a
kagome-lattice antiferromagnet.” In: Nature Physics 492 (2012), pp. 406-410. URL: https:
//doi.org/10.1038/naturel11659.

104


https://link.aps.org/doi/10.1103/PhysRevLett.82.1060
https://link.aps.org/doi/10.1103/PhysRevA.107.033318
https://link.aps.org/doi/10.1103/PhysRevA.107.033318
https://link.aps.org/doi/10.1103/PhysRevLett.120.263201
https://link.aps.org/doi/10.1103/PhysRevLett.120.263201
https://doi.org/10.1117/12.726976
http://www.scielo.org.co/scielo.php?script=sci_arttext&pid=S0370-39082021000300666&nrm=iso
http://www.scielo.org.co/scielo.php?script=sci_arttext&pid=S0370-39082021000300666&nrm=iso
https://www.sciencedirect.com/science/article/pii/S1049250X08600993
https://www.sciencedirect.com/science/article/pii/S1049250X08600993
https://www.nature.com/articles/415039a
https://doi.org/10.1038/nature11659
https://doi.org/10.1038/nature11659

BIBLIOGRAFY

[30]

[34]

[35]

[39]

Dominik Suszalski and Jakub Zakrzewski. “Different lattice geometries with a synthetic
dimension.” In: Phys. Rev. A 94 (3 Sept. 2016), p. 033602. URL: https://link.aps.org/
doi/10.1103/PhysRevA.94.033602.

D. Einzel. “Superfluids.” In: Encyclopedia of Mathematical Physics. Ed. by Jean-Pierre
Frangoise, Gregory L. Naber, and Tsou Sheung Tsun. Oxford: Academic Press, 2006, pp. 115—
121. URL: https://www.sciencedirect.com/science/article/pii/B0125126662001103.

Piers Coleman. Introduction to Many-Body Physics. Cambridge University Press, 2015.

Rui Asaoka, Hiroki Tsuchiura, Makoto Yamashita, and Yuta Toga. “Dynamical instability
in the S = 1 Bose-Hubbard model.” In: Phys. Rev. A 93 (1 Jan. 2016), p. 013628. URL:
https://link.aps.org/doi/10.1103/PhysRevA.93.013628.

L. de Forges de Parny and V. G. Rousseau. “Phase diagrams of antiferromagnetic spin-1
bosons on a square optical lattice with the quadratic Zeeman effect.” In: Phys. Rev. A 97 (2
Feb. 2018), p. 023628. URL: https://link.aps.org/doi/10.1103/PhysRevA.97.023628.

K. Rodriguez, A. Argtielles, A. K. Kolezhuk, L. Santos, and T. Vekua. “Field-Induced Phase
Transitions of Repulsive Spin-1 Bosons in Optical Lattices.” In: Phys. Rev. Lett. 106 (10 Mar.
2011), p. 105302. URL: https://link.aps.org/doi/10.1103/PhysRevLett.106.105302.

Felipe Reyes Osorio and Karen Rodriguez Ramirez. “Separation of quadrupole, spin, and
charge across the magnetic phases of a one-dimensional interacting spin-1 gas.” In: Phys. Rev.
B 107 (8 Feb. 2023), p. 085424. URL: https://link.aps.org/doi/10.1103/PhysRevB.107.
085424.

Lode Pollet. “Recent developments in quantum Monte Carlo simulations with applications
for cold gases.” In: Reports on Progress in Physics 75.9 (Aug. 2012), p. 094501. URL: https:
//dx.doi.org/10.1088/0034-4885/75/9/094501

Alexei Filinov, Jens Boning, and Michael Bonitz. “Path Integral Monte Carlo Simulation of
Charged Particles in Traps.” In: Computational Many-Particle Physics. Ed. by H. Fehske,
R. Schneider, and A. Weifle. Berlin, Heidelberg: Springer Berlin Heidelberg, 2008, pp. 397—412.
URL: https://doi.org/10.1007/978-3-540-74686-7_13.

U. Schollwdck. “The density-matrix renormalization group.” In: Rev. Mod. Phys. 77 (1 Apr.
2005), pp. 259-315. URL: https://link.aps.org/doi/10.1103/RevModPhys.77.259.

