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Résumé

Cette theése de doctorat investigue d’un point de vue théorique la génération d’états in-
triqués avec des atomes bosoniques ultrafroids. Elle se focalise plus spécifiquement sur les
états NOON dans un double puits de potentiel, qui représentent la superposition cohérente
et équivalente de |N,0) et |0, N) avec N atomes, et également sur les états triple-NOON
dans un piége optique a trois sites, qui représentent la superposition cohérente et équivalente
de |N,0,0), |0,N,0) et [0,0,N). Ces états peuvent étre vus comme des manifestations a
larges échelles de l'intrication quantique. L’effet tunnel collectif des atomes dans le régime
d’auto-piégeage est rendu possible par les interactions atome-atome. Par exemple, ’état
NOON est formé apres la moitié du temps d’effet tunnel, c’est-a-dire le temps nécessaire
pour obtenir un transfert total des atomes vers 'autre site. Le message principal que ce doc-
ument voudrait faire passer est que I’échelle de temps requise pour générer cette transition
peut étre considérablement réduite via une perturbation périodique externe sans modifier
qualitativement la dynamique quantique. De plus, des indications de cette réduction sont
clairement visible dans ’espace des phases correspondant. La présence de résonances non-
linéaires au niveau classique induit des couplages perturbatifs au niveau quantique. Il en
résulte une réorganisation du spectre quantique qui permet d’expliquer la modification du
temps d’effet tunnel. Ces modifications peuvent aussi étre produites par une proéminente
mer chaotique connue pour accueillir des états fortement connectés. Béatie sur les caractéris-
tiques de I'espace des phases, 'effet tunnel assisté par résonance et par chaos est une théorie
semiclassique qui peut étre utilisée comme un guide dans la quéte des paramétres idoines.






Abstract

The present dissertation theoretically investigates the generation of entangled states with
ultracold bosonic atoms. Specifically, that focuses on the NOON states in a double-well
potential, which are the coherent and equivalent superposition of |N,0) and |0, N) with N
atoms, and on the triple-NOON states in a three-site optical trap, which are the coherent
and equivalent superposition of |N,0,0), |0, N,0) and |0,0, N). These states can be seen as
large manifestations of entanglement. The collective tunneling in the self-trapping regime
is made possible by the atom-atom interactions. For example, the NOON state is formed
after half the tunneling time, i.e. the time needed to obtain a total transfer of population
to the other site. The main message of this dissertation is that the timescale required
to generate this transition can be considerably reduced by means of an external periodic
driving without qualitatively altering the quantum dynamics. Moreover, indications of this
speedup are available in the corresponding classical phase space. The presence of nonlinear
resonances at the classical level induces perturbative couplings at the quantum level. The
subsequent reorganization of the eigenspectrum enables one to explain the modifications of
the tunneling time. These modifications can also be produced by prominent chaotic layer
known to welcome strongly connected states. Built upon the phase space features, resonance-
and chaos-assisted tunneling is a semiclassical theory which can be used as a guideline in
the quest of suitable parameters.
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Introduction

Entanglement is an astonishing manifestation of quantum mechanics. This very counterintu-
itive phenomenon mainly takes place at the microscopic level. If two particles are entangled,
it means that a measurement of one of them projects the other one on a specific state
depending on the result of this measurement. Quite surprisingly, this phenomenon is non-
local, meaning that this interaction is instantaneous and doesn’t depend on the distance
between the two particles. To take the measure of how strange the entanglement is, some
well-known physicists were doubtful about this phenomenon, like Einstein who called this
non-local interaction a "spooky action at distance" [1]|. Instead of assuming that there exist
instantaneous interactions between particles, one can imagine the existence of hidden vari-
ables. These are related to a lack of knowledge of the underlying mechanisms at stake with
entanglement and even with the superposition of states. This was the idea of the Einstein-
Podolsky-Rosen (EPR) paradox formulated in 1935 [2|. Nevertheless, the experiments of
Freedman and Clauser in 1972 [3] and Aspect in 1981 [4] demonstrated the non-local behav-
ior of entangled photons. These experiments were based on that of Kocher and Commins
realized in 1967 [5] and confirmed the phenomenon of non-locality through the violation of
the Bell inequalities [6]. Moreover, entanglement has been experimentally demonstrated in
various systems including electrons separated by 1.3 km [7], an atom and a molecule [8], and
macroscopic diamonds [9], to mention some examples.

In practice, we have no intuition of entanglement at the macroscopic level. An open
question is the realization of this phenomenon at larger scale. For instance, two spatially
separated millimeter-sized diamonds have been entangled in some of their vibrational states
[9]. This kind of entanglement is giant in a sense that the material supports, namely the
diamonds, are macroscopic. Another kind of giant entangled state is built when the number
of entangled quanta is significant. This is the case of the NOON states, where two bosonic
modes are entangled in such a way that one of them is totally full with N quanta while
the other one is empty. It has been experimentally demonstrated in bosonic systems using
photons [10,11]| and phonons [12], for example.

This dissertation theoretically investigates the generation of entangled states with a Bose-
Einstein condensate by focusing on large entanglement. A Bose-Einstein condensate is in
general made of ultracold atoms. It can be seen as a new state of matter which behaves like
a coherent wave. From an experimental point of view, this coherent matter wave can have a
macroscopic scale with a spatial extension of the order of a millimeter [13,14]|. Historically,
Bose-Einstein condensation was theoretically predicted in 1924-1925 by Einstein [15,16] in
the wake of the work of Bose on photons published in 1924 [17]. Seventy years later, the first
experimental realizations were performed with the atomic species ®’'Rb in the Wieman and
Cornell group [13] and with **Na in the Ketterle group [14]. Section 1.1 will give a general
overview about the different experimental realizations of the Bose-Einstein condensation by
emphasizing the typical length, temperature and density scales.



Optical lattices

Once a Bose-Einstein condensate is created, it can be loaded in a periodic configuration of
potential wells, which can be generated by an optical lattice [18,19]. With this potential,
it becomes possible to conceive protocols to entangle the spatially separated parts of the
ultracold gas. Contrary to laser cooling based on cycles of absorption-spontaneous emission
of photons by the atom, an optical lattice is made of lasers where frequencies are sufficiently
detuned away from an atomic transition in order to avoid these cycles, but sufficiently close to
this transition to modify substantially the ground state energy of the atoms [20]. This leads
to a spatially periodic trapping of the Bose-Einstein condensate. The lattice parameters, such
as for example the laser intensities, determine the coupling between wells and the degree of
confinement of the atoms on a site. An additional harmonic trap can produce a dimer [21].
An alternative is based on the superlattice techniques where the multiple periodicities of
the lattice can lead to, for example, dimers or trimers relatively well separated from each
other [22—-24|. In this context, it is possible to conceive a spatial entanglement between the
different sites of the dimer or the trimer in which the Bose-Einstein condensate is trapped.

Historically, the Hubbard model was introduced in order to model interacting electrons
in a solid [25]. Like a crystal, the optical lattice is a periodic potential. In the crystal, the
electrons are trapped by the electromagnetic potential produced by the spatially periodic
atomic nuclei while, in the optical lattice, the atoms are trapped because of the laser fields.
That is why the Hubbard model was adapted to describe spinless interaction atoms, leading
to the Bose-Hubbard model [26,27]. This model is able to explain the quantum phase
transition at zero temperature between the superfluid phase to the Mott-insulator phase
[27-29]. Thus, there is an analogy between the optical lattice and the crystal and between
the ultracold atoms and the electrons. Nevertheless, the scales are very different. The
temperature scale is 1 uK for the optical lattice compared to 10* K for solid, the mass scale
is 1072 kg for an atom and 9.1 x 1073 kg for an electron. The lattice spacing is typically
500 nm for an optical lattice compared to 0.1 nm for a crystal. Moreover, the optical lattices
are easily controllable by means of the intensities and the wavelengths of the lasers, and they
present almost no defect which constitutes an asset over crystals.

NOON states

Entangled states are very fragile, which explains why it is almost impossible (for the moment)
to observe them at the mesoscopic or macroscopic scale. The NOON states are a specific
class of entangled states. They are made of two bosonic modes where one of them is totally
full of N quanta while the other is empty. The NOON state made up of the two quantum
states |N,0) and |0, N) can be written as

INOON) = €| N, 0) + €*2|0, N). (0.0.1)

This kind of state becomes more and more impressive as the number of quanta increases.
Indeed, if N is sufficiently large, it could potentially lead to a mesoscopic manifestation
of entanglement. The usefulness of this state is related to the field of quantum metrology
[30, 31]. Although the NOON states are very unstable toward any interaction with the
environment, they have been experimentally observed with the nuclear spins of a molecule
[32], with two optical paths of photons [10], with the two polarization states of photons [11],
with qubits in superconducting circuits [33|, and with phonons in ions traps [12].



When describing Bose-Einstein condensation, the atom-atom interactions must in general
be taken into account. These interactions are far from being a nuisance as they allow one
to conceive protocols for the generation of entangled states that are based on the internal
dynamics of the ultracold atoms. Several proposals have been made to build a NOON state
with a Bose-Einstein condensate. With attractive ultracold atoms, the NOON state is the
ground state. In this context, it could be possible to build it by adiabatically decreasing the
hopping between both modes [34]. Nevertheless, two problems arise. As it is the ground
state, it requires very low temperature to reach that. Moreover, an attractive condensate
is unstable as it can collapse on itself [35], and the contraction on itself [36] leads to the
proliferation of inelastic scattering [37]. That is why several other proposals have been made
for repulsive condensates, based on the dynamical redistribution of atoms after applying
a suitable phase shift [38-44]. The NOON state could also be produced by some specific
measurement processes [45-47|, via an adiabatic passage from an excited state [48|, with a
two-component Bose-Einstein condensate in a double-well potential [49] or via the scattering
of solitonic wave packet [50,51].

The idea proposed in our work [52] consists in loading all atoms on any site of a symmetric
double-well potential. At the transition time, all atoms tunnel to the other site. At half
this waiting time, called the NOON time, the large coherent superposition of states, i.e. the
NOON state, is obtained. This can be achieved in the self-trapping regime [21,53-61] where
the effective on-site interaction energy is much larger than the coupling between both parts
of the dimer. In this regime, the atoms tunnel collectively and not individually. This
phenomenon is due to the mismatch of the chemical potentials in the two wells. Besides
the need of a perfect symmetry, the problem in collective tunneling is the extremely long
timescale required [62]. Moreover, this time increases with the population imbalance, which
makes it more complicated to reach entanglement at a mesoscopic scale.

Resonance- and chaos-assisted tunneling

We claim that it is possible to speed up the production of the NOON states by means of
an additional periodic modulation of the double-well potential [63,64]. This modulation is
expected to modify significantly the NOON time for some parameters. The Bose-Hubbard
model describes from a pure quantum point of view the dynamics of ultracold atoms trapped
in an optical lattice. As this model focuses on spinless particles, one can define a classical
counterpart as shown in Sec. 1.3.4. An appealing idea is to use the related classical dynamics
as a guideline for the choice of suitable driving parameters. The purpose is to build nonlinear
resonances [65,66] in the phase space via the periodic driving. A nonlinear resonance induces
perturbative couplings of the states |N,0) and |0, N) with other states |ni,ng). These
couplings can lead to a reduction of the NOON time by several orders of magnitude via the
phenomenon of resonance-assisted tunneling [67-71] valid for near-integrable systems. In the
framework of this theory, the NOON time 7 can be semiclassically evaluated in terms of the
energies 6((10) of the unperturbed system and the corresponding unperturbed entanglement
times Tq(o), i.e. the times required to produce perfectly balanced entangled states between
|ni,ng) and |ng, ny). For a one-step process, it reads

o) (0 Thw
s T Cm +(0)

A e

(0.0.2)

where n is an integer labeling the NOON state, m and [ are integers depending, among
others, on the rank of the nonlinear resonance. Here w is the frequency of the periodic



perturbation and A depends on the characteristics of the resonance, such as its size in phase
space.

The perturbed NOON time is evaluated by means of the unperturbed parameters, using
standard perturbation theory. What is remarkable with Eq. (0.0.2) is that its evaluation
can be performed exclusively with the characteristics of the underlying classical dynamics.
The constant A depends only on the phase-space features of the resonance [67, 68|, the
unperturbed energies can be evaluated by means of the canonical perturbation theory [66],
and the unperturbed entanglement times by means of analytic continuations of the phase-
space tori in the complex domain [68, 72].

The transition related to the NOON state can also be sped up by means of a prominent
layer of chaotic motion in the phase space. The perturbative couplings of the regular | N, 0)
and |0, V) states to the strongly connected chaotic states lead to the phenomenon of chaos-
assisted tunneling [73-77]. In the framework of this theory, the NOON time is determined
by means of the coupling V' to the chaotic sea,

1
T~ e (0.0.3)
Both phenomena can be combined in order to obtain the semiclassical theory of resonance-
and chaos-assisted tunneling [71,72,78-83]. In this theory, the coupling to the chaotic sea
in Eq. (0.0.3) becomes an effective coupling taking into account the contributions of the
different resonance paths.

Due to the particle conservation, the classical counterpart of the driven two-site Bose-
Hubbard model is an effective periodically driven one degree-of-freedom system, such that the
phase space has two dimensions. Resonance-assisted tunneling has been extensively studied
for this kind of low-dimensional system. In the near-integrable regime, it was applied to the
kicked Harper model [67,68| and in deformed optical microcavities [70,71], for example. In
the mixed regime, i.e. the regime where there is a coexistence between regular and chaotic
trajectories in the phase space, it was applied to molecular systems [69], the kicked Harper
model [79], the periodically-driven pendulum [84], the standard map [72,81-83] and optical
microcavities [71,80].

Resonance-assisted tunneling in high-dimensional systems

Concerning the classical counterpart of the three-site Bose-Hubbard model, the phase space
has four dimensions as it is an effective periodically-perturbed two degree-of-freedom system.
In this context, some complications arise due to additional connections between different
parts of the phase space. Even if it is no longer possible to have a global visualization of the
dynamics by means of a 2D plane, the phase space can still be visualized by slicing the 4D
phase space to extract a 3D subspace [85,86]. The 3D phase space slices can be obtained by
projecting the orbits (qi, ¢, p1,p2) on a 2e width around an arbitrary point ps,

{(a1,92,p1,p2) | [p2 — P2| < €} (0.0.4)

Indeed, before studying resonance- and chaos-assisted tunneling, it is valuable to know which
regions in phase space are chaotic and which tori are still preserved. Moreover, the set of
resonances, called the Arnold web, must be known in order to determine which perturbative
couplings are dominant. The Arnold web can be computed through frequency-analysis tech-
niques, and it has been applied, for example, in the case of two coupled standard maps [85,86].



In the case of a 4D phase space with a periodic perturbation (meaning that stroboscopic
sections must be done to obtain the 4D space), the resonance lines kq:k;:m, coming from the
destruction of an ensemble of tori, are given by [87]

kOQO + klﬂl = mw, (005)

where (€, €2;) are the frequencies of the tori and w is the external frequency. Here kq, k1 and
m are integers of which at least one of them is non-zero. Equation (0.0.5) determines the set
of resonances. With the Arnold web, resonance-assisted tunneling has been studied in a three
degree-of-freedom Hamiltonian [88]. Another technique to compute the Arnold web is called
the fast Lyapunov indicator [89,90]. With this kind of technique, resonance- and chaos-
assisted tunneling has been studied in high-dimensional molecular systems in the context
of intramolecular vibrational energy redistribution [91-93] or in a three-site Bose-Hubbard
model weakly coupled with an additional fourth site [94]. In Ref. [95], resonance-assisted
tunneling mechanisms were investigated in four-dimensional normal-form Hamiltonians. As
these latter Hamiltonians are time independent, it is possible to perform 3D slices for ¢ = 0.

Except for the work cited above, resonance- and chaos-assisted tunneling has not yet been
studied much for high-dimensional systems. We will add our contribution to this research
field by studying this phenomenon for the three-site Bose-Hubbard model by focusing on the
effect of an external driving on tunneling.

Triple-NOON states

In a three-site Bose-Hubbard model, a natural way to study entanglement is by introducing
three modes. From a general point of view, a triple-NOON state is an entangled state where
one mode is totally populated with N quanta while the other ones are empty. It is formally
written as

t-NOON) = €' |N, 0, 0) + €°2|0, N, 0) + €?3]0,0, N). (0.0.6)

In the specific case of the trimer, the N quanta are assimilated to the total number of particles
and a measurement of the system will give an equal probability to obtain all particles on
one of the three sites.

Few proposals have been made for realizing this kind of state with a Bose-Einstein con-
densate confined on three sites. In Ref. [96], it was proposed to produce the triple-NOON
state by an adiabatic decrease of the coupling between sites. This protocol is possible with
an attractive condensate for which the triple-NOON state is the ground state. Nevertheless,
the same problems arise as for the double-NOON state case, namely the potential collapse
of the condensate on itself [35] and the extremely low temperatures and slow parameter
variations required.

Our proposal here is the same as for the NOON states in a dimer. All atoms are loaded
on one of the three sites of the symmetric optical trap, and the triple-NOON state is gen-
erated after the triple-NOON time. This protocol must be performed in the self-trapping
regime where the strong effective on-site interactions force the atoms to tunnel as a whole.
Nevertheless, the time required to observe such a transition is prohibitively long. The idea
is then to add a periodic perturbation of the trimer which preserves its symmetry. In this
context, nonlinear resonances and chaos are produced by the periodic driving in the related
classical phase space. From resonance and chaos-assisted tunneling theory, these phase space
modifications are expected to reduce by several orders of magnitude the NOON time. Thus,



the classical counterpart of the three-site Bose-Hubbard model is used as a guideline in the
quest of suitable parameters.

Outline of the chapters

Chapter 1 is devoted to the general Bose-Hubbard model describing a Bose-Einstein con-
densate trapped in an optical lattice. This model can be derived through second quanti-
zation procedure, and when the total number of particles is pretty high, the classical limit
is enough to capture the features of the dynamics. The beginning of this chapter gives a
general overview about the experiments related to the Bose-Einstein condensation as well as
the typical length, temperature, and density scales.

Chapter 2 is devoted to the two-site Bose-Hubbard model. It focuses on the case of weak
coupling between sites for which the spectrum displays a doublet structure. The addition of
a periodic tilting of the double-well potential can be dealt with within Floquet theory. At
the end of this chapter, it is shown how it is feasible to prevent the formation of an entangled
state by means of a periodic perturbation.

Chapter 3 introduces the classical counterpart of the two-site Bose-Hubbard model.
While the mean-field approximation is not able to explain the formation of entangled states,
some features of the dynamics can still be captured with this model, namely the self-trapping
dynamics and the Josephson oscillations. These two qualitatively different dynamics are dis-
played through the phase space for which the canonical perturbation theory is applied in
order to obtain an analytical approximation of its structure.

Chapter 4 introduces the notion of NOON state in the two-site Bose-Hubbard model.
As the unperturbed two-site Bose-Hubbard model is integrable, the tunneling rate (the
inverse of the NOON time) is expected to decrease exponentially with the semiclassical
parameter, i.e. the total number of particles as shown in Secs. 3.5.2 and 4.1. With the periodic
driving, chaos and nonlinear resonances arise in the phases space. The semiclassical theory
of resonance- and chaos-assisted tunneling is developed by highlighting the mechanisms that
boost the NOON state production.

Chapter 5 is devoted to the production of NOON states in the unperturbed three-site
Bose-Hubbard model. The 3D slices of a 4D phase space enable one to obtain a global visu-
alization of the classical dynamics. The non-congruent third site introduces new resonance
channels clearly visible in phase space leading to the speedup of the NOON-state production.

Chapter 6 introduces the notion of triple-NOON state in the symmetric three-site Bose-
Hubbard model. A part of its spectrum displays a triplet organization for which the three-
level approximation is valid in the weak coupling regime. An additional periodic driving
preserving the symmetries of the system can lead to substantial decrease of the triple-NOON
time through resonance- and chaos-assisted tunneling mechanisms.



Chapter 1

Bose-Einstein condensate in an optical
lattice

The experiments and the typical orders of magnitude related to Bose-Einstein condensation
are presented at the beginning of this chapter. It is possible to trap a Bose-Einstein conden-
sate in an optical lattice, which produces spatial separations of its different parts enabling
one to develop protocols for entanglement. Historically, the introduction of the Hubbard
model was motivated by the study of interacting electrons in a solid [25]. The Bose-Hubbard
model was developed in order to describe interacting ultracold atoms trapped in a periodic
potential [27-29]. This periodic potential, called an optical lattice, can be produced by lasers
whose frequency is slightly detuned from an atomic transition. The subsequent modifica-
tions of the ground state energy lead to a periodic lattice of sites [18-20]. The addition of a
harmonic confinement is able to produce, for example, a two-site optical trap [21]. An alter-
native is the superlattices which are optical lattices characterized by different periodicities.
This can produce dimers or trimers well separated from each other [22-24].

The Bose-Hubbard model is one of the simplest model describing interacting ultracold
atoms trapped in a periodic potential. As the gas is very dilute, only the two-atom interaction
is taken into account while the three-body collisions are neglected. The assumption of a dilute
gas also allows one to model the atom-atom interaction by a two-atom contact potential.
Moreover, the combination of a low temperature gas with a deep optical-lattice potential
enables one to only consider the first energy band of the system.

1.1 Bose-Einstein condensation

In 1905, Einstein describes the photoelectric effect by assuming that light behaves not only
like a wave but is made of particles called photons [97|. Conversely, de Broglie postulated in
1924 in his well-known thesis [98] that matter presents also a wave behavior. This leads to
the concept of wave-particle duality for which each particle is characterized by a wavelength
given by Agg = h/p, where h is the Planck constant and p is the momentum of the particle.
This theory was able to explain the experiment of Davisson and Germer conducted in 1927
concerning the diffraction of electrons through a crystal [99,100]. Based on the work of de
Broglie, Schrodinger proposed in 1926 the eponymous equation describing the wave behavior
of massive particles in the context of the first quantization [101].

There are two classes of quantum particles, namely the bosons and the fermions. The
former are described by a totally symmetric wave function while the latter by a totally anti-
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symmetric wave function. It means that the permutation between two identical particles in
the wave function (71,7, ..., 7y) describing N particles leads to a prefactor +1, respec-
tively, in the symmetric and antisymmetric case. By assuming that r; is the position of the
particle [ (which takes into account its possible spin), this condition leads to

w(rl,...,ri,...

This matter property leads to the fact that two fermions cannot share the same position with
the same spin. In other terms, the exclusion principle stipulates that two fermions cannot
occupy the same quantum state.

Ti,...,TN)=2P(r1, ..., T, T, TN (1.1.1)

In practice, an ensemble of particles that are sufficiently far from each other can be de-
scribed without introducing a common wave function and the wave functions of the particles
can be treated separately. The de Broglie wavelength A\qp gives a measure of the spatial
extension of a particle of mass m at the temperature T,

2mh?
B = . 1.1.2
= (112)

At high temperature, the typical particle interdistance is very large in comparison to the
de Broglie wavelength. This condition, which can be formally written as A\gg < (V/N)'/3
with V' the volume, is fulfilled in a gas for normal temperature and pressure. Thus, the
particles can be seen as points and the Maxwell-Boltzmann distribution is applicable. At
low temperature, the wave spatial extensions of particles begin to overlap and the quantum
properties of matter must be taken into account. For a de Broglie wavelength reaching the

particle interdistance such that
v /3
() (113

N

the Maxwell-Boltzmann distribution must be replaced by the either Bose-Einstein distribu-
tion in the bosononic case or the Fermi-Dirac distribution in the fermionic case.

High
Temperature T:
thermal velocity v
density d3
"Billiard balls"

Low
Temperature T:
De Broglie wavelength
AdB=h/my o T2
"Wave packets"

e
1
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Figure 1.1.1: Sketch of the Bose-Einstein condensation that takes place when the
wave spatial extensions of the bosonic particles are sufficiently overlapped. The Bose-
Einstein condensate is a wave manifestation of matter that appears at low temperature.
This image comes from Ref. [102].
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In an ideal bosonic gas, the Bose-Einstein distribution gives the mean number of occupa-
tions (ny) of the energy level ¢, which is controlled by the temperature 7" and the chemical

potential p,
1

ng) = .
< k> ex TR 1
P\ %aT

Unlike fermions, several bosons can occupy the same quantum state. This means that for
low temperature, an important part of the particles occupies the ground state energy e.
Moreover, as the temperature decreases the chemical potential tends to reach ¢y, and a
singularity arises at the critical temperature T.. For u — ¢y, the occupancy of the ground
state begins to diverge. This is the signature of the Bose-Einstein condensation. In this
context, the particles lose their individuality and condense into the ground state to form a
giant coherent matter wave as illustrated in Fig. 1.1.1.

The first Bose-Einstein condensates were realized in 1995 with a 5’Rb cloud of 2 x 10*
atoms characterized by a density of 2.6 x 102 cm™ and a temperature of 170 nK [13] as well
as a 2*Na cloud of 5 x 10° atoms characterized by a density of 10" cm ™ and a temperature
of 2 nK [14]. The same year, indirect evidence was also obtained for the atomic species
"Li [103]. Other condensates have also been obtained for the spin-polarized hydrogen [104],
for the “He in a metastable state [105] and for the species *'K [106], to mention some
examples. The alkalis are an interesting class of atoms for experimental construction of a
Bose-Einstein condensate. Indeed, they display one valence electron whose magnetic moment
of spin can interact with an external magnetic field leading to the possibility to realize a
loffe-Pritchard trap [20]. This electron can be treated to a certain measure independently of
the filled electronic inner shells. Moreover, these atoms have in general an optical transition
in the visible or in the infrared, i.e. the range in which lasers are available for optical traps.
For instance, some intra-atomic transitions from the electronic ground state exploitable for
cooling are given by roughly 780 nm for Rubidium [13] or 671 nm for Lithium [103].

(1.1.4)

A Bose-Einstein condensate is obtained by means of a dilute gas of ultracold particles.
The fact of being dilute prevents the phase change toward the liquid or solid configuration
even at small temperature. The typical particle density of an ultracold atomic gas amounts
to 1013-10% ecm™3. To compare, the density of molecules in the air at room temperature is
about 10! ecm™3, about 10%2 ecm~2 for liquid and solid while it amounts to 10%® cm™3 for
nucleons in atomic nuclei.

Bose-Einstein condensates are obtained for temperature scales below 10 uK. Before reach-
ing condensation, the standard technique is first to use laser cooling to trap an atomic cloud.
The laser cooling refers to the trapping techniques based on cycles of absorption of a pho-
ton by an atom and spontaneous emission [20] which enables one to reach temperature of
roughly 10 pK. Unfortunately, this temperature is not enough to produce a Bose-Einstein
condensate. That is why a second step is needed, which consists in the evaporative cooling.
This cooling technique is used after turning off the lasers by replacing them by a purely
magnetic trap. Then, the more energetic atoms are removed from the trap by means of
radio-frequency radiations [20]. This enables one to reach temperature below 10 uK. To
compare, the quantum effect related to electrons in a metal is below the Fermi tempera-
ture, i.e. below 10*-10% K in general, and for the phonons in a solid, it is below the Debye
temperature i.e. below 102 K. The superfluidity of the *He is obtained for roughly 1 K, and
the degeneracy temperature for the atomic nuclei is roughly 10* K owing to their higher
density.
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Below a certain critical temperature 7, the atoms condense in the ground state and form
a coherent matter wave. By treating correctly the divergence when the chemical potential
tends to the ground state energy, the evaluation of N = ), (ny) in a non-interacting bosonic
gas leads to the condensed population [20,107],

s (- (2)) 15

In 3D without an external trapping, we have o = 3/2, and the critical temperature reads

2 h? N 2/3
=2 (verm) (116)

Here ((x) is the Riemann zeta function for which ((3/2) ~ 2.612. The evaporative cooling
that enables one to reach the Bose-Einstein condensation consists in removing the more en-
ergetic atoms. The subsequent decrease of the atomic density N/V implies a decrease of the
critical temperature. This contradictory effect required an atomic cloud that is sufficiently
dense before performing the evaporative cooling in order to produce a Bose-Einstein con-
densate. For the first realization of a Bose-Einstein condensate in the Cornell and Wieman
experiment [13], Eq. (1.1.6) leads to T, ~ 35 nK and \qp(7;.) ~ 1 pm knowing that the cloud
density is 2.6x10'? cm™ and the mass of 3'Rb is m = 1.443 x 102 kg.

In the case of a 3D harmonic trapping mw?(z? + y* + 2%)/2, which is closer to the
experimental context, the critical temperature reads [20,107]

T, = % (%)1/3, (1.1.7)

with o = 3. Equation (1.1.7) is obtained with the assumption kgT > hiw, meaning that the
typical energy scale related to the temperature is larger than the typical distance between
the levels in the discrete spectrum. Equation (1.1.7) becomes then valid for N > 1. In a
typical experiment, the atomic cloud is composed of N ~ 10° particles and the frequency
trap amounts to w ~ 10* s7*. These values correspond to hw/kp of few nK and T, ~ 10? nK,
which is the typical critical temperature for the condensation of an ultracold atomic cloud.

Because the fermions are subjected to the Pauli exclusion principle, it is not possible
to perform a Bose-Einstein condensate with the fermionic atomic species. Nevertheless, the
combination of two fermionic atoms leads to a bosonic molecule. The first realization of Bose-
Einstein condensates with molecules were performed with *°Kj [108] and with ®Li, [109,110].
On the other hand, the ultracold properties of fermionic atoms can also be studied. In this
context, it is possible to build a degenerate fermionic gas. The Fermi pressure resulting from
the exclusion principle tends to induce a broader spatial extension of the fermionic atomic
cloud than the one of a bosonic atomic cloud [111]. The same phenomenon avoids, at another
length and density scale, the gravitational collapse of a white dwarf or a neutron star into
a black hole [111,112]. The Fermi degeneracy was observed for the first time in gas of “°K
where two hyperfine states were represented [113,114] and in a gas mixing two isotopes of
lithium, namely the fermions °Li with the bosons “Li [111,115]. The sympathetic cooling is
the term used to refer to the cooling with several atomic species.

A specific feature of the Bose-Einstein condensate is its coherence at long length scales.
The idea is to introduce the one-body density matrix in order to characterize the long-range
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Figure 1.1.2: Time-of-flight absorption images of ultracold atomic clouds of *'Rb for
different temperatures. These distributions can also be seen as distributions in the
reciprocal space. The Bose-Einstein condensation is obtained below a certain critical
temperature from which the ultracold atoms follow a bimodal distribution roughly
given by Eq. (1.1.11) characterized by a zero-momentum peak. These measures were
experimentally obtained in the experiment of Cornell and Weiman [13,116]. This image
comes from Ref. [116].

order of the condensate. This one-body density matrix is defined as [107]

n®(r 7'y = (D (r)d(r)). (1.1.8)

Here @(r) is the field operator that destroys a particle in r while 1/3*(1") creates a particle
in r. This quantity gives a measure of the coherence between the creation of particle at
a certain point and a destruction of particle of another place. If the ¢ (r) constitutes an
orthonormal basis of the one-body Hamiltonian, the field operator can be expressed in terms
of the ladder operators

b(r) = on(r)in. (1.1.9)

Here aj destroys a particle characterized by the orbital ¢g(r) while dL creates a particle
characterized by this orbital. Let us assume that we have a non-interacting gas without
external trapping. Therefore, the one-body orbitals are plane waves, ¢p(r) = 1/v/V e*7.
Moreover, the covariance between the ladder operators is given by (a) dr) = (1 )0kr Where
(ng) is the mean number of particles in the orbital ¢g(r). If p is the momentum, (ng) can
also be written as n(p), and the one-body density matrix reads

1

nM(r,r') = Vv /d3p n(p) e =), (1.1.10)

The result depends only on the interdistance r — 7.

If n(p) is a smooth function as it is the case for the Maxwell-Boltzmann statistics or the
Bose-Einstein statistics above T, the one-body density matrix vanishes for |r — r/| — oc.
Nevertheless, a divergence arises at T, and below for the Bose-Einstein distribution. It means
that n(p) contains a delta function,

n(p) = Nod(p) + 7(p). (1.1.11)
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This bimodal distribution is peaked at zero-momentum where the condensed particles ac-
cumulate with Ny the number of condensed particles. The second part n(p) is a smooth
function. In the context of the Bose-Einstein statistic, n(p) is Gaussian in the free space.
This bimodal distribution is illustrated in Fig. 1.1.2. The one-body density matrix becomes
a non-zero value asymptotically below T,

N
li (1) N0
L et ) =3

(1.1.12)

This long-range behavior is called the off-diagonal long-range order and was highlighted by
Penrose and Onsager in 1956 [117].

The result (1.1.12) highlights the long-range order of the ultracold atoms below the critical
temperature. This coherence is the key to understand the difference with the Maxwell-
Boltzmann statistics. For this one, it is possible to have almost all particles in the ground
state at very low temperature. Nevertheless, the long-range order vanishes meaning that
there is no coherence between particles. Conversely, for the Bose-Einstein statistics case, the
one-body density matrix tends to the density of condensed bosonic atoms below the critical
temperature. This indicates that a Bose-Einstein condensate is a coherent matter wave. The
ultracold bosonic atoms become a useful resource for studying atomic interference and atom
optics as illustrated in Fig. 1.1.3.
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Figure 1.1.3: Interference fringes obtained with two expanding condensates of sodium
after a time-of-flight of 40 ms [102]. The distance between two fringes is 15 ym and the
width of the picture is 1.1 mm. The interference pattern suggests that the coherence
is conserved on a long range. This image comes from Ref. [102].

1.2 Optical (super)lattice

1.2.1 Interaction between an atom and an electric field

The ground state of an atom can be modified by the presence of an external electric field,
E(r,t). Here the time-dependent part of the electrical field is determined by the frequency
w. The general Fourier decomposition of an electrical field characterized by one mode is
given by

E(r,t) =&, "' +E e ™. (1.2.1)

In the framework of time-dependent perturbation theory the shift of the ground state energy
reads [20]

AE, — —%Oz(w) < E(r,1)° >, (1.2.2)
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where < -+ >;=w/(27) 0%/ “dt is the temporal mean. The atoms subjected to an external

electric field will display an electric dipole moment d. The ground state shift is due to the
coupling between this dipole and the electrical field. The laser frequency is assumed to be
close to the transition between the ground state |g) and an excited state |e), which leads to
the polarizability in the second order of the time-dependent perturbation theory with the
following form [20)],

[{e|d - €|g)|?
(Ee - Eg) — hw’

Here € is the polarization vector. Note that the expression (1.2.3) is valid when the rate of
spontaneous emission from the excited state is much smaller than the laser frequency [20].

a(w) ~ (1.2.3)

In the case of an electrical field modeled by a plane wave, we have €, = e exp(—ik - r)
with & the amplitude and k the wavevector. There are two qualitatively different behaviors
which depend on the sign of the polarizability according to the relation (1.2.2).

1. Red-shift: E, — E, > hw. As AE, is negative, the laser tends to attract the atom.

2. Blue-shift: E, — F, < hw. As AE, is positive, the laser tends to repel the atom.

This energy shift is known as the AC Stark effect. The resulting energy gradient enables one
to build optical traps for neutral atoms.

1.2.2 Double-well potential

An electrical field is able to attract an atom by inducing a level shift of its ground state. The
key mechanism of this phenomenon is related to the interaction between the electric dipole
moment and the electrical field as displayed in Eq. (1.2.3). When the electrical field is time-
dependent, this phenomenon is called the AC Stark effect. The combination of different
sources can create an optical lattice. The resulting electrical field of two opposite lasers
linearly polarized along the same direction leads to a standing wave,

E(x,t) = & cos(kx — wt) + & cos(—kx — wt) = 2& cos(kx) cos(wt), (1.2.4)

with £ = 27 /A. The ground state energy shift of the atom is determined by the temporal
mean of the square of the electric field,

< E(w,t)? >4= 2&F cos® (k). (1.2.5)
This evaluation enables one to determine the effective potential that acts on the atom,
V(z) = Vg cos® (k) = Vg cos® (2ma/N), (1.2.6)

with Vo = —1a(w)&. This is a periodic potential with a period A/2.

As displayed in Fig. 1.2.1(a), a standing wave can be added in the y direction in order
to create a square lattice [19],

V(z,y) =V, cos®(kyz) + V, cos?(k,y). (1.2.7)

One way to achieve a two-site optical trap is to create a square lattice according to the previ-
ous relation by adding a harmonic confinement. This type of confinement can be achieved, for
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example, by means an optical dipole trap, for which a focusing lens creates a local maximum
of the laser intensity [21].

Another way to reach a double-well potential is to use the superlattice techniques, which
consist in superimposing lasers with different wavelengths [24,118|. In the case of square
lattice, a two-site system can be generated by adding a second standing wave along the x

direction.
V(z,y) = Vg cos®(ky1x) + Vi cos® (kg pz) + V, cos®(kyy) (1.2.8)

Figure 1.2.1(b) shows the superlattice generated by the previous relation for k, o = k,1/2.
The different dimers are relatively well separated from each other. In this context, if an
atom is trapped in one of them, the description of the dynamics can be restricted to this
dimer.

) © @ © ©
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Figure 1.2.1: (a) Square optical lattice obtained with the relation (1.2.7) for k, = k,
and V,, = Vj,. (b) Optical superlattice obtained with the relation (1.2.8) for k, 2 = k;1/2
and V, = 0.57V,,.

1.2.3 Triple-well potential

The temporal mean in Eq. (1.2.2) can also be evaluated for a general configuration of lasers
with arbitrary polarizations and wavevectors. The total electric field created by a set of
lasers having the same frequency is given by the superposition of the individual fields,

E(r,t) = Zé’i cos(k; - r —wt +9;), (1.2.9)

where 9; is the phase shift of the laser ¢ and &; contains its amplitude and its polarization.
The temporal mean reads!

< E(r,t)? >= 252+25 - E;cos|(k; — kj) -7+ 6; — ). (1.2.10)

Z<J

One can thus play with the relative orientations and the number of lasers to create some
specific optical lattices.

'The mean of cos 2(k; -7 — wt + &;) over one period is equal to 1/2. To compute the other terms, we have
to use cosacosb = 1 (cos(a + b) + cos(a — b)) before the temporal mean.
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A triangular lattice (see Fig. 1.2.2(a)) is built by using three lasers in a plane with a
120° angle between each wavevector. Their polarization must be perpendicular to this plane.
The expressions of the wavevectors read ki = k(cos(%),sin(%),0) = k(v/3/2,1/2,0), ks =
k(cos(5F),sin(3F),0) = k(—v/3/2,1/2,0), ks = k(0, —1,0). The amplitudes are assumed to
be equal to £; = (0,0,&). The temporal mean of the square of the electric field reads

< E(r,t)? >= gé’g + & (cos[(ky — ky) - 7] + cos|(ky — k3) - 7] + cos|(ky — k3) - 7)),
(1.2.11)

for the triangular lattice. The previous expression enables one to evaluate the effective
potential which acts on the atom.

V(r) = Vo (cos|[(ky — kz) - 7] + cos[(ki — k3) - 7] + cos[(ke — k3) - T])

1 -} -
=V, | cos EV3 (0] 7| +cos [kV3 —\/75 -r| +cos | kV3 ‘/?g -r
0 0 0

(1.2.12)

The potential pattern of Eq. (1.2.12) would have been the same with a scale factor and

with a global rotation if the initial configuration of k; had been used. In this case, the

potential would read V; Z?Zl cos(k; - 7). This remark is also true, again with a scale factor,

for a potential of the form

V(ir)=W icosz(kj - T). (1.2.13)

In this context, the potential (1.2.13) is a triangular lattice and is generated by means of
three standing waves separated by a 120° angle from each other.

P ® (X *
) ) =
S W
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Figure 1.2.2: (a) Triangular optical lattice obtained with the relation (1.2.13). (b)
Triangular optical superlattice obtained with the relation (1.2.14) for ¢ = 37/2.

The generation of the triangular superlattice in Fig. 1.2.2(b) is more technical. That can
be achieved by using the superlattice techniques. It consists in substituting each standing
wave cos?(k; - r) of the triangular lattice by [cos(k; - 7 + 30:¢/2) + 2 cos(k; - /3 + 0:0/2) +
4cos(k;-r/9+0;0/6)]* with o = (1,—1,1) [22,23]. The k; are the same as in the triangular
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lattice case. The triangular superlattice potential reads

3
Vir)="V Z [cos(k; - T + 3030/2) + 2 cos(k; - /3 + 0:¢0/2) + 4 cos(k; - /9 + 010 /6)]” .
i=1

(1.2.14)
In practice, there are three standing waves with an angle of 120° between each other. Each
standing wave is generated by three lasers in a configuration explained in Ref. [22,23]. The
main advantage of the optical superlattice is to directly produce trimers well separated from
each other. In this context, if an atom is trapped in one trimer, its dynamics will take place
only on this trimer.

1.3 Bose-Hubbard model

1.3.1 Scattering at low energy

In an ultracold gas the typical distance between atoms is d =100 nm. In this section, we
will characterize the typical length scale over which the atoms interact. In a dilute gas,
this typical length scale is much smaller than d. That is why the three-body interactions
and more can be safely neglected, and the two-body interaction is modeled by a potential
of the form U(r,r’') depending on the position 7 of the first particle and the position 7’ of
the second one. In practice, this interaction depends only on the relative distance between
both particles # = r — 7’ such that U(r,7") = U(F). To deal with a two-body problem,
it is convenient to study the dynamics in the center of mass coordinate (r + r’)/2 and in
the relative coordinate #. On one hand, the wave function related to the center of mass
coordinate behaves like a free particle such that it is characterized by plane waves. On the
other hand, the wave function related to the relative coordinate is described by a typical one-
body Schrodinger equation where U(7) is treated like an external potential. In the context
of the two-body scattering, it is possible to write the wave function as an incident plane
wave (assumed to be oriented along the z axis) plus a scattering part such that? [20,107]
kT

=™+ f(0)— (1.3.1)

for 7 — oo. Here the potential characterizing the atom-atom interaction is supposed to be
spherically symmetric, U(7) = U(7), such that the scattering amplitude f(6) depends only
on the scattering angle #. This is the angle between the incident motion and the motion
after the scattering.