105


https://link.aps.org/doi/10.1103/PhysRevA.94.033602
https://link.aps.org/doi/10.1103/PhysRevA.94.033602
https://www.sciencedirect.com/science/article/pii/B0125126662001103
https://link.aps.org/doi/10.1103/PhysRevA.93.013628
https://link.aps.org/doi/10.1103/PhysRevA.97.023628
https://link.aps.org/doi/10.1103/PhysRevLett.106.105302
https://link.aps.org/doi/10.1103/PhysRevB.107.085424
https://link.aps.org/doi/10.1103/PhysRevB.107.085424
https://dx.doi.org/10.1088/0034-4885/75/9/094501
https://dx.doi.org/10.1088/0034-4885/75/9/094501
https://doi.org/10.1007/978-3-540-74686-7_13
https://link.aps.org/doi/10.1103/RevModPhys.77.259

BIBLIOGRAFY

[40]

[41]

[42]

[44]

[45]

[46]

[47]

[48]

Daniel S. Rokhsar and B. G. Kotliar. “Gutzwiller projection for bosons.” In: Phys. Rev. B 44
(18 Nov. 1991), pp. 10328-10332. URL: https://link.aps.org/doi/10.1103/PhysRevB.44.
10328.

Werner Krauth, Michel Caffarel, and Jean-Philippe Bouchaud. “Gutzwiller wave function for
a model of strongly interacting bosons.” In: Phys. Rev. B 45 (6 Feb. 1992), pp. 3137-3140.
URL: https://link.aps.org/doi/10.1103/PhysRevB.45.3137.

Jae-yoon Choi, Sebastian Hild, Johannes Zeiher, Peter Schaufl, Antonio Rubio-Abadal, Tarik
Yefsah, Vedika Khemani, David A. Huse, Immanuel Bloch, and Christian Gross. “Exploring
the many-body localization transition in two dimensions.” In: Science 352.6293 (2016),
pp. 1547-1552. URL: https://www.science.org/doi/abs/10.1126/science.aaf8834.

K. Sengupta. Entanglement in Spin Chains: From Theory to Quantum Technology Applications.
Springer International Publishing, 2022. URL: http://dx.doi.org/10.1007/978-3-031~
03998-0.

C. K. Law, H. Pu, and N. P. Bigelow. “Quantum Spins Mixing in Spinor Bose-Einstein
Condensates.” In: Phys. Rev. Lett. 81 (24 Dec. 1998), pp. 5257-5261. URL: https://link.
aps.org/doi/10.1103/PhysRevLett.81.5257.

Rui Asaoka, Hiroki Tsuchiura, Makoto Yamashita, and Yuta Toga. “Dynamical instability
in the S = 1 Bose-Hubbard model.” In: Phys. Rev. A 93 (1 Jan. 2016), p. 013628. URL:
https://link.aps.org/doi/10.1103/PhysRevA.93.013628.

K. W. Mahmud and E. Tiesinga. “Dynamics of spin-1 bosons in an optical lattice: Spin
mixing, quantum-phase-revival spectroscopy, and effective three-body interactions.” In: Phys.
Rev. A 88 (2 Aug. 2013), p. 023602. URL: https://link.aps.org/doi/10.1103/PhysRevA.
88.023602.

Mark S. Rudner and Netanel H. Lindner. The Floquet Engineer’s Handbook. 2020. URL:
https://arxiv.org/abs/2003.08252.

G. Floquet. “Sur les équations différentielles linéaires a coefficients périodiques.” fr. In:
Annales scientifiques de I'Ecole Normale Supérieure 2e série, 12 (1883), pp. 47-88. URL:
http://www.numdam.org/articles/10.24033/asens.220/.