At very low energies, the wave function is delocalized in comparison to the spatial ex-
tension of U(7). In this context, it is enough considering that f(#) amounts to a constant
—as |20]. The wave function becomes

p=1-2 (1.3.2)

7

for k — 0, 7 — oo and kr — 0. The constant ag, called the s-wave scattering length,
describes entirely the collisions at very low temperature between two atoms for a dilute gas.

2Equation (1.3.1) is valid if the particles are distinguishable. As it not the case, the exact form should be

=R ek 1| £(0) £ f(r — 0)\¥ respectively for bosons and fermions. If the f(#) is a constant as it
is the case at low energy scattering, the scattering part of the wave function vanishes for identical fermions.
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The alkali atoms are characterized by one electron on the valence shell. When two atoms
interact, their interaction can take place with respect to the singlet spin state or the triplet
spin state of the two valence electrons. That is why there are s-wave scattering lengths
related to the singlet and to the triplet. Some typical s-wave scattering lengths can be found
in Table 1.1.

ol Jag al Jag

H 0.41 1.2
i 33 —27
BNa 19 65
4K 85 65
%Rb 2400  —370
8"Rb 90 106
133Cg 280 2400

Table 1.1: S-wave scattering lengths for different atomic species. Here a'” makes

reference to the singlet spin state while agt) to the triplet spin state of the two valence
electrons. The values are given in unit of the Bohr radius, ap = 5.29 x 1072 nm. These
values come from [20].

The s-wave scattering length is the typical distance on which the atoms interact by pair.
Thus, as is compared to the typical interdistance d, and the dilute gas condition is written
as

las| < d. (1.3.3)

For typical d separation, atoms don’t see each other. In the context of a dilute gas, it is
convenient to get rid of all specific details concerning the atom-atom interaction and to
model this one by a contact potential such that

Ulr,r") = gé(r —r'). (1.3.4)

From this assumption, it is possible to derive the relation between the coupling g and the
s-wave scattering length [19, 20, 58,119,

Arh2a,
g = Gs (1.3.5)
m

where m is the mass of the atomic species. A negative as leads to effectively attractive
atoms while a positive a, leads to repulsive ones. Although it is possible experimentally to
cool attractive atoms to a Bose-Einstein condensate [103], the contraction on itself of the
ultracold atomic cloud can lead to the collapse of the condensate with atomic losses [35, 36].
That is why the gases with an attractive inter-atomic interaction are more unstable than the
repulsive one.

1.3.2 Derivation of the Bose-Hubbard model via second quantiza-
tion

The idea of this section is to build a model to describe a gas of atoms trapped in optical
lattice characterized by the one-body potential V' (r) = V(r + R). Here R is the periodicity
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of the optical lattice. Moreover, there is an additional trap potential Vy(r). The gas is
assumed to be diluted in order to only take into account the two-body interaction U(r,r’).
In the framework of second quantization, the Hamiltonian of a sufficiently dilute ultracold
atomic gas is given by [28,120]

~

= [ i) (;_M V)t vm)) $(r)

m

~

+ % / d*r / &' D)t (U (v, )b (7)) (1), (1.3.6)

where ¢ (r) and 9! (r) are the field operators. The former destroys a spinless particle at the
position  while the latter creates a spinless particle at the position . They are characterized
by the commutation relations [1)(r), T (#")] = 6(r — ') and [ (r), i(r)] = [O(r), d(r))] =
0 Vr,r’ € R3. These operators are able to count the total number of particles.

A~

/RS & D)) = N, (1.3.7)

The one-body potential V' (r) 4+ Vi (r) is separated in two parts, one representing the
periodic optical lattice potential V' (7) and the other one the trap potential V(7). In the
framework of the tight-binding approximation [20], the depth of the potential is sufficiently
large that the system can be described by focusing only on the first energy band. Indeed, as
the temperature is assumed to be very low, the energy of the particles is much smaller than
the energy gap to the first excited band. The destructive field operator can be expanded
in terms of the annihilation operators by means of the orthonormal single-particle basis
{wj(r)| 7 =1,..., Ng} restricted to the first energy band,

0 =Y )i (135)

where N is the number of sites on the lattice. By assuming that the function w;(r) is
relatively well localized on site j%, the ladder operator a; can be associated to the destruction
of one particle on site j.

In the framework of the scattering of two atoms at low energy, the collisions are mainly
determined by the s-wave component of the eigenfunctions of the radial equation (knowing
that the two-body interaction is modeled by a spherically symmetric potential). With the low
energy assumption, it follows that the collisions can be characterized by an unique parameter,
namely the s-wave scattering length a, [19,20]. As the atomic gas is strongly diluted, the
two-body interaction is modeled by a contact potential according to Eq. (1.3.4) [20,119].

By using the previous assumptions, the Hamiltonian (1.3.6) can now be expressed in
terms of the ladder operators,

N S R R 1 S R R R R S R R
H = E Jijajaj -+ 5 E Uijklaja;akal + E Vz-jajaj, (139)
ij—1 i l=1 ij—1

3In the literature the Wannier functions are often used [19,28,120], which depend only on the relative
distance r — r; with r; the position of the lattice site j, such that w;(r) = w(r —r;).
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with
Jij = /d37" w; (r) (%A + V(r)) w;(r), (1.3.10)
Uiji = g/d?’r w; (r)w} (r)wg(r)w(r), (1.3.11)
Vij = /d3r w; (r)Vr(r)w;(r). (1.3.12)

The terms J;; represents a part of the on-site energy of site i as it will be discussed below.
In order to obtain the Bose-Hubbard Hamiltonian, several assumptions are introduced.

e The hopping is restricted to the nearest neighbor sites. If the lattice is one dimensional,
this assumption leads to J; ;41 # 0 and J; ;4 =0 V1> 2,Vi.

= T = / & wr (r) <;—::A + V(r)) wia (7) (1.3.13)

e The two-body interactions are restricted to the particles on a same site. The non-local
interactions are neglected meaning that U i # 0 if and only if i = j =k = [.

e The trap potential varies slowly. It is constant on a site: V;; =~ Vip(r;) [ dr w}(r)w;(r).
By defining V; = Vi (7;), we obtain

Vij = Vidi. (1.3.15)

The on-site energy is then defined as & = J; + V;. The previous assumptions give rise to
the Bose-Hubbard Hamiltonian,

N, N, N

R S R ) ) R 1 S R R L s ) )

H=— E Jl(ajalﬂ + aLlal) + 5 E Ula;ra}alal + E &a;al. (1.3.16)
=1 =1 =1

In the case of periodic boundary conditions, we have ay 1 = a;. If the boundary conditions
are fixed, the sum for the hopping goes to N, — 1 instead of Ng.

In a homogeneous optical lattice made of ultracold atoms, there are two main parameters
which will lead to different qualitative dynamics, namely the on-site interaction U and the
hopping J*. On one hand, the former describing the interaction of two atoms on a same site
tends to localize the system. On the other hand, the latter describing the tunneling of atoms
one by one tends to delocalize the system over the entire lattice. It means that the system
may stay in its initial configuration for U/J > 1 [19,27,29,121,122]. This configuration is
called a Mott state for an infinite lattice. The phenomenon by which interactions between
atoms leads to a localization is also called self-trapping. In this case, the phases of the sites
are uncorrelated. On the other hand, the giant matter wave displays a superfluid behavior
for U/J < 1, where all atoms are delocalized over the entire lattice [19,27,29,121,122].

4The lattice is assumed to be homogeneous according to U and J such that J; = J and U; = U VI.
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1.3.3 Bose-Hubbard parameters in the laboratory units

An atom trapped in an optical lattice made of a standing wave defined along the x direction
(see Eq. (1.2.6)) will be subjected to the potential

2st0 . K2k2
V() =W 5, Sil (k,z) =V p- (1 — cos(kx)), (1.3.17)

where m is the mass of the atom, k, = 27/ is the wavevector of the laser photons and
k = 2w /d the wavevector of the lattice for which the distance between two successive sites
is given by d = A\/2 leading to k = 2k,. The typical energy scale is the recoil energy
E, = h?k}/(2m), which represents the kinetic energy of an atom, initially at rest, after the
emission of a photon.

The addition of a harmonic confinement along the two other directions gives rise to the
following Hamiltonian,

h? h2k?
H=——A+7,
2m m

1
(1 — cos(kz)) + imwi(gf + 22). (1.3.18)
As H = H, + H, + H., is separable, the different parts of the Hamiltonian read

h2 82 h2 k?2

- 1— 1.3.1

H, 57 a2 + W — (1 — cos(kx)), (1.3.19)
K2 0? 1 9 o

Hy = —% a_yQ + émey s (1320)
h 0? 1

H,=—— — 4+ -mw? 2% (1.3.21)

If the oscillations inside the well are small, a harmonic approximation can be made and
the ground state on site [ reads w;(r) = w(r — [2%e,), where

1 2 1 2 2
w(r) ~ exp —x—2 ——— exp (—w) : (1.3.22)
N 201 | \/moL 209

with o = 1/(kV01/4) and 0, = \/h/(mw,). In the tight-binding approximation the potential
is sufficiently deep such that the w;(r) are approximately orthonormal,

/ d*r w*(r)w(r — 127 /ke,) = exp (— (kl—ﬂ) > %0 Wi # 0. (1.3.23)
R3 U||

Still in the harmonic approximation, the longitudinal trap frequency takes the form
w = v/ Vohk? /m with o = \/h/(mw)). Within this approximation, the ground state energy
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Ey = Ey, + Eyy + Ey. can be evaluated analytically.

Eoo = [0tV Hawlr) = v/To(1 ) (1.3.24)
R3
hw
Ey, = / w*(r)Hyw(r) dPr = TL (1.3.25)
R3
Fo. = / w? () Haao(r) dPr = "o (1.3.26)
R3

Here n = exp (—1/(4v/Vo)) — 1/(4V/V). By means of Eq. (1.3.14), the evaluation of the

on-site interaction is given by

vV

or

U= g/ lw(r)|*d®r = 2hw, ka, (1.3.27)
R3

with a, the s-wave scattering length, g = 4wh%a,/m [119] and w, the transverse trap fre-
quency.

The use of Eq. (1.3.13) is a way to evaluate the hopping. An alternative is the semi-
classical theory called WKB (Wentzel-Kramers-Brillouin) [66] enabling one to calculate the
transmission coefficient through a potential barrier for a particle in its ground state. This
transmission coefficient can be related to the hopping parameter [123-125],

w/k
J = \h/“% exp (—%/ \/zm(V(a:) — Ey.) dx) (1.3.28)
VO ﬁ2/{32 i
= \/g—exp <—2\/2V0 \/n—coso d¢> : (1.3.29)

m arccosn

with V(a) = Ep, the ground state energy of the one dimensional system. By assuming w;
= w|, Vo can be determined by solving

% = \/2e\/Vokas exp <2\/2V0 /1 — cos ¢ dqﬁ) : (1.3.30)

The energy scale is then obtained by means of Egs. (1.3.27) or (1.3.29).

™

arccosmn

The wavelength of the laser is assumed to be equal to A=1064 nm. The s-wave scattering
length and the mass of 8’Rb are a; = 5.313 nm and m =1.443x10~2> kg, respectively. The
solution of Eq. (1.3.30) for U/J = 20 gives V; = 0.8586. This leads to wyj = w, = 9.4 x 10*
st and h/J = 4.4 x 1073 s. Figure 1.3.1 illustrates the increase of the tunneling timescale
h/J of a particle as a function of the on-site interaction. A harmonic approximation of the
energy bands takes the form

1\ A%k?
En.~vVW (n + 5) , (1.3.31)

m

with n the band index. Knowing that the strength of the potential is 2V ~ 1.7, the system
displays two binding states inside a well, namely Ej . ~ 0.46h%k*/m and E; , = 1.39h%k* /m.

So far we have assumed that the atomic cloud is diluted such that the frequency of the
collisions is relatively small. In this context, it is possible to take only into account the
two-body collisions, which occur much more often than the three-body ones. The dilute gas
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a=5.313 nm; m=1.443x10"" kg
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Figure 1.3.1: The tunneling timescale, here in seconds, tends to increase with the
on-site interaction. This plot was obtained for a typical optical lattice of wavelength A
filled with ®'Rb atoms.

condition reads [126,127]
|as| < d, (1.3.32)

where d = 1/n!/? is the typical interdistance between two atoms and 7 = N, /((v/270 )%V 270
is the average density of atoms. Here N, is the total number of particles on the lattice. As
calculated previously, wy = 9.4 x 10* s*, which leads to o = y/h/(mw)) = 88 nm for the
oscillator length for *'Rb atoms.

To simplify the calculus, we can assume w; = w, such that o = o,. In some results
of the next chapters, the scale of the number of particles is IV, ~ 10. It corresponds to a
density of 7 = 9.3 x 10 cm ™ and to d = 100 nm, which is the typical orders of magnitude
encounters in experiments with ultracold atoms. The dilute gas condition (1.3.32) can be
used to set an upper limit on the number of atoms. This gives rise to

< £ ~ 72000. (1.3.33)

Thus, this assumption can be safely done for roughly 10 atoms.

1.3.4 Mean-field approximation

Before taking the classical limit of the Bose-Hubbard Hamiltonian (1.3.16), we will explain
how this can be achieved with the harmonic oscillator. Its Hamiltonian reads

- 1
Hyo = hw (a*a + 5) : (1.3.34)

One way to obtain the classical limit is to replace the ladder operators by complex numbers
such that

(1.3.35)
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Nevertheless, the Hamiltonian must be symmetrized before replacing the ladder operators
by complex numbers. Knowing that the commutator is [a,a'] = 1, this can be achieved by
ordering the ladder operators according to

. ata 1 aal
Fho = Fao (+) . (1.3.36)
With the expression (1.3.36), the classical limit of H,, reads
Hyo = wl. (1.3.37)

A rapid way to compute the spectrum is to use the semiclassical method called the Bohr-
Sommerfeld quantization (n € N) [65,66],

1 [% 1
— Idd=h(n+=), (1.3.38)
2m Jo 2

where [ is the conjugate momenta and 6 is the generalized coordinate. In this case, the
spectrum of the harmonic oscillator is reproduced with the correct zero-point energy.

E = hw (n + %) (1.3.39)

The ordering of the operators is crucial to obtain the correct classical equivalent. The
goal of this section is to take the classical limit of the Bose-Hubbard Hamiltonian (1.3.16),

N, N, N
1 S ) R L S ) )

E al Qi1+ az+1al) + = 5 E Ula;ralfalal + E &a;al, (1.3.40)

=1 =1 I=1

while keeping the correct zero-point energy. The parts that must be ordered are the on-site
interaction part and the on-site energy part. By realizing that this term can be expressed
as Uyalalaya; = Uiy (fy — 1) with 7 = aa;, the Hamiltonian becomes

Ns At A A oAt N A oAt
.1 a,a; + a;a 1 a,a; + a;a 1
H == O e e A ot s e A |
2Z l( 2 2)( 2 2

=1
Ns N st oa oot
AT A it A a,a; + a;a 1
— Z Jl(a;alﬂ + CL;[_HCL[) + Z& (% - 5) . (1341)
=1 =1

In Ref. [128], the classical limit is obtained by introducing the quadrature operators,
which can be seen as a Cartesian representation of the system. Another way to achieve that
is to replace the ladder operators by complex numbers [129,130] in the limit of an infinite
amount of particles, which is called the mean-field approximation,

(@) ~ = /T, €,
(@) ~yr = /I e,

where the 1; represents the condensate amplitude on site [, #; the phase on the site [ and
I is proportional to n;, the number of particles on site [ such that [; = n; +1/2. As N, is

(1.3.42)
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conserved, the sum of the /; amounts to a constant N = N, + N,/2.

I =N (1.3.43)

Those preliminary explanations lead to the classical limit of (1.3.40).

H () Z S Vi + U ) + Z U (Wz\4 — 2| + ) + Z& (Wz\z — —)

(1.3.44)

The ordering of the ladder operators reproduces the correct zero-point energy and the inter-
action terms at the classical limit lead to a contribution to the on-site energy through the
term Uj|y;]?. The discrete Gross-Pitaevskii equation is then calculated by the Hamiltonian
equations of (1.3.44) with l =1,2,--- | N,.

it _

o = it + i) + U(|tnl* = Do + &t (1.3.45)

Note that 1)y corresponds to 1y, and ¥n,+1 corresponds to ¢, for periodic boundary condi-
tions.

The variables (@, I) are known as the action-angle canonical variables, and can be used
as a representation of the classical dynamics. This representation makes a clear distinc-
tion between the angle-independent part H(I) and the angle-dependent part V' (6, I) of the
Hamiltonian such that H(0,I) = H(I)+ V(6,I).

3 1
H(6,1) ZUl (Il — 21, + ) ZZJ“/IIIZH cos(0,— 011 +Zgl <]l - 5) (1.3.46)

Here Iy, 1 corresponds to I; for periodic boundary conditions.

The total number of particles is a conserved quantity such that the sum of each action is
a constant amounting to N. Therefore, it becomes possible to reduce the number of degrees
of freedom by performing a canonical transformation to a set of variables where N plays the
role of a conjugate momentum. For example, the third class generating function F(I, ¢)
can perform this process and generates the identity for the other action variables. This
generating function accomplishes the transformation (0, I) — (¢, z) and reads

Ng—1 N
Ig)=> L+ (Z Ij> O, . (1.3.47)
j=1 j=1

From this generating function, the link between the old and the new canonical variables is
obtained through (I =1,2,--- , Ny)

OF(L, ). _OF(, 9)

K A S

(1.3.48)
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This leads to the new set of canonical variables expressed in terms of the old ones.

¢l:0l_0Ns l:1,27,N5—1

én, = Oy,

Zl:Il [ = 1727"' 7NS—1 (1349)
N,

o= Ij=N
j=1

In this case, the new momentum zy, is a constant of motion amounting to N such that ¢y, is
a cyclic variable. Therefore, the new Hamiltonian is given by H(¢1,- -+, dn. 1,21, , 2N,)
where zy, is treated like a parameter.

That kind of transformation demands an analytic treatment. Nevertheless, that enables
one to visualize the whole dynamics from an easier point of view. For example, the two-site
system is an effective one degree-of-freedom system such that the phase space has two di-
mensions. The unperturbed one is an integrable system® owing to the energy conservation.
If the two-site system is periodically driven, it is still possible to visualize the dynamics in
a plane with the stroboscopic map as it will be described in Eq. (3.3.3). A canonical trans-
formation similar to Eq. (1.3.47) will be particularized to the two-site system in Eq. (3.1.8).
The three-site one is an effective two-degree-freedom system owing to the conservation of the
number of particles. It is a non-integrable system as it possesses two constants of motion for
three degrees of freedom. However, it is still possible to visualize the dynamics by means of
Poincaré section [66]. A canonical transformation similar to Eq. (1.3.47) will be particular-
ized to the three-site system in Eq. (5.2.13). The stroboscopic map of the periodically-driven
three-site system can be designed in order to have a 4D phase space. Then, the dynamics
can be visualized in 3D by means of slices introduced in Eq. (0.0.4). This will be discussed
in Sec. 6.4.

5An integrable system is system where there exists as many independent constants of motion as degrees
of freedom. In this context, it becomes possible to define a canonical transformation to the action-angle
variables where all generalized coordinates are cyclic. For more details, see [66].






Chapter 2

Periodically driven two-site
Bose-Hubbard model

The general Bose-Hubbard Hamiltonian introduced in the previous chapter is particularized
here to the symmetric two-site case. In the framework of weak coupling between both sites
in comparison to the on-site interaction, the atoms are no longer able to tunnel one by one
because of the mismatch of chemical potentials of the two sites. Nevertheless, collective tun-
neling can occur because of the quasidegeneracy between the symmetric and antisymmetric
combination of [n;, ny) and |ng, ny), namely 1/v/2(|ny, ny)=4|ng, n1)), respectively. For a Fock
state |ny,na), m; represents the number of particles on site I. The energetic signature of this
phenomenon is the doublet structure of the eigenspectrum where each group of two levels
are relatively well separated from each other such that the standard two-level approximation
is applicable.

An additional external periodic driving can be treated in the framework of Floquet the-
ory [131]. For a time-independent Hamiltonian, the system is characterized by means of these
eigenvalues and eigenvectors. Although the energy is not conserved in the time-dependent
one, it is still possible to build an eigenvalue Schrodinger equation in terms of the quasiener-
gies and of the time-periodic Floquet eigenvectors. Even if the dimension is infinite in the
Floquet space, it is possible to focus only on a frequency-size block of the eigenspectrum
owing to the periodicity of the quasienergies. The Floquet spectrum is made of an infinite
number of frequency-shifted unperturbed spectra coupled by the amplitude of the periodic
perturbation. The subsequent modification of the unperturbed eigenspectrum is expected
to play a role on the quantum dynamics, especially the tunneling between sites. The end
of this chapter will present original results concerning the total suppression of tunneling by
means of the periodic driving.

2.1 Two-site Bose-Hubbard Hamiltonian

A collection of spinless atoms can be trapped in a double-well potential, whose representation
is shown in Fig. 1.2.1(b). In the optical superlattice case, the plaquettes are well separated
without an additional harmonic confinement such that the system can be seen as a two-mode
system in which the atoms are either trapped on site 1 or on site 2. For example, Fig. 2.1.1
represents a Bose-Einstein condensate with 2 atoms on site 1 and 4 atoms on site 2. A
site coupling, modeled by J, enables the atoms to tunnel from one site to the other. In
the context of a dilute atomic gas the on-site two-body interaction U is enough to model

27
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the collisions between atoms. If the temperature is sufficiently low, the atoms stay on the
lowest-energy band and the Hamiltonian of the two-site system reads [54,58, 132]

Hy = —J(alag + abay) + —(alalasa, + abalagas), (2.1.1)

where a; and &IT are respectively the annihilation and the destruction operators of a particle
on site [. In addition to the conservation of energy, the Hamiltonian (2.1.1) describes a
system where the total number of particles IV, is a conserved quantity,

[N, Hy] = 0. (2.1.2)

Here we have Np = di&l + &;dg. As the system is time-independent and the total amount
of particles is constant, the two-site Bose-Hubbard model is integrable owing that there are
two constants of motion for two degrees of freedom (one degree of freedom for each site). A
more detailed derivation of the Hamiltonian (2.1.1) is presented in Sec. 1.3.2. Incidentally,
the Hamiltonian (2.1.1) is a specific case of the Hamiltonian (1.3.16) for Ny, = 2, U; = U,
Jy=Jand § =0 Vi.

Figure 2.1.1: Contour plot of the potential landscape of an optical superlattice in-
troduced for the first in time in Fig. 1.2.1(b). Two ultracold atoms are trapped on the
first site while four ones are trapped on the second site. The atoms are able to tunnel
to the other site via the hopping parameter J while the on-site interaction U tends to
localize the atoms.

2.1.1 Discrete symmetry

One of the simplest basis choice for the decomposition of the Hamiltonian (2.1.1) is the Fock
basis according to the one-body site basis,

{In1,n2) | ny =0,1,--- ,Np; no =N, —n1}. (2.1.3)

Here n; is the number of particles on site [. From this basis, the dimension of the Hilbert

space is directly obtained, R
dimHy = N, + 1. (2.1.4)

Nevertheless, in some circumstances, it could be valuable to choose an unperturbed basis
that takes into account the symmetries of the system, which enables one to decrease the size
of the matrix to diagonalize. As the double-well potential is symmetric, the system must be
invariant under the permutation of both sites. That is why the permutation operator, ]5,
which inverts the site 1 and the site 2 such that

P|TL177’LQ> = |’I’LQ,TLl>, (215)
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is introduced. An eigenbasis of this operator are the symmetric, [¢,), and antisymmetric
states, [1_).

PW’Q = i|¢i> (2-1-6)

In the context of the Bose-Hubbard Hamiltonian (2.1.1), the basis of the symmetric and
antisymmetric states (for N, odd') reads

1 1
{. ey E(|n1,n2> + |ng,n1)), ..., E(|n1,n2> —|ng,n1)),... | 1 =0,1,..., (N, — 1)/2} ,
(2.1.7)

with ng = N, — n;.

The Hamiltonian (2.1.1) is invariant under the discrete symmetry P. From a physical
point of view, it means that this operation has no influence on the underlying dynamics.
From a mathematical point of view, if the Hamiltonian commutes with a discrete operator,
this Hamiltonian is block diagonal in the operator’s eigenbases [66] such that

[Hy, P] =0 (2.1.8)

— (Hy) = (%%) . (2.1.9)

Here S and A are respectively the symmetric and antisymmetric blocks. This property can
for instance be used from a numerical point of view. In this context, the matrices that must
be diagonalized are twice smaller than that one decomposed in the Fock basis (2.1.3).

2.1.2 Structure of the spectrum

The site permutation operator (2.1.5) turns out to be a symmetry of the unperturbed Hamil-
tonian (2.1.1). That means that each eigenbasis {|¢5, ,,)} of the Hamiltonian are made of
symmetric and antisymmetric states obeying the Schrédinger eigenvalue equation,
HolE ) = s ), nmi=0,1,...,d% (2.1.10)
Ng = Np — Ny,
with [ ) = £ ). Here we have dt = d~ = (N, —1)/2 for N,, odd and d* = N, /2
and d- = N,/2 — 1 for N, even (more details are given in Appx. A.3). If U = 0 in the
Hamiltonian (2.1.1), then the atoms do not see each other. There is no interaction and
the ultracold gas can be seen as an ideal gas. If J = 0, there site no transfer of particles
from a site to another one. The system is totally frozen. In this framework, the Fock
basis (2.3.5) is an eigenbasis of the Hamiltonian as well as the symmetric and antisymmetric
basis (2.1.7). FEach eigenvalue of the spectrum, which is solely determined by the non-
interacting term U/2(alala,a, + alalasa,), is twice degenerate, meaning that the states
1/v/2(|n1, n2) £ |na,ny)) have the same eigenvalue.

€mimy(J =0) = %(nl(nl — 1) +na(ny — 1)) (2.1.11)

If the hopping is slightly turned on, such that (N, + 1)U/J > 1, the symmetric and

antisymmetric basis (2.1.7) becomes an approximation of the exact eigenbasis {|¢3 )}

To build a basis for N, even, one must add the state |N,/2, N,/2) as shown in Eq. (A.3.5). The following
reasoning is also correct in this basis.
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such that

NP
[Uma) = D o I, 13) (2.1.12)

! __
n}=0

~ %(ml,@ + ng,mn))- (2.1.13)
In this configuration, the coupling matrix elements related to J give rise to non-zero (but
small) coefficients for n} # n; and n} # ny. These non-zero coefficients lead to transitions
between the Fock states. Incidentally, as the system is unchanged under the site inversion,
we have & = icﬁp_n. The coupling between sites removes the degeneracy of each pair of
levels. For example, the unperturbed spectrum for N, = 5 and U/J = 20 is numerically
given by

€05 = 200.06250456.7,
€gs = 200.06250196.7,
erq = 120.1527J,

2.1.14
ETA = 120.1229J, ( )
efy = T6.8L

In this context, the eigenvalues are organized by doublets relatively well separated from
each other for which the two-level approximation is still valid. If the system is initially in
|6(0)) = |n1,ne), then it will oscillate between the states |ni,ng) and |ng, n;). One can thus
use the formalism introduced in Appx. C and write the following time evolution,

A ni,n .. A ni,n
|p(t)) = cos (%t) |n1, ng) + isin ( 627;’ 2t> |ng, n1), (2.1.15)
with the splitting Aen, m, = €, 0, — 64,.0p- Figure 2.1.2 gives an example for which the

dynamics is largely dominated by |0,5) and |5,0). The time 7,, ,, required to obtain a
perfectly balanced entangled state,

|6(Tnsn2)) (In1,n2) +ilna, na)), (2.1.16)

1
V2

is given by

wh

Tning — 2|A€n1,n2|.

This time is called the entanglement time.

(2.1.17)

The unperturbed spectrum (2.1.14) shows that the higher the energies are, the smaller
the doublet splitting is. It means that the greater the particle difference between sites is,
the greater 7, », is. Moreover, this time can be expressed in laboratory units for the atomic
species 'Rb whose mass is m = 1.443 x 10~% kg and s-wave scattering length is a, = 5.313
nm. If the wavelength of the lasers used to build the optical lattice is A = 1064 nm, we

obtain .
5 =44 x 107% s. (2.1.18)
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Figure 2.1.2: The numerical detection probabilities are computed for the unper-
turbed two-site Bose-Hubbard Hamiltonian (2.1.1). This indicates that the two-level
approximation is suitable for describing the dynamics. For this example, we have
J1o5/h = 6.0 x 10°.

For the derivation of the result (2.1.18), see Sec. 1.3.3. The evaluations of the entanglement
times 7, ,,, for spectrum (2.1.14) read

705 = 6.0 x 10°h/J  — 795 =2.6x10%s
T4 = 53R/J — 74=023s (2.1.19)
To3 = 026h/J — T23 = 1.1 x 1073 S

These evaluations illustrate the difficulty to build giant entangled state as 7,,, ,, increases
exponentially with the particle imbalance |n; — ng|. Moreover, there is an additional expo-
nential increase with the total number of particles as it will be explained in Sec. 4.2. In a
typical optical lattice experiment, the lifetime of a Bose-Einstein condensate has the order
of magnitude of 10 s [133]. It means that the entangled states related to 73 and 7y 4 could
be observable, but it is definitely not the case for 755. Sections 4.3-4.5 will deal with this
problem by studying the effect of an external coupling on the tunneling rate.

2.1.3 Periodically-driven two-site Bose-Hubbard Hamiltonian

A periodic tilting of the double-well potential (see Fig. 2.1.3) characterized by an amplitude
0 and a frequency w is an external perturbation breaking the energy conservation and,
thus, breaking the integrability of the system. From an experimental point of view this can
be achieved by introducing a periodic modulation of the frequency difference of the lasers
designing the optical lattice [131,134-136],

~

H(t) = Hy+ 0 cos(wt)(alay — adas). (2.1.20)

As shown in the relations (2.1.19), the entanglement time 75 is prohibitively large in
comparison to the lifetime of a condensate. One of the goals of this periodic driving is to
reduce substantially this entanglement time. This can be achieved by finding the appropriate
parameters for the frequency and the amplitude. This question is addressed in Secs. 4.3-4.5.
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Figure 2.1.3: Schematic representation of the periodic tilting of the double-well po-
tential. Ultracold atoms trapped in this potential are described by the Hamiltonian
(2.1.20).

On the opposite side, the external perturbation can be used to prevent the formation of
an entangled state, meaning that the entanglement time becomes infinite. This question is
addressed in Sec. 2.4.

2.2 Floquet theory

Floquet theory was developed for the first time in 1883 by Floquet [137]. It is a suitable
f{amewogk to solve the Schrodinger equation with a time-dependent periodic Hamiltonian
H(t) = Hy+ V (t),

() = HO(). (2.2.1)

Knowing that T is the periodicity of the Hamiltonian such that H(t + T) = H(t), it can be
decomposed in Fourier series,

H(t)= ) Hye™ (2.2.2)
k=—oc0
. 1 (12 .
Hy = — H(t) e”™*tdt, (2.2.3)
T J 7

where w = 27 /T is the frequency, and H,, are the Fourier coefficients.

The periodicity insures that the solutions of (2.2.1) (denoted with v € Z) are given by
the combination of an imaginary exponential and a function, |u,(t)) = |u,(t + 7)), with the
periodicity of H(t) [138] (see Appx. A.1 for a demonstration),

[ (1)) = e Mu, (2)), (2.2.4)

with ¢, the quasienergies, which perform the time translation over one period through
[, (t+T)) = e~T/"3),(t)). The Schrodinger equation becomes [131]

(Fr(t) - h%) () = el (1), (2.2.5)

By means of the following Fourier series, |u,(t)) = > oo €*d, ), the time-dependent
Schrodinger equation becomes a time-independent eigenvalue problem,

+o0
3 (ﬁk_k/ + khwakk,i) |y i) = € ]iiug). (2.2.6)

k' =—o00
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The knowledge of the Fourier coefficients H, makes it possible to calculate the quasiener-
gies €, and the associated eigenvectors (|f,)) = (..., (|ty—1)), (|two)), (|Gy1)), ... )" It cor-
responds to the diagonalization of the Floquet matrix.

(F) = (ﬁk,k/ + khwdkk/i)

( (Ho)
= (H-1) (Ho) + kb (Hy) e (2.2.7)
(H-2) (H-1)  (Ho) + (k+1)hw

By using the expression of the Hermitian Floquet matrix (2.2.7), the eigenvalue problem
(2.2.6) can be expressed in a more concise way,

FIf) = elf.). (2.2.8)

If |u, (1)) solves Eq. (2.2.5) with the eigenvalue €, then e™“|u, (1)) is also a solution with
the eigenvalue €, + nhw. The following equation,

N d ) )

(#7615, ) " Tun(0) = (e + no)e™ (o), (229)
highlights the fact that the Floquet spectrum has a hw periodicity. Inside a hw range there
are d quasienergies (d is assumed to be a finite number) such that €,,,4 = €, + nfuw and
[ty 4 na(t)) = ™*|u,(t)). For the previous property, the quasienergies must be organized in
ascending order. Moreover, the following expansion,

|y ina(t)) = > e FFeta, ) (2.2.10)
k=—0c0

— Z e iy k), (2.2.11)
k=—oc0

indicates that |u,(t)) and |u,ynq(t)) are the same except that the Fourier coefficients are
shifted of n elements. The structure of the matrix (2.2.7) shows that d is the dimension of
the Hilbert space related to the unperturbed Hamiltonian H, such that d = dimHj,.

The Floquet eigenvectors |f,) are orthonormal by construction such that

[e.e]

<fu’f1/+nd> = Z <au,k|au’,kfn> = 61/,1/’ n,0- (2212)

k=—oc0
The indices v and v/ refer to eigenvectors of a same block while the index nd enables one to

make jump between these blocks. This leads to the equation

o0

( (0) |y (0)) = > (g il ) = Gy (2.2.13)

k,k'=—o0

This implies that the eigenvectors |u, (n1)) satisfy the orthonormality relation with n integer.
To obtain the orthonormality relation for all ¢, it is convenient to introduce the extended
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Hilbert space H ® 7 made of H, the Hilbert space, and 7, the space of all time-periodic
functions with the period 7' [139]. In this extended Hilbert space, the time is regarded as

a coordinate such that the scalar product in this space is defined as ((-|-)) = 1/T fOT<-\'>dt.
In this framework, the eigenvectors |u,(t)) obey the orthonormality relation in the extended
Hilbert space. This reads

1 [T = o
(un (B)lus (1)) = 7 / dt Y N iy ) = O (2.2.14)
0 k

Jk'=—00

Floquet theory consists in solving the time-independent Floquet equation (2.2.8) in order
to solve the time-dependent Schrédinger equation (2.2.1). This eigenvalue problem gives rise
to the quasienergies €, and the Floquet eigenstates | f,) enabling to build the solutions |u,(t)).
While the Floquet spectrum is infinite, it displays a hw periodicity, and dimﬁo is the number
of quasienergies inside a range hw. Moreover, two Aw-related quasienergies have the same
Floquet eigenstate with a shift. A time-periodic basis of solution of (2.2.5) is thus given by

+o00
{\uu(t)> = > ™M) ‘ (<e < hw+ g} , (2.2.15)

k=—o00

where ( € R is an arbitrary constant. In this framework, any |¢(¢)) can be decomposed in
the time-periodic basis (2.2.15),

0(1)) = > cu(®)]un (1)) (2.2.16)

c,(ty) ettty (1)), (2.2.17)

with ¢, (to) = (u,(to)|o(to)) and ¢y the initial time.

2.3 Floquet theory for a periodic tilting of the double-
well potential

The time-dependent Hamiltonian (2.1.20) describes a two-mode system with a periodic os-
cillation of the double-well potential. It reads

H(t) = Hy + 6 cos(wt)(alay — alay). (2.3.1)

In this case, the Fourier decomposition is determined by the only mode w,

F](t) = HO -+ I:Ilei“’t + ]:I_le_iwt, (232)
o B
Hy = H = —(ala; — alas). (2.3.3)
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The non-zero blocks of the Floquet matrix (2.2.7) are only the diagonal blocks and the blocks
just above and under the diagonal.

(Hy) + 1)hw (ﬁg 6

(k -
(Fy=|... (H_y) (Hy) + khw (H,) - (2.3.4)
0 (H_,) (Ho) + (k + 1)hw

In order to build the Floquet matrix, a basis of the unperturbed system must be chosen.
A simple basis is the collection of Fock states that take into account the conservation of the

number of particles,
{In,N, —n) | n=0,1,2,....,N,}. (2.3.5)

Here the Fock state |nq,ny) represents a state with ny particles on site 1 and ns particles on
site 2. Appendix A.2 presents the representations of the Fourier coefficients Hj, inside this
basis.

2.3.1 Discrete symmetry and Floquet matrix

As in the unperturbed case, one can take advantage of the discrete symmetry of the system
to simplify the Floquet matrix to diagonalize. Actually, the Hamiltonian (2.3.1) becomes
invariant under the site permutation P if this transformation is followed by the time trans-
lation ¢t — ¢t + 7T'/2. As in the unperturbed case, we will see in this section that the Floquet
matrix is still separable in two blocks.

The idea is to use the symmetry-adapted basis (2.1.7) to decompose the different Floquet
modes. As shown previously in Sec. 2.1.1 the unperturbed system is invariant under P
leading to

[Hy, P] =0 (2.3.6)

:ﬁ(ﬁ@::<i§FJ). (2.3.7)

The first mode (2.3.3) of the perturbed Hamiltonian anticommutes with P, meaning that
H, is block counterdiagonal.

{H,,P}=0 (2.3.8)

::(ﬁnzz((;+ii> (2.3.9)

Here the block C' couples the symmetric and antisymmetric states. As the matrix (ffl) is
symmetric, we have CT = C.

By combining the different Fourier coefficients Hy and H, the Floquet matrix (2.3.4) is
formed, and it conserves the same shape as Eq. (2.3.6) after the reorganization of the blocks,

(ﬁ)z(}?+£4), (2.3.10)



36 Periodically driven two-site Bose-Hubbard model

with
S_,| C
C |A | C
Fg = C |S | C , (2.3.11)
C A |C
C |5,
Aol C
C |S,|C
Fy = C A | C ) (2.3.12)
cC|S | C
C | Ay

Here we have S = S + khwl and Ay = A+ khwl. By taking into account the symmetry, it
is now possible to performing a separate diagonalization of the Floquet matrix. Appendix
A.3 presents in more details the decomposition of the Floquet matrix of the two-site Bose-
Hubbard Hamiltonian (2.1.20) into the symmetric and antisymmetric basis

2.3.2 Structure of the Floquet spectrum

A time-dependent perturbation breaks the conservation of energy. Nevertheless, if the per-
turbation is time periodic, it is still possible to define an eigenvalue Schrédinger equation in
terms of the quasienergies €, as shown in Eq. (2.2.5). The quasienergies are obtained through
the diagonalization of the Floquet matrix (2.3.4) and display a periodicity Aw. A basis of
the perturbed system can be built by focusing only on the Floquet eigenvectors related to
the quasienergies of a Floquet block. This block is characterized by a width Aw. The unper-
turbed block is now coupled with other blocks through the amplitude of the driving. In this
context, one expect that the unperturbed spectrum (2.1.14), for instance, will be modified
owing to the presence of the other frequency-shifted Floquet blocks.

In the strong on-site interaction regime with a small perturbation, the Floquet eigenvec-
tors can still be associated to the elements of the symmetry-adapted basis,

+ 1
Umm(t» ~ E(|n1,n2> + |ng,m1)). (2.3.13)

Here the symbol + refer to the two symmetric block of the Floquet matrix. Here + refers to
Fs, for which the symmetric unperturbed block S is centered, and — refers to F4, for which
the antisymmetric unperturbed A block is centered. In this context, the quasienergies -
can be denoted by eim (we keep the same symbols as those for the unperturbed energies
to not overload the notations). Therefore, the two-level approximation Eq. (2.1.15) is still
valid. The question now is how the driving parameters, namely 6 and w will influence the
tunneling rate Ae,, »,. This modification will modify the typical timescale required to form
an entangled state.
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2.4 Coherent renormalization and destruction of tunnel-
ing

2.4.1 High-frequency regime

In Refs. [131,135], it is shown that an external coupling applied to an optical lattice of any
number of sites is able to perform a phase transition between Mott insulator and superfluid
regime. The cosinusoidal driving produces a linear shaking of the optical lattice potential.
A sufficiently large frequency of the driving induces a renormalization of the hopping such
that the Bose-Hubbard system is now described by an effective hopping,

28
Jet = J o (ﬂ> : (2.4.1)

where Jp is the Bessel function of order 02. The periodic system is still described by the
same model as the unperturbed one with the transformation J — J.g. The external coupling
is able to totally destroy tunneling. This destruction is given by the zeros of the Bessel
function and can be tracked in the Floquet spectrum when different bunches of quasienergies
become degenerate [131,134,140]. In the two-site Bose-Hubbard case, the signature of this
phenomenon is the degeneracies of the quasienergies of each doublet. Prior to these studies,
the phenomenon of dynamic localization due to an external driving was studied for charged
particle in a discrete lattice [141] and for a quartic double-well potential [142], to mention
two examples.

The renormalization (2.4.1) is obtained when the periodic perturbation of the optical
lattice is applied to the level of the on-site energies. Different renormalizations can be
achieved for other configurations of the optical lattice. For instance, some specific linear tilts
of the optical lattice potential beside the periodic modulation of the on-site energies lead to a
renormalization with Bessel functions of different orders such that Jog ~ J,(26/(hw)) [136].
On the other side, the periodic modulation of the on-site interaction leads to Bessel functions
with an argument depending on the population imbalance such that Jeg ~ Jo(u(ny — n2)),
where u is a constant depending on the on-site interaction [140, 143, 144]. This kind of
periodic modulation can be achieved for instance by tuning a magnetic field close to a
Feshbach resonance [19,144]. All of these articles deal with the coherent control of tunneling
in high frequency regime. We will derive the renormalization (2.4.1) in our case of interest,
namely the two-site Bose-Hubbard model. Then, we will present our original contribution
into this research field by showing how it is possible to coherently switch on and off an
entangled state.

The representation of the Hamiltonian (2.1.20) in the Fock basis {|ny, n2)} reads

- —Jy\/ni(ng + 1) 0
2 | —Jym(ne+1) (n1 — n2)d cos(wt) —Jy/na(ny + 1)
H(t)) =

—|—U/2 [nl(nl - 1) + ng(ng — 1)]
0 —J Tlg(nl + 1)
2The Bessel function of order N is defined as
1 27 ) )
In(z) = %/0 dt e~ i(Nt-zsint) (2.4.2)

with the property Jo(—z) = Jo(z).
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The temporal evolution of any state through the action of the Hamiltonian can be decom-
posed in the Fock basis as follows

= 3" 0. 243

n1=0

In this framework, the Schrodinger equation can be written in terms of the coefficients
Uny my (t), which gives rise to N, + 1 coupled equations,

lh ¢n1 na(t) =—J (\/ ni(ng + 1) Yny 1my41() + v/ n2(ny + 1) ¢n1+1,n2—1(t)>

+ (n1 — n2)d cos(wt) W, n, (1)

Y s — 1) + nang — )]s ma(8), (2.4.4)

+2[

with n; = 0,1, ..., N, and ny = N, — n;. The following gauge transformation is used,

Uy g (1) = Py () €xp (—%(nl ) sin(wt)) : (2.4.5)

in order to obtain
975 ni,n2 1 2 FL(JJ ni1—1,n2+1

+ ng(nl + 1) exXp (—%2 sin(wt)) ¢n1+17n2_1(t))

Sl — 1)+ (s — D], 0). (2.4.6)

This local gauge transformation doesn’t change the experimental expectation values as
[(na, 2|0 (1)) = [(na, & (1)) 2 with [@(£)) = 3007 dny s (1)1, 7).

In the high-frequency regime, there are two time-evolution scales given by the fast oscil-
lation of the sinus in the argument of the exponential and the slow oscillation of ¢, ,, (%),
which is roughly constant on the time-interval T = 27 /w. This leads to®

t+T
o BRG] 24,7

Therefore, T is infinitesimal from the timescale point of view of ¢y, n,(t). The integration of
Eq. (2.4.6) on a period of the driving by taking into account Eq. (2.4.7) leads to

Zh Cbnl o (1) = — Jer (\/ n1(ne + 1) Gny—1m41(t) + /n2(ng + 1) ¢n1+1,n2—1(t)>

+ %[nl(nl — 1) —+ ng(nZ - 1>]¢n1,n2(t)7

with Jgg = J %(%). These equations are exactly the same as those obtained in the unper-
turbed case with the transformation J — J.g.

t+T

#)dt = f(t).

3For any integrable function f(t), we have hm T f
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Therefore, as announced above, the perturbed system in the high-frequency regime is
described like the unperturbed one with the transformation J — J.s. The Hamiltonian in
the high-frequency regime reads

N
A At A

Hiysy = —Jegr(a}as + aba,) + Tayay + alalagas). (2.4.8)

This Hamiltonian takes a specific form in the Fock basis,

%NP(NP - 1) - eff\/ﬁp
(Fsy) = | kM 50N, = DN, =2 —Ja/2N, =D |, (249)
—Jetn/2(N, — 1)

which is symmetric and displays a discrete symmetric with respect to the counterdiagonal.

In the strong interaction regime (N, + 1)U/J > 1, the eigenvalues are largely deter-
mined by the on-site interaction term such that e~ U/2(ni(ny — 1) + na(ny — 1)). In
the repulsive interaction case, the maximal eigenvalues correspond to the states where all
particles are located on a site. By contrast, the minimum eigenvalues are the states where
the particle difference is minimal. It becomes possible to approximately compute the width

of the unperturbed spectrum,

U
L(U) = €0,N, — €N, /2,N,/2 &= N2—

e (2.4.10)

When the perturbation is turned on, the Floquet blocks will be mixed if the frequency is
smaller than the width of the spectrum, i.e. iw < L(U). By contrast, the high-frequency
regime can be defined when the Floquet blocks are relatively well separated, i.e. when the
frequency is larger than the width, iw 2 L(U).

The modification of the splitting Ae,, ,, in the context of a fast driving will depend on
the number of steps to reach |ny,ny) from |ni,ne). As the hopping transfers the particles
one by one, the most direct path for n; < ny reads

N1, ne) = |ny+ 1,00 — 1) = -+ — |ng,ny). (2.4.11)
The matrix (2.4.9) can be truncated by taking into account the dominant path which con-

nects |nq, ng) with |ng, nq).

e Splitting of the population imbalance one, A€, 11

An analytical result for the splitting Ae, 11 = €,,,,44 —e:{’n 41 can be derived. To achieve that,
the matrix (2.4.9) is truncated by keeping the dominant path which connects |n,n+ 1) with
|n 4+ 1,n), meaning that its decomposition in the truncated subspace {|n,n + 1), |n + 1,n)}

reads
U, J;
<J1 U1) ) (2.4.12)

The eigenvalues are einﬂ = U, £ J;, which leads to the splitting A€, 41 = —2J5.
In the specific case of n = 2, we have U; = 4U and J; = —3J.g such that

Aey3(6) = 6T (%) : (2.4.13)
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This relation is coherent with Eq. (2.4.1), which both describe the transfer of only one par-
ticle. The results of Fig. 2.4.1 is obtained through the diagonalization of the Floquet matrix
(2.3.4) for N, = 5, U/J = 20 and hw/J = 200. It enables one to compare the analytical
result in orange with the numerical computation of the splitting Aes, 3 in black.

e Splitting of the population imbalance two, A€, ;42

There are two steps to connect |n,n + 2) to |n + 2,n) with n = N,,/2 — 1. In this case, the
truncation of the matrix (2.4.9) in the symmetric and antisymmetric subspace {1/v/2(|n,n+
2) +|n+2,n)), [n+1,n+1), 1/vV2(|n,n+2) — |n+2,n))} reads

U i

Ji Us ) (2.4.14)
U

The only antisymmetric eigenvalue reads €, ,,, = U;. Owing to the strong inter-atomic

interaction, (N, + 1)U/J > 1, the eigenvalues for the symmetric block can be evaluated up

to the order one,

J2
T Uyt —1— 2.4.15
€+ 1,2 U — Uy ( )
with €} = EI’HH. The splitting gives rise to
J2
A€y pin 2 ——F—. 2.4.16
€n,n+t2 U, — U, ( )

In the specific case of n = 2, we have U; = 7TU, Uy = 6U and J; = —v/12J.g such that

122 20
Aeg 4(6) = — O N (E) (2.4.17)

e Splitting of the population imbalance three, A€, 43

There are three steps to connect |n,n + 3) to [n + 3,n). In this case, the truncation of
the matrix (2.4.9) in the symmetric and antisymmetric subspace {1/v2(|n,n + 3) + |n +
3,n)), 1/vV2(In—1,n+2) +|n+2,n—1)), 1/vV2(n,n+3) —|n+3,n)), 1/vV2(jn—1,n+
2) —|n+2,n—1))} reads

Uy J1
Ji U+ Jo
U, Ji (2.4.18)
Ji Uy — Jsy
The four eigenvalues can be calculated,
ENTAEAY
612U1+ZQ+J2:E\/(U1 [{42 J2) Iy (2.4.19)
Uy +U; — J U — Uy + Jp)?
e;:%i\/( ! 42+ 2) +J2, (2.4.20)
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with €I = ¢,.5 and € = €,,.5. Owing to the strong inter-atomic interaction, (N, +
1)U/J > 1, and U; > U,, the eigenvalues of interest can be evaluated up to the order one,

J2
+ 1
~U + —mi—. 2.4.21
6n,n+3 1 + (]1 _ U2 :F J2 ( )
The splitting at leading order is given by

22T,
A€y iy~ ——L2 2.4.22
€ n+3 (Ul — U2)2 ( )

In the specific case of n = 1, we have Uy = 6U, Uy = 4U, J; = —/8Jog and Jo = —3Jog
such that

12J3 20

Figure 2.4.1 obtained through the diagonalization of the Floquet matrix (2.3.4) for N, = 5,
U/J =20 and hw/J = 200 illustrates this result valid in the high-frequency regime.

(a) Np=5; U/1=20 (b) Np=5; U/J=20
| | | | h(;)/J‘=200 | | | ‘ | | | hw/{:ZOO‘
08k — Asw(ﬁ)/Aew(O) |
o)
| 0,5 0,5
0.4+ B

02 /\ i
0 —
0.2+ \\
F 4 10 7
04 -

0 20 a0 &0 80 100 o0 20 40 0 800 1000
o/J o/J

Figure 2.4.1: Energy splittings as a function of the amplitude of the perturbation.
Panel (b) represents the absolute values of the energy splittings |Aea3(9)], |A€r4(d)]
and |A¢p5(9)] in black, red and green respectively. The dashed orange curves are the
analytical functions (2.4.24). In the high-frequency regime, the splittings behave like
Bessel functions with different exponents depending on the occupation number as dis-
played in the relation (2.4.24). This figure was obtained by computing the quasienergies
associated to the time-periodic two-site Bose-Hubbard Hamiltonian (2.1.20).

e Splitting of the population imbalance k, A€, &

When generalizing the splitting to A€, ,,4, it appears that it behaves like a Bessel function
whose exponent is equal to the number of steps to connect |n,n + k) with |n + k,n), i.e. k
steps. Therefore, the above results can be generalized as follows

A€n,n+k<6) ~ Tk 2_6
—A6n7n+k(0) ~ 7 o ] (2.4.24)

This relation describes how the creation of the entangled states is influenced through the
application of an external driving in the high-frequency regime. By contrast, the renormal-
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ization (2.4.1) describes how the tunneling will be effected globally. Obviously, both results
are not contradictory as J.g = 0 implies automatically that all splittings will be equal to
ZEro.

The unperturbed parameters (N, and U/J) related to Fig. 2.4.1 are the same as those
used to compute the unperturbed spectrum (2.1.14). By means of the relation (2.1.17), it
is possible to compute the entanglement time 7, ,,, which are displayed in Eq. (2.1.19).
Here 753(0) and 7y 4(0) are smaller than one second. That is why it could be possible to
experimentally reproduce Fig. 2.4.1, except for Aey5(0) for which 795(0) exceeds largely 10
s. This order of magnitude corresponds roughly to the lifetime of a Bose-Einstein condensate
in an optical lattice [133].

2.4.2 Low-frequency regime

The heuristic result presented in this section was guessed from the numerical simulations.
Further exploration and a better understanding of the low-frequency regime should lead
to a more solid derivation. In the low-frequency regime (i.e. L(U) > hw/J), there is no
global renormalization like the one displayed in Eq. (2.4.1). Nevertheless, Fig. 2.4.2 seems to
indicate that, for some range of parameters, the splittings still behave like Bessel functions

as follows A @ 0
€n.n+k
— T L~ k— . 2.4.2

Aen,n—&-k(O) % ( hw) ( 5>

In this case, the zeros of the different Bessel function do not appear for the same §, meaning
that some transitions are prohibited and others are possible for a same amplitude of the
perturbation.
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Figure 2.4.2: Energy splittings as a function of the amplitude of the perturbation.
Panel (b) represents the absolute values of the energy splittings |Aes 4(9)], |A€r5(9)]
and |Aeps(d)] in black, red and green respectively. The dashed orange curves are the
analytical functions (2.4.25). In the low-frequency regime, the splittings seem to behave
like Bessel functions whose argument depends on the occupation number as displayed
in the relation (2.4.25). This figure was obtained by computing the quasienergies
associated to the time-periodic two-site Bose-Hubbard Hamiltonian (2.1.20).

We are going to present a model able to reproduce the result (2.4.25). We assume that
we are in the strong interaction regime (N, + 1)U/J > 1, where the two states |n,n + k)
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and |n + k,n) are coupled by an effective coupling matrix element V. This coupling takes
into account all perturbations of the other Fock states. The truncated Hamiltonian in the
basis {|n,n + k), [n + k,n)} reads

—ké cos(wt) 1%
( Vv ko cos(wt)) ' (24.26)

Any state is decomposed in this basis according to [1(t)) = ¥_x(t)|n, n+k)+ x(t)|n+k, n),
and the Schrodinger is given by

ihp_(t) = Vo i(t) — kd cos(wt)_g(t),

. (2.4.27)
ih () = Vi (t) + ko cos(wt )k (1).
If the following gauge transformation is performed,
0
Yrr(t) = pxx(t) exp (ik:% s1n(wt)) , (2.4.28)
then the Schrédinger equation becomes
e 120 .
ihg_i(t) = Vexp —ka sin(wt) | ¢4x(t),
(2.4.29)

ihpp(t) = Vexp <+k% sin(wt)) Ok (1).

The time variations of ¢ (t) are determined by V. If the coupling V' is sufficiently weak,
the coefficients ¢4 (t) are constant on a period T = 27/w. In this sense, the frequency is
high. But we have to bear in mind that we are here in the low-frequency regime in the sense
that Aw is small in comparison to the width of the unperturbed spectrum L(U). In this
context, the integration over one period of the Schrodinger equation (2.4.29) leads to

m&aw:V%(@%)mam

20

(2.4.30)
m@aw=V%(@;)¢am

where Jy(z) are the Bessel function of order 0. The splitting related to the underlying
effective Hamiltonian of Eq. (2.4.30) gives rise to the relation (2.4.25). Figure 2.4.2(b)
compares the analytical results in dashed orange with numerical results |Aes 4(0)| in black,
|Aé€15(6)] in red and |Aepg(d)] in green. There are visible deviations for the case |Aeg 4(0)|
while it is not the case for the two others. Therefore, the results match better for large k.
Indeed, in these cases, the coupling V' is weaker as it is displayed in Fig. 2.4.2(b) by the
values of those splittings in § = 0.

The entanglement time 7,, ,, are inversely proportional to the tunneling rate Ae,, ,,
according to Eq. (2.1.17). Moreover, this time can be expressed in physical units for the
atomic species 5’'Rb whose the mass is m = 1.443 x 10~2® kg and the s-wave scattering is
as = 5.313 nm. If the wavelength of the lasers used to build the optical lattice is A = 1064
nm, we obtain

h
5 =52x 1072 s, (2.4.31)
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for U = 25J. For the derivation of the result (2.4.31), see Sec. 1.3.3. The evaluations of the
unperturbed entanglement times 7, ,,(0 = 0) read

Toa = 1.7Th/J — T4 =90x107"s,
5 =37x10°h/J — T4=20s, (2.4.32)
706 = 1.5 x 10°0/J  — 76 ="T7.9x 10° s.

The amount of time is prohibitive for 756. Nevertheless, 754 reaches the criteria for an
experimental observation. A way to diminish this time would be to decrease the total
number of particles. Decreasing the ratio U/J is another possibility, but we have to bear in
mind that the approximation of strong effective on-site interactions limits this possibility.



Chapter 3

Mean-field analysis of the two-site
Bose-Hubbard model

The classical limit for the general Bose-Hubbard model was presented in Sec. 1.3.4. The
present chapter focuses on the specific two-site Bose-Hubbard model. For the unperturbed
one, they are two main dynamics [21,53|. If there is no on-site interaction, all phase space
trajectories lead to Josephson oscillations. Conversely, if the coupling between sites is zero,
the system is frozen and the atoms are in the self-trapping regime. Between both cases, there
is a coexistence of Josephson oscillations for small population imbalances and self-trapping
trajectories for significant population imbalances.

In the self-trapping regime, the atoms will be subjected, on a long timescale, to a collective
tunneling while the mismatch between chemical potentials of the two sites prevents individual
transfers of particles. Unfortunately, the mean-field approximation is not able to reproduce
this phenomenon. Nevertheless, a careful analysis of the phase space indicates with which
underlying mechanisms this collective tunneling takes place. These mechanisms lead to the
production of entangled states.

3.1 Classical limit

The mean-field approximation of the general Bose-Hubbard Hamiltonian was developed in
Sec. 1.3.4. This section will investigate the particular case of a two-site system [54,58,132],
where the classical limit can be represented by a 2D phase space. Some features of the
dynamics can be captured with the classical equivalent of the Hamiltonian

H(t) = —J(alay + abay) + =(alalayay + alalasas) + 6 cos(wt)(alay — alay),  (3.1.1)

which appears for the first time in Eq. (2.1.20). In Ref. [128], the classical limit is obtained by
introducing the quadrature operators, which can be seen as a Cartesian representation of the
system. Otherwise, in the limit of an infinite number of particles the ladder operators can be
replaced by complex numbers [129,130], which corresponds to the mean-field approximation,

(@) ~ 1 = /I ¢, (3.1.2)
(@) ~f = /I e, (3.1.3)

45
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where the ¢, (I = 1,2) represents the condensate amplitude on site [, with §; the phase of the
site [ and I; is proportional to n;, the number of particles on site [, such that [, = n, + 1/2.
As N, is conserved, the sum of the I; amounts to a constant N = N, + 1,

Therefore, the constant N is equal to the dimension of the Hilbert of the unperturbed two-
site Bose-Hubbard Hamiltonian as shown in Eq. (2.1.4). In this case, we will see that there
is one quantum eigenstate in each unit cell of the phase space.

In this framework, the classical limit of the Hamiltonian (3.1.1) reads!

U
H (Y, t) = —J (Vi + 3ibr) + 5 (|¢1|4 + |¢2|4) + dcos(wt) ([ — [af?).  (3.1.5)

The temporal evolution of the mean-field system is determined by the discrete Gross-
Pitaevskii equation for a two-site optical lattice. This can be derived from the Hamiltonian
equations of (3.1.5),

7 % = —JIDQ + U|¢1‘2¢1 + (SCOS(wt)wl,
a (3.1.6)
md—; = —Ji1 + Ulths|*tha — & cos(wit)is.

The variables (0, I') are known as the action-angle canonical variables, and can be used as
a representation of the classical dynamics. It enables one to separate the angle-independent
part H(I) from the rest of the Hamiltonian, such that H(6,1,t) = H(I)+ V(0,1,t) with

H(O,I,t)= % (I} + I3) — 2Jv/ L1 I cos(61 — 62) 4 0(11 — L) cos(wt). (3.1.7)

As the total number of particles is a constant of motion, it could be valuable to perform a
canonical transformation in order to use N as a new conjugate momentum. In this case, the
generalized coordinate associated to NV is cyclic, and the dynamics behaves like an effective
one degree-of-freedom system. The phase space has then two dimensions, and it becomes
possible to visualize it in a plane. To achieve this purpose, the third class generating function
that performs the transformation (8, 1) — (¢, z) is introduced,

1

F(I,¢) = 5([1 — )¢ + (I + I2) 9o, (3.1.8)

characterized by the following relations,

OF OF

el:a—Il7 Zl:a—d)l.

(3.1.9)

Here we introduce the notations z = 2z; and ¢ = ¢;.

!The constants in the Hamiltonian were removed. The general version with the constants of motion is
stated in Eq. (1.3.44).
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The new canonical variables can be derived from the generating function.

( 1
91:¢2+§¢ (¢ =0, — 0,
1
P 02 = (01 +02)
2 e ) (3.1.10)
11:Z—|—52 225(11—]2)
k]2:_2+% \ZQZIl"—IQZN

The constants are removed, and the Hamiltonian reads

H(p,z,t) = Uz* —2J/(N/2)2 — 22 cos(¢)) + 20 cos(wt)z. (3.1.11)

As ¢y doesn’t appear in the new Hamiltonian, zo = N is a constant of motion. This
representation leads to a global visualization of the dynamics in two dimensions. The phase
space can be built by propagating the Hamiltonian equations,

. 2
¢o=2Uz+ Jz cos(¢) + 28 cos(wt),

(N/2)* — 2° (3.1.12)

z=—2J4/(N/2)? — 225sin(¢).

In the mean-field approximation the total number of particles is not relevant. That is
why it becomes possible to write a dimensionless Hamiltonian where the factor N is no
longer present,

~ o~ - H A ~ -

H(¢,%,t) = NI ZEQ — V1 —z2cos(¢) + ¢ cos (i) Z. (3.1.13)
Here we have ¢ = ¢, Z=2z/N and t = 2Jt. The Hamiltonian (3.1.13), depending only on
the parameter A, § and @, describes the same physical reality as (3.1.11). The three relevant
parameters describing the dynamics are then given by

) w

o= (3.1.14)

A=" =7 2

A modification of the parameters N, U, J, § and w that leaves the parameters A, 6 and @
unchanged leads to the same phase space and, therefore, leads to the same classical dynamics.

3.2 Josephson oscillations to self-trapping regime

Some features of the dynamics can be captured through the mean-field approximation. That
is why the unperturbed Hamiltonian, given by

H(p,2) =Uz* —2J+/(N/2)2 — 22 cos(¢), (3.2.1)

is introduced [21,53|. This is the unperturbed version of Eq. (3.1.11). It represents a kind
of pendulum Hamiltonian where the prefactor of the cos(¢) depends on the conjugate mo-
mentum. To some extent, it can be seen as a pendulum where the gravitational acceleration
depends on the momentum. As displayed in Fig. 3.2.1, the term /(N/2)? — 22 limits the
phase space in the interval z € [-N/2; N/2]. Those phase spaces were obtained for N, = 5.
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Figure 3.2.1: These phase-space plots were generated by means of the Hamiltonian
(3.2.1) for N, = 5. There is a coexistence in the case (b) between the self-trapping
regime for high population imbalances and the Josephson oscillations for small popu-
lation imbalances. By contrast, the case (a) displays only Josephson oscillations while
the case (c) displays only self-trapping trajectories.

The green tori in Fig. 3.2.1 represent the classical counterparts of the Fock states |nq, ns),
i.e. the tori on which those Fock states are anchored. As the energy is conserved, the one
degree-of-freedom system (3.2.1) is integrable. In the case of a repulsive gas, the torus with
the minimal energy is located at the center of the phase space, i.e. at the position of the
central fixed point. On the other hand, the more significant the particle imbalance z is, the
more energetic the torus is. Therefore, the most energetic tori are situated at the extremities
of the phase space. Two kinds of dynamics can be distinguished.

e In the case of U/J = 0, particles are transferred one by one. The atoms do not
see each other, and all initial conditions lead to Josephson oscillations [21, 53, 145,
146| characterized by a bounded phase difference ¢ as shown in Fig. 3.2.1(a). At the
quantum level, the eigenstates display strong admixtures between the Fock states.

e In the case of no coupling between both orbitals (J = 0 or U/J = o0), the transfer
of particles is prohibited. That is why all tori in Fig. 3.2.1(c) are flat. The tori are
characterized by unbounded phase differences. At the quantum level, the Fock states
are an eigenbasis of the Hamiltonian.

Between these both extreme cases, there are intermediate phase spaces characterized by
Josephson oscillations for low population imbalances and self-trapping trajectories for high
population imbalances as displayed in Fig. 3.2.1(b).

In the self-trapping regime (or Fock regime) [21,53-61, 147|, there are few transfers of
particles. At the quantum level, it is due to the mismatch between the particle removal
energy on site 1 (or 2) and the particle additional energy on site 2 (or 1). By defining n; the
number of particles on site j = 1,2, the particle removal energy is given by U(n; — 1) while
the particle additional energy is given by Un;. Both quantities, namely the particle removal
energy and the particle additional energy, are equivalent to the chemical potential when N,
is large. In the strong interaction case, (N, + 1)U/J > 1, the chemical potential on site j is
largely dominated by U and is given by

pi = U(n; —1/2). (3.2.2)
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Those mismatches inhibit the atomic transfer one by one. From the Fock state |ni,ns),
there will be no transition to another state, except to the |ny,m;) because there exists a
quasidegeneracy between the symmetric and antisymmetric superposition of |n;,ns) and
|ng, nq) as explained in Sec. 2.1.2. This phenomenon of collective transfers of particles is not
reproduced by the mean-field approximation. For example, Figs 3.2.1(b) and (c) indicate that
5 particles initially on site 1 will stay indefinitely on this site. Nevertheless, when U/J = oo,
the eigenvalues related to the states 1/v/2(|ny, ny) +|n2, n1)) and 1/v/2(|ny, ng) —|ng, ny)) are
degenerate, meaning that, even at the quantum level, there is no giant transfer of particles
contrary to the U/J finite case. This remark enables one to interpret the central island
in Fig 3.2.1(b) as the classical indicator for the presence of dynamical tunneling between
|n1,m2) and |ng,nq) in the quantum dynamics. This constitutes the starting point of the
semiclassical theory of resonance- and chaos-assisted tunneling, which will be discussed in
Chap. 4.

3.3 Phase space and coherent destruction of tunneling

From a general perspective, a time-dependent Hamiltonian can be formally seen as a time-
independent system with an additional degree of freedom [66,87]. This additional degree of
freedom is modeled by an extended phase space characterized by two additional canonical
variables, namely the time and the energy. That is why a one degree-of-freedom time-
dependent system is sometimes called a one-and-a-half degrees of freedom system. From
a general point of view, a time-dependent Hamiltonian reads H(¢;, z;,t) with ¢; and z;,
respectively, the generalized coordinates and the conjugate momenta (i = 1,...,f). In
practice, the purpose is to get rid of the temporal parameter by performing a canonical
transformation H (¢, z;,t) — H(¢;, Z;) to the extended phase space with

i — Piy Z = zi, izla"w )
? ¢ _ / (3.3.1)
Pp1 =t, Zy = —H.
The Hamiltonian equations in the new representation are given by
dp; OH dz; OH
do, _OH —dy _ OH .y ey (3.3.2)

dt 0z’ dt 0,

The new Hamiltonian must be defined as H(¢;, %;) = H(¢;, zi,t) — H with £ =t in order to
preserve the structure of the Hamiltonian equations.

The stroboscopic map is a suitable way to visualize the phase space of a time-periodic
system by taking a snapshot of the dynamics at each multiple of the period T. The idea
behind the stroboscopic map is the same as for the Poincaré sections [65,66], i.e. to fix a
variable in order to see the dynamics on a hyperplane. Each time the trajectory in phase
space passes through this hyperplane, a point is drawn. In the case of the Poincaré sections,
we have to take into account some sign ambiguities that can arise on a fixed energy subshell
[66]. In the case of a time-periodic system, a natural way to build the stroboscopic map is
to fix the time modulo the period T. For a one degree-of-freedom system, the stroboscopic
map is then defined as

{(¢,2,t) €ER* | t =ty +nT, n €N}, (3.3.3)

where ty is an arbitrary constant in [0,7[. Stroboscopic sections are valuable tools as it
enables one to have a global vision of the dynamics by means of a 2D plane. Indeed,
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a continuous system can be explored by means of the stroboscopic map or the Poincaré
sections, where the area are preserved according to the Poincaré-Cartan theorem |65, 66].

The following Hamiltonian is time-dependent, implying that the phase space cannot be
directly built in a 2D plane,

H(¢,2,t) = Uz* —2J/(N/2)2 — 22 cos(¢) + 20 cos(wt)z. (3.3.4)

Nevertheless, the stroboscopic map of this system can be designed as the system is time-
periodic. Figure 3.3.1(b) is an example of stroboscopic sections. At the quantum level, the
splitting, which determines the oscillations between the Fock states |ni,ms) and |ng, nq),
behaves like a Bessel function in the high-frequency regime as indicated by Eq. (2.4.24).
This means that the transitions between |nq,ns) and |ng, ny) can be coherently destroyed by
choosing a suitable amplitude of the driving d. If the zeros of the Bessel function of order 0
are given by j,, (m =1,2...), the amplitudes that destroy the oscillations between the two
symmetrically-related Fock states read

S = 17 o, (3.3.5)
2
As the first zero is given by j; ~ 2.4048, we have 6;/J ~ 240.48 for hw/J = 200. As
indicated in Fig. 3.3.1(b), there is a signature of the destruction of tunneling at the classical
level. This signature is related to the absence of the central resonance. The tori being almost
flat, there is almost no exchange of particles concerning the mean field dynamics, and we
obtain again the qualitatively same phase space as in Fig. 3.2.1(c).

@ N,=5;Ul=20 (®) N =5;U/J=20
8/1=0 8/1=240.48; ho/J=200
T

; I I L ]
i w2 0 w2 ® T ;g2 0 w2 T

Figure 3.3.1: (a) Phase space generated by means of the unperturbed Hamiltonian
(3.2.1). (b) Stroboscopic map numerically computed from the perturbed Hamiltonian
(3.3.4). It is possible to coherently destroy tunneling between two weakly linked Bose-
Einstein condensates by means of an external perturbation. In the stroboscopic sections
(b), the central resonance is not present. This is the classical trigger for the absence of
dynamical tunneling in the corresponding quantum dynamics.
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3.4 Canonical perturbation theory

The canonical perturbation theory is useful for Hamiltonian systems composed of a solvable
part Hy(z) and a small additional perturbation eH;(¢, z),

H(¢p,2z) = Hyo(z) + eHy (0, 2). (3.4.1)

In the strong interaction case NU/J > 1, the two-mode Bose-Hubbard Hamiltonian
(3.2.1) can be separated in two different parts,

Hy(z) = U2, (3.4.2)
N 2
eHi(p,z) = —2J <5> — 22 cos ¢. (3.4.3)

The perturbation e H; (¢, z) is assumed to be small in comparison to Hy(z). This assumption
is fulfilled for high population imbalances, i.e. 0 < |z| < N/2, as well as for J small in
comparison to NU. For the latter condition, the formal parameter € is introduced and can
be associated to 1/A = J/NU as shown by the dimensionless Hamiltonian (3.1.13). This
parameter is supposed to be small.

The idea to solve the problem is to find a new set of canonical variables («,Y") such
that the new Hamiltonian has the form of K(Y'). The canonical variables («,Y") become
the new action-angle variables. To achieve this purpose, the generating function S(¢,Y),
which performs the canonical transformation (¢, z) — («,Y’), is developed from the identity
transformation ¢Y to which small corrections are added,

S(6,Y) =¢Y +5(4,Y), (3.4.4)

with S(¢,Y) = S(¢ + 27,Y) in order to preserve the periodicity of a. The link between the
old and the new canonical variables is determined by the generating function according to

a(s,y) = 222Y) f;;;y) =gy 20T g‘l;y), (3.4.5)
o) = By 9561) 310

The generating function S(¢, Y') and the new Hamiltonian K (Y') are developed in a power
series in €,
K(Y) = Ko(Y) + €Ky (Y) + €Ky(Y) + O(€%), (3.4.7)
S(6,Y) = Y +€51(6,Y) + €5:(¢,Y) + O(€”).
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By computing K(Y) = H <z = %;;Y)’ gb) , it is possible to obtain the different corrections
to Ko(Y) by identifying the same power of € [65, 66,
O(°) : Hy(Y) = Ko(Y), (3.4.9)
O(e") hQO(Y)%“;’Y) + Hi(9,Y) = K. (Y), (3.4.10)
o) : h (Y)aszgj), Y) . gasg)}(/m (asléz, Y))2 N aHB(Zﬁ, Y) asléi, V) _ k),
(3.4.11)

with iQd(Y) = 0Ho(Y)/0Y = 2UY. Here the Planck constant 7 is introduced in order to
have AY with the unit of an action. By using the periodicity of S, the corrections of the
Hamiltonian can be computed,

Ky(Y)=UY?, (3.4.12)
K(Y) = % /027r Hi(4,Y) do (3.4.13)
=0, (3.4.14)
o) - AOBIN L [ (ISOOY, L TOONIS0) ) g
_ EZJ;U (4%22 v 1) _ (3.4.16)

The total Hamiltonian included terms up to order 2 becomes

2 ‘]2 N2 3
K(Y) =UY*+ ﬁ (F + 1) —|—O(6 ) (3.4.17)
O(e2) \ ~
O(e?)

In this context, h times the frequency of the torus Y reads

(3.4.18)

— +0(é%). (3.4.19)

The previous results enable one to calculate the derivative of the generating function
with respect to ¢,

aSl(¢a Y) _ _Hl(¢> Y)
¢ 7Q(Y)

J N\?
=TIy (5) —Y?2 cos ¢, (3.4.21)

(3.4.20)
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882(¢’ Y) o 1 K (Y) - EaQO(Y) (asl<¢7 Y))Q B 8H1(¢; Y) aSl(gbv Y)
96 RQp(Y) | 2 9y Br) oY o
(3.4.22)
—J2 N2
= S <4Y2 + 1) cos(2¢). (3.4.23)

The tori z(¢, Y') of the phase space can be analytically approximated. The following parametriza-
tion is obtained up to the order €? included,

05(9,Y)

=Y + 6—8515(92, Lo 62—852;;’ Y), O(€) (3.4.25)
J (N’ J? [ N?
= a’YO;—i— oy (E) —Y?2cos¢p— YD (m + 1) cos(2gz§)/—|—(’)(e3). (3.4.26)

~~ v

O(eh) O(e?)

Note that Y is the action variable of the system such that

1 2w

Y 2, Y)do. (3.4.27)

Equation (3.4.26) makes possible to associate an action Y to each torus z(¢, Y'). This formula
indicates that the action is the phase-space area of the region inside the torus divided by 2.

It becomes also possible to compute the different terms of the generating function by
means of the relations (3.4.21) and (3.4.23),

J —J? [ N?
V)= oY +——+/(N/2)2 — YV2si — +1|sin(2 ). (3.4.2
O(GO) OE’l) ~ N~
€ 0O(€2)

From the relation (3.4.28), the parametrization of the new angle is obtained,

—J N\ 3J2 (N? 1
Y)= — | si —— | —— + = | sin(2¢) +O(€*).
(¢,Y) i/Jr U\/(N/2)2 = Y2 (ZY) Sl]MH_8U2Y2 (4Y2 * 3) sin(29) +O(€)
o (! g oﬁ) ’
O(e)) €

(3.4.29)

As previously explained, the small parameter € can be associated to 1/A. To make
it clear, the dimensionless relations and parametrizations are written for, respectively, the
energy, h times the frequency, the generating function, the population imbalance and the
new angle with A = NU/J, $ = ¢ and Y = 2Y/N,

M=%;=""72"'m
——
O(e2) O(e2)

. K AY? 1 (/1
K(Y = (W + 1> +0(€%), (3.4.30)
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+ — +0(€%), (3.4.31)

USRS 28 ~ 2 -1 1
S(qb,Y):W: oY +E\/1—Y281n¢+ TG % (%4—1) sin(2¢) +0(€’),  (3.4.32)
ICO ~~ g ~

N e oY A2Y \Y?
o) o)
S - —2sin ¢ 3 1 1
a(p,Y)=a= + — — + —— + = ) sin(2¢) +O(€%). 3.4.34
(3.7) bt (75+3) 2040(). @13

S
R
9[

(’)(62)

As these equations suggest it, the higher the ratio A and the action Y are, the safer we are
to neglect the terms of superior orders.

3.5 Toward mean-field approximation: semiclassical limit

3.5.1 Husimi functions

In quantum mechanics, the wave function is represented either in the configuration space or
in the momentum space, but it is not possible to specify the generalized coordinates and the
conjugate momenta at the same time. This implies that it is not possible to directly represent
the wave function in the phase space. This fact is due to the Heisenberg indeterminacy
principle related to the wave behavior of matter. Nevertheless, the Husimi function [66,148],
which depends on all canonical variables, can be used in order to achieve an indirect phase
space representation of the wave function. This function is defined as the scalar product of
the wave function |¢)) with a coherent state of the harmonic oscillator |a),

Hiy) (o, 20) = |{a]¥)]*. (3.5.1)

It is common to choose the coherent state that corresponds to the ground state of the har-
monic oscillator [95] centered in (¢, z0). In z representation, this coherent state correspond

to
1

Vo
where o, is the variance parameter enabling one to control the relative projection onto ¢q
and zg.

e~ (2=20)%/(209) 62@50(2*20)’ (3.5.2)

(2lat) =

In the specific case of the two-site Bose-Hubbard system, z = n — N,,/2 is the population
imbalance such that Z|n, N, —n) = z|n, N, — n), where n is the population on site 1 and N,
the total number of particles. If the Floquet eigenstate |uZ(t)) is decomposed into the Fock
basis (2.3.5),

juy () = Z ”MZ V|1 Np = 1), (3.5.3)

k=—o00
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its projection into the phase space by means of the Husimi function reads

00 N, 2

Hug e (b0 20) = | Y €™ F7y guldo, 20)| (3.5.4)
k=—0c0 n=0
where
. _ 1 —(n— N, /2 — z)° : N
5 0m,20) = (elo) = exp< e exp (i0n (n =22 =) ).
(3.5.5)

The symbol ¢ = + is added and makes reference to the two possible symmetry blocks (see
Sec. 2.3.1), and v labeled the different eigenstates inside a same symmetry block.

N, =5; U/J = 20; 0, = 0.5
|ug (1)) |y (1))

Figure 3.5.1: Husimi projections ),z 1) (¢, 2) of the eigenstates [u7(t)) in the strong
interaction regime (N, + 1)U/J > 1 without perturbation, i.e. §/J = 0. The ground
state is given by |uy (¢)) while the highest excited state is |ug (¢)). The eigenstates are
relatively well localized in z, which justifies the approximation (3.5.6).

In the strong interaction regime (N, + 1)U/J > 1, the unperturbed eigenstates stay
close to the computational basis (see Eq. (2.1.13)). Concerning the perturbed eigenstates,
this characteristic stays still valid as long as the perturbation 0 is not too strong and the
frequency of the driving w not to small,

) ~ (N, = 1) &[N, = ) (3.5.6)

For example, Fig. 3.5.1 displays the Husimi functions of the eigenstates for N, = 5, U/J = 20
and §/J = 0. As it is an unperturbed case, the shown projections of |uJ(t)) are valid for
all . The repulsive interaction induces a ground state near the central fixed point of the
phase space corresponding to a state where the population imbalance is low. The more the
state is excited, the more the state is situated near the extremities of the phase space where
the population imbalance is high. The eigenstates are relatively well localized in z, which
justifies the approximation (3.5.6).



56 Mean-field analysis of the two-site Bose-Hubbard model

Incidentally, it is also possible to derive an expression of the Husimi function with the
decomposition of |u%(¢)) in the symmetric and antisymmetric basis (A.3.9)?,

D7 -1

Z ikt Z an\/_ (In, N, — n) + pg|N, — n,n)). (3.5.7)

k=—00
In this framework, the Husimi function reads

D7 -1

Hyug 0y (d0, 20) = Z Z’WZ . f (9n(00, 20) + Pf gnyn(0,20))| - (3.5.8)

k=—o00

3.5.2 N, as the semiclassical parameter

Figure 3.5.2 investigates the semiclassical limit. The Husimi functions of the centered eigen-
states (in both symmetric parts of the phase space) are displayed for various values of N,,.
As (N,+1)U/J is fixed, the system stays the same at the classical level. Nevertheless, eigen-
states have a certain width in the phase space at the quantum level. This width decreases
as the total number of particles increases. At the limit N, — oo, the Husimi function tends
to correspond to a specific torus. This constitutes a graphical visualization of the mean-field
approximation.

From a general point of view, an expansion in A of the quantum mechanics can be done,
and the Oth order gives rise to the classical dynamics. That is why the Planck constant
can be seen as the semiclassical parameter. The classical system is obtained for the limit
h — 0. To demonstrate that, the Schrodinger equation in the framework of the position

representation,
. a 9 t A A
n? L0 (g p. ty(a.n), (35.9)

is introduced where ¢ = g and p = (h/1)0/0q. In the context of the semiclassical theory
[66,149], the following ansatz is used,

W(g,t) = Alq,t) ens@h, (3.5.10)

Up to the order 0 in A, the Hamilton-Jacobi equation is obtained,

8S(q, P, 1) 05(q, P,t) _
H (q, 7 ,t) + = K(Q,P,t). (3.5.11)

Here S(q, P,t) is the generating function of the canonical transformation (q,p) — (Q, P).

Solving the Hamilton-Jacobi equation consists in finding the function S(q, P, t) by solving
a partial differential equation. In general, the goal is to reach a simpler system by assuming
that the new Hamiltonian K (Q, P, t) is equal to 0. The generating function can be expressed
with an integral along a trajectory v where qo = q(to) is the starting point and q = q(t) is
the endpoint [65, 66]

S(q, P,t) / ij q, P)dq; + /t(K— H)dt'. (3.5.12)

9 to

2See Appx. A.3.3 for the definitions of DY and pg.
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Note that in the case of K(Q, P,t) = 0, the generating function becomes the action of the
system.

As the Hamilton-Jacobi equation is an alternative to the Hamiltonian equations, the
classical system is reproduced at A%, i.e. for A — 0. By taking into account higher orders
of h, some corrections of S(q,t) and an approximated expression of A(q,t) can be obtained
[66,149]. In the specific case of the Bose-Hubbard model, N, is the semiclassical parameter
such that it becomes formally related to 1/A.