106


https://link.aps.org/doi/10.1103/PhysRevB.44.10328
https://link.aps.org/doi/10.1103/PhysRevB.44.10328
https://link.aps.org/doi/10.1103/PhysRevB.45.3137
https://www.science.org/doi/abs/10.1126/science.aaf8834
http://dx.doi.org/10.1007/978-3-031-03998-0
http://dx.doi.org/10.1007/978-3-031-03998-0
https://link.aps.org/doi/10.1103/PhysRevLett.81.5257
https://link.aps.org/doi/10.1103/PhysRevLett.81.5257
https://link.aps.org/doi/10.1103/PhysRevA.93.013628
https://link.aps.org/doi/10.1103/PhysRevA.88.023602
https://link.aps.org/doi/10.1103/PhysRevA.88.023602
https://arxiv.org/abs/2003.08252
http://www.numdam.org/articles/10.24033/asens.220/

BIBLIOGRAFY

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

Milena Grifoni and Peter Hanggi. “Driven quantum tunneling.” In: Physics Reports 304.5
(1998), pp. 229-354. URL: https://www.sciencedirect . com/science/article/pii/
S0370157398000222.

Sho Higashikawa, Hiroyuki Fujita, and Masahiro Sato. Floquet engineering of classical systems.
2018. URL: https://arxiv.org/abs/1810.01103.

Wen Wei Ho, Takashi Mori, Dmitry A. Abanin, and Emanuele G. Dalla Torre. “Quantum
and classical Floquet prethermalization.” In: Annals of Physics 454 (July 2023), p. 169297.
URL: http://dx.doi.org/10.1016/j.aop.2023.169297.

Cheng-Jie Liu, Yu-Chen Meng, Jie-Li Qin, and Lu Zhou. “Classical and Quantum chaos
in a spin-1 atomic Bose-Einstein condensate via Floquet driving.” In: Results in Physics
43 (2022), p. 106091. URL: https://www.sciencedirect .com/science/article/pii/
S52211379722007057.

Mark S. Rudner and Netanel H. Lindner. “Band structure engineering and non-equilibrium
dynamics in Floquet topological insulators.” In: Nature Reviews Physics 2.5 (May 2020),
pp. 229-244. URL: https://doi.org/10.1038/s42254-020-0170~-z.

Takashi Oka and Sota Kitamura. “Floquet Engineering of Quantum Materials.” In: Annual
Review of Condensed Matter Physics 10.Volume 10, 2019 (2019), pp. 387—408. URL: https:
//www .annualreviews.org/content/journals/10.1146/annurev-conmatphys-031218-
013423.

Krzysztof Sacha. “Discrete Time Crystals and Related Phenomena.” In: Ttme Crystals. Cham:
Springer International Publishing, 2020, pp. 39-172. URL: https://doi.org/10.1007/978-
3-030-52523-1_4.

Martin Holthaus. “Floquet engineering with quasienergy bands of periodically driven optical
lattices.” In: Journal of Physics B: Atomic, Molecular and Optical Physics 49.1 (Nov. 2015),
p. 013001. URL: http://dx.doi.org/10.1088/0953-4075/49/1/013001.

André Eckardt, Christoph Weiss, and Martin Holthaus. “Superfluid-Insulator Transition in a
Periodically Driven Optical Lattice.” In: Phys. Rev. Lett. 95 (26 Dec. 2005), p. 260404. URL:
https://link.aps.org/doi/10.1103/PhysRevLett.95.260404.

107


https://www.sciencedirect.com/science/article/pii/S0370157398000222
https://www.sciencedirect.com/science/article/pii/S0370157398000222
https://arxiv.org/abs/1810.01103
http://dx.doi.org/10.1016/j.aop.2023.169297
https://www.sciencedirect.com/science/article/pii/S2211379722007057
https://www.sciencedirect.com/science/article/pii/S2211379722007057
https://doi.org/10.1038/s42254-020-0170-z
https://www.annualreviews.org/content/journals/10.1146/annurev-conmatphys-031218-013423
https://www.annualreviews.org/content/journals/10.1146/annurev-conmatphys-031218-013423
https://www.annualreviews.org/content/journals/10.1146/annurev-conmatphys-031218-013423
https://doi.org/10.1007/978-3-030-52523-1_4
https://doi.org/10.1007/978-3-030-52523-1_4
http://dx.doi.org/10.1088/0953-4075/49/1/013001
https://link.aps.org/doi/10.1103/PhysRevLett.95.260404

BIBLIOGRAFY

[58]

[61]

[62]

[63]

[68]

D. Jaksch, C. Bruder, J. I. Cirac, C. W. Gardiner, and P. Zoller. “Cold Bosonic Atoms
in Optical Lattices.” In: Phys. Rev. Lett. 81 (15 Oct. 1998), pp. 3108-3111. URL: https:
//1link.aps.org/doi/10.1103/PhysRevLett.81.3108.

Tin-Lun Ho. “ Bose-Einstein Condensation in Dilute Gases.” In: Physics Today 56.6 (June
2003), pp. 62-63. URL: https://doi.org/10.1063/1.1595060.

T. D. Kithner and H. Monien. “Phases of the one-dimensional Bose-Hubbard model.” In:
Phys. Rev. B 58 (22 Dec. 1998), R14741-R14744. URL: https://link.aps.org/doi/10.
1103/PhysRevB.58.R14741.

N. Elstner and H. Monien. “Dynamics and thermodynamics of the Bose-Hubbard model.” In:
Phys. Rev. B 59 (19 May 1999), pp. 12184-12187. URL: https://link.aps.org/doi/10.
1103/PhysRevB.59.12184.

Ghassan George Batrouni and Richard T. Scalettar. “World-line quantum Monte Carlo
algorithm for a one-dimensional Bose model.” In: Phys. Rev. B 46 (14 Oct. 1992), pp. 9051
9062. URL: https://link.aps.org/doi/10.1103/PhysRevB.46.9051.

Adilet Imambekov, Mikhail Lukin, and Eugene Demler. “Spin-exchange interactions of spin-
one bosons in optical lattices: Singlet, nematic, and dimerized phases.” In: Phys. Rev. A 68 (6
Dec. 2003), p. 063602. URL: https://link.aps.org/doi/10.1103/PhysRevA.68.063602.

Frank Deuretzbacher. “Spinor Tonks-Girardeau gases and ultracold molecules.” PhD thesis.
taatsund Universitatsbibliothek Hamburg Carl von Ossietzky, Mar. 2009, p. 151.

Tamas Andras Téth. “Quadrupolar Ordering in Two-Dimensional Spin-One Systems.” PhD
thesis. ECOLE POLYTECHNIQUE FEDERALE DE LAUSANN, Feb. 2011, p. 159.

Davide Castelvecchi. “The Stern—Gerlach experiment at 100.” In: Nature Reviews Physics
4.3 (Mar. 2022), pp. 140-142. URL: https://doi.org/10.1038/s42254-022-00436-4.

A.S. Peletminskii, S.V. Peletminskii, and Yu.V. Slyusarenko. “SU(3) symmetry in theory of a
weakly interacting gas of spin-1 atoms with Bose-Einstein condensate.” In: Physics Letters A
384.31 (2020), p. 126798. URL: https://www.sciencedirect.com/science/article/pii/
S0375960120306654.

J. J. Sakurai and Jim Napolitano. “Theory of Angular Momentum.” In: Modern Quantum
Mechanics. Cambridge University Press, 2020, pp. 149-248.

108


https://link.aps.org/doi/10.1103/PhysRevLett.81.3108
https://link.aps.org/doi/10.1103/PhysRevLett.81.3108
https://doi.org/10.1063/1.1595060
https://link.aps.org/doi/10.1103/PhysRevB.58.R14741
https://link.aps.org/doi/10.1103/PhysRevB.58.R14741
https://link.aps.org/doi/10.1103/PhysRevB.59.12184
https://link.aps.org/doi/10.1103/PhysRevB.59.12184
https://link.aps.org/doi/10.1103/PhysRevB.46.9051
https://link.aps.org/doi/10.1103/PhysRevA.68.063602
https://doi.org/10.1038/s42254-022-00436-4
https://www.sciencedirect.com/science/article/pii/S0375960120306654
https://www.sciencedirect.com/science/article/pii/S0375960120306654

BIBLIOGRAFY

[69]

[70]

[73]

[74]

[75]

[76]

[77]

Kimberly Remund, Rico Pohle, Yutaka Akagi, Judit Romhanyi, and Nic Shannon. “Semi-
classical simulation of spin-1 magnets.” In: Physical Review Research 4.3 (Aug. 2022). URL:
http://dx.doi.org/10.1103/PhysRevResearch.4.033106.