(Np+1)UiJ=120; 64=0.5

Np=9 Np=21
P 11 P

liia e e T

5 | o e | 11

Figure 3.5.2: Husimi projections located on the same classical torus for various num-
ber of particles N,. These Husimi projections H,s 1)y (¢, 2) are obtained for the eigen-
states |uf (¢)), |ug (¢)) and |ug (t)) (see Eq. (3.5.6)) related to N, = 5,9, 21 respectively.
The mean-field approximation is reached when NV, tends to infinity.






Chapter 4

NOON states via resonance- and
chaos-assisted tunneling

From a general point of view, a NOON state is entangled state made of two modes, namely
|N,0) and |0, N), one of which is totally full of N quanta while the other is totally empty. This
highly entangled state can be formally written as e“”*|N,0) + ¢“°2|0, N). Even though this
kind of state is very fragile, it has been realized with qubits in superconducting circuits [33],
with photons [10,11] and with phonons in ion traps [12], for example.

One theoretical proposal to build such a state with ultracold atoms is based on a adiabatic
loading to the ground state [34], which is the NOON state for attractive atom-atom interac-
tion. Nevertheless, the contraction of the Bose-Einstein [36] leads to some instabilities via
the proliferation of inelastic collisions [37]. Moreover, it requires an extremely low tempera-
ture to reach the ground state. In this context, several other proposals have been formulated
for repulsive atoms. For example, a phase shift is applied to the Bose-Einstein condensate,
which consists in turning on the Josephson coupling during a certain period of time, and the
subsequent dynamical redistribution of atoms reaches the NOON states [38-44]. The giant
superposition of states can also be created by some specific measurement processes [45-47],
via an adiabatic passage from an excited state [48|, with a two-component Bose-Einstein
condensate in a double-well potential [49] and through the scattering of a solitonic wave
packet [50,51].

Our proposal, which shares some similarities with [150], is to load all the atoms in one
of the two wells and to wait half of the transition time in order to obtain the giant coherent
superposition of states. Actually, the time evolution of the NOON state is a specific case of
Eq. (2.1.15),

Ae . [ Ae
INOON) = cos (%t> 0, N,,) + isin (%t> | N, 0). (4.0.1)

Here the tunneling rate is given by Ae = ¢~ — €™, the NOON time by 7 = 7h/(2|A€|) and
the total number of particles by N,. The eigenvalue €~ is related to the eigenvector roughly
given by the antisymmetric combination of |0, N,) and |N,, 0) while the eigenvector of € is
roughly given by the symmetric combination (see Sec. 2.1.2). This state can be produced
in the self-trapping regime, where the inter-atomic repulsion prevents transfer of particles
one by one. The problem, besides the requirement of a perfect symmetry of the two-site
optical trap, is that the timescale of the NOON time is extremely long [62]. As indicated in
Eq. (2.1.19), the higher the population imbalance is, the more time it takes to produce the
entangled state. Moreover, Sec. 4.2 will show that the NOON time is characterized by an

29
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exponential increase with the semiclassical parameter (i.e. N,) as it is expected for integrable
system.

The idea to speed up the process is to add a periodic modulation of the optical lattice |63,
64]. Section 4.3 investigates the decrease of the NOON time by means of resonance-assisted
tunneling [67-69]. In the framework of near-integrable phase spaces, the quantization of the
nonlinear resonances leads to coupling matrix elements boosting the transition. Moreover,
the presence of a prominent chaotic layer in the classical phase space indicates the existence
of strongly mixed eigenvectors, which can lead to chaos-assisted tunneling [73-77|. Section
4.5 will explain how it is possible to combine both phenomena to obtain transitions through
resonance- and chaos-assisted tunneling [71,72,78,79,81-84].

4.1 Semiclassical evaluation of the wavefunction

When there is no inter-site hopping in the optical trap, the Fock basis {|ni,ns)} and the
symmetry-adapted basis {1/v/2|ny,ns) % |ng,n1)} are two possible eigenbases of the Bose-
Hubbard Hamiltonian as explained in Sec. 2.1.2. Indeed, a zero-hopping system doesn’t
induce coupling matrix element between them.

When the hopping is turned on such that J # 0, the symmetry-adapted basis and the
Fock basis are no longer eigenbases. Nevertheless, the former stays close to the exact basis for
small .J in comparison to (/V,+ 1)U while the latter does not. Actually, the symmetries in the
Hamiltonian induces symmetries throughout all the mathematical description of the system.
For J = 0, the two sites can be treated separately. For J # 0, the Hamiltonian presents
either symmetric eigenvectors or antisymmetric ones with respect to the permutation of both
sites.

A discrete symmetry is an additional difficulty when the semiclassical eigenfunction of
the problem is evaluated. From the semiclassical theory [65,66,68,149,151], it is possible to
quantize a classical torus I' of the phase space characterized by an action Y. Imagine that
the system is integrable such that there exists a canonical transformation (¢, z) — (o, Y’) to
the action-angle coordinates by means of the generating function S(¢,Y"). The semiclassical
eigenfunction for the action variable Y reads

1 |S(,Y)
T Vor | 9Yoe

by (9) exp (i5(¢,Y)). (4.1.1)

In the case of the two-site Bose-Hubbard model, the generating function can be found
in Eq. (3.4.28). The semiclassical eigenfunctions is defined for the actions that fulfill the
following quantization condition,

1
Y = ﬁ/rz(QY)d(b = (m+Ay,) = Yo, (4.1.2)

where Ay, is the Maslov index [66,68,149] and is given by Ay, = 1/2 for N, odd"?. Here
m are the integers bounded by the condition —N/2 < Y,, < N/2 where N = N, + 1 is

!The N, even case will be introduced in Eq. (4.3.59).
R 2For the dimensionless system introduced in Eq. (3.1.13) and at the end of Sec. 3.4, the action reads
Y =2Y/N with N = N, + 1 the dimension of the Hilbert space. In this case, the quantization rule reads

Vi = liegt(m + Ay, ), (4.1.3)
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the dimension of the Hilbert space. This leads to m = —(N, —1)/2,...,(N, — 1)/2. Note
that each action is associated to its symmetric equivalent such that Y_,, = —Y,,. This is
related to the fact that each torus z(¢,Y), for which an analytical approximation is given
by Eq. (3.4.26), of the upper part of the phase space is symmetrically related to the torus
z(¢,—Y) of the lower part according to z(¢, —Y) = —z(¢,Y). Up to the order 1 of the
canonical perturbation theory, the following parametrizations read for the two-site Bose-
Hubbard Hamiltonian (see Eq. (3.4.28))

¢
S(¢,Y) :/ 2(¢/,Y)d¢ ~ Yo+ U—JY (N/2)2 — Y2sin ¢, (4.1.4)
9*S(,Y)  02(.Y) _ . J cos ¢ N ils

ovoy Yy U /(N]2)? — Y2 (2Y> ' (4.1.5)

Equation (4.1.2) indicates that each quantum eigenstate will occupy a phase-space volume
amounting to 2w7. When the number of particles increases, the total phase-space volume
Vs = 2m(N, + 1) becomes larger and larger such that 27w /V,s — 0 for N, — oco. In this case,
the classical limit is reached. For the dimensionless system (see Eq. (4.1.3)), the phase-space
volume is fixed to 47, and the quantization of the phase space admits an elementary cell of
2mheg volume for each eigenstate. In this case, the classical limit is obtained for h.g — O,
which corresponds to IV, — oo.

It is still possible to refine the approximation (4.1.1) by using the semiclassical theory,
but there is no guarantee that it will converge to the exact eigenfunction. It is particularly
striking when the system is constrained by a global symmetry. In the specific case of the two-
site Bose-Hubbard system, the symmetry with respect to the inversion operator, P : z — —z,
implies that the eigenfunctions must be either symmetric or antisymmetric with respect to
P. Incidentally, the Husimi plots (3.5.1) illustrate this symmetry relation for the eigenstates.
In this context, the wavefunction 1y (¢) is called a local quasimode [68] and its symmetric
equivalent is given by ¢_y(¢). A correct approximation of the eigenfunctions are then give
by the (anti)symmetric linear combination of both quasimodes,

1

V2

Incidentally, the semiclassical evaluation (4.1.1) up to the order 0 of the canonical perturba-
tion theory reads

V+(9) (y (0) £ -y (9)). (4.1.6)

1 .
vy (¢) ~ T eV = (p|ny,ny), (4.1.7)
with Y = 2z = (ny — ng)/2. The Fock states are then local quasimodes too.

The eigenspectrum can be approximated by means of the new Hamiltonian in terms
of the action-angle coordinates, K(Y). By using the classical relation (3.4.17), it becomes
possible to evaluate the eigenvalues of the unperturbed two-site system with N, = 5 and
U/J = 20 for the quantized action Y5 = 2.5, Y} = 1.5 and Y, = 0.5,

K(Y = 4Y,) + ¢ = 200.061J,
K(Y = 4Y}) + ¢ = 120.125, (4.1.8)
K(Y = £Y,) + ¢ = 80.925.].

with feg = 2 /N is the effective Planck constant. In this case, the dimensionless generating function reads
S = hep'S as shown in Eq. (3.4.32).
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As the constants in the Hamiltonian were removed when taking the classical limit, ¢ =
—UN + 3U/4 + UN?/4 is added in order to reproduce the zero-point energy®. Energies
(4.1.8) are close to the eigenspectrum (2.1.14). Nevertheless, the same energies are obtained
by performing the transformation ¥ — —Y. It means the doublets are still degenerate,
which reflects the fact that no collective tunneling occurs in the mean-field approximation.

4.2 Tunneling rate in integrable systems

The two-mode Bose-Hubbard model described by the unperturbed Hamiltonian (3.2.1) has
a global symmetry with respect to the sign inversion? of z. This means that H(¢, z) stays
unchanged under the operation P : z — —z. In this context, the two symmetrically related
tori I' and I are not necessarily connected in the phase space even if they have the same
energy. They are separated by a dynamical barrier. For example, it is the case for the high
population imbalance trajectories in the phase space 3.2.1(b) and for all trajectories in the
phase space 3.2.1(c).

(Np+1)U/J =120
¢=m; z=0
4 w ‘ I ‘

— N=1
— N=2
N =3
— N=4
N =5
N =6
— N =7

=l

=T ~]

=T A~ =

=]

| ) | 1 !
4 2 0 2 4
Z

Figure 4.2.1: Analytic continuation of the canonical variable ¢ = ¢, + i¢; into the
complex domain for various N,. This enables one to connect the two symmetrically-

related parts of the phase space. Each path connect the two classical tori related to
the NOON state for a given N,,.

If the initial conditions are chosen on the torus I', the temporal evolution will never reach
I". Nevertheless, an analytic continuation of the canonical variables into the complex plane
is an elegant way to bypass this problem [68,152],

¢ = (br + Z‘bw
z =z, + 1z, (4.2.1)
t = 1t;.

Here labels r and ¢ make reference to the real and imaginary part respectively. By choosing
initially the real part of the phase equal to 7 and the conjugate momentum purely real

3Section (1.3.4) derives the classical limit for the general Bose-Hubbard Hamiltonian with the correct
zero-point energy.

4Concerning the time-periodic case (3.1.11), the Hamiltonian is symmetric under this operation if a
temporal translation by an amount of 7'/2 is performed.



4.2. Tunneling rate in integrable systems 63

such that ¢(0) = 7 + i¢;(0) and z(0) = 2,(0), then z;(t) and ¢,(t) will stay constant®, i.e.
zi(t) = 2;(0) and ¢,.(t) = ¢.(0) = 7. In this case, the analytic continuation will be able to
connect I and I'V. To demonstrate that, the Hamiltonian equations (3.1.12) (with 6 = 0) are
written for that initial conditions®,

d¢r . d¢z 2JZT(0)

, +i— =2Uz.(0) — cosh ¢;(0),
d(th‘) ;=0 d(lti) t;=0 \/(N/2)2 . Zr(0>2 (422)
dfjt 3+ d?Z) = 27/ (N/2)? = 2,(0)2 sinh ¢:(0).

By matching the real parts on one side and the imaginary part on the other side, we
obtain d¢, /dt; = dz;/dt; = 0, and the temporal evolution reads

do; 2J 2,
d;b =2Uz — : cosh ¢;,
i 2
(N/2)" — 22 (4.2.3)
dz,

= —2J4/(N/2)* — 22 sinh ¢;.
dt;

The propagation of this system gives rise to the complex path I' — I"” that connects both
tori normally disconnected at the classical level. Figure 4.2.1 illustrates this connection. It is
worth to realize that in the non-integrable case (for 6 # 0), it is not guaranteed to have this
smooth analytic continuation as the continuation from I' does not necessarily reach I'" [68].

The disconnection between I" and I at the classical level means that the splitting Ae is
equal to 0, leading to no dynamical tunneling. Nevertheless, there exists at the quantum
level a coupling matrix element C' = |(4by|Hy|1)_y)| between the two symmetrically related
quasimodes, which gives rise to a level splitting according to C' = Ae/2. In the context of
the Wentzel-Kramer-Brillouin (WKB) semiclassical method [65,66,151], the tunneling rate
is expected to decrease exponentially with the action integral characterizing the barrier. In
the framework of an imaginary path I' — I connecting the two symmetrically related tori
I and I”, the splitting reads [68,72,151,152]

Ae = it exp(—o), (4.2.4)
7r

with the action integral of the analytic continuation given by

ooa([ o). azs

Here € is the classical frequency on the torus I'.

4.2.1 Size-varying phase space

As seen previously in Eq. (3.2.1), the size of the phase space with respect to the momentum
is given by the dimension of the Hilbert space N = NN, + 1. This means that the size in the
phase space of each eigenstate with respect to the momentum is equal to 1. If ¢ = 7 + i¢;

STt remains true also for ¢(0) = i¢;(0).
6cos(iz) = cosh(z) and sin(iz) = isinh(x) for € C.
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and z = z,, the Hamiltonian (3.2.1) will determine the energy of the system according to

E =Uz*+2J4/(N/2)* — 22 cosh ¢;, (4.2.6)

leading to the parametrization of the imaginary part of the phase difference,

E — 2
¢i(z) = arccosh Uz . (4.2.7)

271/ (N/2)? — 22

Figure 4.2.1 displays complex paths emerging from the phase space for various IV,. These
paths connect the two symmetrically-related parts of the phase space.

As the evaluation of o becomes o = fr _ v ¢idz, the expression of the splitting takes the
following form for the integrable case,

QY “m¥) E(Y)—Uz?
Ae = AR exp —/ arccosh ) - U= dz |, (4.2.8)
T —=(mY) 2J4/(N/2)* — 22

where Y is the action of the torus IV parametrized by z(¢,Y"). By means of the canonical per-
turbation theory developed in Sec. 3.4, it is possible to obtain an analytical evaluation, from
the classical mechanics, of the energy E(Y), the frequency 2(Y) and the parametrization
2(¢,Y) of the torus characterized by an action Y. Up to the order 1, it reads

EY)~UY?, (4.2.9)
RQ(Y) ~ 2UY, (4.2.10)
2(0,Y) > Y + U—‘; (N/2)* — Y2 cos ¢. (4.2.11)

(Np+ 1HU/J=120
NOON state

T T T i T
| |
— semiclassical
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Figure 4.2.2: Tunneling rate of the NOON state defined in Eq. (4.0.1) for various
N, calculated from Eq. (4.2.8) for the red curve. The exact calculation is obtained
through the diagonalization of the Hamiltonian (2.1.1).

In Fig. 4.2.2, the semiclassical limit of the NOON state defined in Eq. (4.0.1) is investi-
gated in the integrable regime. As expected, the tunneling rate decreases exponentially with
the total number of particles IV,,. It means that the observation of a NOON state becomes
harder and harder as the NOON time increases exponentially. The analytic continuation
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was performed from the classical tori related to the quantum NOON state. In the above
part of the phase space, its action reads

N
5 (4.2.12)

N | —

YNoon =

4.2.2 Fixed phase space

Equation (3.1.13) presents the dimensionless Hamiltonian characterized by the dimensionless
parameters (we assume § = 0),

A=NU/J; ¢=¢; z=2z/N. (4.2.13)

In the previous section, the size of the phase space changes with N. The idea is to express
Eq. (4.2.8) in terms of a fixed phase space defined by that dimensionless Hamiltonian. In
this framework, the tunneling rate reads

A heglQY) ~1 /ﬂﬂ:?) B(Y)—242\
Aé = = ex arccosh | —=——24"— ] dz |, 4.2.14
NJ ™ P\ her Josory 1— 22 ( )

with Y = 2Y/N, fieg = 2/N and N = N, + 1. The different dimensionless functions read up
to the order 1

E(Y)= NEJ ~ %Y/?, (4.2.15)
<o OE(Y) A

F) = == ~ 37, (4.2.16)
V)~ + %\/1 V2 cosd. (4.2.17)

The prefactor of the exponential (4.2.14) was obtained by realizing that Q(Y) = 2JQ(Y)/A.
Equation (4.2.14) confirms that N, is the semiclassical parameter as the effective Planck con-
stant is given by heg = 2/(IN, + 1). The tunneling rate A€ is calculated from a fixed phase
space. Nevertheless, as N, increases, the number of quantum eigenstates contained inside
the phase space increases. The widths of the Husimi function decrease with respect to z (see
Fig. 3.5.2) such that, in the limit N, — oo, the mean-field approximation becomes exact
and Ae — 0.

The corresponding classical action of the NOON state reads in the upper part of the

phase space

~ 1
Ynoon =1 — N (4.2.18)

This changing action implies that the frequency and the integral in Eq. (4.2.14) are not
constant, but tend to be as N increases. Nevertheless, we have to bear in mind that we
could have studied a fixed action (for example Y = 0.5 in the case of Husimi plots in
Fig. 3.5.2) for which the frequency and the integral would have been constant.
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4.3 Resonance-assisted tunneling

The addition of a time-periodic perturbation induces modifications of the dynamics, which
leads to a modification of the structure of the phase space. In this context, the Kolmogorov-
Arnold-Moser (KAM) theorem [153-156] states that the tori with incommensurable winding
numbers § = w/) are preserved with slight deformations if the perturbation is not too
strong. Here w is the external driving frequency while 2 is the frequency of the torus.
Conversely, the Poincaré-Birkhoff theorem [157,158]| states that a torus with commensurable
winding numbers 5 = r/s, with integers r and s, is destroyed. This torus gives rise to a
nonlinear resonance with r stable and r unstable fixed points and chaos close to the unstable
fixed points. In this context, the nonlinear resonance is called a r:s resonance.

Figure 4.3.1 illustrates both theorems. Some tori are preserved in the perturbed case
(panel (b)) in comparison to the unperturbed case (panel (a)) as it is demonstrated by
the KAM theorem. Conversely, some structures like resonance chains emerge due to the
Poincaré-Birkhoff theorem. In the specific case of panel (b), a nonlinear 2:1 resonance is
present in the two symmetrically-related subregions. It is also possible to see a part of the
1:1 resonance in the extremities of the stroboscopic map.

For the two-site Bose-Hubbard model in the mean-field approximation, the frequency of
the torus characterized by an action Y reads up to the order 1 (see Eq. (3.4.19))
10K(Y)
QYY) =—
) h oY

~ 2UY/h. (4.3.1)

As explained just previously the commensurable winding number leads to the following

condition for the destroyed tori,
w

QT:S
where Q,.. = Q(Y,.5) is the frequency of the torus Y,.,. From this relation, the action of the

torus that gives rise to the resonance chain r:s, and thus, its location in the phase space,
reads

,
- 4.3.2
. (43.2)

s hw
s O ——, 4.3.3
s o (4.3.3)

The relation (4.3.3) makes possible to place at the wanted locations the nonlinear resonances
in phase space by means of the external driving perturbation characterized by the frequency
w. In the case of Fig. 4.3.1(b), we obtain Y5, = 1.5 meaning that the 2:1 resonance is
approximately situated in z = 1.5.

In the framework of resonance-assisted tunneling, the tunneling rate is determined semi-
classically through the structure of the phase space. The positions of the r:s resonances lead
to coupling matrix elements between the local quasimodes. This is the key ingredient to ex-
plain why the tunneling rate will display plateaus and peaks instead of a smooth exponential
decrease as illustrated in Fig. 4.3.4. In what follows, the Hamiltonian is assumed to be time-
periodic, H(¢p, z,t +T) = H(¢p, z,t) with T'= 2w /w. Moreover, the phase space is expected
to display a global symmetry such that the transition between two symmetrically-related
quasimodes is determined by the splitting Ae between the symmetric and antisymmetric
eigenenergies. In the case of the two-site Bose-Hubbard Hamiltonian (3.1.11), this symme-
try takes the form H(¢, —z,t +71/2) = H(¢, z,t).
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Figure 4.3.1: (a) Phase space computed from the unperturbed two-site Bose-Hubbard
Hamiltonian (3.2.1). (b) Stroboscopic map computed from the periodically-driven
Bose-Hubbard Hamiltonian (3.1.11). The stroboscopic sections of panel (b) display
some conserved structures in comparison to the unperturbed panel (a) according to
KAM theorem. Conversely, resonance chains emerge at some precise locations from
destroyed tori according to Poincaré-Birkhoff theorem.

4.3.1 Secular perturbation theory

The purpose of the secular perturbation theory [66,68,72,79] is to describe from an analytical
point of view, the dynamics of the system near a nonlinear r:s resonance. Incidentally, the
canonical perturbation theory is not adapted for this purpose because of divergences close
to separatrices, for example. For the moment, we restrict ourselves to the one resonance
case, where the frequency of the destroyed torus satisfies the relation (4.3.2). The system is
assumed to be described by an integrable part and a weak time-periodic perturbation,

H(a,Y,t) = K(Y) + V(o Y, 1), (4.3.4)

where («,Y") are the action-angle variables and V(a, Y, t +T) = V(a, Y, t) with T = 27 /w.

If the canonical transformation to the angle coordinate that cororates with the r:s reso-

nance is performed such that
e = o0 — Qpust, (4.3.5)

the Hamiltonian must be modified according to H +— H(a., Y, t) = H(ae+Q5t, Y, 1) —h,. Y
with a. conjugated to Y. In this case, the new Hamiltonian takes the form

H(ae, Y, t) = K(Y) + V(a., Y, 1), (4.3.6)
with

K(Y) = K(Y) = Q..

V(ae, Y, t) = V(ae + Q.5t, Y, 1),
The time variation of the corotating angle is given by the related Hamiltonian equation,

1M 19V

= 2oy = AY) = Qi+ 2o (4.3.9)

Qe
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As the perturbation is relatively weak, the variation 0V /9Y is expected to be weak too.
This leads to slow variations of the corotating angle close to the nonlinear resonance, i.e. for
Y ~ Y,.,. Incidentally, a. is fixed at the resonance in the unperturbed case. That is why
V(ag, Y, t) varies rapidly in comparison to «. such that the corotating angle can be seen as
constant on a period of V. These two significantly different timescales justify the application
of the adiabatic perturbation theory [66,68,87]. As the periodicity of V(o + Q,.st, Y, ) is
r'T = 2mws /., the application of the adiabatic theory gives rise to the following Hamiltonian
equation of the corotating angle,

PARUTE I L L/TT’H(a Y1)t (4.3.10)
“ToT )y T ROY \oT Jg o ' o

In this framework, it is justified to work with a time-independent Hamiltonian,
H(a,Y)=KY)+V(a.,Y), (4.3.11)

where the time-periodic part is integrated over one of its own period,

1 rT
V(a.,Y) = r_T/O V(ae, Y, t)dt. (4.3.12)

As the perturbation V' (a, Y, t) is periodic with respect to the angle and the time such that
V(a+2m,Y,t) =V(a,Y,t) and V(o,Y,t +T) = V(a, Y, t), respectively, this perturbation
can be developed in Fourier series according to

(a,Y, ) Z Vim(Y) eilegimet, (4.3.13)
I,m=—o00

As the perturbation is real, we have V;,,(Y) = V¥ _ (Y). The following calculation is
obtained,

1 rT
VoY) = / Vi + Q. Y, 1)dt (4.3.14)
T
=VooY) + Z 2V (Y) cos (krae + o) , (4.3.15)
with A
Vi(Y)e = Vi _a(Y), (4.3.16)

such that Vi (Y) is real. By defining Hyes(cv, Y) = 1/(rT) OTT H(a, Y, t)dt and by neglecting
the term Vjo(Y'), which does not depend on the corotating angle, the Hamiltonian that
describes the dynamics close to the r:s resonance is given by

Hyes(ae,Y) = K(Y) = hQ Y + > 2Vi(Y) cos(kra + ¢y). (4.3.17)

k=1

In the two-mode Bose-Hubbard case, we have already computed in a perturbative way
K(Y) in Eq. (3.4.17), and 2,.; can be deduced from Eq. (4.3.2). The Fourier coefficients
can be obtained by performing a Fourier analysis of V(«,Y,t) = 20 cos(wt)z(¢(«),Y). This
solution implies to have a clear representation of ¢(«). Nevertheless, there is a more practical
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way to obtain the different parameters, which is based on the phase space generated by
H(p,z,1).

4.3.2 Pendulum approximation

By adding another approximation, the nonlinear resonance can be described by an effective
pendulum Hamiltonian. The resonance chains of Fig. 4.3.1(b) suggest that all Fourier co-
efficients of V(«,Y,t) can be neglected except Vi(Y) in order to model a resonance by a
pendulum-like Hamiltonian. The justification of that will be introduced during the quan-
tization process, in Sec. (4.3.3) at the end of the part called Action-independent case. By
defining V,.,(Y) = V1(Y) and ¢,.s = ¢4, the Hamiltonian (4.3.17) becomes

HI (00, Y) = K(Y) — hQ,.sY + 2V, (V) cos (rae + @rs) (4.3.18)

res

which constitutes a pendulum-like Hamiltonian.

Action-independent case

As the secular perturbation theory describes the dynamics near the nonlinear r:s resonance,
it is interesting to develop the unperturbed Hamiltonian around Y.,

K(Y) = K(Kﬂs) + hQr:s(Y - }/r:s) + (Y - Y;’:s)Qa (4319>

2my.
with 1/m,., = A*?K(Y)/dY?|y—y,.,. Moreover, the amplitude V,.,(Y) is assumed for the
moment to be independent of the action Y and to be equal to V;.4(Y;.s) = V;.s. By neglecting
the constant, the Hamiltonian (4.3.18) takes the form of a pendulum Hamiltonian,

(Y _ K’:S)Q

2my.s

H"(a,,Y) ~

res

+ 2V..5 cos(rae + @ps ). (4.3.20)

It is notable that the Hamiltonian (4.3.20) provides a general way to describe any non-
linear resonance. Let us define SZ, as the areas below the outer and inner separatrices,
respectively, of the r:s resonance (see Fig. 4.3.2 as an example) in the (¢, z) representation.
Moreover, M,., denotes the monodromy matrix (see Appx. B) of the r-order stable fixed
point of the nonlinear resonance. As both areas and the trace of the monodromy are pre-
served under the canonical transformations (¢, z) — (a,Y) — (a.,Y’), they can be used in

the following relations derived from the dynamics generated by Hﬁggs) [72,159],

1
Y. = —(St ), 4.3.21
: A (Sr.s + Sr.s) ( 3 )
1
V 2mr:sv;":s = 1_6(8:_3 - S;S>7 (4322)
2V, h
o = g arceos (Tr(M,.5)/2). (4.3.23)

In this framework, the different parameters of the pendulum Hamiltonian (4.3.20) can be
extracted from the phase space of H(¢, z,t). This constitutes an alternative to the computa-
tion of K (Y) with the canonical perturbation theory and to the Fourier analysis of V(«a, Y, t).
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In the context of the two-site Bose-Hubbard model, the canonical perturbation analysis has
been already done for the unperturbed Hamiltonian K (Y') through Eq. (3.4.17).

Np:5; U/J=20
6/J=75; hw/I=120

———————

2.5 12)

Z1sE ——— = ——=|1)

0.5 /_\ 10)
N

O-TC -Tt/2 0 /2 T

¢

Figure 4.3.2: Upper half part of the phase space of the two-site Bose-Hubbard system
for N, = 5. The central 2:1 resonance is characterized by an outer separatrix in red and
an inner separatrix in green. The areas below these separatrices are denoted by S,
respectively. By using Eqs. (4.3.21)-(4.3.23), the characteristics of the 2:1 resonance are
obtained leading to Y51 = 1.5014, V5.1 = 0.02390J and ms.; = 0.02497J 7. In the right
margin, the specific locations of the quasimodes are displayed such that |2) <> |5,0),
|1) <> |4,1) and |0) <> [3,2).

Action-dependent case

If the dynamics is not directly near the r:s resonance, the independence of the amplitude
of the perturbation toward the action can be a crude approximation. In order to evalu-
ate the action dependence of V,.4(Y), the Birkhoff-Gustavson normal-form coordinates (or
quadrature variables) are introduced,

Q = V2Y cosa, (4.3.24)
P =—Vv2Y sina, (4.3.25)

with Y = (Q? + P?)/2. These conjugate canonical variables can be obtained through a
canonical transformation from (¢, z) by assuming that H(¢, 2,t)" is analytic in ¢ and z in
the vicinity of the resonance [72]|. It becomes possible to derive

eiiac — Q + ZP
/2 )

TA canonical transformation from the action-angle variable (c.,Y") must be done carefully because there
is a singularity in Y = 0 for the derivatives.

(4.3.26)
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from which the perturbed part of the Hamiltonian (4.3.18) is transformed,

‘/r:s(y)

H")(a,,Y)=K() — h,..Y
(Oé ) ) ( ) : + <2y>r/2

res

((Q —iP)e™r= 4+ (Q +iP) e ). (4.3.27)

By assuming that Hr(eTs:S) is analytic in () and P, the amplitude must at least be scaled in
such manner that the divergence is avoided, i.e. V,.4(Y) Y7/2 at least. In this framework,
the following ansatz V,.,(Y) = Y"/2% [81] is done, which assumes no action dependence of o,
and it leads to

y r/2
-}/1-”28

The action-independent case is obtained exactly at the resonance such that V,.;(Y,.s) = V.s.

The action dependence gives in principle a better description in the vicinity of the resonance.

Nevertheless, corrections of higher order of Y have been neglected, which could lead to an

underestimation or an overestimation of the amplitude V,.;(Y") far from the resonance.

Equation (4.3.28) leads to the reformulation of the Hamiltonian (4.3.18),

Y
H(T:S) (O-/ca Y) = K(Y) - hQT:SY + 2‘/;15 (

r/2
o v ) cos (rae + Prs) - (4.3.29)

Incidentally, this Hamiltonian for » = 1 is to some extent similar to the unperturbed Bose-
Hubbard Hamiltonian (3.2.1), except that the former does not display a global symmetry
with respect to the conjugate momentum.

4.3.3 Quantization of the pendulum Hamiltonian
Action-independent case

In this section, the amplitude V,.4(Y") is first assumed to be independent of the action and
is replaced by V. = V,.4(Y,.s). In this framework, the quantization of the pendulum Hamil-
tonian (4.3.18) is given by

[A{(r:s) = K(?) - hQT:sy + 2‘/;:5 COs (T@C + (107“15) . (4330)

res

The quantization of the action-angle variable must obey the following commutation rule

[&, V] = i such that
0

Do,

| =

Qe = g, Y

(4.3.31)

~
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The local quasimodes denoted by |n)® represent plane waves in «.. representation, leading to
(aeln) = 1/v/2mexp(i(n + 1/2)a.). The quantization of the action reads®1°

Vin) = Yoln) = <n + %) In). (4.3.32)

Figure 4.3.2 displays an example of quantization of the action for three quasimodes related
to the upper symmetric part of the phase space.

The perturbed part of the Hamiltonian introduces some admixture between the quasi-
modes [67,79], '
(n £ r|HTD|n) = V. eriors (4.3.33)

res

As the perturbation is relatively weak, an accurate description of the eigenvectors can be
obtained by means of the quantum perturbation theory [79],

n—i—erreb n
|thn) = Z | 'In) \n + Ir)

=11 €n — n+lr+l8hw

3 <n 20| HE In+ 1) (n+ Ur| B |n)

) — ety +2shw € — e, + lshw

In+20r)+...  (4.3.34)

It becomes possible to couple the quasimodes |n) and |n+ kr) by implying the r:s resonance
in a k-step process. This relation can be written in a more concise way,

|wn Z An n-i—k:r’n + ]CT‘>, (4335)
with . ~ (r5)
. ] Hrgs:s ) — .
A9 . H (n+ jr| In + (j —sgn(j))r) k0. (4.3.36)
n,n+kr (0) ( ) + hw
j=sgn(k) En Cn-tir Js

Here we have A3} = 1 for k = 0. Note that if k < 0, then we have j = —1, -2, ..., k.

Moreover, the unperturbed energies are given by V= K (Y,). The number of terms in
Eq. (4.3.35) is finite for a bounded phase space.

The admixture between |n) and |n + kr) becomes significant if the denominator of
Eq. (4.3.36) is close to zero. With the help of the quadratic expansion (4.3.19), the de-
nominator can be expressed as

0 — + jshw ~

n n—i—jr

(Yo = Yosi) (Yo + Yoo — 2Y,). (4.3.37)

m’/‘ZS

It is thus expected to obtain a strong admixture between |n) and |n+ jr) if the r:s resonance
is symmetrically located between both coupled quasimodes.

8For the two-site Bose-Hubbard system, the link is given by |n1,n2) <+ [n) = |w —1/2) for N, odd
withn =0,1,2,... Concerning N, even, the link is given by |n1, ne) <> |n) = ||"17;"2|—1> withn =0,1,2,...
The case n = —1 corresponds to the state |n1,n;1) that doesn’t have the antisymmetric equivalent. This case
is omitted.

9The quantization can be applied to the dimensionless system such that Y'|n) = heg(n + 1/2)|n) with
her = 2/(N, + 1).

10The additional factor 1/2 is there to reproduce the zero-point energy for the N, odd case. In the N,
even case, the eigenvalues read Y,, = (n + 1) with n =0,1,2,....
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All Fourier coefficients have been neglected in the Hamiltonian (4.3.30) except the first
one V) = V,.; such that the only way to couple |n) with |n + kr) is through a k-step path.
It would have been possible to have a one-step coupling with Vj, such that (n + kr|Hiw|n)
becomes a non-vanishing coupling matrix element. Nevertheless, it has been shown that
Vi decreases exponentially with & and that this process is negligible compared to the one
implying V;, especially in the semiclassical limit h.g — 0 [68,72,79].

Action-dependent case

In order to compute the coupling matrix elements that take into account the action depen-
dence of the coupling coefficient V,.;(Y), the Hamiltonian (4.3.29) is quantized in terms of
the normal-form coordinates,

er/2 ((Q-iP) eore 4 (@ iP) o). (4338)

09— k() — R ¥ 4 Vs
(V) = e+ 5375

In this context, the ladders operators are expressed as a function of the normal-form operators
according to

Q= %(Q +iP), (4.3.39)

at = —(Q —iP). (4.3.40)

This procedure of quantization is similar to the one used in Sec. 3.1 (in the opposite
direction, i.e. the mean-field approximation). It consisted in replacing the ladder operators
by complex numbers. In our present case, we would have (a) ~ ¢ = VY e~ and (a) ~
Y* =Y ei®. The quantization in terms of the ladder operators reads

1 r/2 . '
—) ((ah)" e"rs +are "r=) (4.3.41)

HT) = K(Y) — hQy..Y + Vg (Y

res

with ¥ = (a'a +1/2). The coupling matrix elements become modified in comparison to the
action-independent relation (4.3.33) [81],

r/2
. 1 . |
(n+r|HZI|n) = Vg (Y ) eiers M (4.3.42)
T8 n:
r/2
A pes 1 ion n!
<n - T|Hr(es. )|n> = Vis <Y ) e s (n — r)'. (4343)

If the resonance is symmetrically located between both quasimodes |n) and |n —r) such that
Y,.s >~ (n —r/2), the difference of outcome with the coupling (4.3.33) is not expected to be
significant. Nevertheless, important deviations arise when the resonance becomes close to
either |n) or |n — r). The reasoning with |n) and |n + r) leads to the same conclusion.

By defining R
V(r:s) = <7’L +]r’H(TS)‘n + (] — Sgﬂ(j))?">, (4344)

n+jr res
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the expressions (4.3.42) and (4.3.43) can be generalized according to [81]

r/2 .

1 . I

W$Q/> dw\ﬂn+$j£&mm' 70

v = ' . (4.3.45)

" 1N o it (G — sgn()r)!
V;“:s <_> e e .] <0

Y;ﬂ:s (n +]7ﬁ)'

4.3.4 Tunneling rate modification via resonance-assisted tunneling

The unperturbed energy in the corotating frame &0 = O — hQ,..Y, (Where e( ) = K (V)
is the unperturbed energy) is modified by the coupling matrix elements Vn ﬂ,,, which are
supposed to be weak. Moreover, we have to bear in mind that there are two symmetric parts
in the phase space. Quantum mechanically speaking |n) possesses a symmetrically-related
quasimode with the same eigenvalue. In this case, the matrix modeling the eigenenergy

modification must be centrosymmetric, i.e. symmetric with respect to the counterdiagonal,

& Vn(fj) A,
ylrat o oyl Apey
Vn(i;)“* gno—)Zr e An72r
, (4.3.46)
An72r e 61(10) 2r Vn(i;)”
A,_, V(r s)* 5(03 V(fs)
A, VA=

with é(] ) = eq — h€),..Y,, and the unperturbed splittings are given by 2A, = Aeéo). If the
index n in the matrix (4.3.46) refers to the highest energy state, i.e. the NOON state in
the repulsive two-mode Bose-Hubbard case, this one is exact. If n is lower, the matrix is
still a good approximation as the unperturbed splittings Ael(o) are expected to be weak in

comparison to A for 1 > n.

By assuming that the perturbation is weak, the modification of the tunneling rate through
the presence of a r:s resonance in the phase space reads [67, 79|

ey

k=kc

(4.3.47)

n+kr’

where k. < 0 takes 1nt0 account the finite number of quantum elgenstates in the phase space.
The definition of An ke is given by the expression (4.3.36). If 60 is assumed to be the
lower unperturbed energy, the expression of k. will read

ko = — H , (4.3.48)

r

where the square brackets represent the integer part of the expression.

The unperturbed parameters 6((10) and Aego) can be extracted from the phase space. On one

hand, the unperturbed energies can be computed through the canonical perturbation theory
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through ego) = K(Y,). On the other hand, the unperturbed splitting Aego) can be computed
by means of an analytic continuation of the symmetrically-related tori in the complex domain.
This can be achieved by applying Eq. (4.2.4). An alternative is the unperturbed energies
computed in terms of the unperturbed quantum Hamiltonian H,. Moreover, the spectrum
of the eigenvalue equation (2.1.10) gives directly rise to the unperturbed splittings.

4.3.5 NOON states in near-integrable phase spaces

The ultimate purpose of this section is to generate a NOON state in a reasonable time. The
entanglement time is known to increase exponentially with the number of particles, which
plays the role of the semiclassical parameter. Moreover, as illustrated in the evaluations
(2.1.19), the higher the population imbalance is, the longer is the time 7, ,, required to
produce an entangled state with the same probability for |ni,ne) and |ng,ni). Concerning
the NOON state, its entanglement time, also called the NOON time, is higher than all
other entanglement times of the states with smaller population imbalances. For N, = 5
and U/J = 20, the NOON time amounts to 6.0 x 105%/.J, which corresponds to 2.6 x 103 s
for a typical optical lattice filled with 'Rb (see the relations (2.1.19) and the explanations
above). This time is prohibitively large knowing that the typical lifetime of a condensate in
an optical lattice is roughly 10 s [133].

The idea is to add a time-periodic modulation of the double well as indicated in Eq. (2.1.20).
This perturbation is able to produce nonlinear resonances in the mean-field approximation.
The Poincaré-Birkhoff theorem leads to Eq. (4.3.3), which links the external frequency w
with the action Y., of the destroyed torus. This equation can be rewritten as

hw ~ “2UY,,, (4.3.49)
S

which indicates the frequency that must be applied in order to produce a r:s resonance
at the position z ~ Y., in phase space. Moreover, in the context of resonance-assisted
tunneling, the positions of resonances in phase space have a huge impact on the transition
amplitude Agﬂrm between quasimodes |n) and |n + kr) as displayed in Eq. (4.3.36). As
indicated by development (4.3.37), the resonance must be symmetrically located between

both quasimodes in order to have a maximal effect on the tunneling rate.

Concerning the N, = 5 case, the equivalence between both notations of quasimodes reads

2) «— 15,0),
1) «— [4,1),
10) < [3,2).

Figure (4.3.3) displays the positions of the quasimodes in phase space. Equation (4.3.49)
indicates that the frequency giving rise to a huge coupling for the coupling path

2:1

12) 2L o) (4.3.50)

amounts to w = 120 J/h for U/J = 20. Indeed, as Y, = 2.5 and Yy = 0.5, the action Y3,
must be equal to 1.5 to be symmetrically located between Y5 and Y. The amplitude of the
perturbation 6/J = 75 is chosen such that the NOON time is minimal, which gives rise to

Ty =24 x10°0/J — 7 =11s. (4.3.51)
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The NOON time decreases by two orders of magnitude thanks to resonance-assisted tunneling
induced by a suitably tuned perturbation. The typical lifetime of a condensate in an optical
lattice presents the same order of magnitude, which may still be too long for an experimental
observation. That is why chaos in phase space will be introduced later, in order to gain some
more orders of magnitude.

In Fig. 4.3.3(b), the peak at N, = 5 is explained by the 2:1 resonance situated symmetri-
cally between |2) and |0). If N, continues to increase, the number of quantum eigenstates in
the phase space changes leading to a non-symmetrical position of the 2:1 resonance between
some quasimodes. For N, smaller than 5, there is no coupling matrix element implying the
2:1 resonance because of too few number of quasimodes.

(a) Np=5; U/J=20 (b) (Np+l)U/J=120
\ 0/J=75; hw/J=120 hw/J=120
< ! T ;
— 1 lAe ] :
25 2) g
107 2:1 N
| [2)—|0) i
10 .
|1 - 1
10°F N
T |— &/1=0 T
108k 0/J=75
10) — RAT2:1
0 \ \ \ \ \ \
T w2 0 w2 ° I 2 3 4 5 6 17 8
o N,

Figure 4.3.3: (a) Upper part of the phase space of the two-site Bose-Hubbard Hamil-
tonian in the mean-field approximation which displays a central 2:1 resonance. (b)
Tunneling rate as a function of the number of particles. The pure quantum calculation
of the tunneling rate (brown curve) is relatively well reproduced by the resonance-
assisted tunneling (RAT) theory (blue curve) taking into account the 2:1 resonance. A
peak is present for N, = 5 and is due to the fact that the 2:1 resonance is symmetrically
located between |2) and |0).

To model semiclassically the peak in N, = 5, resonance-assisted tunneling can be de-
scribed in terms of a matrix of the form

€(20) %(2:1) 0 A2
%(2:1)* g(()()) AO 0
0 AO g(()O) ‘/0(2:1) )
AQ 0 %(2:1)* ggO)

(4.3.52)

with E,(]O) = eg‘)) — hn Yy, VO(M) = <0\Hr(e2;1)|2> and the unperturbed splittings are given by

20, = Aeéo). In the case of weak perturbations, the modification of tunneling rate reads
2:1) o0 |2

0lH2Y)2)|

Aes ~ Al + Ael?. (4.3.53)

2
eg)) — 6(()0) — hw
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This tunneling rate can be computed by using the characteristics of the 2:1 resonance,
ie. Yo, = 1.5014, Vo = 0.02390J and mo.; = 0.02497J-'. Moreover, the unperturbed
energies of the antisymmetric block, for example, can be used for the denominator. In this
context, the semiclassical evaluation of the NOON time reads

mh

2A€2

~ 3.8 x 10°h/J, (4.3.54)

To =

compared to the exact result 7, = 2.4 x 103h/J.

4.3.6 Multiple resonance case

The number of quantum eigenstates in phase space increases with 1/h.g, the semiclassi-
cal parameter. For the one-resonance processes, it will favor the multistep transitions for
large 1/hes as it enables one to reach states that exhibit larger unperturbed tunneling rate
(characterized by small ¢ in expression Aego)). More important, processes implying several
resonances will appear and will be more and more frequent in the semiclassical limit Aoz — 0
as the number of paths increases.

The generalization of the single-resonance Hamiltonian (4.3.29) is obtained by adding the
contributions of the other resonances. Introducing new resonances will introduce new cou-
pling matrix elements, some of them implying several resonances. If there are m resonances
denoted by 71:81,72:82, . . ., T iSm, then the modification of the tunneling rate follows [72]

2
miSm (0)
‘An+KnL n+Km+kmrm A€n+K7n+k7n7'm

_A(T2 52)
n+kiri,n+kiri+kare

E: (r1:s1) 2
AE" = “An,n—‘rlﬂrl

e Kok
+ perm(1,2,...,m), (4.3.55)

with K, = kyry + kora + -+ -+ kp_17m—1. The perm(1,2,...,m) term takes into account all
terms generated by the permutations between ry:sq1,79:89, ..., 7piSy,. For perm(1,2,...,m),
the terms with at least one k; = 0 are removed in order to avoid multiple counting. Never-
theless, the perm(1,2,...,m) term is in general negligible if the r;:s; are sorted according to
their consecutive order of apparition in the phase space, i.e. according to their actions. The
amplitudes read

k . ~r(rp:s . .
s T (n + Ko+ jrl B + Ko+ (7 = sen()m) e
n+ K n+Kj+kr;p — H (0) (0) ; ! # ’
msen(k) €~ Entrcrgn T (1514 kaso + o+ kisisioa + jsi)hw
(4.3.56)

with K; = kyry + korg + - - - + kj—y7—1 and the prescription A, (ris) _ .

The number of terms in Eq. (4.3.55) can be discouragingly large, especially in the semi-
classical limit. Fortunately, there is in general one dominant contribution that drives the
transition process. Equation (4.3.55) is mainly suitable to describe the tunneling rate in the
near-integrable regime, i.e. a regime where chaos is almost absent from the phase space.

4.3.7 Application to the two-site Bose-Hubbard system

Resonance-assisted tunneling (RAT) has been extensively studied for the one degree-of-
freedom systems, for which the phase space has the dimension two. In the near-integrable
regime, it was applied in particular to the kicked Harper model [67,68] and for the deformed
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Figure 4.3.4: (a) Upper part of the phase space of the dimensionless two-site Bose-
Hubbard Hamiltonian in the classical limit. Two main resonances are shown in red,
namely the 2:1 and the 3:1 resonances. (b) Tunneling rate related to the NOON state as
a function of the total number of particles. The semiclassical blue curve was obtained
through resonance-assisted tunneling (RAT) by taking into account the 2:1 and the 3:1
resonances drawn in red in panel (a). This curve is able to reproduce the tunneling rate

peaks of the exact results in brown. The text above each peak in panel (b) represents
the dominant contribution to the tunneling rate.

optical microcavities [70,71]. In the mixed regime, i.e. the regime where there is a coexistence
between regular and chaotic trajectories in the phase space, it was applied to molecular
system [69], the kicked Harper model [79], periodically-driven pendulum [84], the standard
map [72,81-83| and optical microcavities [71,80].

This section proposes to add to this list the Bose-Hubbard system, here in the near-
integrable regime as displayed in Fig. 4.3.4. In the quantum regime (N, low), the transitions
imply only one resonance. As one goes further in the semiclassical limit, the multiresonant
processes cannot be put aside. The unperturbed case (§/J = 0) gives rise to an exponential
decrease as specified in Eqs. (4.2.8) and (4.2.14). In the perturbed case, the average slope of
the exponential curve decreases, and there are peaks in the tunneling rate, as indicates the
brown and blue curves of Fig. 4.3.4(b). Above each peak is specified the dominant coupling
path between the quasimodes concerned.

Figure 4.3.5 displays semiclassical computations implying only one resonance, namely the
2:1 for (a) and the 3:1 for (b). The one-resonance processes are able to reproduce some peaks
but not all of them. Moreover, even if they reproduce the peak, they are not necessarily the
dominant processes. That is why the multiresonance processes must be taken into account,
especially in the semiclassical limit.

In order to determine the dominant path that enables one to reduce by several orders of
magnitude the NOON time, the action of the NOON state (denoted by n) in the fixed-size
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(Np+1)U/J =120
hw/J=180 (b)

40 0 10 20 30 40

Figure 4.3.5: Both panels represents the tunneling rate of the NOON state as a func-
tion of the number of particles. The resonance-assisted tunneling (RAT) blue curves
were obtained by taking only into account (a) the 2:1 resonance, (b) the 3:1 resonance.
The exact calculation is represented by the brown curves. If the multiresonant pro-
cesses are neglected, some peaks are missed or partially reproduced, especially in the
semiclassical limit, i.e. for large N,,.

phase space (see Eq. (4.2.18))
~ 1

Y, =1-
N, +1

(4.3.57)

must be connected with the quasimodes characterized by the actions (see Eq. (4.1.2))

~ 1 N,—1

V. — hug (m + 5) m=0,1,2,..., == N, odd, (4.3.58)
~ Np

Y = heg(m + 1) m=0,1,2,..., 5 1; N, even. (4.3.59)

Here we have heg = 2/(N, +1). The case m = —1 for N, even corresponds to the Fock state
|n1,m1). This case is not taken into account as there is no antisymmetric counterpart and
so no unperturbed tunneling rate associated!!.

These connections are determined by the external frequency w. The relation (4.3.3) claims
that w is able to produce a r:s resonance with the action Y,.;. By fixing the frequency, the
positions of all resonances are fixed. From one ri:s; resonance it becomes possible to find
the position of another ry:s9 resonance through

Ly T2y

_Y;“lzsl - 8_2}/T2:52' (4360)

51

1 Actually, the coupling to the quasimode |ny,n1) would require modeling tunneling via a matrix (4.3.46)
with an odd dimension where the central element would be the unperturbed energy of this quasimode. In
this case, Eq. (4.3.47) must be modified. We didn’t take into account this very specific coupling for the
modeling of the tunneling rate.



80 NOON states via resonance- and chaos-assisted tunneling

In the case (N, + 1)U/J = 120 and hw/J = 180, the dimensionless actions produced by the
external frequency read

. 3
)/3:2 = 17 Y5:2 - 57
~ 9 ~ 1
Yoz = 75 Via =3, (4.3.61)
~ 3

_ ~ 3
)/2:1 - Za }/21:1 — g

The respective areas of these resonances will depend on the amplitude of the external per-
turbation 0. Clearly, the two prominent resonances in the phase space 4.3.4(a) are 2:1 and
3:1.

Concerning Fig. 4.3.4(b) for N, = 14, the dominant coupling path reads
16) 2 14) 25 1) (4.3.62)
such that the dominant term in the sum (4.3.55) is given by

. 2 . 2
AEGE\Ag?ﬁ\ (Affff’ A, (4.3.63)

In this specific case, the 2:1 resonance with an action 372:1 = 5.62bh.g is more or less sym-
metrically located between the quasimodes 576 = Theg and Y, = 5heg. Moreover, the 3:1
resonance with an action 1?3:1 = 3.75heg is more or less symmetrically located between the
quasimodes 574 = Bheg and 371 = 2heg.

The arrangement of the action variables can be translated in terms of the arrangement
of the unperturbed spectrum. Here only the antisymmetric eigenvalues are displayed for
practical purpose,

siang €5 = 464.286.J,
6 = * ) —
o €, = 408.465.J,
e = 624.161J, S (4.3.64)
€ = . ,
€; = 536.205.J, ' A1 8TLT
60 — . .

In this case, the energy difference e5 — €, = 191.93J is roughly equal to hw = 180J as well
as the energy difference €, — e = 167.328.J. This means that e; — e¢; = 359.258J ~ 2hw,

leading to a large value for the prefactor |Af’il)| in Eq. (4.3.63). Moreover, this two-resonance

transition enables one to connect to the unperturbed tunneling rate Aego) = 0.297J which
is much higher than Ael”) = 8.167 x 1072.J, the direct transition. Note that the conclusion
would have been the same with the symmetric eigenenergies or those obtained through the
canonical perturbation theory with the quantization.

4.4 Beyond weak perturbations

Perturbations were assumed to be weak in order to obtain the tunneling rate modifications
(4.3.47) and (4.3.53). Because the transition matrix elements between quasimodes are not too
strong, the tunneling rate modification can be obtained perturbatively. This means that the
dynamics will be overwhelmingly determined by the two symmetrically-related quasimodes.
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The purity of a NOON state is introduced in order to verify if the two-level approximation
is still holding. This is defined as
p= M+ My, (4.4.1)

with .
1 - 9
M, = 5T Jgi/o |(n, N, — nlup(t))|” dt, (4.4.2)

where |uF(t)) are the eigenstates which refers to the NOON state. For more details, see
Appx. A.2.2 for the Fock basis and Appx. A.3.4 for the symmetry-adapted basis. This
definition of purity can formally be identified with the time average of the expectation
value Tr[Pp] of the projector to the NOON doublet with respect to the density matrix
p = |uf () (uf ()] + |u, (t))(u, (t)|, meaning that we have p = 1/(27T) fOT dt Tr[Pp] with
P =10, Np><07 Np| + |Np70><Np=O’

As indicated in Fig. 4.4.1(c) the purity for the 2:1 resonance stays close to 1 (p ~ 0.999)
indicating that the two-levels approximation is still holding. Note that (a), (¢) and (e),
which form a column, refer to the same combination of parameters. The two-level dynamics
between |0,5) and |5,0) is corroborated by Fig. 4.4.1(e), which represents the temporal
evolutions of the detection probabilities to obtain |ni,ng) knowing that the system was
initially in |¢(to)) = |0,5),

Py (8) = (1, mal () (4.4.3)

For the detailed expressions, see Appx. A.2.1 for the Fock basis and Appx. A.3.3 for the
symmetry-adapted basis.

If the coupling matrix element between two quasimodes is sufficiently strong, the two-level
approximation is no longer correct. For example, Fig. 4.4.1(d) indicates that the eigenvectors
display a strong admixture between 1/4/2(|0,5) £15,0)) and 1/v/2(|1,4) £ |4, 1)) for the set
of parameters N, =5, U/J = 20, §/J = 12 and hw/J = 80. This has consequences for the
detection probabilities as seen in Fig. 4.4.1(f), where the oscillations take place between four
levels. There are fast oscillations between |0, 5) and |1, 4), and slow oscillations between |0, 5)
and |5,0). The trigger in phase space of this phenomenon is the presence of a prominent
1:1 resonance with the action Y;.; ~ 2, i.e. symmetrically located between |5,0) and |4,1) as
displayed in Fig. 4.4.1(b).

The idea behind the modeling of this phenomenon is to introduce a four-by-four matrix,
which is centrosymmetric in order to reproduce the site-permutation symmetry,

E, V. 0 V

v BB v oo

H=|0 v 5 v (4.4.4)
Vo 0 V Ey

In order to not overload the notation, the unperturbed energies in the absence of tunneling
are denoted by F,,. The effective unperturbed couplings are given by V,,, and the coupling
caused by the external perturbation is denoted by V.

As the system is centrosymmetric, it is common to introduce a symmetry-adapted basis,

1\ [0\ /1 0
1 0 1 0 1

AYlol (o] |- (4.45)
1) \o/ \-1/ \o
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Figure 4.4.1: NOON states in the near-integrable regime. (a,b) Stroboscopic sections
of the phase space. (c,d) Admixtures of quasimodes. (e,f) Time evolution of the
detection probabilities. The left column represents the case where a 2:1 resonance
situated in 2o, ~ 1.5 couples the quasimodes |5,0) and |3,2) while the right column
represents the case where the 1:1 resonance located in 2z1.; ~ —2 couples the quasimodes
|0,5) and |1,4). For the latter, the two-level approximation does not hold and the
dynamic takes place on two timescales (see the relation (4.4.26) and the panels (d) and
(f)). For the 2:1 resonance case, the NOON time is given by 7 = 2.4 x 1034/J, with
an excellent purity p = 0.999, while 7, is equal to 112.34/J in the 1:1 case. The tori in
red represent the classical trajectories related to the NOON state.
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to decompose the matrix in it,

H= <‘g 21) , (4.4.6)

(B + W V ([ Ey—VW V
s (B0 V) s (BN V)

Here S represents the symmetric block while A is the antisymmetric block. The eigenvalues
are given by!'?

E, + Ey— By — Ey— (Vi — Vp))?
o = Dt b 2(‘/1 V) _ \/< 1= o 4(Vl W ve (block 4),  (448)
o _ 2
€+ _ El + EO + (‘/1 + %) o (El EO + (‘/1 ‘/0)) + V2 (blOCk S), (449)
2 2 4
_ _ _ _ 2
oo BtB-Mi+V) , JE B W)] |, (block A),  (4.4.10)
3 2 4
o - 2
o = Lt Eo Z(VI V) | \/(El Fo +4(V1 DN (block S).  (4.4.11)

For example, the case shown in Fig. 4.4.1(f) can be approximately described by oscilla-
tions between the quasimodes |0,5), |1,4), |4,1) and |5,0). By assuming that

1 0 0 0
0 1 0 0
|0,5) <> ol 11,4) <> ol 14,1) < E 5,0) < ol (4.4.12)
0 0 0 1
we have
Ey =€), (4.4.13)
Ei =€) + hw. (4.4.14)

Here 6201) n, refers to the quasimode |n1, ng) or the quasimode |ny, n1). The eigenvectors take

the following form for F; — Ey + (V3 — Vp) >

1) = cos ™ (7 10,5) ) ~sing- < (11,4) — 14,1>)), (4.4.15)

—(]0,5) + |5,0)) —sm9+< (11, 4) + |4, 1)) (4.4.16)

(a4 .0) )
) = sing- (i 0.5) = 15.0)) + o5t (51,9 - 1.1 ) (14.17)
o (5009 +5.0)

(10,5) +15,0)) | + cos 6" ( (11,4) + |4,1)) (4.4.18)

with
2V

By — Ey= (Vi — W)

tan(20F) = (4.4.19)

12The assumptions By — Eg + (V4 — Vo) > 0 (= E; > Ey), V4 > Vp and V > 0 can be made in order to
have €] < €5 < €5 < €;. Note that the index m of €2, doesn’t refer to a specific quasimode as there are
strong admixtures.
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In the strong coupling case |V| > 1|E) — Ey£(V; —Vp)|, the eigenvalues can be developed
in series according to

y = T _2(‘/1 1) £y (1 + % = By ‘ngl “WF Lo (1/v4)) (4.4.20)

€1, = Brt Bo J;Wl V) V| (1 + ;El — L +V§V1 ml ) (1/V4)) . (4.4.21)
This leads to

e +e5 ~e e (4.4.22)

0| ~ 7 /4. (4.4.23)

Hence, with the additional assumption V' > 0, we obtain'?

0F ~ /4. (4.4.24)
From an initial state [¢(0)) = [0,5) ~ $(|1)+]2) +[3) +[4)), the time evolution reads*'?

6() =5

:}l[e—ieft (10,5) — |5,0) — [1,4) + |4, 1))

(efie;t/hH) + efie;rt/h’2> + efiegt/h‘3> + efiejt/h‘4>>

+ e (|0,5) +[5,0) — [1,4) — |4,1))
Loeiet (10,5) —15,0) + |1,4) — |4,1))
+ e—ief{t (|0’5> + |5’0> =+ ’1,4> + |47 1>)]

wcos () [oos (%) 0.5) = asin (5 1.9
— isin (%t) {cos (%t) 15,0) — isin (%t) 14, 1)} , (4.4.26)

BIf By = B, and Vy = Vi, the results ex + €3 = €1 + ¢4 and §F = 7/4 are exact. Nevertheless, it is
expected to have V3 > Vj in the two site-optical lattice as the tunneling rate decreases significantly with
the population imbalance.

14Tn summary, this result is valid if the following assumption is fulfilled,

1
V> S (B =B+ (V1= W)) > 0. (4.4.25)

151f we had assumed V < 0, we would have had §* ~ —7 /4 and the temporal evolution would have been

0 =cos () [os () 05+ s (2) 1.0
—isin <%t> [cos <92ft) 15,0) 4 isin (Qth) |471>} .

Note that the detection probabilities are the same for both signs of V.
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where the frequencies 25 and (2 refer respectively to the slow and the fast oscillations,

P

Q, = o , (4.4.27)
0 = ‘i - 63;;5 —a (4.4.28)

The probabilities of detection for the quasimodes, Py, ny)(t) = [(n1,n2]¢(t))|?, exhibit
the two timescales of the dynamics, which enables one to model the numerical results in

Fig. 4.4.1(f),
Q
2 f
t) CoS < 5 t) ,
Q

P|570> (t) = Sil’l2

Q Q
Py (t) = sin? (7825) sin? (Tft) .

For the parameters N, = 5, U/J = 20, §/J = 12 and hw/J = 80, the perturbed
quadruplet obtained through the exact diagonalization reads

el =200.4351J,
€5 = 200.4197J,
el =199.7674.J,
€7 = 199.7548J,

(4.4.29)

which enables one to measure the degree of deviation from the assumption (4.4.22),
€ te —e —ef =2.713x 107°J. (4.4.30)
The spectrum (4.4.29) determines the characteristic times of the slow oscillations, 7, and

the fast oscillations, 7y,

™ ™

ey T =
2|82 T 210y (4.4.31)
= 112.31/J, = 2.357h/J.

Ts

Here 7, represents the time required to obtain a NOON state, i.e. the NOON time. For
typical optical lattice parameters filled with 'Rb atoms (see Eq. (2.1.18)), the NOON time
corresponds to 7, = 0.49s.

In order to obtain a perfectly balanced NOON state without impurities, i.e. with Plo 5 =
P50 = 0.5, on time 7y, the frequency ratio Qy/Q, must by divisible by four according to
Eq. (4.4.26). Fine-tuning of the amplitude of the driving § is a way to achieve this purpose,
but this may become very difficult in practice. Alternatively, if Q;/€) is not exactly a
multiple of four (such as Q;/Q, = 47.62 in our case), it is possible to create a NOON state
without impurities (Pos) 4+ Psoy = 1), but with a small bias between Pgs and Psqy. By
inspecting the zoom around 75 shown in Fig. 4.4.2, the measurement time, ¢,,, can be chosen
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Figure 4.4.2: Close-up around 7, of the detection probabilities for the 1:1 resonance
case (see Fig. 4.4.1(f)). Even though this configuration is not able to produce a perfectly
unbiased NOON state (Posy = P50y = 0.5), a slightly biased NOON state with almost
no impurity, i.e. Posy + Psoy =~ 1 and Pos — Py = 8.5 x 1072, can be realized
by choosing the measurement time slightly larger than 7, = 112.34/J, namely t,, =
113.25h/J.

"by hand" in order to meet these criteria. For example, if we choose a t,, = 113.25h/J
slightly larger than 7,, we obtain Pjs, ~ P ~ 0.5 with Ps — P50 = 8.5 x 107 and
Py = Pay = 107°.

4.4.1 Semiclassical evaluation of the four-level oscillations

Even in the strong perturbation regime, the framework of resonance-assisted tunneling can
still be used, as far as the matrix modeling (4.3.46) is concerned. Nevertheless, it becomes
no longer possible to associate specific quasimodes to the results of the diagonalization,
rendering invalid the relation (4.3.47).

More specifically, the effect of the 1:1 resonance (see Fig. 4.4.1(b)) on the new eigenvalues
can be modeled by
ggO) ‘/1(1:1) 0 A2
Vo(m)* g50) A, 0
0 Al ggO) ‘/1(1:1) )
A2 0 ‘/1(1:1)* géO)

(4.4.32)

where Vl(l:l) is defined in Eq. (4.3.44) and eV = ) — hwY,,. The unperturbed energies and
splittings are respectively given by e£2) and Ae,(g) = 2A,,. The exact diagonalization of this
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matrix leads to the following eigenvalues,

~(0) _ ~(0) 2
Z0) L 20 _ AL A (el — & —(Al—A2)> 2
oy = € + € (A1 + Ay) $\ n Vl(m) , (4.4.33)
2 4
~(0) _ +(0) 2
Z0) L 20 LA LA (61 — & + (A —AQ)) 2
P +2( 1+ 8) o . + |y (4.4.34)

The purpose is to reproduce the two exact characteristic times (4.4.31) by means of the
features of the phase space 4.4.1(b), especially the features of the 1:1 resonance.

Yy = 2.0014 (4.4.35)
Vi1 = 0.3285.] (4.4.36)
my.1 = 0.02506.J (4.4.37)

Moreover, the expression of the coupling matrix element Vl(m) obtained from Eq. (4.3.44)

reads
. [ 2 ;
‘/1(11) — ‘/'1:1 Y 6—'“,01:1. (4438)
1:1

The unperturbed splittings are computed either from the analytic continuation of the clas-
sical trajectories in the complex domain (4.2.8) or from the spectrum of the unperturbed
system (2.1.14).

By using the antisymmetric block for the unperturbed energies, the timescales of the
slow and the fast oscillations read respectively

7, = 105.51/ J, 7p = 2.3690/J, (4.4.39)

which reproduce relatively well the exact results (4.4.31).

4.4.2 Improvement of the resonant condition

As pointed out in Egs. (4.4.22) and (4.4.23), the strong coupling condition must be fulfilled
in order to observe four-level oscillations. One method to reach that is to tune the driv-
ing frequency to an exact resonance in the Floquet spectrum. The canonical perturbation
theory is a way to determine the frequency that will couple some specific quasimodes (see
Eq. (4.3.49)). Another way is to choose a frequency that is a multiple of the energy difference

between the unperturbed energies ¢ and 6;0_) 4 according to [72]

h=—"-">" 4.4.40
where r:s is the nonlinear resonance that couples both levels, and k is the number of steps
to connect them. This relation is obtained by canceling the denominator of Eq. (4.3.36).

In this context, a precise determination of the unperturbed energies can help to obtain
an w that will fulfill the resonant condition. By using Eqgs. (4.1.8) obtained in the framework
of the canonical perturbation theory up to the second order, the unperturbed energies for
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Figure 4.4.3: (a) Numerical detection probabilities as a function of time. (b) Zoom
around t,, = 113.7h/J, the time related to the formation of the NOON state. By
tuning an external frequency as exact as possible to a resonance in the Floquet spec-
trum, it is possible to improve the strong coupling assumption (4.4.25), which leads
to an improvement of the four-level oscillations as indicated by this figure and by the
computation (4.4.41).

the parameters N, = 5 and U/J = 20 read

) = 200.061,
e” = 120.125.,
el = 80.925..

The assumption of strong perturbation for the 1:1 resonance of Fig. 4.4.1 can be improved
with hw = ego) — 650) = 79.936.J leading to an improvement of condition (4.4.22) such that

e +ef —e3 —ef =2.429x 1075, (4.4.41)

for 6/J = 12. Figure 4.4.3 displays the improved four-level oscillations with a driving
frequency slightly different from 80.J/h. Thanks to Fig. 4.4.3(b), which shows a zoom around
the NOON time, it is possible to choose by hand a time, t,,, for the detection probabilities.
With ¢, = 113.7h/J, we have P gy + P 5 &~ 0.999 and Py 1y + By 4y &~ 1072, which is similar
to the results of the previous frequency. Nevertheless, the bias is more important and is
equal to Pjs ) — Pogs ~ 1.86 x 1072, Actually, we use the same amplitude ¢ to compute this
case as the other one in Fig. 4.4.2. By fine-tuning the amplitude while adjusting t,,, it is
possible to decrease the bias and the impurities. Moreover, the improvement of the condition
€ +€; —€; —e; =0in Eq. (4.4.41) guarantees us that the purity can be enhanced.
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4.5 Resonance- and chaos-assisted tunneling

4.5.1 NOON states in mixed phase spaces

Besides the resonances, chaos in phase space is expected to play a role on the tunneling
rate. As shown Fig. 4.5.1 the combination between nonlinear resonances and chaos induces
a significant decrease of the NOON time 7. Figure 4.5.1(d), (e) and (f) are the mean-field
dynamics associated with panels (a), (b) and (c) respectively. The latter show the results of
numerically simulated in situ measurements as a function of time of spinless bosonic atoms
trapped in a double-well potential.

For the non-interacting conditions (U = 0), tunneling occurs through individual atomic
transfer in a periodic way leading to Josephson oscillations [145,146|. The mean-field dynam-
ics of Fig. 4.5.1(d) displays huge variations for the population imbalance. At the quantum
level, it means that the eigenstates display non-negligible admixtures in terms of the quasi-
modes. In this configuration, it is impossible to build a NOON state.

A regime of self-trapping [21,53-61], also called Fock regime, appears with sufficiently
interacting atoms for high population imbalances as displayed in Figs. 4.5.1(e) and (f).
In the case of Fig. 4.5.1(e), there is a coexistence between Josephson oscillations, where the
hopping term dominates, and self-trapping, where the effective on-site interaction dominates,
namely for low and high population imbalances respectively. In the self-trapping regime, the
mismatches between the chemical potentials of both sites inhibit the one by one transition.
Nevertheless, after a sufficiently long time, the system will experience a collective transfer of
particles. This giant transfer of matter is due to the quasidegeneracy between the symmetric
and antisymmetric superposition of |N,,0) and |0, N,), i.e. the almost eigenstates related to
the NOON state.

The dynamics schematized in Figs. 4.5.1(b) and (c) are qualitatively the same. Never-
theless, the order of magnitude of the NOON time is quite different: 7(§ = 0) = 6.0 x 1054/J
in the unperturbed regime, and 7(§ = 19.5J) = 1.9 x 10*h/J in the perturbed one char-
acterized by 6/J = 19.5 and hw/J = 20. It is consistent with an abundant amount of
literature 67,68, 71-79,81-84] which suggests that nonlinear resonances and chaos have a
huge impact on the tunneling rate. For a typical optical lattice characterized by a wave-
length A\ = 1064 nm filled with 3"Rb characterized by a mass m = 1.443 x 10~ kg and a
s-wave scattering length a, = 5.313 nm, we obtain A/J = 4.4 x 1073 s (see Sec. 1.3.3 for the
derivations). This leads to the NOON time 7(d = 19.5.J) = 0.84 s while we obtained in the
unperturbed case 7(6 = 0) = 2.6 x 10° s.

In the next section, the combined effects of the 1:4 resonance located at z;., >~ £2, the
1:3 resonance at z;.3 ~ +1.5 and the central chaotic sea (where the quasimodes displays
strong admixture) will be able to explain semiclassically that decrease of the NOON time.
The dominant path that speeds up the transition to the NOON states will be given by

1:4

|2) — |1) 23, chaotic sea, (4.5.1)

where |2) and |1) correspond respectively to |5,0) and |4, 1).

To build the phase space 4.5.1(f), the relation (4.3.49) was used to determine the fre-
quency producing a 1:4 resonance in zy4 ~ 42 symmetrically located between |2) and |1),
i.e. hw = 20J. Moreover, the interplay between the central unperturbed island in the phase
space 4.5.1(e) and the 1:1 resonance in z1,; ~ £0.5 leads to the central chaotic layer.
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Figure 4.5.1: Sequential (a) and collective tunneling (b and c) of ultracold bosonic
atoms in a double-well potential, in the absence (a and b) and in the presence (c) of a
periodic driving. In the upper panels (a-c), a measurement process of the number of
atoms within individual wells is numerically simulated for various evolved times, based
on the numerical time evolution generated by the Hamiltonian (2.1.20). The lower
panels (d-f) represent the corresponding phase spaces in the mean-field approximation
(see the Hamiltonian (3.1.11)). The population imbalance and the phase difference
between site 1 and 2 are respectively z = (N; — Ny)/2 and ¢ = 6; — 6. The red
trajectories are the classical counterparts of the upper quantum dynamics. (a,d) In the
absence of interaction, tunneling occurs one by one, leading to Josephson oscillations.
(b,e) In the presence of interaction (U = 20.J), collective tunneling takes place, but on
a very long timescale, 7 = 6.0 x 10°h/J. The phase space displays two qualitatively
different dynamics, namely Josephson oscillations for low population imbalances and
self-trapping for high population imbalance. (c,f) In the presence of a periodic shaking
characterized by an amplitude §/J = 19.5 and a frequency hw/J = 20, collective
tunneling occurs on a much shorter timescale, 7 = 1.9 x 10?h/J. The presence of a
central chaotic layer, a 1:4 resonance roughly situated at z = 4+2 and a 1:3 one in
z ~ +1.5 is able to explain the decrease of the NOON time.
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Figure 4.5.2: NOON doublet in the Floquet spectrum as a function of the driving
amplitude. Panel (a) represents a block of the periodic Floquet spectrum (with even-
parity levels being marked in black and odd-parity levels in red). Panel (b) displays a
close-up of the block in (a) and panel (¢) shows the NOON time calculated from panel
(b) and the relation (2.1.17). The minimal 7 appears roughly in 6/J ~ 19.5, which was
used to produce Figs. 4.5.1(c) and (f). This result is robust in the sense that a range
between §/.J ~ 12 and 22 can be chosen to observe the reduction by several orders of
magnitude of the NOON time.

In order to find an optimal value of §, all other parameters are fixed and the NOON time
is computed as a function of §. Figure 4.5.2(c) suggests that the a NOON-time minimum is
reached for 0/.J & 19.5. This result is robust, meaning that there is a range between approx-
imately 6/J = 12 and 22 where the decrease of the NOON time is observable. This range
begins roughly at a level repulsion near §/.J = 10 for which the doublet of the symmetric and
antisymmetric combination of |0,5) and |5,0) is crossed by the antisymmetric combination
of |1,4) and |4, 1) (see the dashed line of Fig. 4.5.2(b)). After that, the splitting gains several
orders of magnitude. The more §/.J is increased, the larger the chaotic sea is. For 6/J > 25,
the quasimodes |0, 5) and |5,0) begin to be diluted in the central chaotic layer. Beyond this
point, the notions of splitting and NOON time are no longer meaningful.

In view of the latter considerations, a legitimate preoccupation could be the implication
of the external driving on the purity of the NOON state. Indeed, the driving tends to
decrease the NOON time, but tends also to increase the admixture between the NOON
state and the other quasimodes. A time-independent indicator of the purity of the NOON
state is given by the time-average (4.4.1). The time average over one driving period allows
one to eliminate small periodic oscillations of the purity related to micromotions, which
are not of interest here. Figure 4.5.3(b) suggests that the resulting purity is roughly equal
to p = 0.99. Therefore, the two-level approximation seems to hold. Nevertheless, it is
true that the introduction of the perturbation decreases the purity as this one is better for
the unperturbed case (see Fig. 4.5.3(a)), i.e. p = 0.999. Figure 4.5.3 shows that the time
evolution of the transition probabilities can be described in terms of two-state dynamics
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Figure 4.5.3: Overlap between the quasimodes |n, N, —n) (n = 0,1,2,3,4,5) and
the Floquet eigenstates according to Eq. (4.4.2). Even for the perturbed system (b)
and (d), the two-level approximation can still be justified as My = My, ~ 0.5. Panels
(c) and (d) display the detection probabilities knowing that the system is prepared in
|0,5). While (a) and (c¢) show the unperturbed case, (b) and (d) display the situation
with a frequency fuw/J = 20 that produces a chaotic layer and prominent 1:4 and 1:3
resonances as displayed in Fig. 4.5.1(f).

in both cases. This constitutes the advantage of the mixed phase space in comparison to
the 1:1 resonance case in the near-integrable regime, Fig. 4.4.1(f), for which there are more
constraints concerning the time precision of the NOON-state measure.
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Figure 4.5.4: Evolution of the phase space with N,. The nonlinear parameter (N, +
1)U/J and hw/J are kept constant in order to preserve the phase space for § = 0. Here
d/J is chosen such that a minimum of the NOON time is reached for N, =5, 6, 7. We
choose §/J = 19.5, 50, 44 respectively. Note that for N, = 6 and 7 the NOON states
(highlighted by red shading on the phase space) are separated from the chaotic sea by
partial barriers [72,75,76].
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As pointed out in Eq. (4.2.14), the splitting between two related quasimodes is known
to decrease exponentially with IV, leading to an exponential increase of the NOON time.
This is also the case for 6 # 0, but the increase is not so extreme. In Fig. 4.5.4, N, is
increased while keeping the nonlinear parameter (N, + 1)U/J and Aw/J constant. From an
experimental point of view, this particular scaling can be achieved by an adaptation of the
lattice parameters without the need of modifying the s-wave scattering length as. Keeping
the nonlinear parameter constant enables one to preserve the same phase space for § = 0.

N, | Jrs—o/h JTsz0/h pszo
5 16.0x10° 1.9 x 10> 0.988
6 |2.3x10" 5.5x10% 0.968
7 19.2x10% 1.4 x10° 0.987

Table 4.1: Comparison of the behaviors of the NOON time as a function of the
total number of particles N, in the unperturbed and perturbed systems. The NOON
time is expected to exponentially increase with the semiclassical parameter N,. The
third column shows that this increase is softened by the external perturbation, suitably
tuned in order to reach a minimum of the NOON time. These minima are obtained at
0/J =19.5, 50, 44 for N, = 5, 6, 7 respectively. As shown in the fourth column, the
purities stay reasonable in the perturbed case.

Figure 4.5.4 represents three phase spaces for N, = 5, 6, 7 with §/J = 19.5, 50, 44,
respectively, which correspond to minima of the NOON time 7. For N,=6 and 7, the NOON
states (in red) appear to be inside the chaotic region. However, they are still isolated from
the chaotic part of the Floquet spectrum by the presence of partial barriers in the phase
space [72,75,76]. As shown in Table 4.1, the NOON time with a perturbation increases with
N, as expected. Nevertheless, this increase is slowed down in comparison to the one in the
unperturbed case. In addition to the reduction the NOON time, the external perturbation
is also able to decrease the slope of 7 as a function of N, (see Table 4.1). Resonance- and
chaos-assisted tunneling therefore opens interesting perspectives to create increasingly big
entangled states.

4.5.2 Modeling of the chaotic sea

In the framework of resonance-assisted tunneling, the coupling matrix elements between the
quasimodes are introduced as a function of the features of the nonlinear resonances. The
chaotic sea can be modeled by introducing a block inside the matrix (4.3.46) describing the
modification of the tunneling rate [72,78,79,84] such that

e) Vg 0 - 0 A,
Vet 0
Hy— 0 chaos : ’ (4.5.2)
: 0
0 Vst
Ay 0 o 0 Vg e

where Vg is the effective coupling to the chaotic sea. This matrix must be compatible
with the global symmetry of the system, i.e. it must commute with the operator associated
with the discrete symmetry. In the case of the site-inversion symmetry, the matrix must be
centrosymmetric.
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The effective coupling V.¢ takes into account all paths enabling to reach the chaotic sea

with the m resonances r1:51,72:89, . .., F'imSm [72],
2
A 71:81) A 72:82) A m:iSm) V(m:sl)
E : E : n,n+kiry n+kiry,n+kiri+kars n+ K n+Km+kmrm n+Km+kmrm—r]
=1 k1,k2,...k
+perm(1,2,...,m). (4.5.3)

Here we have K,, = kyri + koro + - -+ 4+ kpp—17m—1. If 7 is the index of the last state inside
the regular region, the last step to reach the chaotic sea must obey n + K, + kprm — 1 <
n and n + K,, + kpnrm = 7' The perm(1,2,...,m) term takes into account all terms
generated by the permutations between ri:s1,7r9:89,...,7:Sy,. For perm(1,2,...,m), the
terms with at least one k; = 0 are removed in order to avoid multiple counting. Nevertheless,
the perm(1,2,...,m) term is in general negligible if the r;:s; are sorted according to their
consecutive order of apparition in phase space. The amplitudes read

k . S (ry:s . .
A T (n + Ko+ il B + Ko+ (7 — sen()m) b0
n+ K n+Kj+kr;p — H (0) (0) ; ! # ’
msen(k) €~ Entrcrgn T (K151t kaso + o+ kiisioa + js)hw
(4.5.4)

with K; = kyry + korg+ - - -+ ky_17_1 and with the prescription A, (rose) _ 1. Equation (4.5.3)
can rapidly display numerous terms, especially with a lot of resonances for a high dimension
of the Hilbert space. Nevertheless, is is still possible to have good insight as there exists in
general one dominant coupling path.

Figure 4.5.5 displays the phase space studied in the preceding section, for which NV, = 5,
U =20J,§=19.5J and hw = 20.J. This phase space displays two prominent resonances,
namely 71:51 = 1:4 and 75:59 = 1:3 characterized by the actions Y, ., the amplitudes V;,.,,
and the effective masses m,,.;, (see the Hamiltonians (4.3.20) and (4.3.29)),

Y14 = 2.004, Y13 = 1.511,
Vi = 0.06857J, Vi = 0.3017J, (4.5.5)
Mg = 0.02491J 71, ma.s = 0.02491J 1.

The effective coupling to chaos (4.5.3) can be approximated by the term which contributes
the most,

V2 o~ S |y (4.5.6)
e eg)lrl — slhw‘
The transition (4.5.6) can be schematically represented by the coupling path
12) 24 1) 12 chaos, (4.5.7)

illustrated by the green and orange arrows in the phase space (4.5.5) while the red one
represents the direct transition.

Visibly the quasimode |1) of Fig. 4.5.5 is embedded in the chaotic layer. However, there
exists in mixed systems a kind of "gray zone", defined by the partial barriers [72,74,75],
between the regular and the chaotic part of the phase space. The partial transport barriers

16This prescription is valid for the two-site Bose-Hubbard system for which K,, is negative. For some
other systems (for example the standard map), the inequality symbols must be inverted [72].
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are made of weakly connected chaotic subregions, where resonance chains, embedded in
the chaotic part of the phase space, prevent the abrupt transition to the chaotic sea. In
our specific case, the homoclinic tangle [65,66] of the 1:3 resonance defines the innermost
position of the partial barriers.

Np=5; U=20J
0=19.5J; hw=20J

12)

i
|0)

ey’ -t/2 0 /2 T

¢

Figure 4.5.5: Stroboscopic map of the periodically-driven two-site Bose-Hubbard
Hamiltonian. The red arrow represents the direct transition between both quasimodes
related to the NOON state (red tori). The path defined by the green and orange arrows
represents the dominant transition to chaos by means of the 1:4 resonance (in green)
and the 1:3 (in orange).

Before describing a model of the chaotic block, the matrix (4.5.2) can be separated in its
symmetric HJt and antisymmetric part Hz,

(0) V.
HE=[ & of ). 4.5.8
of < V;ff Hchaos ) ( )

Here the direct transition A, is neglected. The chaotic block is characterized by the eigen-
values £ and the eigenvectors \@f},

D7) = E1[D]). (4.5.9)

Chaos

A way presented in |76, 77| to model the chaotic sea is to replace each chaotic block of
(4.5.8) by a random matrix of the Gaussian orthogonal ensemble (GOE),

chaos — :

H%

The (HZ,..)i; are the elements of the chaotic blocks, and, according to GOE, they are chosen

C.
randomly while preserving the symmetric structure of the Hamiltonian with real entries such

that (H:, )i = (Hi, .);- This assumption gives rise to the following modification of the
eigenenergies [72,79],
2| @irvw
=0 +Z pra (4.5.10)

j
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The splitting is obtained with Ae, = |, — et|. Here (V*) is the coupling matrix after the

prediagonalization of H=

chaos’
0 vfc vﬁc
L vy 0 - 0
vH=1. . . |, (4.5.11)
vy, 0 - 0

with NN, the number of chaotic states of a given parity and Hei;f = diag(eﬁo), EE, ... ,Sic) +
(Vi) The chaotic eigenvectors display strong admixture such that the transition to the
chaotic sea cannot favor a specific eigenstate from a statistical point of view. By performing a
random matrix average concerning the eigenvectors, we obtain U;t = |(<I>;t|f/i|n> > ~ VZ/N..
The chaotic eigenstates are coupled in a same way with |n) in average. From the phase space
point of view, the chaotic eigenstates tend to be delocalized into the entire chaotic sea.