M S Bulakhov, A S Peletminskii, S V Peletminskii, and Yu V Slyusarenko. “Magnetic
phases and phase diagram of spin-1 condensate with quadrupole degrees of freedom.” In:
Journal of Physics A: Mathematical and Theoretical 54.16 (Mar. 2021), p. 165001. URL:
http://dx.doi.org/10.1088/1751-8121/abed16.

Jakob Schwichtenberg. Physics from Symmetry. 2nd ed. Undergraduate Lecture Notes in
Physics. Physics and Astronomy, Physics and Astronomy (R0). Cham: Springer Cham, Dec.
2018, pp. XXI, 287. URL: https://doi.org/10.1007/978-3-319-66631-0.

N. Papanicolaou. “Unusual phases in quantum spin-1 systems.” In: Nuclear Physics B 305.3
(1988), pp. 367-395. URL: https://www.sciencedirect .com/science/article/pii/
0550321388900739.

Satoru Hayami and Kazumasa Hattori. “Multiple-q Dipole-Quadrupole Instability in Spin-1
Triangular-lattice Systems.” In: Journal of the Physical Society of Japan 92.12 (Dec. 2023).
URL: http://dx.doi.org/10.7566/JPSJ.92.124709.

Waseem S. Bakr, Jonathon I. Gillen, Amy Peng, Simon Folling, and Markus Greiner. “A
quantum gas microscope for detecting single atoms in a Hubbard-regime optical lattice.” In:
Nature 462.7269 (Nov. 2009), pp. 74-77. URL: https://doi.org/10.1038/nature08482.

Wenxian Zhang, D. L. Zhou, M.-S. Chang, M. S. Chapman, and L. You. “Dynamical Instability
and Domain Formation in a Spin-1 Bose-Einstein Condensate.” In: Phys. Rev. Lett. 95 (18 Oct.
2005), p. 180403. URL: https://link.aps.org/doi/10.1103/PhysRevLlett.95.180403.

Y. Liu, E. Gomez, S. E. Maxwell, L. D. Turner, E. Tiesinga, and P. D. Lett. “Number
Fluctuations and Energy Dissipation in Sodium Spinor Condensates.” In: Phys. Rev. Lett.
102 (22 June 2009), p. 225301. URL: https://link.aps.org/doi/10.1103/PhysRevLett.
102.225301.

Marin Bukov, Luca D’Alessio, and Anatoli Polkovnikov. “Universal high-frequency behavior
of periodically driven systems: from dynamical stabilization to Floquet engineering.” In:
Advances in Physics 64.2 (Mar. 2015), pp. 139-226. URL: http://dx.doi.org/10.1080/
00018732.2015.1055918.

109


http://dx.doi.org/10.1103/PhysRevResearch.4.033106
http://dx.doi.org/10.1088/1751-8121/abed16
https://doi.org/10.1007/978-3-319-66631-0
https://www.sciencedirect.com/science/article/pii/0550321388900739
https://www.sciencedirect.com/science/article/pii/0550321388900739
http://dx.doi.org/10.7566/JPSJ.92.124709
https://doi.org/10.1038/nature08482
https://link.aps.org/doi/10.1103/PhysRevLett.95.180403
https://link.aps.org/doi/10.1103/PhysRevLett.102.225301
https://link.aps.org/doi/10.1103/PhysRevLett.102.225301
http://dx.doi.org/10.1080/00018732.2015.1055918
http://dx.doi.org/10.1080/00018732.2015.1055918

BIBLIOGRAFY

[78]

[81]

82]

[83]

[87]

Maria Carolina Spinel Gémez. “Dinamica Cuéntica.” In: Introduccion al formalismo de la
mecanica cudntica no relativista. 2009. URL: https://repositorio.unal.edu.co/handle/
unal/84250.

Ya. B. Zel’Dovich. “The Quasienergy of a Quantum-mechanical System Subjected to a
Periodic Action.” In: Soviet Journal of Ezperimental and Theoretical Physics 24 (May 1967),
p- 1006.

V. I. Ritus. “Shift and Splitting of Atomic Energy Levels by the Field of an Electromagnetic
Wave.” In: Soviet Journal of Ezperimental and Theoretical Physics 24 (May 1967), p. 1041.

Charles Kittel. “Energy Bands.” In: Introduction to Solid State Physics. 8th. Hoboken, NJ:
John Wiley & Sons, Inc, 2005.