By performing a random matrix average over the chaotic eigenvalues Sji, it was demon-
strated in 77| that the splitting follows a Cauchy distribution,
2 Ae,
P(Ae) == — =2 (4.5.12)
T A€ + Ae,

with Ae, = 27V%/(N.A,.). Here A, is the mean-level spacing in the chaotic block. This
distribution is valid for Ae,, < Veg and displays a cutoff at Ae, ~ 2V.g in order to avoid
divergences [77,78|. In this framework, it is possible to infer that the geometric mean

(A€,)y = exp((In(Ae,,))) is equal to A, [72,78,79],

_ 2rV2
NA.

(Aen)g (4.5.13)

In a time-periodic system, the chaotic eigenvalues are distributed on a Floquet block, i.e.
(< Sji < hw+ (¢ with ¢ € R arbitrary, with level repulsion related to the GOE modeling [66].
This leads to the following expression for the mean-level spacing,

A, = N (4.5.14)
which gives rise to
27V 2
(Aey), = % (4.5.15)

By computing the coupling matrix element with the chaotic block, it becomes possible to
access the tunneling rate.

A relation similar to Eq. (4.5.15), which determines the direct tunneling to chaos, was
derived in Ref. [160] by using Fermi golden rule. In Ref. [81], they generalized this approach
for transitions combining resonances and chaos. The approach presented here (largely in-
spired by [72,79]) is also able to model this combining effect. An alternative approach which
doesn’t use perturbative developments (such as Eqs. (4.3.35) or (4.3.47)) was proposed in
Ref. [82]. This is based on another class of integrable approximation built from a series of
canonical transformations in order to coincide the tori of the mixed phase space with the
tori of the integrable approximation [161]. This opened the way to an evaluation of the
resonance- and chaos-assisted tunneling by means of complex path [83]. We have to bear in
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mind that our main purpose here in this thesis is to use semiclassical theory as a prescrip-
tion for the quantum parameters in order to speed up tunneling. In this case, the variety of
approaches to model resonance- and chaos-assisted tunneling are useful to obtain an insight
of the main features of the quantum dynamics by means of the classical one.

For the combination of parameters N, = 5, U = 20J, § = 19.5J and hw = 20J, the
semiclassical evaluation of the NOON time reads

7h
T=——— =140R/J. 4.5.16
2(Aey), / ( )

Note that the semiclassical prediction reproduces quite well the exact result 7 = 190h/.J
even though the dimension of the chaotic block is only equal to two.






Chapter 5

Unperturbed three-site Bose-Hubbard
model

In the context of systems with one effective degree of freedom, the phase space has two
dimensions, leading to the possibility to visualize the whole dynamics on a plane. An insight
of the main resonance-assisted mechanisms can then be obtained by means of the global
visualization of the classical dynamics. A detailed analysis of the phase space is even able to
determine quantitatively the dominant coupling path for tunneling as exposed in Sec. 4.3.7.

In the context of system with at least two effective degree of freedom, some complications
arise due to additional connections between the different parts of the phase space. In Ref. [88],
resonance-assisted tunneling was studied in a three degree-of-freedom system by identifying
the main resonances. Indeed, before studying resonance-assisted tunneling, a good insight
into the classical dynamics, especially concerning the set of resonances, called the Arnold
web, is required. Frequency analysis is a way to achieve that. This technique was used, for
example, in the case of two coupled standard maps [85,86]. Another technique to compute
the Arnold web is called the fast Lyapunov indicator [89,90] enabling one to discriminate
between regular and chaotic dynamics. From this technique, resonance-assisted tunneling
has been studied in high-dimensional molecular system in the context of intramolecular
vibrational energy redistribution [91-93] or in the three-site Bose-Hubbard model weakly
coupled with an additional fourth site [94].

An important breakthrough has been achieved with the 3D phase space slice on a 4D
phase space [85,86]. The idea is to project the orbits (qi, 2, p1,p2) on a reduced 3D space
by defining a 2¢ width around an arbitrary point po,

{(a1,42,p1.p2) | Ip2 — Po| < e} (5.0.1)

The time-independent three-site Bose-Hubbard Hamiltonian presents two effective degrees
of freedom owing to the conservation of the total number of particles on the lattice. That
is why the phase space has four dimensions, and it can still be visualized through Poincaré
section [66], knowing that the dynamics lies on a hypersurface of constant energy of three
dimensions. Nevertheless, this representation is not very useful for our purpose because we
are interested in the couplings between quasimodes characterized by different energies. In
this context, the approach of 3D slice is suitable to obtain an insight into the underlying
classical dynamics. Actually, as the system is time independent, the slices can be performed
for ¢ = 0. In this case, a kind of Poincaré section is built according to a coordinate (here
the coordinate py). This kind of visualization of 4D phase space by means of 3D space was
obtained in Ref. [95] by fixing one coordinate to zero as the four-dimensional normal-form
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Hamiltonians were time independent. The double-resonance structure studied in Ref. [95]
had an impact on the proliferation of the resonance-assisted peaks in the tunneling rate. In
the context of time-dependent system, finite size slices (¢ # 0) are necessary for visualization.
This case will be discussed in Chap. 6 when the perturbation will be turned on.

In the continuity of Chap. 4, the purpose here is to characterize tunneling between two
congruent sites, meaning that the Hamiltonian is symmetric under the permutation of both
sites. In the preceding sections, an additional time-periodic perturbation drove the system
toward a destruction or an enhancement of tunneling. Here an alternative is proposed by
the addition of a non-congruent third site, called the site 0, connected with site 1 and 2
through the coupling constant «. This site is characterized by an on-site interaction yU
and an on-site energy &. This chapter investigates the way the third site creates resonant
channels, leading again to substantial modifications of the NOON time.

Figure 1: Contour plot of the triangular superlattice potential that was previously
presented in Fig. 1.2.2(b). The on-site interaction U and the on-site energy ¢ of site
0 are different from the other sites. There is also a different coupling s to the site 0.
These differences can be introduced by a bias in the laser intensities used to generate
the optical superlattice. The sites 1 and 2 are characterized by the on-site interaction
U and no on-site energy. They are connected to each other via the hopping parameter
J. The red dots represent ultracold atoms with two atoms on site 0, three atoms on
site 1 and one atom on site 2.

5.1 Classical limit

The mean-field approximation of the general Bose-Hubbard Hamiltonian was developed in
Sec. 1.3.4. This section investigates the particular case of a three-site system [162]. The
Bose-Hubbard Hamiltonian describing Fig. 1 reads

H=—n (agal ¥ cﬂao) .y (a{aQ + a;al) —k (a;ao + age@)

U (5.1.1)
Uil atata o | atata o afats - St

+ 5 Yagaglolo + aya;aial + ayGya2as ) + Edgao.
This Hamiltonian is invariant with respect to the inversion of the sites 1 and 2 while it
is not invariant with respect to the permutation of the sites 1 or 2 with the site 0. In
Ref. [128], the classical limit is obtained by introducing the quadrature operators, which can
be seen as a Cartesian representation of the system. Otherwise, in the limit of an infinite
number of particles the ladder operators can be replaced by complex numbers [129, 130],



5.1. Classical limit 101

which corresponds to the mean-field approximation,
(@) ~ b = /T €™, (5.1.2)
(af) ~ o7 = /I e (5.1.3)

Here the ¢, (I = 0,1,2) represents the condensate amplitude on site [, §; the phase on site
[ and I, is proportional to n;, the number of particles on site [, such that I, = n; + 1/2.

As the total number of particles NN, is conserved, the sum of the [; amounts to a constant
N =N, +3/2,

In this framework, the classical limit of the Hamiltonian (5.1.1) reads!
H(p, ) = = 5 (Vg1 + ¢ivo) — J (D12 + yihn) — w(3tbo + gia)

U
+ o (Yol + [a]* + [af* = 2910 [* = 20unf* = 20enaf?) + €lwnol*. (5.1.5)

The temporal evolution of the mean-field system is determined by the discrete Gross-
Pitaevskii equation. It can be derived from the Hamiltonian (5.1.5).

m% — k(4 ) + AT (ol — D)o + Exdo
2L — (a1 ) + U] — D (5.1.6)
ih% = — (ko + J1) + U(|wha|* — 1)abs

Another convenient classical representation is the action-angle variables. It enables one
to separate the angle-independent part from the angle dependent part such that

H(6,I)=H(I)+V(6,1), (5.1.7)

with

U
H(I) =% (VE+ D+ 12) = Uyl + L + L) + £ (5.1.8)

V(0,I)=—2kr+\/Ipl;cos(6y — 01) —2J+/I 15 cos(6; — 02)
— 2%\/ ]0]2 COS(90 — 92) (519)
Like the pure quantum Hamiltonian (5.1.1), the classical one stays invariant under the

permutation of site 1 and 2. This discrete symmetry enables one to consider the generation
of a NOON state between both sites.

!The constants in the Hamiltonian were removed. The general expression with the constants of motion
can be found in Sec. 1.3.4.
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5.2 Analysis of the phase space

If there is no hopping such that J = xk = 0, the system is described by the unperturbed
Hamiltonian H(I) and A times the zeroth-order frequencies Q = (g, 21, Qs) read

YU(Ip — 1) +¢&
I =vHD = vn-1 |. (5.2.1)
U(l, —1)

The perturbative term can be written as

2

V(0.1)= =2 /Iy cos(r; - 0), (5.2.2)

=0

with [3:[0, JO:J2 = K, Jl = J and

ro = (1,-1,0), (5.2.3)
r = (0,1,-1), (5.2.4)
ry = (1,0,—1) (5.2.5)

are called the resonance vectors.

When the hopping is turned on, the term V' (0, I) becomes non-zero and the actions I
are no longer constants of motion. If the perturbation is slightly turned on, almost all tori
in phase space are preserved and slightly deformed according to KAM theorem [65,66]. The
tori that are destroyed are those for which their frequencies are rationally related such that
they fulfill

koo + k1 + koo = 0, (5.2.6)

with k; integer and with at least one k; # 0. In this case, the torus is resonant. A set
of destroyed tori which fulfill Eq. (5.2.6) will give rise to a resonance that we will call the
ko:k1:ko resonance. Indeed, Eq. (5.2.6) is a way to compute the Arnold web, i.e. the set of
resonances. Actually, the main resonances are determined by the resonance vectors r; of the
perturbation V' (8, I) [87] according to

ro-Q =0, (5.2.7)
P Q=0 (5.2.8)
Py =0. (5.2.9)

These equations constitute the parametrization of the main resonance surfaces in the ac-
tion space, also called the resonance center lines for a 2D action space [95]. From a geomet-
rical point of view, the frequency is orthogonal to the unperturbed energy shell. Therefore,
if a resonance vector is orthogonal to the frequency on a point of the action space, then
it will lie on the tangent plane of the energy shell. More specifically, the parametrizations
(5.2.7)-(5.2.9) read

11—1—7[04—7—5:0, (5.2.10)
Il - [2 == O, (5211)
12—1—7[0+’y—£:0. (5.2.12)

U
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If we set v = 1 and £ = 0 to facilitate the visualization, the unperturbed energy shells are
spheres, which will be crossed by the resonance surfaces. Initial conditions for the slightly
perturbed system will lead to a motion close to an unperturbed shell. These initial conditions
can lie on a resonance surface. In that case, the trajectory will follow the resonance surface
while respecting the energy conservation, and it is possible to reach another resonance surface
by passing through a junction where the resonance surfaces intersect. More descriptions of
this phenomenon can be found in Ref. [87].

The problem of this representation is the difficulty to visualize the dynamics as the phase
space has six dimensions. However, N is a constant of motion which can play the role of
a conjugate momentum in the Hamiltonian. With a canonical transformation such that N
becomes a conjugate momentum in the new representation, the resonance surfaces encoded
in the parametrizations (5.2.10)—(5.2.12) can be visualized with resonance center lines in a
2D action space in terms of the new momenta. Moreover, we can also take into account
the fact that site 1 and 2 are congruent. That is why the following third class generating
function that performs the transformation (8, I) — (¢, z) is introduced,

F(I,¢) = Iygo + %(11 — L)p1 + (Lo + 11 + 12) o, (5.2.13)

characterized by the following relations,

OF OF

ez:a—]l, lea—@-

(5.2.14)

The relations between the action-angle representation with and without a constant of
motion read

(0 = ¢o + ¢2 ( 1
1 ¢o=90—§(91+92)
0, = Z
1 ¢2+%¢1 b1 = 0, — b,
O = g2 — S 1 _ Lo 1e
2 o (930t (5.2.15)
fo = io 20 = Ip
L= 5(221+(22_ZO)) 21 = %(]1——72)
1
\I2:—§(221—(z2—20)) (2=l + L+ L=N
The constant of motion (related to the total number of particles) reads
z9 = N. (5.2.16)

In this case, the phase space will be spanned by (¢, ¢1, 20, 21) as 23 is a parameter and ¢
is a cyclic variable.

It becomes possible to write the Hamiltonian as a function of (¢, z),

H(¢,z)=H(z)+ V(o,2), (5.2.17)
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with

U U
H(z) = Uzl + (N = 20)" + 7723 + (1 =) Uz + &2, (5.2.18)

V(,z) = — V2ky/20(N — 20+ 221) cos <¢0 - %%)

— 2J\/(N — 20)%/4 — 2% cos(¢y)
—V2ry/20(N — 2 — 221) cos (gbo + %¢1> . (5.2.19)

Figure 5.2.1: Phase space obtained through Eq. (5.2.20) of the three-site Bose-
Hubbard model (5.2.17) for the parameters N, = 5, k = 0.85J, v = 1.5, U = 20/,
¢ =30J. We have ¢; = ¢1/(27), 2o = 2z0/N and z; = z;/N and ¢, = 0.

A 3D slice in the 4D phase space [85,86] can be done beside ¢, for example, according
to Eq. (5.0.1). As the system is time-independent the thickness of the slice £ can be chosen
equal to 0. In this case, a coordinate Poincaré section is performed. It reads

{(¢0, 61,20, 21) | |¢o — 0| = 0}, (5.2.20)

with ¢y an arbitrary point. Figure 5.2.1 displays the phase space of the unperturbed three-
site Bose-Hubbard model for the parameters N, = 5, k = 0.85J, v = 1.5, U = 20J and
¢ = 30J. If the connection to the site 0 is turned off, i.e. k = 0, then the phase space is
organized as a set of pendulum-like phase-space layers which are disconnected. In this case,
the system can be described by the two-site Bose-Hubbard model with the canonical variables
¢1 and z;. Moreover, the resonance center line for z; = 0 is a collection of fixed points. Note
that the size of each layer decreases as zp increases due to particle conservation. This leads
to an action space with a triangular shape as displayed in Fig. 5.2.2(a). The connection
to the zeroth site introduces temporal modifications of zy. Moreover, two other pendulum-
like structures becomes present, and a junction is formed by the intersection of the three



5.2. Analysis of the phase space 105

resonance center lines, which can be parameterized in the action space by

1 N ¢
21=+(7+§)Zo—<3—5+7—1)7 (5.2.21)
5 =0, (5.2.22)
1 N ¢
Zl:_(7+§)zo+<3—ﬁ+7—1). (5.2.23)
N, =5, v=15;U = 20J,

£ =30J

-10,5,0)

() (b)

Figure 5.2.2: Panel (a) is schematic representation of the action space related to the
phase space (b). The three resonance center lines are displayed in blue. The quasimodes
|ng,m1,ne) are represented by the dark dots. An energy shell of the unperturbed
Hamiltonian is represented in red on which the quasimodes |0, 5,0), |3,2,0), |0,0,5)
and |3, 0, 2) are situated. The on-site energy & was fixed by means of Eq. (5.3.1) in order
to have one resonance center line symmetrically located between |0, 5,0) and |3,2,0),
and another one symmetrically located between |0,0,5) and |3,0,2). The phase space
of panel (b) is obtained for N, =5, kK = 0.85J, v = 1.5, U = 20J and £ = 30J. We
have ¢y = ¢1/(27m), Z9 = z0/N and 2z, = z;/N.

Figure 5.2.2(a) displays the three resonance center lines in blue in the action space, the
quasimodes |ng, nq,ny) are represented by the dark dots and an unperturbed energy shell is
represented in red. According to Eq. (5.2.19), the main resonance center lines are determined
by the resonance vectors so = (1, —1/2), s; = (0,1) and s, = (1,1/2). The resonance center
line related to s; fulfills the condition s; - ¢ = ¢; = const. In particular for the initial
conditions (g, ¢1, 20, 21) = (0, 0, 20, 0), the Hamiltonian equations of Eq. (5.2.17) read

¢po=—U(N —20)/2+ Uz + (1 —~)U+¢ (5.2.24)
. (N - 220)
\/iﬁ—zo(N — ) cos ¢g + J,

2o = — 2\/55\/20(]\7 — 2p) sin ¢y, (5.2.25)

with (bl = 0 and 2; = 0. The resonance center line z; = 0 with ¢; = 0 is therefore an
invariant submanifold such that it becomes possible to draw a 2D phase space as displayed
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in Fig. 5.2.3. Several fixed points are present at the resonance junction. Figure 5.2.3 clearly
attests the presence of an elliptic-elliptic fixed point in (¢, ¢1) = (0,0), and a hyperbolic-
elliptic fixed point in (7, 0) at the junction. Far from the resonance junction, i.e. for z; small
or large in the case of Figs. 5.2.1 or 5.2.2(b), the dynamics seems to be locally a pendulum-
like phase space with few variations of z;. Closer to the resonance junction a chaotic layer
with the shape of a bubble is formed. It results from the overlapping of the chaotic layers
of the three pendulum-like structures in the context of the nonintegrable system, i.e. k # 0.
The phase space presented here displays some resemblances with the double pendulum in
Ref. [95].

N =5;v=1.5; U=20J; k=0.85J; E=30J
P 0,=0; z,=0

—_—

QTE -Tt/2 0 /2 T

Figure 5.2.3: Phase space related to the Hamiltonian (5.2.17) for the initial conditions
(do, 41, 20,21) = (90,0, 20,0). In this case, the Hamiltonian equations are given by
(5.2.24) and (5.2.25) with ¢; = 0 and 2, = 0. Thus, (¢1, 2;) = (0, 0) leads to trajectories
that stay on this submanifold, and it becomes possible to draw a 2D phase space. The
elliptic-elliptic fixed point is situated in the center of the island as well as an elliptic-
hyperbolic fixed point in ¢g = 7.

The junction is located at the intersection between the three resonance center lines. Its
parametrization reads

1 N

At this point, the unperturbed energy is minimum for repulsive atoms. By symmetry, it is
logical to have zj = 0. If the on-site energy ¢ is high, the site 0 tends to be depopulated in
order to minimize the energy. If the on-site energy is sufficiently large in absolute value, it
is possible to have the junction outside the phase space, i.e. a junction with 2§ negative or
zy larger than N. Concerning the combination of parameters of Fig. 5.2.2, the position of
the junction is given by (2§, 2]) = (1.125,0).

5.3 NOON states via resonance-assisted tunneling

The idea of this section is to use the connection to the zeroth site in order to speed up the
production of a NOON state. By means of the relations (5.2.21) and (5.2.23), the parameters
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of the site zero, namely v and &, can be changed in order to tune the positions of the resonance
center lines and, thus, to tune the tunneling rate. In particular, we would like to have one
of the two resonance center lines that passes through an arbitrary point (z((] ) 2 2 ) We will
see that the goal is to choose this point situated right in between two quasimodes in phase
space. This point determines the value of ¢ through the relations

1 N
€= Ule <7+§>#L%§+7—{> (5.3.1)

The sign + in the previous relation corresponds to the resonance center line (5.2.21) while
the sign — corresponds to the one (5.2.23). Note that v control the slope of the lines.

A resonance must be symmetrically located between two quasimodes in order to maximize
the coupling matrix element between them [95]. To each Fock state |ng,ni,ns), a classical
torus can be associated whose position in action space is given by (29, z1) = (no+1/2, (nq —
n2)/2) with n; the number of particles on site [. Let’s assume that we want to induce a
resonant coupling between the quasimodes |ng, ny, n2) and |ny, nf, nb). In this case, the point
(", 21%)

be made,

must be located in the middle of both quasimodes. The following associations can

‘n07 ny, n2> — (ZO7 Zl);
g, ny, ) <— (2, 21)-

The coordinates of the point (z((f), ; ), located in the middle of (zy, z1) and (z(, 2}), is given

by
/
© _ %17 _
Zj = T, ] = O, 1. (534)
By injecting these two relations in one of the Egs. (5.3.1), it becomes possible to evaluate the
on-site energy producing a resonance center line symmetrically located between |ng, ny, ns)

and [, 0}, nb).

For example, Fig. 5.2.2(a) displays a resonant center line symmetrically located between

|0,5,0) and |3,2,0), which correspond respectively to (zp,z1) = (0.5,2.5) and (z9,21) =

(3.5,1). Therefore, the point in the middle of both quasimodes is given by (ZOE),zf))

(2,1.75). By inserting these values in Eq. (5.3.1) for the + sign with v = 1.5, we obtain
£/ = 30.

To access the transition probabilities P, n, n,)(t), a numerical diagonalization of the
Hamiltonian (5.1.1) is performed. The basis of eigenvectors is given by

) v=1.2...,D} (5.3.5)
The dimension of the Hilbert space reads [162]

(N, + 1)(N, + 2)
5 .

D= (5.3.6)

A convenient basis to decompose the Hamiltonian is the Fock basis. Note that the total
number of particles is conserved such that ng = N, —n; — na.

Np Np—n1

Xv) = Z Z Fny s M0, M1, M2) (5.3.7)

n1=0 n2=0
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N =5;v=1.5; U=20]
Pk=0.85]; £=30]

1 ‘ \ \
0.8 P\3,0,2> 1
- P\0,0,5>
0.6 —Plog|
I [0,5.0>
0.4+ B
0.2+ _
O P V.V A Lo,
0 2000 4000 6000
Jt/h

Figure 5.3.1: This figure displays the numerical detection probabilities of the quasi-
modes [3,0,2), |0,0,5), |3,2,0) and |0,5,0), knowing that the system is initially in
|0,0,5). This figure corresponds to the phase space in Fig. 5.2.2(b). Figure 5.2.2(a)
displays the positions of quantized actions in the action space (black dots), as well
as the principal resonant center lines (blue lines). With a suitable value for &, a res-
onant center line becomes symmetrically located between |0,5,0) and |3,2,0). For
J7r/h = 2.5 x 103, the NOON state is formed. This is facilitated by the quasimodes of
the same energy |3,0,2) and |3, 2,0), which are also responsible for the micromotions in
Ploosy(t) and Poso)(t). With a purity equal to p = 0.99, the two-level approximation
still holds.

It is also possible to take advantage of the discrete symmetry by decomposing the Hamil-
tonian in the symmetry-adapted basis (see Appx. D). The analytical and the numerical
treatments are more complex, but the numerical calculation is faster owing to the smaller
matrices to diagonalize. The numerical diagonalization gives access to F, ,, »,. Any state
can be decomposed in that basis, and the temporal evolution reads

[6(8) =Y elto) e My, ), (5.3.8)

v=1

with ¢,(to) = (xu|é(to)), and H|x,) = e |xy). The transition probability to the state
|no, n1,n2), knowing that the system is initially in |¢(to)), is given by

P|n0,m,n2>(t> = ‘<n07n17n2|¢(t)>|2- (5.3.9)

As displayed in Fig. 5.3.1, the probability transitions show typical NOON oscillations
for the quasimodes |0,5,0) and |0,0,5). The NOON state is obtained after a time 7 =
2.5x103Rh/J while in the absence of site 0 (i.e. £ = 0) the result obtained was 7 = 6.0x 10°h/J
as computed in Fig. 4.5.1. The result with a coupling via the zeroth site is comparable to the
one obtained with the perturbed two-site system with a 2:1 resonance in the near-integrable
regime (see Fig. 4.4.1), where we obtained 7 = 2.4 x 1031/ J.

The configuration in Fig. 5.3.1 is largely dominated by the oscillation between |0, 0, 5) and
|0, 5,0) with micromotions due to quasidegeneracy between the symmetric and antisymmetric
combinations of |3, 0,2) and |3, 2,0) with the same combinations of |0, 0,5) and |0, 5,0). The
purity of the main oscillations can be time-independently evaluated by means of

p = Myn, + Mn, o, (5.3.10)
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with
Mn17n2 = Z ’<n07n17n2‘xl’g>‘2' (5311)
o==

Here |x,. ) refers respectively to the symmetric and antisymmetric part of the NOON states
such that |x,,) ~ 1/v/2(]0,0, N,) £ |0, N,,0)). We obtain p = 0.99 for x = 0.85.J, which
is consistent with Fig. 5.3.1. This latter figure displays characteristic two-level oscillations
between the quasimodes |0,5,0) and |0,0,5). The coupling matrix element with |0, 3,2),
induced by the coupling to the site 0, is responsible for the micromotions as well as the
decrease of the NOON time, which amounts to 7 = 2.5 x 10%A/J. This result is compa-
rable with the NOON time obtained with a two-site system in the near-integrable regime
amounting to 7 = 2.4 x 103h/J as presented in Eq. (4.3.51).

Figure 5.3.2 displays a combination of parameters for which a resonance center line cou-
ples the quasimodes |0, 5,0) and |2, 3,0). In this context, Eq. (5.3.1) indicates that the on-site
energy must be equal to £ = 55J. Figure 5.3.3 displays the typical four-level oscillations that
were previously described in the context of the periodically-perturbed two-site optical lattice
(see Sec. 4.4 for a detailed description of this phenomenon). In this framework, the coupling
between [0,5,0) and |2,3,0) is not a small perturbation and the two-level approximation
must be abandoned. The transition probability dynamics is characterized by two timescales,
namely the characteristic times of the slow oscillations 7, and the fast oscillations 7y (see
Egs. (4.4.31) for the definitions). The eigenenergies implied in the dynamics are given by

¢; = 200.51509.,
el = 20051114,
€5 = 200.03074.J,
¢f =200.02725J,

(5.3.12)

which leads to 7, = 422h/J and to 74 = 3.24h/J. According to the zoom in Fig. 5.3.3(b), if a
measure is performed in 7, an entangled state between |2, 0, 3) and |2, 3, 0) will be obtained.
A measurement time t,, can be chosen in order to obtain a NOON state. For ¢, = 428.3h/.J,
we obtain Pl 50y + P05 = 0.989 with a bias P 5.0y — P05 = 6.7 X 1073, The time required
to produce the NOON state is smaller than that required in the two-level oscillation case
in Fig. 5.3.1. Nevertheless, the disadvantage related to the four-level oscillations is that %,
must be sufficiently precise, from an experimental point of view, in order to reach the NOON
state.
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N, =5;v=15;U = 20J;
&=30J

Z1/N

0 1 2 3 4 5 6
Zp

(a) (b)

Zo/N 1,00

Figure 5.3.2: (a) Action space where the resonance center lines are represented in
blue, the quasimodes with black dots and the unperturbed energy shell of the quasi-
modes |3,0,2), |0,0,5), |3,2,0) and |0, 5,0) in red. (b) Phase space related to the action
space of panel (a). The parameter £ = 55.J is chosen by means of Eq. (5.3.1) in order
to couple the quasimodes |0,5,0) and |2,3,0) with a resonant center symmetrically
located between both quasimodes. The parameters of panel (b) are given by N, = 5,
k=J,v=15U=20J and £ = 55J.

(a) Np—5 v=1.5; U=20J (b)
K—J £=55]

mel h
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Figure 5.3.3: (a) Numerical detection probabilities knowing that the system is ini-
tially in |0,0,5). This is a typical four-level oscillation dynamics. (b) Zoom around
Ts the timescale of the slow oscillations. The coupling matrix element produced by
the resonance center lines between |0,5,0) and |2, 3,0) (see Fig. 5.3.2(a)) is sufficiently
strong to invalidate the two-level approximation. In this case, the dynamics is described
by four-level oscillations characterized by two timescales, namely 7, = 422.4h/J and

Tr = 3.245h/.J.

l20%>

|o,0,5>




Chapter 6

Triple-NOON states via resonance- and
chaos-assisted tunneling

In the preceding two chapters, the formation of highly entangled states called the NOON
states was investigated. This state is formed by the coherent superposition of two states
|N,0) and |0, N) where one mode is totally full of N quanta while the other is empty,
i.e. €1|N,0) +¢'2|0, N). Another kind of entangled state can be built with three modes. A
qutrit has been experimentally realized with biphotons according to their polarizations [163|
and in a superconducting circuit [164], to mention two examples. In a triple-NOON state,
one mode is totally full while two others are empty, leading to the state ¢*'|N,0,0) +
€*2|0, N, 0) + €*2|0,0, N) where N is the number of quanta. In the three-mode Bose-
Hubbard model [162,165-169|, few proposals have been made. In Ref. [96], it is suggested to
adiabatically generate the triple-NOON state with ultracold bosonic atoms that exhibit an
attractive interaction. Apart from the enhanced instability of a Bose-Einstein condensate
with attractive interaction [35-37|, the generation of this triple-NOON state requires a very
low temperature as it is the ground state [170]. Here we propose to build a triple-NOON state
by initially loading all particles on a specific site in the self-trapping regime [53,54,166,167],
where the atomic repulsion is sufficiently strong to only authorize collective transfers of
particles. The targeted entangled state is then obtained after the triple-NOON time. Besides
the requirement of a perfectly symmetric optical trap, the main problem of this method is
the prohibitively long time needed, especially for large populations.

This chapter investigates how the timescale of this process can be considerably reduced by
modulating the optical lattice with a time-periodic driving. This phenomenon was demon-
strated in Chap. 4 in the case of the NOON state in a two-site optical lattice [52|. Indeed, the
driving is responsible for the emergence of nonlinear resonances in the phase space, leading to
the phenomenon of resonance-assisted tunneling [67-71|, as well as the production of chaotic
layers, leading to the phenomenon of chaos-assisted tunneling [73-77|. Both phenomena can
be combined to give rise to resonance- and chaos-assisted tunneling 71,72, 78-84].

6.1 Structure of the spectrum

The purpose is to produce a perfectly balanced entangled state with three modes, namely
|N,,0,0), |0, N,,0) and |0,0, N,), in a three-site optical trap. For the two-site optical trap,
the two sites must be congruent to produce a NOON state. In this case, the Hamiltonian is
invariant under the permutation of the two sites. Therefore, it is logical to study an optical

111
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Figure 6.1.1: Contour plot of the triangular superlattice potential that was previously
presented in Fig 1.2.2(b). All three sites are congruent, meaning they are characterized
by the same on-site interaction U, the same on-site energy (equal to zero here) and
each pair of sites is coupled by the same hopping parameter J. This site configuration
can be achieved with lasers by means of superlattice techniques explained in Sec. 1.2.3.
The red dots represent ultracold atoms trapped here on site 0.

lattice where the three sites are congruent in order to produce a triple-NOON state. The
corresponding Hamiltonian is written as

2

2

U At ata a
E alal+1 —l—alﬂal) + by E a;a}alal, (6.1.1)
=0 =0

with a3 = ag. This Hamiltonian is invariant under the permutation of any pair of sites. It
describes the optical lattice schematized in Fig. 6.1.1. The eigenvalue equation reads

HO |wn0,n1 n9 > = 6’51:7'0),77,1 ,n2 ‘wT(lj(')),nl ,n2 > Y (6 1 2)

with j =1or j=1,2,30r j =1,2,3,4,5,6 depending on the value of n; and ns, knowing
that ng = N, — n; — ng. The first one refers to the singlets for which ny = ny = no, the
second one to the triplets for which ny # n; = ns and the last one to the sextuplets for
which ng # ny # ng # ng. This nomenclature is appropriate for the strong interaction
regime, where the nonlinear parameter is pretty high, (N, +1)U/J > 1. In this regime, the
effective on-site interaction is strong compared to the hopping such that

2
; U
€£Ljo),m,n2 = 9 an(nl —1). (6.1.3)

The decomposition of the eigenvectors |¢,(L](‘J),nhn2) will be overwhelmingly dominated by the
Fock states |ng, ny,na), |ne, ng, n1), |n1, na, no), |01, no, n2), |n2, n1,ng) and |ng, ng, nq) in the
case of a sextuplet (ng # ny # ny # ng). In the case of a triplet, the dominant coefficients
of |5, mi) will be determined by |ng, ni,n1), |n1,n0,m1) and |ny,nq,ne) with ng # n.
There is also the case of the singlet where ng = ny = ng such that |1, n,n) = |11, 11, 11).
The triplet and sextuplet organization of the spectrum can be illustrated for N, = 5 and
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U =20J,

€Sy = 200.1234556.J, el = 119.211J, €95 = T7.035J,

e$').5 = 200.1234556.J, el 4 = 119.190, e} 5 = 60.669,

68375 = 200.1234521J, e(()?%’g = 82.942J, 65?273 = 60.016.,

eh) 4 = 121.200., ), = 82,942, e, = 60.016., (6.1.4)

el = 121188, el 5 = 82.790, e) | = 41.482J,

6((;2,4 = 121.188J, e((f’%,g = 77.169.J, 6%71 — 41.482,

e, = 119.211J, el) s = T7.035J, €l) ) = 34.847J.

For example, the triplet 6((){())75 displays a pair of two degenerate eigenvalues and a third one
that is almost degenerate with this pair. This lifting of degeneracy is the signature that
there is to some extent tunneling between |5, 0,0), |0,5,0) and |5,0,0). For each triplet, this
structure is the same. Sextuplets effectively appear as the combination of two triplets, i.e.,
we have two distinct pairs of degenerate eigenvalues and two further eigenvalues such that
each one of them is close to one of the two pairs.

6.2 Three-level approximation

In the symmetric three-site optical lattice, the three states |N,,0,0), |0, N,,0) and |0,0, N,)
are sufficiently separated from the other part of the spectrum in the strong interaction
regime. They can be seen as a triplet where V' is the effective coupling. The main features

of the dynamics can be captured with a three-level approximation characterized by the basis
{]0), |1),]2)}. Within this basis, the Hamiltonian is modeled as

0) 1) [2)
O/E V V
M= (al{v E Vv | (6.2.1)

Q\vV VvV E

This modeling is general and the connection with the Bose-Hubbard model can be done
through

’0> = ‘Npa 0, 0)7 (6.2.2)
|1> = |07 Np7 0)? (623)
|2> - |07 0, Np> (624)

This matrix takes into account the symmetries of the system and the fact that all sites
are connected to each other. Indeed, the Hamiltonian is invariant under the permutation
of any pair of sites. If N, = 1, then £ = 0, V = —J and the result will be exact. The
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eigenvalues and the related eigenvectors read

Bi—E-V, PRV ) N T
V2 1 V2 ’
B —E_V X)) = _12 _ Loy + 2
2 =E-V, =G\ "% )
By — B+ 2V, Xy) = = } Lo +2).
v3\y) VB

If all particles are initially located on site 0 such that

¢(0)) = [0) (6.2.5)
= (X |0>|X1> < 2|0)[X2) + (X35]0)[X3) (6.2.6)

then the temporal evolution gives rise to

-2 . 1 .
|6(t)) =—=e P Xy) + —zem 0| X)

VG V3
e—ibat/h —iEst/h
== (2[0) = [1) = 2) + —5—(10) + [1) + [2))
_% (2 e/ | gmidet/C0Y |0y 23 ¢in (ﬁh )(y1>+ 12)). (6.2.8)

Here the splitting is given by Ae = E3 — Fy = 3V. From Eq. (6.2.8), it is possible to
compute the temporal evolutions of the detection probabilities,

Py (t) = |(0]p (1)) 2 Puy(t) = Poy(t) = [(1]e(1))]”
]_ iNet/h 2 . 4 Aﬁ (629)
:5‘1+26A/|, —§sm (2h)

The detection probabilities for having all particles on site 1 or 2 are the same. This matches
the intuition, as there is by symmetry no reason to favor the transition toward the site 1 or
2. The transition probabilities in Fig. 6.2.1 suggests that the dynamics is largely dominated
by three-level oscillations for the parameters N, = 5 and U = 20J.

From the previous relations (6.2.9), it is possible to compute the time 7 required to reach
the same detection probabilities for the three states, called the triple-NOON time. The
condition Pyy(7) = 1/3 leads to

_ 27mh
~ 3A€
At this time, the detection probabilities of each state are the same,

(6.2.10)

Poy(r) = Piy(r) = Ry(r) = 5. (6.2.11)
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The three-mode NOON time for the parameters N, = 5 and U = 20J is equal to
7 = 5.9 x 10°h/J (see Fig. 6.2.1). In Sec. 1.3.3, the laboratory-unit evaluation gave rise
h/J = 4.4 x 1073 s for a typical optical lattice filled with ®"Rb. This leads to a triple-NOON
time of 7 = 2600 s. An additional periodic perturbation will be necessary to decrease this
time above the lifetime of a condensate in an optical lattice, roughly equal to 10s [133].

Np=5; U=20J
1 \ ‘ \ /'\\
08 [~ \ // \ 1
L \ / i
O\ /1=Psoos| \
L \ / |0,5,0> \
P \
L 0,0,5> B
o4\ T \
AN \
00 ‘ ‘ 5 ‘ ‘ 6 ‘ | 6 B | 6 ‘ 6
5%10 10 1.5%10 2x10 2.5%x10
Jt/h

Figure 6.2.1: Numerical detection probabilities for the quasimodes |5,0,0), |0, 5,0)
and [0,0,5) knowing that all particles are initially located on site 0. In the strong
interaction regime, i.e. (N, + 1)U/J > 1, the dynamics can be approximated by the
three-level dynamic and the detection probabilities are given by Eq. (6.2.9). The time
required to obtain an entangled state with the same weight for |5,0,0), |0,5,0) and
|0,0,5) amounts to 7 = 5.9 x 1054/ J.

6.3 Classical limit of the three-site Bose-Hubbard Hamil-
tonian

Before taking the classical limit, the Hamiltonian (6.1.1) will be amended by an additional
time-periodic perturbation which must preserve the symmetries of the system. One way to
achieve that is to have a time-dependent hopping such that

J(t) = J + 0 cos(wt). (6.3.1)

In this case, the time-dependent Hamiltonian reads [171]

2 2

A R . R U e
H(t) = —J(t) Z(a;alﬂ + alTHal) + 3 Za;a;alal. (6.3.2)

=0 1=0

Note that the Hamiltonian (6.3.2) is still symmetric with respect to the permutation of any
pair of sites.

The classical limit is similar to that presented in Sec. 5.1. In the limit of an infinite
number of particles the ladder operators can be replaced by complex numbers [129, 130],
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which corresponds to the mean-field approximation,

() ~ o =T €, (6.3.3)
(@) ~ oy = /I e, (6.3.4)
Here 1, (I = 0,1,2) represents the condensate amplitude on site [, 6, the phase on site | and

I, is proportional to n;, the number of particles on site [, such that [, = n; + 1/2. As N, is
conserved, the sum of the [; amounts to a constant N = N, + 3/2,

I+ 1 +1=N. (6.3.5)

In this framework, the classical limit of the Hamiltonian (6.3.2) reads!

2

2
(. 47) = —I(0) S+ at) + o D Rl (6:36)
=0

=0

The temporal evolution of the mean-field system is determined by the discrete Gross-
Pitaevskii equation. It can be derived from the Hamiltonian (6.3.6),

20— 1)+ va) + Ul e,
2 (1) ) + Ul P, (6.3.7)
22 g (0) ) + Ul

Another convenient classical representation is the action-angle variables. It enables one
to separate the angle-independent part H(I), the time-independent angle-dependent part
V(0,I) and the time-dependent angle-dependent part V(6,1 t),

H(O,1,t)=H(I)+V(0,I)+V(0,1,1), (6.3.8)

U
H(I) = ) (I§+ 17 + I3), (6.3.9)

V(0,1)+V(0,1,1)
= —QJ(t) (\/ 10[1 COS(00 - 01) + [1[2 COS(el - 02) + [0[2 COS(@O — 92)) . (6310)

(. J/

G(O.1)

Here we have V(0,I) = —2JG(0,I) and V(0,1I,t) = —2§ cos(wt)G (0, I). Like the quantum
Hamiltonian (6.3.2), the classical Hamiltonian remains invariant under the permutation of
any pair of sites.

!The constants in the Hamiltonian were removed. The general expression with the constant of motion
can be found in Sec. 1.3.4.
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Figure 6.3.1: Numerical detection probabilities for (a) the unperturbed and (b) the
periodically-driven three-site Bose-Hubbard system. The plots (c) and (d) are the
phase spaces related respectively to the numerically simulated quantum dynamics (a)
and (b). A perfectly balanced entangled state between the quasimodes |5, 0, 0), |0, 5, 0)
and |0,0,5), called a triple-NOON state, can be obtained by preparing all particles on
a specific site (here site 0) and then waiting the triple-NOON time 7. The timescale of
T time can be considerably reduced by means of a time-periodic external perturbation
as displayed in (b). The main difference between (c) and (d) is the presence in (d) of
a 2:1 resonance clearly visible for the layer zy = 0, which leads to the phenomenon of
resonance-assisted tunneling.

6.4 Analysis of the phase space

As N is a constant of motion, it is interesting to perform a canonical transformation to reduce
the number of degrees of freedom. As explained in Sec. 5.2, this procedure enables one to
build an effective four-dimensional system by means of the generating function (5.2.13).
Contrary to the standard action-angle representation (6.3.8), the Hamiltonian H (¢, z,t) =
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H(z)+V(¢,z)+ V(¢p, z,t) defines a phase space of four dimensions with

3U N\®
H(z)=Uz + e (zo - 3) : (6.4.1)

Vg, z) + Vg, 2,1)
= —J(t) (\/5\/2«0(1\[ — 20+ 2z1) cos (gbo - %cbl)

+ 2\/(]\/ — 20)%/4 — 2% cos(¢y) (6.4.2)
+V2/20(N — 29 — 221) cos (¢0 + %%))7
) G(6,2) ’

such that V (¢, z) = —JG(¢, z) and V (¢, z,t) = —26 cos(wt)G (¢, z). We have N = N, +
3/2, and the links with the condensate amplitudes and phases are given by

1
1 _
=0y — = (6, + 0 0=t 5
%0 =0 = 5 (01 + 62), 2 (6.4.3)

¢1 = 01 — 0, 2 = 5(711 — ng).

Here 2, represents the population of site 0 while z; is the population imbalance between site
1 and 2. Note that ¢; and z; are the phase-space variables used for the study of the two-site
system in Sec. 3.1.

The phase spaces 6.3.1(c) and (d) are 3D phase-space slices performed around ¢y = 0 in
a phase space of four dimensions. This visualization technique was proposed in Refs. [85,86|
for the study of two coupled standard map and can be formalized in our case by slices of
thickness 2¢ around an arbitrary point ¢, such that

{(¢0, 61,20, 21) | |¢o — ol < e} (6.4.4)

The phase space 6.3.1(c) is characterized by three pendulum-like phase spaces, each of
them defining a resonance center line [95] in action space (see also blue lines in Fig. 6.4.1(a)).
The unperturbed frequencies of the tori will enable one to characterize these resonance center

lines,
BU (L
Q(z) = %VZH(z) _ % ( 2 ( 2Ule/3)) | (6.4.5)

As soon as the hopping J is different from zero, the system becomes perturbed through
V (¢, z), and the tori z characterized by a resonant motion 7; - £2(z) = 0 will be destroyed
[87] as explained in Sec. 5.2. The main resonance vector ro = (1,—1/2), 1 = (0,1) and
ry = (1,1/2) are determined by the arguments of the cosines of V' (¢, z) [87,95]. This leads
to the parametrizations of the main resonant center lines,

3 N

21 = +§ZO — E, (646)
3 N

21 = —=%0+ —. (648)

2 2
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Each resonance center line passes through one of the quasimodes at stake, i.e. |5,0,0),
|0,5,0), 0,0,5), and are symmetrically located between one pair of them as displayed in
blue in Fig. 6.4.1(a). Moreover, these quasimodes lie on the same energy shell in red. At
quantum level there is a small splitting Ae, which is the spectral signature of tunneling.

¢1/2T[
N, =5; U = 20J; hw = 120 -0,500

‘—G_ “—

0,500

Z4

1,00
Zo/N

(b)

Figure 6.4.1: The resonance center lines are schematized in the action space in (a)
by means of the blue color. The presence of an external perturbation of frequency w =
120J/h couples the two energy shells in red of the unperturbed system. This enables
one to add a coupling matrix element between the quasimode |0,5,0) of the outer
energy shell and the quasimode |0, 3,2) of the inner energy shell. The manifestation
of this coupling in the phase space (b) is the presence of a 2:1 resonance visible in
21 = £1.5 for the layers with zy between 0 and 1.25 roughly. For the phase space (b),
we have N, =5, U =20J, § = 2.4J and hw/J = 120.

At the intersection of the resonance center lines, there exists a junction made of several
fixed points around which the phase space is organized. This junction is localized in action
space in

(20,21) = (gO) , (6.4.9)

which corresponds to the ground state for repulsive inter-atomic interactions. Far from them,
the phase space is locally a 2D pendulum-like phase space as it is the case, for example, for
the layer 2z = 0. Closer to the junction, the interplay between the three pendulum-like
degrees of freedom gives rise to a chaotic layer with the shape of a bubble. Note that due to
particle conservation (V, constant), the action space forms a triangle.

A careful analysis of the phase space is able to explain the role of the frequency w for
the emergence of the nonlinear resonances. Each unperturbed torus z is characterized by
two frequencies €2 = (£, €2;) determined by Eq. (6.4.5). When the perturbation V (¢, z, )
is slightly turned one, the Kolmogorov-Arnold-Moser theorem [65,66,87| states that if the
frequencies are not rationally related, then the torus is preserved. The frequencies of a torus
are rationally related if they obey the following relation [85,86],

]C()QO + lel = mw, (6410)

where (ko, k1) € Z2\{(0,0)} and m € Z. A resonance is formed through the destruction of a
set a tori and can be labeled by ky:k1:m. Resonances of the form r:0:s and 0:7:s correspond
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N =5; U=207J; 6=2.4J; hw=120J
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Figure 6.4.2: Phase space portrait of the classical dynamics confined to the invariant
submanifold characterized by ¢; = 0 and z; = 0. It enables one to deduce the position
of the central fixed points roughly situated in (zp,21) = (2.167,0), one of them is
elliptic-elliptic in (¢g, ¢1) = (0,0) and another is hyperbolic-elliptic in (¢g, ¢1) = (m,0).

to the relations 2y = sw and r{); = sw, respectively. These two kinds of resonance are here

called r:s to shorten the notation. Indeed, both of them produce a r:s resonance, the former

perpendicular to the zy axis and the latter perpendicular to the z; axis. In this framework,

the external frequencies w that must be applied in order to build the r:s nonlinear resonance
. () _(rs) . . .

characterized by zy = 25~ or z; = 2z,  are given, respectively, by the relations

r3U (7:s) N
-2y = 4.11
o =37 (ZO 3 ) ’ (6.4.11)
hiw = £2Uz§’“s). (6.4.12)

It is worthwhile to note that Eq. (6.4.12) is exactly the same as that obtained for the two-site
optical lattice in Ref. [52].

For example, a 2:1 resonance situated in z?l) = 1.5 symmetrically located between

|0,5,0) in (20,21) = (0.5,2.5) and |0,3,2) in (z0,21) = (0.5,0.5) leads to w = 120J/h for
U = 20J. Thus, this combination of parameters leads to

2 = 4.1666, (6.4.13)
AFD =15, (6.4.14)

Actually, this resonance is clearly visible in Fig. 6.4.1(b) for the layer zy ~ 0. Moreover,
Eq. (6.4.13) gives access to the position of the 2:1 resonance along the z; = 0 resonance
center line. Indeed, since trajectories that start with ¢; = 0 and z; = 0 remain confined
along this submanifold, it is possible to build a 2D representation of the dynamics. This is
displayed in Fig. 6.4.2 where the 2:1 resonance is clearly visible.
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6.5 Triple-NOON states in near-integrable phase spaces

The triple-NOON time is expected to be modified with the addition of a time-periodic
perturbation, for example, via the hopping parameter J(t) = J + 0 cos(wt) [171]. Even if
the addition of a time-periodic perturbation breaks the conservation of energy, it is still
possible to compute time-independent quasienergies €, and to decompose any state |¢(t)) in

a time-periodic basis {|u,(t)) = |u,(t + 27/w))} in the framework of the Floquet formalism
[131,138,139),

(z’ff(t) - h%) () = e (8), (65.1)

where v = 1,2,...,D with D = (N, + 1)(N, + 2)/2 the Hilbert space dimension of the
unperturbed system [162]. Floquet theory is developed in detail in Sec. 2.2.

The Floquet basis can, for example, be expressed in terms of the Fock states |ng, nq, ns),

N, Np—
{\uy D S S T

k=—00 n1=0 n2=0

y:QL“wD}. (6.5.2)

Here the value of ng is obtained through the particle conservation such that nog = N,—mn;—na.
Any state |¢(t)) can be decomposed in that basis,

ch et (10 My, (1)), (6.5.3)

where ¢, (tg) = (u,(to)|o(to)) and |p(to)) is the initial state. The probability amplitude to
obtain the state |ng, n, ns), knowing that the system is initially in |¢(ty)), is given by

P|n0,n1,n2)(7f) = ‘<n07”1>n2|¢(t)>‘2- (6.5.4)

As illustrated in Fig. 6.3.1(b), a suitably tuned driving leads to a sharp decrease of the
triple-NOON time such that 7 = 240h/J for 6 = 2.4J and w = 120.J/h. The manifestation
of this phenomenon is visible in the corresponding phase space of Fig. 6.3.1(d). Indeed,
Figs. 6.3.1(c) and (d) are very similar except for the presence of a 2:1 nonlinear resonance
in the perturbed case, which is clearly visible within the layer z; = 0. By the resonance-
assisted tunneling mechanism [67,68|, a coupling matrix element is introduced between the
quasimodes [0, 5,0) and |0, 3,2), which favors resonant perturbative transitions as the 2:1
resonance is symmetrically located between both quasimodes [72,79]. In terms of the action
space of Fig. 6.4.1(a), the energy shell in red related to |5,0,0), |0,5,0) and |0,0,5) is now
connected to the one related to |0, 3,2), |3,2,0), 2,0, 3), |3,0,2), |0,2,3) and |2, 3,0) via hw.
For a typical optical lattice? filled with atoms of the ®"Rb species, we have h/J = 4.4 x 1073
s such that the triple-NOON time is given by 7 = 1.1 s compared to 7 = 2600 s for the
unperturbed case. This reduction of three orders of magnitude could render possible an
experimental observation of the triple-NOON state.

As it remains one free parameter, namely the amplitude 9, the triple-NOON time is
computed as a function of this one to obtain an optimal choice. As displayed in Fig. 6.5.1(a),
the triple-NOON time only decreases after the peak in 6 = 0.05J. Nevertheless, the purity
decreases at the same time. This time-independent indicator is useful to quickly test the

2The details for the derivations can be found in Sec. 1.3.3.
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Figure 6.5.1: (a) Triple-NOON time as a function of the amplitude 6. (a) The
purity p defined in Eq. (6.5.5) as a function of . The triple-NOON time 7 decreases
continually from § = 0.05J without reaching a minimum (expect for 6 = 0). The more
it decreases, the more the purity decreases as well as seen in panel (b). In this context,

the convenient choice of § is a trade-off. For § = 2.4J, we have 7 = 240h/J with a
purity of p = 0.987 while for § = 0, we have 7 = 5.9 x 1054/J with p = 0.998.

validity of the three-level approximation. The purity is defined as

p=Mn, 00+ Mon,o0+ Moon, (6.5.5)
with
1< (7
Mg mins = 57 ; /0 [(no, 1, nalu, ()] dt. (6.5.6)

Here |u,,(t)) are the eigenstates related to the triple-NOON state. If they are close to the
eigenvectors of the three-level approximation such that

1

|y, () ~ E(—IO,Np,@ +10,0, Np)), (6.5.7)
1

|y, () ~ %(—2|Np,0,0> + 0, N, 0) + 10,0, Ny,)), (6.5.8)

|t (1)) ~ 1/V/3(| N, 0,0) + |0, N, 0) + (0,0, N,)), (6.5.9)

the purity is expected to be close to 1. In view of these considerations, the choice of § is a
trade-off for the parameters in Fig. 6.5.1. By choosing § = 2.4.J, the three-level approxima-
tion is still valid with a purity of p = 0.987.

6.6 Triple-NOON states in mixed phase spaces

The time-independent indicator of purity defined in Eq. (6.5.5) enables one to obtain quickly
a representation of the main features of the dynamics without being obliged to compute a



6.6. Triple-NOON states in mixed phase spaces 123

time evolution of the transition probabilities. Indeed, we have

3 )
nO:”l,”Q :% Z _Z Vj,knl,ng . (661)

This indicator assumes that the system is prepared in one the three Floquet states involved
in the three-level approximation, namely |u,, (o)) with j = 1,2,3. Then, the temporal mean
over one period of the transition probabilities from these three states is performed.

Nevertheless, the question asked by Fig. 6.3.1(a) is how much the transition probabilities
PN, 00y, Po,n,,0 and Pgo n,) dominates the dynamics in order to test the validity of the
three-level approximation. This question makes sense from an experimental point of view if
the system is initially prepared in |¢(to)) = |N,,0,0). Thus, the time-independent indicator
related to Fig. 6.3.1(a) and (b) is properly speaking given by

D= puvp,o,o) + P|0,Np,o> + p\o,o,Npp (6.6.2)

with .
_ 1
BPlngnana) = ;/0 dt’ |(n0,n1,n2\¢(z€’))]2. (6.6.3)

The p indicator is more pertinent for the question asked. The main drawback is that it
required to compute the time-evolution of the system and to perform a temporal mean on
a sufficiently long time ¢. Luckily, both indicators p and p are in general very close to each
other. Nevertheless, we remarked some notable deviations for the three-site Bose-Hubbard
model when a prominent chaotic sea is present (see Fig. 6.6.1). That is why, the values of p
are displayed in the last column of Table 6.1.

Ny | Jrs—0/h | ps=o | JTu—g00/n/h | Pu—g0/n
5 15.9x10° [0.998 | 5.8 x 10? (6 = 0.95.J) | 0.978
7 11.0x10% {0.998 | 4.8 x 10? (6 =1.3J) (0974
9 1.9 %10 |0.998 | 4.3 x 10° (6 =1.5J) |0.972

Table 6.1: As expected, the triple-NOON time 7 increases with N,, but this increase
can be considerably reduced for w = 60.J/h. Creating a central chaotic layer in phase
space (see Fig 6.6.1) is able to slow down the exponential increase with N, of the
triple-NOON time. In order to keep the unperturbed phase space unchanged, we keep
NU/J = 130 for each result.

Besides the resonance-assisted mechanisms, chaos-assisted tunneling is a credible alter-
native to speed up the production of a triple-NOON state. A smaller frequency, for example
w = 60h/J in Fig. 6.6.1, is able to produce a prominent central chaotic layer due to the
interplay between the chaotic bubble structure at the junction and the low-rank 1:s non-
linear resonances. As indicated in Fig. 6.6.2, this produces a triple-NOON time amounting
to 7 = 580h/J with a purity p = 0.978, which is comparable to the one obtained through
the 2:1 resonance in Fig. 6.3.1(b) and (d). This corresponds to 7 = 2.6 s for *’Rb atoms
in the lattice that is studied in Sec. 1.3.3. Moreover, Table 6.1 suggests that the phase-
space structure made of a central chaotic sea as displayed, for example, in Fig. 6.6.1, is
valuable for the triple-NOON time reduction as the number of particles increases. Indeed,
the exponential increase with N, is slowed down. This is due to the fact that the states
of the chaotic sea are strongly mixed such that they cannot really be distinguished from
each other. The transition between quasimodes |N,,0,0), |0, N,,0) and |0,0, NV,) is then
facilitated by their coupling with the chaotic sea. It means that chaos-assisted tunneling is
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Figure 6.6.1: Phase space of the periodically-driven three-site Bose-Hubbard system
in the mixed regime. A central prominent chaotic layer can be generated by means of
smaller external frequency w. The three corners of the phase space are still regular and
greet the three quasimodes involved in the triple-NOON state, namely |5, 0, 0), |0, 5, 0)
and [0,0,5), which are strongly coupled by means of this chaotic sea. This specific
figure corresponds at the quantum level to 7 = 580//.J with p = 0.978 (see Fig. 6.6.2),
which corresponds roughly to the same orders of magnitude as the near-integrable case
in Fig. 6.3.1(b). As illustrated in Table 6.1, we can take advantage of this phase-space
structure as the number of particles increases. Embedded in the chaotic sea, regular
structures tends to stabilize, from the purity point of view, the states located at each
corner.

Np=5 ; U=20J
6=0.95J; hw=60J
* T
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Figure 6.6.2: Numerical detection probabilities of the quasimodes |5,0,0), |0,0,5)
and |0,5,0) knowing that all particles are prepared on the site 0 initially. This figure
corresponds to the phase space of Fig. 6.6.1. The central chaotic layer is able to
facilitate the transition to the triple-NOON state. For this specific combination of
parameters, the triple-NOON time is given by 7 = 580hk/J for a purity p = 0.978.
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surely a promising tool to investigate the triple-NOON production with higher populations.
The results of Table 6.1 were obtained by fixing NU/.J = 130 constant in order to preserve
the unperturbed phase space. The central chaotic region of Fig. 6.6.1 is not homogeneous
as it displays regular islands embedded in the chaotic sea. This may indicate the presence
of some resonance-assisted tunneling phenomena besides the chaos-assisted tunneling one.
Moreover, these regular islands would tend to stabilize the regular eigenstates located at the
three corners of the phase owing to the presence of partial transport barriers.






Conclusion

This dissertation theoretically investigates the production of entangled states with a Bose-
Einstein condensate trapped in several sites of an optical lattice. The protocol proposed
here is quite simple. All atoms are loaded on any site of a symmetric optical trap. In this
case, the temporal evolution of the ultracold atoms leads to a NOON state, after the NOON
time, in the case of a double-well potential as explored partially in Chap. 2 and extensively
in Chap. 4. One of the main drawback is the prohibitively long time necessary to obtain
the coherent and equivalent superposition between the states |N,, 0) and |0, N,), called the
NOON state, where N, is the total number of ultracold atoms. For example, in the strong
on-site interaction regime where the effective atom-atom interaction is quite large compared
to the hopping J, i.e. (N, + 1)U > J, we theoretically obtain the NOON time 7 = 2600
s for N, =5 and U/J = 20 in Sec. 2.1.2. This time is obtained for *Rb atoms with the
assumptions that are presented in Sec. 1.3.3. This result, computed in the unperturbed case,
is clearly larger than the typical lifetime of a condensate, which is roughly 10 s [133].

As it is explained in Chap. 4, this problem can be bypassed by subjecting the double-
well potential to a periodic tilting characterized by an amplitude 0 and a frequency w. In
Sec. 4.3.5, we obtain 7 = 11 s for N, = 5, U/J = 20, 6/J = 75 and hw/J = 120 by
introducing a perturbative coupling between the Fock states |ni,ng) with a 2:1 nonlinear
resonance. It is also possible to improve this result by combining couplings with the chaotic
sea and multiple perturbative couplings via the 1:4 and 1:3 resonances. This configuration
gives rise to 7 = 0.84 s and is obtained for N, =5, U/J = 20, §/J = 19.5 and hw/J = 20.
This result is presented in Sec. 4.5.

Indeed, the increase of the tunneling rate (or equivalently the decrease of the NOON
time) is the consequence of the presence of chaos and nonlinear resonances in the phase space.
These structures are able to produce coupling matrix elements at the quantum level between
the quasimodes |n;,ny), which can speed up the NOON-state generation without altering
too much the regular tori related to this NOON state. This is described in Secs. 4.3 and 4.5.
In this context, the semiclassical theory of resonance- and chaos-assisted tunneling, which is
introduced in Chap. 4, can be used as a guideline to find the optimal parameters. This is
particularly the case for the frequency of the periodic driving, which determines the positions
of the nonlinear resonances in the phase space. Moreover, integrable systems are known to
display an exponential decrease of tunneling rates according to the semiclassical parameter
(here N,). This is illustrated in Sec. 4.2 for the unperturbed two-site Bose-Hubbard model.
Nevertheless, with a prominent chaotic sea, the average slope of the exponential decrease is
slowed down, and there are peaks in the tunneling rate. This opens the way for realizing
NOON states with an increasing number of particles.

We can ask the opposite question, namely if it is possible to coherently suppress tunneling
in the optical trap by means of an external perturbation. Actually, it is possible, and this
phenomenon has been known for several decades. Obviously, this suppression doesn’t have
a lot of interest for the NOON state as the NOON time is already prohibitively large for the
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unperturbed case. Nevertheless, this question makes sense for entangled states with smaller
population imbalances as they have smaller entanglement times. As it is shown in Chap. 2,
the external perturbation is also able to totally suppress the entangled-state formation, es-
pecially for large frequency compared to the width of the unperturbed spectrum. Stated
differently, the entanglement time can become infinite for suitable amplitudes and frequen-
cies. In this context, we present our original contribution by deriving the renormalization of
the tunneling rate related to the two-site Bose-Hubbard model as shown in Sec. 2.4.

As it is explained in Chap. 6, a natural way to study entanglement in a three-site optical
trap is to introduce the notion of triple-NOON state, which corresponds to the coherent
and equivalent superposition between |N,,0,0), |0, N,,0) and |0,0, N,). The protocol here
is the same as in the two-site trap. The Bose-Einstein condensate is loaded on one site
of the symmetric three-site optical trap, and the triple-NOON state is obtained after the
triple-NOON time 7. For example, we compute 7 = 2600 s for N, = 5 and U/J = 20
with the unperturbed three-site Bose-Hubbard model in Sec. 6.5. This time is too long
compared to the timescale of a typical experiment. Here the time-periodic perturbation is
added in the hopping parameter in order to preserve the symmetry of the lattice. The result
7 = 1.1 s is obtained in the near-integrable regime, where pertubative couplings between the
Fock states |ng,n1,n2) is induced by a 2:1 resonance. This result is presented in Sec. 6.5.
The related parameters are N, = 5, U/J = 20, 6/J = 2.4 and hw/J = 120. Here too,
resonance-assisted tunneling can be seen as a guiding mechanism. As in the two-site case,
the presence of a prominent chaotic layer in phase space is a valuable ingredient to obtain
triple-NOON states. For this phase-space structure, the regular regions, on which the states
|N,,0,0), 10, Ny, 0) and |0,0, N,,) are anchored, are separated by a huge chaotic layer. This
structure favors the transitions between these three states. Specifically, we obtain 7 = 2.6
s for N, =5, U/J =20, §/J = 0.95 and hw/J = 60 as presented Sec. 6.6. Moreover, the
exponential increase with N, of the triple-NOON time tends to be damped by means that
huge chaotic layer. This paves the way to obtain a triple-NOON state with an increasing
number of particles.

Perspectives

From the present work, some perspectives can be drawn. At the end of Chap. 6, we suggest
that a huge layer of chaotic motion in phase space is the path to follow to produce triple-
NOON states with higher populations. Nevertheless, resonance-assisted tunneling could be
another way to achieve this goal, and our present lack of knowledge concerning its inherent
mechanisms at higher dimensions prevents us to use it in a valuable way. Indeed, resonance-
and chaos-assisted tunneling has not been studied much so far for several degree-of-freedom
systems. We initiate this study for the three-site Bose-Hubbard model subjected to a periodic
driving by identifying a valuable indicator, namely the triple-NOON time. Moreover, the 3D
slices in a 4D phase space enable one to have a clear representation of the classical dynamics.
The idea would be to develop a semiclassical theory that generalizes resonance- and chaos-
assisted tunneling for two or any degree-of-freedom systems. This should reproduce the
semiclassical theory exposed in Chap. 4 valid for the one degree-of-freedom system. With this
framework, it would be possible to explore quantitatively and qualitatively the semiclassical
limit of the three-site Bose-Hubbard model. With this theory, it should be possible to
combine the effect of chaos and resonances in an optimal way to produce triple-NOON
states with higher populations.

This dissertation focuses exclusively on the generation of double- and triple-NOON states
with ultracold bosonic atoms. Quite naturally, we can ask the question concerning the
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generation of a ntuple-NOON state. Actually, the protocol proposed here can be generalized
for this kind of state. All atoms are loaded on a specific site of a symmetric optical lattice
composed of N, sites. The formation of the ntuple-NOON state is obtained after the ntuple-
NOON time. From a theoretical point of view, this state can be modeled by generalizing
the matrix (6.2.1) to a Ny x Ny matrix where all diagonal elements, i.e. the unperturbed
energies, are the same and are coupled to each other with the same coupling matrix element
V. From an experimental point of view, this kind of state is quite challenging. Indeed, it
requires a symmetric optical lattice, in a sense that the on-site interaction must be the same
for each site as well as the hopping between any pair of sites. This requirement is more easily
fulfilled for the two- and three-site optical traps as they can be produced in a plane. For a
quadruple NOON state, for example, the four-site optical trap must be considered in three
dimensions such that it can be generated for a lattice with the shape of a tetrahedron.

The protocol proposed to produce a NOON state (or a triple-NOON state) assumes a
nearby perfect symmetry of the optical lattice maintained during several seconds. This re-
quirement could lead to experimental complications. These complications are not addressed
in this dissertation. One way to overcome this potential problem would be to use the notion
of time crystal for which the symmetry is guaranteed by construction [172]. Specifically,
the ultracold atoms are confined in a ring-shaped trap [173]. By means of 2:1 resonance
produces by an external perturbation, the condensate displays two possible rotational states
of motion. The idea would be to load the ultracold atoms in one of them and wait the
NOON time in order to obtain the coherent superposition between these two rotational
states. From a phase space point of view, it means that the initial wave packet is localized
on a specific island of the 2:1 resonance. This protocol can also be used for a 3:1 resonance
to produce a triple-NOON state, implying three rotational states of motion, as the islands
are still connected in the same way. In this context, the coupling between these islands is
a chaos-assisted tunneling mechanism such that this theory is directly required to evaluate
the hopping parameter. Moreover, the on-site (or on-island) interaction can depend on time
because the spatial localization of the wave packet can vary on one period of the time crys-
tal. That is why the parameter of the Bose-Hubbard model would require more effort to be
determined.
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Appendix A

Floquet theory and two-site
Bose-Hubbard Hamiltonian

A.1 General solutions of Floquet systems

The purpose of this appendix is to demonstrate that the solutions of the Schrodinger equation
characterized by a time-periodic Hamiltonian with a period T, i.e. H(t 4+ T) = H(t), is the
combination an imaginary exponential and a function characterized by a period 7. We
assume that the |, (f)) are the solutions of the Schrodinger equation,

(1)) = B, (1), (AL1)

where v labels the different solutions. As the Hamiltonian is periodic, the [¢,(t + T')) are
also solutions,

ih%W,,(t—i—T» — A0t + T)). (A12)

In this case, the solutions are related by a phase factor [174],
0, (1) = e7 [, (¢ + T)). (A.1.3)

We define the quasienergies €, such that

ha
= . Al4
GV T ( )

The function |u,(t)) defined as
[, (1)) = M (1)) (A.1.5)

is then periodic, |u,(t)) = |u,(t +7T)). In this framework the solutions of (A.1.1) are given
by the combination of an imaginary exponential and a function with the periodicity of the
Hamiltonian,

[ (t)) = €7 My (2)). (A.1.6)
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A.2 Two-site Bose-Hubbard Hamiltonian in the Fock ba-
Sis

The purpose of this appendix is to decompose the two site Bose-Hubbard Hamiltonian,

N R i U, ..+ ST
H(t) = — J(alay + alay) + E(aiaialal + abalands)
+ d cos(wt)(ala, — abay), (A.2.1)
into the Fock basis,
{ln,N,—n) | n=0,1,2,...,N,}, (A.2.2)

in order to build the Floquet matrix (2.3.4). The following frame indicates the action of the
different operators on the Fock states with n; +ny = N, and with [ =1, 2.

- Jdidg\nl,m) = —J\/nz(nl + 1)|n1 -+ 1,77,2 — 1>
— Jabar|ny, no) = —Jy/na(ns + 1)|ny — 1,np + 1)

Uyt . U
EalTalTalal]nl,n2> = §nl(nl — 1)|ng, ng)
)

§d;dl’n1;n2> = énl|n17n2>

The Fourier decomposition of Eq. (A.2.1) is given by I:I(t) = Hy + ﬁl(ei‘”t + e and
the mode one of the Fourier coefficients is diagonal,

—IN, 0 0
0 :
(Hy) = : $(n1 — no) S I (A.2.3)
: .0
0o ... 0 IN,

Concerning the specific case of N, = 3, the central diagonal block reads

3U  —V3J 0 0

. =37 U -2 0

(Hy) = g ey U Ay (A.2.4)
0 0 —V3J 3U

A.2.1 Measurement

A basis of solutions of the Schréodinger equation (2.2.5), where the Fourier coefficients |a, )
of |u,(t)) are decomposed in the Fock basis, is given by

+00 Np
{|u,,(t)) = Z ekt Z Fykn|n, Ny —n)
n=0

k=—o0

VzO,l,...,Np}. (A.2.5)
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The eigenstates |f,) of the eigenvalue equation (2.2.8) are made of the coefficients F) j ,
such that

For-1n,
Fl/,k,(]

(1)) = : : (A.2.6)

FI/,’{J7NP
Fu,k+1,0

Any state can be decomposed in that basis,

Np

[6(1) =Y eulto) e Mu, (1) (A.2.7)

v=0

with ¢,(tg) = (u,(to)|¢(to)). The probability to be in the state |n},nj), knowing that the
system is initially in the state |(to)) = |n1, n2), is given by

Puy(t) = l{, g (1) (A.258)
Ny 2
= > clty) e =B, L] (A.2.9)
v=0

where the different elements read

alt) = Y e ®Es (A.2.10)
k=—o00

By = Z Ty D (A.2.11)
k=—o00

A.2.2 Average of the measurements

In the symmetric case, meaning that the Hamiltonian is invariant under the permutation
of both sites, the temporal evolution can be dominated by two symmetrically related basis
elements such that

[@(2)) ~ et M, (2)) 4 et 0P, (1)), (A.2.12)

where the symmetric and antisymmetric parts are roughly given by |, (t)) ~ 1/v/2(|ny, ny)=+
|ng, 1)) with €,, ~ €, . The purity is a time-independent indicator of the global dynamics
defined as

p =M, + M,,, (A.2.13)

with n; + ng = N, and

1 T
M, = — N, — 2dt. A2.14
0 MU TG (A214

If the purity is close to 1, the dynamic is largely dominated by the states |nq, ns) and |ng, nq).
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A.3 Two-site Bose-Hubbard Hamiltonian in the symmetry-
adapted basis

The purpose of this appendix is to decompose the two-site Bose-Hubbard Hamiltonian,

+ 0 cos(wt)(alay — aday), (A.3.1)

into a symmetric and antisymmetric basis, i.e. a basis of the permutation operator ]3, which
is defined as P|ny,ng) = |ng,ny). This will lead to the Floquet matrix (2.3.4) related to
the two-site Bose-Hubbard system. The following frame indicates the action of the different
operators on some symmetric and antisymmetric states (I = 1,2) with ny +ng = N,,.

i i 1
°— J(agal + a{ag) (In1,ng) £ na,ny)) —=

V2
1
=—Jyvni(ng+1)(Jny — Lng +1) £ |ne + 1,ny — 1))E

1
— J\/ ng(nl -+ 1)(|n1 + ]_,TZQ — ]_> + |7l2 — 17711 + 1>)E
o — J (abay + alas)|n,n)

=—JV2nn+D(ln—1,n+1)+|n+1,n—1))

Sl

U/\T/\T/\ ~ 1

—alalalal(|n1, ng) + |ng,ny))—

1=1,2 2 V2
Y — 1) + na(ng — 1)) (jrr, ma) £ [y ma))—
= —(n1(ng — na(no — niy,n N9, Np))——=
2 1 1 2 2 1 2 2 1 \/5

S 4. i 1

5(@%1 — Gbas)(Iny, na) £ |n2,n1>)ﬁ
1) 1

=5 (n1 —n2) (In1,n2) F |n2,n1>)ﬁ
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A.3.1 N, odd
The chosen basis reads (with ny = N, — ny)
oo mnma) ) sl = )| 0 = 0,1, (3, = 12
7\/5 1,702 2, 101 7"'7\/§ 1,702 291017 )y« - 1 — Yy by p
(A.3.2)
The particular case N, = 3 gives rise to
3U  —V3J
; —V/3J U—2J
Hy) = A3
—V3J U+2J
=20
. 0 =
(H) = | = 2 (A.3.4)
2
0 3
By combining these blocks, the Floquet matrix will take the form (2.3.10).
A.3.2 N, even
The chosen basis reads (with ny = N, —nq)
= (frama) o [z, ), 1N /2, Ny f2), =, ma) = s, ), |
SRV 1,72 2,M1) )55 |[Np/ 2, Np RN 1, M2 2,M1)), -
n =0,1,..,N,/2—1
(A.3.5)
The particular case N, = 4 gives rise to
6U —-2J 0
A —-2J  3U  —V12J
(Hy) = 0 —Vv12J 2U : (A.3.6)
6U —2J
—-2J 3U
=20
5 =2
. 2
(Hy) = 0 O . (A.3.7)
=2 0 0
0 =2 0

By combining these blocks, the Floquet matrix will take the form (2.3.10).
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A.3.3 Measurement
In the framework of the symmetric and antisymmetric basis, the Schrédinger equation (2.2.5)

can be written as )
(1(t) = ihd, ) Jug (1)) = eglug (1)), (A.3.8)

where 0 = £. The symbol + refers to the block Fg in the relation (2.3.10), i.e. the Floquet
block where S is central. The symbol — refers to the block F4 in the relation (2.3.10), i.e. the
Floquet block where A is central. By abuse of language, we can call Fis the symmetric block
and F, the antisymmetric block.

A basis of solution of the Schrédinger equation (A.3.8), where the Fourier coefficients
|7 ,.) of |u(t)) are decomposed in the symmetric and antisymmetric basis (A.3.2) or (A.3.5),
is given by

D7 -1

+o00
|’U/g<t)> — Z ikwt Z anl "]’L17TL2> +pk|n2,n1>) g = :l:’ V= 17 27 ...,DU ,
k=—o00 n1=0
(A.3.9)
where DT = dimS and D~ = dimA are the dimensions of the symmetric and antisymmetric

blocks of Hy respectively (see the relation (2.1.9)). It means that N = Dt + D~ = N, 4+ 1
with NV the dimension of the Hilbert space. Moreover, we have

N, odd: Di = D" = D™ = N/2, (A.3.10)
N, even: D* = (N +1)/2 and D~ = (N —1)/2, (A.3.11)

D];_L:{Di if k%2 =0

A3.12
D¥  if k%240 ( )

The values of pf are given by pf = +(—1)* for n; # ny. The case n; = ny gives rise to
P =v2-1.

Any state can be decomposed in that basis,

ZZC e~iot=t)/h (1)), (A.3.13)

o=+ v=1

where ¢7(ty) = (uf(to)|¢(to)). The probability to be in the state |n}, nj), knowing that the
system is initially in the state |¢(to)) = |n1, n2), is given by

P (t) = !<n’1,n’2\¢(t)>|2 (A.3.14)
ZZ T (1) BY | (A.3.15)
o=%£ v=1

with By = (ny, nylug(t)).
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The coefficients read

¢ +oo FO—*
—1 7k7
E : e ikwty ~ V,k,n1 ny < ng
k=—o00 \/5
+o00
—ikwt, o*
cy(to) = Z € OFu,k,n1(50,+ 0k%2,0 + 00— Ok%2,)0) ny = ng (A.3.16)
k=—o00
400 Fo*
—ikwt, v,k,n1
E e opy W niy > No,
\ k=—o00
( o) FO'
.y l/,k/,TL/
E ezk: wt 1 nll < n/2
k'=—oc0 \/5
o
ik’ wt o I /
T =8 D FE L (Gos ka0 + o hi0) ny = ny (A.3.17)
k/=—o00
oo Fo
7 vk n,
E ekt pe, NG 2 ny > nj.
\ k’'=—00 2

Here we have dpy20 = 1 if k%2 # 0 and g2, 0 = 0 in the other cases.

A.3.4 Average of the measurements

In the symmetric case, meaning that the Hamiltonian is invariant under the permutation
of both sites, the temporal evolution can be dominated by two symmetrically related basis
elements such that

[G(1)) ~ e Mt () 4 e T M (1)), (A.3.18)

where |ut(t)) ~ 1/v/2(|n1,ns) £ |ng,n1)) with € ~ ¢,. In this context, having a global
vision of the dynamics can be achieved by computing the purity

p= My, + M,,, (A.3.19)
based on the overlap
(1 “+o0o )
3 Z ‘F:k7n1| ny < Ngy
k=—0oc0
17 = o 2
Mgl = f/ dt |{ny, n2|u§(t))|2 = Z ’Fu,kz,nl‘ (5o,+ 0k%2,0 + Oo,— 5k%2,|0) ny = ng
0 k=—o00
+00
1 o 2
3 Z ‘Fu,k,n2| ny > na.
\ k=—
(A.3.20)

Here we have M,, = (M, + M, )/2 and n; 4+ ny = N,. If the purity is close to 1, it means
that the dynamics is largely dominated by the states |ny,n2) and |ng, ny).






Appendix B

Monodromy matrix

The monodromy matrix characterizes the stability of a fixed point by tracking the dynamics
around it. Here P : z — 2’ denotes the mapping of a point z = ]q) on a stroboscopic map

or a Poincaré section to the next point z’. A fixed point of order r, denoted by z*, obeys the
relation

Pr(2") = 27, (B.0.1)
where P, =P o---o P refers to r times the application of the mapping P.

As the point z = 2z* 4+ 0z is assumed to be close to the fixed point, the map can be
linearized around z*,

P.(z" +dz) = 2'(2) (B.0.2)
. 97(2)

~ 2"+ bz | 0z (B.0.3)

=z"+ M(z")oz. (B.0.4)

Here M(z*) is the Jacobian matrix which links z and 2’. In this context, this matrix is called
the monodromy matrix or the tangent map.

The knowledge of this matrix gives precious information about the dynamics around the
fixed point. In the two-dimensional map case, the elliptic fixed points, for which the motion
in its vicinity is stable, are characterized by |Tr(M)| < 2 while the hyperbolic fixed points,
for which the unstable motion in its vicinity is described by an exponential separation with
respect to the fixed point, are characterized by |Tr(M)| > 2. For more details, see [65,66].
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Appendix C

Two-level approximation

The two-level model presented here has the purpose to describe the transitions between
the states |a) and |b) by means of the coupling parameter V. It is important to point out
that this simple system can still be suitable even for a Hilbert space dimension larger than
two. For instance, it can be applied for the two-site Bose-Hubbard model as detailed in
Sec. 2.1.2. In this context, V describes an effective coupling, which incorporates the direct
transition between both states and the indirect transitions via the other states. The two-level

Hamiltonian reads
- E, V
(H) = (V Eb> )

The eigenvalues read

E, + V2,

B+ E, \/(Eb—Ea)2
T T 1

In the case where F, > F,, the eigenvectors read

|1) = cosf|a) — sin |b)
|2) = sinf|a) + cosb|b),
with
2V

tan(20) = )
an(20) B L.

The states |a) and |b) can be expressed in terms of |1) and |2),

la) = cosB|1) + sin6|2),
|b) = —sind|1) + cos 6|2).

If B, = E, and V > 0, the eigenvectors read
(la) = 16)),
(la) + 16)),

1) =

2) =

Sl

1
2

Sl
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which, respectively, correspond to the antisymmetric and the symmetric combination of the
states |a) and |b). The system is assumed to be initially in the state |a),

1

V2

The temporal evolution leads to periodic oscillations between both states,

6(0)) = |a) (1) +12). (C.0.5)

1
(1)) = 7

AE .. (AE
= cos (%t) la) 4 i sin (%t) |b), (C.0.7)

(efiEuf/h‘l) + e*iE2t/h’2>) (006)

where AE = E; — Es.

In this framework, it is possible to define a frequency Q = |AE|/h, called the Rabi
frequency, which determines the time to obtain a complete transfer of population from |a)
to |b). The detection probabilities to obtain |a) and |b) read respectively

Py (t) = cos® <%t) : (C.0.8)
Py (t) = sin® (—t> : (C.0.9)

This simple model will be used as an approximation throughout this thesis. Let us
imagine a gas of ultracold bosonic atoms, characterized by N, particles, defined on two states
which correspond to two spatially separated orbitals. These two orbitals can be modeled by
the dynamics of |a) and |b) in certain circumstances explained in Sec. 2.1.2.



Appendix D

Matrix representation of the
unperturbed three-site Bose-Hubbard
Hamiltonian

The purpose of this appendix is to decompose the unperturbed three-site Bose-Hubbard
Hamiltonian in the symmetry-adapted basis. This Hamiltonian reads

H=—n (agal + a{ao) .y (a{ag + a§a1> —k (a;ao + agaQ)
U (D.0.1)
+3 (mg@gaoao +alalana + a;a;a2a2) + £abao.
The symmetry-adapted basis is an eigenbasis of the permutation operator between site 1 an

2. It reads

{Ino,n1,n2)y ... |ng, 0y, ny) ... |ng,ni,me) ... }, (D.0.2)
with
ny=0,1,...,d ny=0,1,...,Dp — 1
ne=mn1+1,...,N,—mny ny = N, — 2n, (D.0.3)

nosz—nl—ng

d N, odd
2
d= (D.0.4)
N,
5~ N, even.
By definition, we have
| ez —= )£ ) (D.0.5)
Ny, N1, No)+ = ng, N1, N ng,Na, N1)) - 0.
0,101, N2)+ NG 0,101, M2 0,12, N1

The dimension of the Hilbert space is given by [162]

N, +2)(N, + 1)

o
2

= D"+ D", (D.0.6)
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with D* the dimension of the symmetric and antisymmetric subspaces respectively. The
following table displays the different dimensions related to the system.