V. Lyssenko and K. Leo. “2.09 - Bloch Oscillations and Ultrafast Coherent Optical Phenomena.”
In: Comprehensive Semiconductor Science and Technology. Ed. by Pallab Bhattacharya,
Roberto Fornari, and Hiroshi Kamimura. Amsterdam: Elsevier, 2011, pp. 343-399. URL:
https://www.sciencedirect.com/science/article/pii/B9780444531537000778.

Mina Udono, Tatsuya Kaneko, and Koudai Sugimoto. “Wannier-Stark ladders and Stark
shifts of excitons in Mott insulators.” In: Phys. Rev. B 108 (8 Aug. 2023), p. L081304. URL:
https://link.aps.org/doi/10.1103/PhysRevB.108.L081304.

André Eckardt and Egidijus Anisimovas. “High-frequency approximation for periodically
driven quantum systems from a Floquet-space perspective.” In: New Journal of Physics 17.9
(Sept. 2015), p. 093039. URL: https://dx.doi.org/10.1088/1367-2630/17/9/093039.

André Eckardt. “Colloquium: Atomic quantum gases in periodically driven optical lattices.”
In: Rev. Mod. Phys. 89 (1 Mar. 2017), p. 011004. URL: https://link.aps.org/doi/10.
1103/RevModPhys.89.011004.

Chunging Deng, Feiruo Shen, Sahel Ashhab, and Adrian Lupascu. “Dynamics of a two-level
system under strong driving: Quantum-gate optimization based on Floquet theory.” In: Phys.
Rev. A 94 (3 Sept. 2016), p. 032323. URL: https://link.aps.org/doi/10.1103/PhysRevA.
94.032323.

Henk T.C. Stoof, Koos B. Gubbels, and Dennis B.M. Dickerscheid. “Optical Lattices.”
In: Ultracold Quantum Fields. Dordrecht: Springer Netherlands, 2009, pp. 391-430. URL:
https://doi.org/10.1007/978-1-4020-8763-9_16.

110


https://repositorio.unal.edu.co/handle/unal/84250
https://repositorio.unal.edu.co/handle/unal/84250
https://www.sciencedirect.com/science/article/pii/B9780444531537000778
https://link.aps.org/doi/10.1103/PhysRevB.108.L081304
https://dx.doi.org/10.1088/1367-2630/17/9/093039
https://link.aps.org/doi/10.1103/RevModPhys.89.011004
https://link.aps.org/doi/10.1103/RevModPhys.89.011004
https://link.aps.org/doi/10.1103/PhysRevA.94.032323
https://link.aps.org/doi/10.1103/PhysRevA.94.032323
https://doi.org/10.1007/978-1-4020-8763-9_16

BIBLIOGRAFY

[88]

[92]

93]

Karlo Penc and Andreas M. Lauchli. “Spin Nematic Phases in Quantum Spin Systems.”
In: Introduction to Frustrated Magnetism: Materials, Fxperiments, Theory. Ed. by Claudine
Lacroix, Philippe Mendels, and Frédéric Mila. Berlin, Heidelberg: Springer Berlin Heidelberg,
2011, pp. 331-362. URL: https://doi.org/10.1007/978-3-642-10589-0_13.

David J. Griffiths and Darrell F. Schroeter. “Quantum Mechanics in Three Dimensions.” In:

Introduction to Quantum Mechanics. Cambridge University Press, 2018, pp. 131-197.

Christopher Gerry and Peter Knight. “Emission and absorption of radiation by atoms.” In:

Introductory Quantum Optics. Cambridge University Press, 2004, pp. 74-114.

Dan M. Stamper-Kurn and Masahito Ueda. “Spinor Bose gases: Symmetries, magnetism,
and quantum dynamics.” In: Rev. Mod. Phys. 85 (3 July 2013), pp. 1191-1244. URL: https:
//link.aps.org/doi/10.1103/RevModPhys.85.1191.

Rodrigo A. Muniz, Yasuyuki Kato, and Cristian D. Batista. “Generalized spin-wave theory:
Application to the bilinear-biquadratic model.” In: Progress of Theoretical and Experimental
Physics 2014.8 (Aug. 2014), p. 083101. URL: https://doi.org/10.1093/ptep/ptul09.

Walter Greiner and Berndt Miiller. “The SU(3) Symmetry.” In: Quantum Mechanics: Sym-
metries. Berlin, Heidelberg: Springer Berlin Heidelberg, 1994, pp. 195-229. URL: https:
//doi.org/10.1007/978-3-642-57976-9_7.

Walter Pfeifer. The Lie Algebras su(N). An Introduction. 1st ed. Springer Book Archive.
Birkh&auser Basel, July 2003, pp. X, 432. URL: https://doi.org/10.1007/978-3-0348~
8097-8.

Masuo Suzuki. “Decomposition formulas of exponential operators and Lie exponentials with
some applications to quantum mechanics and statistical physics.” In: Journal of Mathematical
Physics 26.4 (Apr. 1985), pp. 601-612. URL: https://doi.org/10.1063/1.526596.

Lloyd N. Trefethen and J. A. C. Weideman. “The Exponentially Convergent Trapezoidal Rule.”
In: SIAM Review 56.3 (2014), pp. 385-458. URL: https://doi.org/10.1137/130932132.

111


https://doi.org/10.1007/978-3-642-10589-0_13
https://link.aps.org/doi/10.1103/RevModPhys.85.1191
https://link.aps.org/doi/10.1103/RevModPhys.85.1191
https://doi.org/10.1093/ptep/ptu109
https://doi.org/10.1007/978-3-642-57976-9_7
https://doi.org/10.1007/978-3-642-57976-9_7
https://doi.org/10.1007/978-3-0348-8097-8
https://doi.org/10.1007/978-3-0348-8097-8
https://doi.org/10.1063/1.526596
https://doi.org/10.1137/130932132

	1 Introduction
	2 Spin-1 System Modeling
	2.1 Bose-Hubbard Model
	2.2 Superfluid-Mott Insulator Transition
	2.2.1 Mott-Insulator Phase JU
	2.2.2 Superfluid Phase JU

	2.3 Spin-1 Bose-Hubbard Model
	2.3.1 Interacting Potential
	2.3.2 External Fields

	2.4 Building the Time-Dependent Driving Hamiltonian
	2.4.1 One Particle Dynamics
	2.4.2 Two Particles Dynamics

	2.5 Single Spin-1 Characterization
	2.5.1 SU(2) Description
	2.5.2 SU(3)-Bosonic Representation of a Spin-1
	2.5.3 Spin-1 Basis
	2.5.4 Physical Observables


	3 Floquet Formalism
	3.1 Floquet's Theorem
	3.1.1 Consequences of Floquet's Theorem
	3.1.2 Analogies between Bloch's Theorem and Floquet's Theorem

	3.2 Numerically Solving the Floquet Problem
	3.2.1 The Extended Hilbert Space
	3.2.2 Truncation of the Harmonic Fourier Space

	3.3 Implementation of the Floquet's Theorem
	3.3.1 Exact Solution
	3.3.2 Numerical Implementation
	3.3.3 Comparison between Analytical and Numerical Solutions


	4 Dynamical Analysis
	4.1 One particle
	4.1.1 Linear Zeeman Field
	4.1.2 Quadratic Zeeman Field

	4.2 Two particles
	4.2.1 Antiferromagnetic Phase U2>0
	4.2.2 Ferromagnetic Phase U2<0


	5 Conclusions and Perspectives
	5.1 Conclusions
	5.2 Perspectives

	A Spin 1 Calculations
	A.1 Interaction Potential
	A.2 Second Quantization
	A.3 Schwinger Bosons (SB)
	A.4 SU(3) Group

	B Supplementary Material on Floquet Theory
	B.1 Proof of Floquet Theorem
	B.2 Alternative Approaches to Numerical Solutions
	B.2.1 Exact Time-Evolution of (t0+T,t0)
	B.2.2 Trotter Decomposition of (t0+T,t0)

	B.3 Summary of Important Definitions

	C Floquet's Implementation in C/C++
	D Additional Findings on the Dynamical Analysis
	D.1 One Particle
	D.1.1 Effect of Relative Phases
	D.1.2 Driving Variations

	D.2 Two Particles
	D.2.1 Increase in the Number of Sites


	Bibliografy