N, even : N, odd:
D N, +2 D N, +1
ne 2 ne 2
D_D Dye D—D D,
e 2 e 2
2
:ﬁ—F% :_p_i_%_i_l
4 2 4 2 4 (D.0.7)
DY =D, + D, DY =D, + D,
N? N2 3
=_P L N +1 =_P N 4+ =
1 + N, + 1 + p+4
D™ =D, D™ =D,
NN, NN,
4 2 4 2 4

As the Hamiltonian (D.0.1) is unchanged under the permutation between site 1 and 2,

A~

its form is block diagonal is the basis (D.0.2) such that (H) = diag(.S, A), with S and A the
symmetric and antisymmetric block, respectively. For N, = 1, it takes the form

(0,0,1] |0707J1>+ |1’3’§0> 10,0,1)_
_ H\UY - - K .
5= (1,0,0] ( —V2k 3 ) A= _(0,0,1] ( +J ). (D.0.8)
For N, = 2, it takes the form
11,0,1), [0,0,2), |2,0,0) 0,1,1)
+<17071| 5_ J _\/Elf —2K —\/5/{
S = +<O7072‘ _\/5/'i U 0 —2J
(2,0,0] —2K 0 AWU+28 0 ’
<07 L, ]-| _\/5/1 —2J 0 0
11,0,1)_ 0,0,2)_
A: —<17071| £+J _\/§I€
*<07072’ _\/5/1 U
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For N, = 3, it takes the form

12,0, 1), 11,0,2),  10,0,3), 10,1,2).  3,0,0)
H{2,0,1] (AU +26—J —2kK 0 0 —V/2 x 3k
+(1,0,2| —2K U+¢ —V/3K —K 0
g +{0,0, 3| 0 —V/3k 3U —/3J 0
+{0,1,2| 0 —K —/3J U-2J 0
+(3,0,0| 2 X 3K 0 0 0 37U + 3¢
AL\ —V2 X2k —V2x2J] 0 —V/2 x 2k 0
12,0,1)_  |1,0,2)_ 0,0,3)_ [0,1,2)_
_(2,0,1| [yU+26+JT 2k 0 0
4 (1,02 —2K U+& —V3k —K
_{0,0, 3| 0 —V/3k 3U —V/3J
_{0,1,2] 0 —K —V/3J  U+2J
The general eigenbasis reads
{IX) |o==+; v=1,2,...,D%},

with the decomposition in the symmetry-adapted basis (ng =

IX7) =

Np — Ny — 712),

Np—nq

Y Y

n1=0ngo=n1+1
Dpe—1

+§a'+ Z an nl\no,nl,nl).

n1=0

|n07 ny, n?) + U|n07 no, nl))

l/nl nz\/_

]1,1,1)
2 X 2K

—/2x2J
—vV2 X 2K

(D.0.9)

(D.0.10)

(D.0.11)

Any state |¢(t)) can be decomposed in that basis and its temporal evolution reads

with ¢9(tg) =

ZZ —ze (t—to /fL| cr>

o=+ v=1

Hnomhm)(t) - |<n07 ni, n2|¢(t)>|2

(D.0.12)

(X2|d(to)) and H|x3) = €7|x3). This gives access to the transition probabilities,

(D.0.13)

It can be interesting to have an indicator which captures time-independently the main
features of the dynamics. That is why the purity is defined as

p = Moyn, + Mn, 0,

(D.0.14)
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with My, n, = M-+ M, . and

ni,n2 ni,n2
Mg, 4, = (o, 1, o[ x7) (D.0.15)
1 2
= |F ny #n
! ”’"1’”2L L7 (D.0.16)
6‘77+ |Flzn1,n1| = na.

If the purity is close to 1, it means that the dynamics is overwhelmingly dominated by the
transitions between |0,0, N,) and |0, N, 0).



Bibliography

(1]
2l
3]
4]
[5]
(6]

7]

8]

19]

[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

J. S. Bell, Speakable and Unspeakable in Quantum Mechanics: Collected Papers on Quantum
Philosophy. Cambridge University Press, 1987.

A. Einstein, B. Podolsky, and N. Rosen, “Can quantum-mechanical description of physical
reality be considered complete?,” Phys. Rev., vol. 47, pp. 777-780, May 1935.

S. J. Freedman and J. F. Clauser, “Experimental test of local hidden-variable theories,” Phys.
Rev. Lett., vol. 28, no. 14, p. 938, 1972.

A. Aspect, P. Grangier, and G. Roger, “Experimental tests of realistic local theories via Bell’s
theorem,” Phys. Rev. Lett., vol. 47, pp. 460-463, Aug. 1981.

C. A. Kocher and E. D. Commins, “Polarization correlation of photons emitted in an atomic
cascade,” Phys. Rev. Lett., vol. 18, pp. 575-577, Apr. 1967.

J. S. Bell, “On the Einstein Podolsky Rosen paradox,” Phys. Phys. Fiz., vol. 1, pp. 195-200,
Nov. 1964.

B. Hensen, H. Bernien, A. E. Dréau, A. Reiserer, N. Kalb, M. S. Blok, J. Ruitenberg, R. F.

Vermeulen, R. N. Schouten, C. Abellan, et al., “Loophole-free Bell inequality violation using
electron spins separated by 1.3 kilometres,” Nature, vol. 526, no. 7575, pp. 682-686, 2015.
Y. Lin, D. R. Leibrandt, D. Leibfried, and C.-w. Chou, “Quantum entanglement between an
atom and a molecule,” Nature, vol. 581, no. 7808, pp. 273-277, 2020.

K. C. Lee, M. R. Sprague, B. J. Sussman, J. Nunn, N. K. Langford, X.-M. Jin, T. Cham-
pion, P. Michelberger, K. F. Reim, D. England, D. Jaksch, and I. A. Walmsley, “Entangling

macroscopic diamonds at room temperature,” Science, vol. 334, no. 6060, pp. 1253-1256,
2011.

I. Afek, O. Ambar, and Y. Silberberg, “High-NOON states by mixing quantum and classical
light,” Science, vol. 328, p. 879, 2010.

Y. Israel, S. Rosen, and Y. Silberberg, “Supersensitive Polarization Microscopy Using NOON
States of Light,” Phys. Rev. Lett., vol. 112, p. 103604, Mar. 2014.

J. Zhang, M. Um, D. Lv, J.-N. Zhang, L.-M. Duan, and K. Kim, “NOON states of nine quan-
tized vibrations in two radial modes of a trapped ion,” Phys. Rev. Lett., vol. 121, p. 160502,
2018.

M. H. Anderson, J. R. Ensher, M. R. Matthews, C. E. Wieman, and E. A. Cornell, “Obser-
vation of Bose-Finstein condensation in a dilute atomic vapor,” Science, vol. 269, no. 5221,
pp. 198-201, 1995.

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,” Phys. Rev. Lett.,
vol. 75, pp. 3969-3973, Nov. 1995.

A. Einstein, “Quantentheorie des einatomigen idealen gases,” Sitzungsberichte der Preussis-
chen Akademie der Wissenschaften, Physikalisch-mathematische Klasse, vol. 22, pp. 261267,
1924.

A. FEinstein, “Quantentheorie des einatomigen idealen gases: Zweite abhandlung,” Sitzungs-
berichte der Preussische Akademie der Wissenschaften, vol. 1, p. 3, 1925.

S. N. Bose, “Plancks gesetz und lichtquantenhypothese,” Z. Phys., vol. 26, pp. 178-181, 1924.

147



[18]
[19]
[20]

[21]

[22]
[23]

[24]

[25]
[26]
[27]
28]

[29]

[30]
[31]

[32]

[33]

[34]

[35]

[36]

[37]

O. Morsch and M. Oberthaler, “Dynamics of Bose-Finstein condensates in optical lattices,”
Rev. Mod. Phys., vol. 78, pp. 179-215, Feb. 2006.

I. Bloch, J. Dalibard, and W. Zwerger, “Many-body physics with ultracold gases,” Rev. Mod.
Phys., vol. 80, pp. 885-964, Jul. 2008.

C. J. Pethick and H. Smith, Bose-Finstein Condensation in Dilute Gases. Cambridge Uni-
versity Press, 2e ed., 2008.

M. Albiez, R. Gati, J. Folling, S. Hunsmann, M. Cristiani, and M. K. Oberthaler, “Direct
observation of tunneling and nonlinear self-trapping in a single bosonic Josephson junction,”
Phys. Rev. Lett., vol. 95, p. 010402, 2005.

L. Santos, M. A. Baranov, J. I. Cirac, H.-U. Everts, H. Fehrmann, and M. Lewenstein, “Atomic
quantum gases in kagomé lattices,” Phys. Rev. Lett., vol. 93, p. 030601, Jul. 2004.

B. Damski, H. Fehrmann, H.-U. Everts, M. Baranov, L. Santos, and M. Lewenstein, “Quantum
gases in trimerized kagomé lattices,” Phys. Rev. A, vol. 72, p. 053612, Nov. 2005.

S. Folling, S. Trotzky, P. Cheinet, M. Feld, R. Saers, A. Widera, T. Miiller, and I. Bloch,
“Direct observation of second-order atom tunnelling,” Nature, vol. 448, no. 7157, pp. 1029-
1032, 2007.

J. Hubbard, “Electron correlations in narrow energy bands,” Proc. R. Soc. A, vol. 276,
no. 1365, pp. 238-257, 1963.

H. A. Gersch and G. C. Knollman, “Quantum cell model for bosons,” Phys. Rev., vol. 129,
pp. 959-967, Jan. 1963.

M. P. A. Fisher, P. B. Weichman, G. Grinstein, and D. S. Fisher, “Boson localization and the
superfluid-insulator transition,” Phys. Rev. B, vol. 40, pp. 546-570, Jul. 1989.

D. Jaksch, C. Bruder, J. I. Cirac, C. W. Gardiner, and P. Zoller, “Cold bosonic atoms in
optical lattices,” Phys. Rev. Lett., vol. 81, pp. 3108-3111, Oct. 1998.

M. Greiner, O. Mandel, T. Esslinger, T. W. Hénsch, and I. Bloch, “Quantum phase transition
from a superfluid to a Mott insulator in a gas of ultracold atoms,” Nature, vol. 415, no. 6867,
pp- 3944, 2002.

J. P. Dowling, “Quantum optical metrology — the lowdown on high-NOON states,” Contemp.
Phys., vol. 49, no. 2, pp. 125-143, 2008.

L. Pezzé, A. Smerzi, M. K. Oberthaler, R. Schmied, and P. Treutlein, “Quantum metrology
with nonclassical states of atomic ensembles,” Rev. Mod. Phys., vol. 90, p. 035005, Sep. 2018.
J. A. Jones, S. D. Karlen, J. Fitzsimons, A. Ardavan, S. C. Benjamin, G. A. D. Briggs, and
J. J. L. Morton, “Magnetic field sensing beyond the standard quantum limit using 10-spin
NOON states,” Science, vol. 324, pp. 1166—-1168, May 2009.

C. Song, K. Xu, W. Liu, C. p. Yang, S.-B. Zheng, H. Deng, Q. Xie, K. Huang, Q. Guo,
L. Zhang, P. Zhang, D. Xu, D. Zheng, X. Zhu, H. Wang, Y.-A. Chen, C.-Y. Lu, S. Han,
and J.-W. Pan, “10-qubit entanglement and parallel logic operations with a superconducting
circuit,” Phys. Rev. Lett., vol. 119, p. 180511, 2018.

J. I. Cirac, M. Lewenstein, K. Mglmer, and P. Zoller, “Quantum superposition states of Bose-
Einstein condensates,” Phys. Rev. A, vol. 57, p. 1208, 1998.

J. M. Gerton, D. Strekalov, I. Prodan, and R. G. Hulet, “Direct observation of growth and
collapse of a Bose-Einstein condensate with attractive interactions,” Nature, vol. 408, no. 6813,
pp. 692-695, 2000.

E. A. Donley, N. R. Claussen, S. L. Cornish, J. L. Roberts, E. A. Cornell, and C. E. Wieman,
“Dynamics of collapsing and exploding Bose-Einstein condensates,” Nature, vol. 412, no. 6844,
pp. 295-299, 2001.

R. J. Dodd, M. Edwards, C. J. Williams, C. W. Clark, M. J. Holland, P. A. Ruprecht, and
K. Burnett, “Role of attractive interactions on Bose-Einstein condensation,” Phys. Rev. A,
vol. 54, pp. 661-664, Jul. 1996.

148



[38]
[39]
[40]
[41]

[42]

43)
[44]
j45)
J46]
j47)

[48]

[49]
[50]

[51]

52|
[53]
[54]
[55]
[56]
[57]
[58]
[59]

[60]

D. Gordon and C. M. Savage, “Creating macroscopic quantum superpositions with Bose-
Einstein condensates,” Phys. Rev. A, vol. 59, p. 4623, 1999.

A. Sgrensen, L.-M. Duan, J. I. Cirac, and P. Zoller, “Many-particle entanglement with Bose-
Einstein condensates,” Nature, vol. 409, no. 6816, pp. 63-66, 2001.

J. A. Dunningham and K. Burnett, “Proposals for creating Schrédinger cat states in Bose-
Einstein condensates,” J. Mod. Opt., vol. 48, p. 1837, 2001.

A. Micheli, D. Jaksch, J. I. Cirac, and P. Zoller, “Many-particle entanglement in two-
component Bose-Finstein condensates,” Phys. Rev. A, vol. 67, p. 013607, 2003.

K. W. Mahmud, H. Perry, and W. P. Reinhardt, “Phase engineering of controlled entangled
number states in a single component Bose-Einstein condensate in a double well,” J. Phys. B:
At. Mol. Opt. Phys., vol. 36, p. L265, 2003.

K. W. Mahmud, H. Perry, and W. P. Reinhardt, “Quantum phase-space picture of Bose-
Einstein condensates in a double well,” Phys. Rev. A, vol. 71, p. 023615, Feb. 2005.

T. Zibold, E. Nicklas, C. Gross, and M. K. Oberthaler, “Classical bifurcation at the transition
from Rabi to Josephson dynamics,” Phys. Rev. Lett., vol. 105, no. 20, p. 204101, 2010.

J. Ruostekoski, M. J. Collett, R. Graham, and D. F. Walls, “Macroscopic superpositions of
Bose-Einstein condensates,” Phys. Rev. A, vol. 57, p. 511, 1998.

I. Mazets, G. Kurizki, M. Oberthaler, and J. Schmiedmayer, “Creation of macroscopic quan-
tum superposition states by a measurement,” EPL, vol. 83, no. 6, p. 60004, 2008.

H. Cable, F. Laloé, and W. J. Mullin, “Formation of NOON states from Fock-state Bose-
Einstein condensates,” Phys. Rev. A, vol. 83, p. 053626, 2011.

A. A. Bychek, D. N. Maksimov, and A. R. Kolovsky, “NOON state of Bose atoms in the
double-well potential via an excited-state quantum phase transition,” Phys. Rev. A, vol. 97,
p- 063624, Jun. 2018.

N. Teichmann and C. Weiss, “Coherently controlled entanglement generation in a binary
Bose-Einstein condensate,” EPL, vol. 78, p. 10009, 2007.

C. Weiss and Y. Castin, “Creation and detection of a mesoscopic gas in a nonlocal quantum
superposition,” Phys. Rev. Lett., vol. 102, p. 010403, 2009.

A. L. Streltsov, O. E. Alon, and L. S. Cederbaum, “Scattering of an attractive Bose-Einstein
condensate from a barrier: Formation of quantum superposition states,” Phys. Rev. A, vol. 80,
p. 043616, 20009.

G. Vanhaele and P. Schlagheck, “NOON states with ultracold bosonic atoms via resonance-
and chaos-assisted tunneling,” Phys. Rev. A, vol. 103, p. 013315, Jan. 2021.

A. Smerzi, S. Fantoni, S. Giovanazzi, and S. R. Shenoy, “Quantum coherent atomic tunneling
between two trapped Bose-Einstein condensates,” Phys. Rev. Lett., vol. 79, p. 4950, Dec. 1997.
G. J. Milburn, J. Corney, E. M. Wright, and D. F. Walls, “Quantum dynamics of an atomic
Bose-Einstein condensate in a double-well potential,” Phys. Rev. A, vol. 55, p. 4318, 1997.
M. J. Steel and M. J. Collett, “Quantum state of two trapped Bose-Einstein condensates with
a Josephson coupling,” Phys. Rev. A, vol. 57, no. 4, p. 2920, 1998.

R. W. Spekkens and J. E. Sipe, “Spatial fragmentation of a Bose-Einstein condensate in a
double-well potential,” Phys. Rev. A, vol. 59, no. 5, p. 3868, 1999.

E. A. Ostrovskaya, Y. S. Kivshar, M. Lisak, B. Hall, F. Cattani, and D. Anderson, “Coupled-
mode theory for Bose-Einstein condensates,” Phys. Rev. A, vol. 61, p. 031601, Feb. 2000.

A. J. Leggett, “Bose-Einstein condensation in the alkali gases: Some fundamental concepts,”
Rev. Mod. Phys., vol. 73, pp. 307-356, 2001.

D. Ananikian and T. Bergeman, “Gross-Pitaevskii equation for Bose particles in a double-well
potential: Two-mode models and beyond,” Phys. Rev. A, vol. 73, p. 013604, 2006.

L. Fu and J. Liu, “Quantum entanglement manifestation of transition to nonlinear self-
trapping for Bose-Einstein condensates in a symmetric double well,” Phys. Rev. A, vol. 74,
no. 6, p. 063614, 2006.

149



[61]

[62]

[63]
[64]
[65]

[66]
[67]

[68]
[69]
[70]
[71]

72|

(73]
[74]
[75]

[76]
[77]

(78]

[79]

[80]
[81]

[82]

[83]

B. Julid-Diaz, D. Dagnino, M. Lewenstein, J. Martorell, and A. Polls, “Macroscopic self-
trapping in Bose-Einstein condensates: Analysis of a dynamical quantum phase transition,”
Phys. Rev. A, vol. 81, no. 2, p. 023615, 2010.

A. N. Salgueiro, A. F. R. de Toledo Piza, G. B. Lemos, R. Drumond, M. C. Nemes, and
M. Weidemiiller, “Quantum dynamics of bosons in a double-well potential: Josephson oscilla-

tions, self-trapping and ultralong tunneling times,” Fur. Phys. J. D, vol. 44, no. 3, pp. 537540,
2007.

G. Watanabe, “Efficient creation of maximally entangled states by modulation of tunneling
rates,” Phys. Rev. A, vol. 81, no. 2, p. 021604, 2010.

G. Watanabe and H. Makelé, “Floquet analysis of the modulated two-mode Bose-Hubbard
model,” Phys. Rev. A, vol. 85, no. 5, p. 053624, 2012.

M. Tabor, Chaos and integrability in monlinear dynamics : An introduction . Wiley New
York, 1989.

S. Wimberger, Nonlinear dynamics and quantum chaos. An introduction. Springer, 2014.

O. Brodier, P. Schlagheck, and D. Ullmo, “Resonance-assisted tunneling in near-integrable
systems,” Phys. Rev. Lett., vol. 87, p. 064101, 2001.

O. Brodier, P. Schlagheck, and D. Ullmo, “Resonance-assisted tunneling,” Ann. Phys., vol. 300,
p. 88, 2002.

S. Keshavamurthy, “On dynamical tunneling and classical resonances,” J. Chem. Phys.,
vol. 122, no. 11, p. 114109, 2005.

J. Kullig and J. Wiersig, “@ spoiling in deformed optical microdisks due to resonance-assisted
tunneling,” Phys. Rev. E, vol. 94, p. 022202, Aug. 2016.

F. Fritzsch, R. Ketzmerick, and A. Béacker, “Resonance-assisted tunneling in deformed optical
microdisks with a mixed phase space,” Phys. Rev. E, vol. 100, p. 042219, Oct. 2019.

P. Schlagheck, A. Mouchet, and D. Ullmo, “Resonance-assisted tunneling in mixed regular-
chaotic systems,” in Dynamical Tunneling: Theory and Ezperiment (S. Keshavamurthy and
P. Schlagheck, eds.), Boca Raton: Taylor & Francis CRC, 2011.

W. A. Lin and L. E. Ballentine, “Quantum tunneling and chaos in a driven anharmonic
oscillator,” Phys. Rev. Lett., vol. 65, p. 2927, 1990.

O. Bohigas, D. Boosé, R. Egydio de Carvalho, and V. Marvulle, “Quantum tunneling and
chaotic dynamics,” Nucl. Phys. A, vol. 560, p. 197, 1993.

O. Bohigas, S. Tomsovic, and D. Ullmo, “Manifestation of classical phase space structures in
quantum mechanics,” Phys. Rep., vol. 223, p. 43, 1993.

S. Tomsovic and D. Ullmo, “Chaos-assisted tunneling,” Phys. Rev. F, vol. 50, p. 145, 1994.

F. Leyvraz and D. Ullmo, “The level splitting distribution in chaos-assisted tunneling,” J.
Phys. A, vol. 29, p. 2529, 1996.

C. Eltschka and P. Schlagheck, “Resonance- and chaos-assisted tunneling in mixed regular-
chaotic systems,” Phys. Rev. Lett., vol. 94, p. 014101, Jan. 2005.

P. Schlagheck, C. Eltschka, and D. Ullmo, “Resonance- and chaos-assisted tunneling,” in
Progress in Ultrafast Intense Laser Science I (K. Yamanouchi, S. L. Chin, P. Agostini, and
G. Ferrante, eds.), (Berlin), pp. 107-131, Springer, 2006.

A. Backer, R. Ketzmerick, S. Lock, J. Wiersig, and M. Hentschel, “Quality factors and dy-
namical tunneling in annular microcavities,” Phys. Rev. A, vol. 79, no. 6, p. 063804, 2009.

S. Lock, A. Backer, R. Ketzmerick, and P. Schlagheck, “Regular-to-chaotic tunneling rates:
From the quantum to the semiclassical regime,” Phys. Rev. Lett., vol. 104, p. 114101, 2010.

N. Mertig, J. Kullig, C. Lobner, A. Béacker, and R. Ketzmerick, “Perturbation-free predic-
tion of resonance-assisted tunneling in mixed regular-chaotic systems,” Phys. Rev. E, vol. 94,
p. 062220, Dec. 2016.

F. Fritzsch, A. Bécker, R. Ketzmerick, and N. Mertig, “Complex-path prediction of resonance-
assisted tunneling in mixed systems,” Phys. Rev. E, vol. 95, p. 020202, Feb. 2017.

150



[84]

[85]

[86]
[87]
38
[89]
[90]

[91]

92|

193]

[94]
[95]
[96]
[97]

98]
199]

[100]
[101]
[102]

[103]

[104]

[105]

A. Mouchet, C. Eltschka, and P. Schlagheck, “Influence of classical resonances on chaotic
tunnelling,” Phys. Rev. F, vol. 74, p. 026211, Aug. 2006.

M. Richter, S. Lange, A. Bécker, and R. Ketzmerick, “Visualization and comparison of classical
structures and quantum states of four-dimensional maps,” Phys. Rev. E, vol. 89, p. 022902,
Feb. 2014.

S. Lange, M. Richter, F. Onken, A. Bécker, and R. Ketzmerick, “Global structure of regular
tori in a generic 4D symplectic map,” Chaos, vol. 24, no. 2, p. 024409, 2014.

A. J. Lichtenberg and M. A. Lieberman, Regular and chaotic dynamics, vol. 38. Springer
Science & Business Media, 2013.

S. Keshavamurthy, “Resonance-assisted tunneling in three degrees of freedom without discrete
symmetry,” Phys. Rev. E, vol. 72, p. 045203, Oct. 2005.

C. Froeschlé, E. Lega, and R. Gonczi, “Fast lyapunov indicators. application to asteroidal
motion,” Celest. Mech. and Dyn. Astron., vol. 67, no. 1, pp. 41-62, 1997.

C. Froeschlé, M. Guzzo, and E. Lega, “Graphical evolution of the arnold web: from order to
chaos,” Science, vol. 289, no. 5487, pp. 2108-2110, 2000.

S. Karmakar and S. Keshavamurthy, “Relevance of the resonance junctions on the arnold web
to dynamical tunneling and eigenstate delocalization,” J. Phys. Chem. A, vol. 122, no. 43,
pp. 8636-8649, 2018.

S. Karmakar and S. Keshavamurthy, “Intramolecular vibrational energy redistribution and
the quantum ergodicity transition: a phase space perspective,” Phys. Chem. Chem. Phys.,
vol. 22, no. 20, pp. 11139-11173, 2020.

S. Karmakar, P. K. Yadav, and S. Keshavamurthy, “Stable chaos and delayed onset of sta-
tisticality in unimolecular dissociation reactions,” Commun. Chem., vol. 3, no. 1, pp. 1-11,
2020.

S. Karmakar and S. Keshavamurthy, “Arnold web and dynamical tunneling in a four-site
Bose-Hubbard model,” Physica D, vol. 427, p. 133006, 2021.

M. Firmbach, F. Fritzsch, R. Ketzmerick, and A. Bécker, “Resonance-assisted tunneling in
four-dimensional normal-form Hamiltonians,” Phys. Rev. E, vol. 99, no. 4, p. 042213, 2019.

F. Yao, Y.-M. Du, H. Xing, and L. Fu, “Two-parameter estimation with three-mode NOON
state in a symmetric three-well,” arXiv:2107.02459 [quant-ph/, Jul. 2021. arXiv: 2107.02459.

A. Einstein, “Uber einem die erzeugung und verwandlung des lichtes betreffenden heuristischen
gesichtspunkt,” Ann. phys., vol. 4, pp. 132-148, 1905.

L. de Broglie, Recherche sur la théorie des quanta. PhD thesis, Paris, 1924.

C. Davisson and L. H. Germer, “The scattering of electrons by a single crystal of nickel,”
Nature, vol. 119, no. 2998, pp. 558-560, 1927.

C. J. Davisson and L. H. Germer, “Reflection of electrons by a crystal of nickel,” Proc. Natl.
Acad. Sci. U.S.A., vol. 14, no. 4, pp. 317-322, 1928.

E. Schrodinger, “An undulatory theory of the mechanics of atoms and molecules,” Phys. Rev.,
vol. 28, pp. 1049-1070, Dec. 1926.

W. Ketterle, “Nobel lecture: When atoms behave as waves: Bose-Einstein condensation and
the atom laser,” Rev. Mod. Phys., vol. 74, pp. 1131-1151, Nov. 2002.

C. C. Bradley, C. A. Sackett, J. J. Tollett, and R. G. Hulet, “Evidence of Bose-Einstein
condensation in an atomic gas with attractive interactions,” Phys. Rev. Lett., vol. 75, pp. 1687—
1690, Aug. 1995.

D. G. Fried, T. C. Killian, L. Willmann, D. Landhuis, S. C. Moss, D. Kleppner, and T. J.
Greytak, “Bose-Einstein condensation of atomic hydrogen,” Phys. Rev. Lett., vol. 81, pp. 3811—
3814, Nov. 1998.

A. Robert, O. Sirjean, A. Browaeys, J. Poupard, S. Nowak, D. Boiron, C. I. Westbrook, and
A. Aspect, “A Bose-Einstein condensate of metastable atoms,” Science, vol. 292, no. 5516,
pp. 461-464, 2001.

151



[106]

[107]
[108]

[109]

[110]

[111]

[112]
[113]
[114]

[115]

[116]

[117]
[118]
[119]
[120]
[121]
[122]
[123]
[124]

[125]

[126]

G. Modugno, G. Ferrari, G. Roati, R. J. Brecha, A. Simoni, and M. Inguscio, “Bose-
Einstein condensation of potassium atoms by sympathetic cooling,” Science, vol. 294, no. 5545,
pp. 1320-1322, 2001.

L. Pitaevskii and S. Stringari, Bose-Finstein condensation and superfluidity, vol. 164. Oxford
University Press, 2016.

M. Greiner, C. A. Regal, and D. S. Jin, “Emergence of a molecular Bose-Einstein condensate
from a Fermi gas,” Nature, vol. 426, no. 6966, pp. 537-540, 2003.

S. Jochim, M. Bartenstein, A. Altmeyer, G. Hendl, S. Riedl, C. Chin, J. H. Denschlag, and
R. Grimm, “Bose-Einstein condensation of molecules,” Science, vol. 302, no. 5653, pp. 2101—
2103, 2003.

M. W. Zwierlein, C. A. Stan, C. H. Schunck, S. M. F. Raupach, S. Gupta, Z. Hadzibabic,
and W. Ketterle, “Observation of Bose-Einstein condensation of molecules,” Phys. Rev. Lett.,
vol. 91, p. 250401, Dec. 2003.

A. G. Truscott, K. E. Strecker, W. I. McAlexander, G. B. Partridge, and R. G. Hulet, “Obser-
vation of Fermi pressure in a gas of trapped atoms,” Science, vol. 291, no. 5513, pp. 2570-2572,
2001.

J. R. Anglin and W. Ketterle, “Bose-Einstein condensation of atomic gases,” Nature, vol. 416,
no. 6877, pp. 211-218, 2002.

B. DeMarco and D. S. Jin, “Onset of Fermi degeneracy in a trapped atomic gas,” Science,
vol. 285, no. 5434, pp. 1703-1706, 1999.

B. DeMarco, S. B. Papp, and D. S. Jin, “Pauli blocking of collisions in a quantum degenerate
atomic Fermi gas,” Phys. Rev. Lett., vol. 86, pp. 5409-5412, Jun. 2001.

F. Schreck, G. Ferrari, K. L. Corwin, J. Cubizolles, L. Khaykovich, M.-O. Mewes, and C. Sa-
lomon, “Sympathetic cooling of bosonic and fermionic lithium gases towards quantum degen-
eracy,” Phys. Rev. A, vol. 64, p. 011402, Jun. 2001.

E. A. Cornell and C. E. Wieman, “Nobel lecture: Bose-Einstein condensation in a dilute gas,
the first 70 years and some recent experiments,” Rev. Mod. Phys., vol. 74, pp. 875-893, Aug.
2002.

O. Penrose and L. Onsager, “Bose-Einstein condensation and liquid helium,” Phys. Rewv.,
vol. 104, no. 3, p. 576, 1956.

M. Lohse, C. Schweizer, O. Zilberberg, M. Aidelsburger, and I. Bloch, “A Thouless quantum
pump with ultracold bosonic atoms in an optical superlattice,” Nat. Phys., vol. 12, no. 4,
pp- 350-354, 2016.

C. J. Foot et al., Atomic physics, vol. 7. Oxford University Press, 2005.

W. Niedenzu, Microscopic description and simulation of ultracold atoms in optical resonators.
PhD thesis, University of Innsbruk, 2012.

W. Zwerger, “Mott Hubbard transition of cold atoms in optical lattices,” J. Opt. B: Quantum
and Semiclass. Opt., vol. 5, pp. S9-S16, Apr. 2003.

I. Bloch, “Ultracold quantum gases in optical lattices,” Nat. Phys., vol. 1, no. 1, pp. 23-30,
2005.

A. Garg, “Tunnel splittings for one-dimensional potential wells revisited,” Am. J. of Phys.,
vol. 68, no. 5, pp. 430-437, 2000.

A. Mouchet, Effet tunnel chaotique - Méthode différentielle. Habilitation & diriger des
recherches, Université Frangois Rabelais - Tours, Dec. 2006.

E. Michon, C. Cabrera-Gutiérrez, A. Fortun, M. Berger, M. Arnal, V. Brunaud, J. Billy,
C. Petitjean, P. Schlagheck, and D. Guéry-Odelin, “Phase transition kinetics for a Bose-
Finstein condensate in a periodically driven band system,” New J. Phys., vol. 20, no. 5,
p. 0563035, 2018.

M. A. Garcia-March, D. R. Dounas-Frazer, and L. D. Carr, “Macroscopic superposition of
ultracold atoms with orbital degrees of freedom,” Phys. Rev. A, vol. 83, p. 043612, Apr. 2011.

152



[127]
[128]
[129]
[130]
[131]
[132]
[133]
[134]

[135]

[136]

[137]
[138]
[139]
[140]
[141]
[142]
[143]

[144]

[145]
[146]

[147]

[148]

M. A. Garcia-March, D. R. Dounas-Frazer, and L. D. Carr, “Macroscopic superposition states
of ultracold bosons in a double-well potential,” Front. Phys., vol. 7, no. 1, pp. 131-145, 2012.

G. Vanhaele, Chaos quantique et classique dans une chaine d’oscillateurs non linéaires. Master
thesis, Université de Liege, 2016.

A. P. Itin and P. Schmelcher, “Semiclassical spectrum of small Bose-Hubbard chains: A
normal-form approach,” Phys. Rev. A, vol. 84, p. 063609, Dec. 2011.

E. Tisserond, Dynamique, réguliére et chaotique, de condensats de Bose-Einstein dans des
réseaux optiques finis. Internship report, Université Paris-Sud XI, 2012-2013.

A. Eckardt, C. Weiss, and M. Holthaus, “Superfluid-insulator transition in a periodically
driven optical lattice,” Phys. Rev. Lett., vol. 95, p. 260404, Dec. 2005.

B. J. Dalton and S. Ghanbari, “Two mode theory of Bose-Einstein condensates: interferometry
and the Josephson model,” J. Mod. Opt., vol. 59, no. 4, pp. 287-353, 2012.

H. K. Andersen, Bose-Einstein condensates in optical lattices. PhD thesis, Department of
Physics and Astronomy University of Aarhus, 2008.

C. E. Creffield and T. S. Monteiro, “Tuning the Mott transition in a Bose-Einstein condensate
by multiple photon absorption,” Phys. Rev. Lett., vol. 96, p. 210403, Jun. 2006.

H. Lignier, C. Sias, D. Ciampini, Y. Singh, A. Zenesini, O. Morsch, and E. Arimondo, “Dy-
namical control of matter-wave tunneling in periodic potentials,” Phys. Rev. Lett., vol. 99,
p- 220403, Nov. 2007.

C. Sias, H. Lignier, Y. P. Singh, A. Zenesini, D. Ciampini, O. Morsch, and E. Arimondo, “Ob-
servation of photon-assisted tunneling in optical lattices,” Phys. Rev. Lett., vol. 100, p. 040404,
Feb. 2008.

G. Floquet, “Sur les équations différentielles linéaires & coefficients périodiques,” Ann. Sci. de
I’Ecole Norm. Supérieure, vol. 2, no. 12, pp. 47-88, 1883.

J. H. Shirley, “Solution of the Schréodinger Equation with a Hamiltonian Periodic in Time,”
Phys. Rewv., vol. 138, pp. B979-B987, May 1965.

H. Sambe, “Steady states and quasienergies of a quantum-mechanical system in an oscillating
field,” Phys. Rev. A, vol. 7, pp. 22032213, Jun. 1973.

J. Gong, L. Morales-Molina, and P. Hanggi, “Many-body coherent destruction of tunneling,”
Phys. Rev. Lett., vol. 103, p. 133002, Sep. 2009.

D. H. Dunlap and V. M. Kenkre, “Dynamic localization of a charged particle moving under
the influence of an electric field,” Phys. Rev. B, vol. 34, pp. 3625-3633, Sep. 1986.

F. Groffmann, P. Jung, T. Dittrich, and P. Hanggi, “Tunneling in a periodically driven bistable
system,” Z. Phys. B, vol. 84, no. 2, pp. 315-325, 1991.

A. Rapp, X. Deng, and L. Santos, “Ultracold lattice gases with periodically modulated inter-
actions,” Phys. Rev. Lett., vol. 109, p. 203005, Nov. 2012.

F. Meinert, M. J. Mark, K. Lauber, A. J. Daley, and H.-C. Négerl, “Floquet engineering
of correlated tunneling in the Bose-Hubbard model with ultracold atoms,” Phys. Rev. Lett.,
vol. 116, p. 205301, May 2016.

I. Zapata, F. Sols, and A. J. Leggett, “Josephson effect between trapped Bose-Einstein con-
densates,” Phys. Rev. A, vol. 57, pp. R28-R31, Jan. 1998.

S. Levy, E. Lahoud, I. Shomroni, and J. Steinhauer, “The ac and dc Josephson effects in a
Bose-Einstein condensate,” Nature, vol. 449, no. 7162, pp. 579-583, 2007.

T. Anker, M. Albiez, R. Gati, S. Hunsmann, B. Eiermann, A. Trombettoni, and M. K.
Oberthaler, “Nonlinear self-trapping of matter waves in periodic potentials,” Phys. Rev. Lett.,
vol. 94, p. 020403, Jan. 2005.

K. Husimi, “Some formal properties of the density matrix,” J. Phys. Soc. Jpn., vol. 22, no. 4,
pp- 264-314, 1940.

153



[149]

[150]

[151]
[152]
[153]
[154]

[155]

[156]
[157]
[158]
[159]
[160]

[161]

[162]

[163]

[164]

[165]
[166]

[167]

[168]

V. Maslov, M. Fedoriuk, M. Fedoriuk, J. Niederle, and J. Tolar, Semi-Classical Approxi-
mation in Quantum Mechanics. Mathematical Physics and Applied Mathematics, Springer
Netherlands, 1981.

L. D. Carr, D. R. Dounas-Frazer, and M. A. Garcia-March, “Dynamical realization of macro-
scopic superposition states of cold bosons in a tilted double well,” EPL, vol. 90, p. 10005,
2010.

L. D. Landau and E. M. Lifshitz, Quantum mechanics: non-relativistic theory, vol. 3. Elsevier,
2013.

S. C. Creagh, “Tunnelling in multidimensional systems,” J. Phys. A: Math. Gen., vol. 27,
pp. 4969-4993, Jul. 1994.

A. N. Kolmogorov, “On the conservation of conditionally periodic motions under small per-
turbation of the Hamiltonian,” Dokl. Akad. Nauk SSSR, vol. 98, pp. 527-530, 1954.

J. Moser, “On invariant curves of area-preserving mappings of an annulus,” Matematika, vol. 6,
no. 5, pp. 01-68, 1962.

V. 1. Arnold, “Proof of a theorem of A. N. Kolmogorov on the preservation of conditionally
periodic motions under a small perturbation of the Hamiltonian,” Russ. Math. Surv., vol. 18,
no. 5, pp. 9-36, 1963.

V. I. Arnold, Mathematical methods of classical mechanics, vol. 60. Springer Science & Busi-
ness Media, second ed., 1989.

H. Poincaré, “Sur un théoreme de géométrie,” Rend. Circ. Mat. Palermo, vol. 33, no. 1,
pp. 375407, 1912.

G. D. Birkhoff, “Proof of Poincaré’s geometric theorem,” Trans. Amer. Math. Soc., vol. 14,
no. 1, pp. 14-22, 1913.

S. Tomsovic, M. Grinberg, and D. Ullmo, “Semiclassical trace formulas of near-integrable
systems: Resonances,” Phys. Rev. Lett., vol. 75, pp. 4346-4349, Dec. 1995.

A. Bécker, R. Ketzmerick, S. Lock, and L. Schilling, “Regular-to-chaotic tunneling rates using
a fictitious integrable system,” Phys. Rev. Lett., vol. 100, p. 104101, Mar. 2008.

J. Kullig, C. Lobner, N. Mertig, A. Backer, and R. Ketzmerick, “Integrable approximation
of regular regions with a nonlinear resonance chain,” Phys. Rev. E, vol. 90, p. 052906, Nov.
2014.

M. Hiller, T. Kottos, and T. Geisel, “Wave-packet dynamics in energy space of a chaotic
trimeric Bose-Hubbard system,” Phys. Rev. A, vol. 79, p. 023621, Feb. 2009.

Y. I. Bogdanov, M. V. Chekhova, S. P. Kulik, G. A. Maslennikov, A. A. Zhukov., C. H. Oh,
and M. K. Tey, “Qutrit state engineering with biphotons,” Phys. Rev. Lett., vol. 93, p. 230503,
Dec. 2004.

V. I. Shnyrkov, A. A. Soroka, and O. G. Turutanov, “Quantum superposition of three macro-
scopic states and superconducting qutrit detector,” Phys. Rev. B, vol. 85, p. 224512, Jun.
2012.

K. Nemoto, C. A. Holmes, G. J. Milburn, and W. J. Munro, “Quantum dynamics of three
coupled atomic Bose-Einstein condensates,” Phys. Rev. A, vol. 63, p. 013604, Dec. 2000.
R. Franzosi and V. Penna, “Self-trapping mechanisms in the dynamics of three coupled Bose-

Einstein condensates,” Phys. Rev. A, vol. 65, p. 013601, Dec. 2001.

R. Franzosi and V. Penna, “Chaotic behavior, collective modes, and self-trapping in the dy-
namics of three coupled Bose-Einstein condensates,” Phys. Rev. E, vol. 67, p. 046227, Apr.
2003.

H. Cao, Q. Wang, and L.-B. Fu, “Quantum transition and parity effects of three coupled
Bose-Einstein condensates subjected to an artificial gauge potential,” Laser Phys., vol. 25,
p. 065501, Jun. 2015.

154



[169]

[170]

171]
172]

[173]

[174]

A. A. Bychek, P. S. Muraev, D. N. Maksimov, E. N. Bulgakov, and A. R. Kolovsky, “Chaotic
and regular dynamics in the three-site Bose-Hubbard model,” AIP Conf. Proc., vol. 2241,
p- 020007, 2020.

L. Dell’Anna, G. Mazzarella, V. Penna, and L. Salasnich, “Entanglement entropy and macro-
scopic quantum states with dipolar bosons in a triple-well potential,” Phys. Rev. A, vol. 87,
p- 053620, May 2013.

G. Pieplow, C. E. Creffield, and F. Sols, “Protected cat states from kinetic driving of a boson
gas,” Phys. Rev. Res., vol. 1, p. 033013, Oct. 2019.

K. Sacha, “Modeling spontaneous breaking of time-translation symmetry,” Phys. Rev. A,
vol. 91, p. 033617, Mar. 2015.

Y. Shin, G.-B. Jo, M. Saba, T. A. Pasquini, W. Ketterle, and D. E. Pritchard, “Optical weak
link between two spatially separated Bose-Einstein condensates,” Phys. Rev. Lett., vol. 95,
p. 170402, Oct. 2005.

Y. B. Zel’Dovich, “The quasienergy of a quantum-mechanical system subjected to a periodic
action,” Soviet Physics JETP, vol. 24, no. 5, pp. 1006-1008, 1967.

155



	Résumé
	Abstract
	Introduction
	Bose-Einstein condensate in an optical lattice
	Bose-Einstein condensation
	Optical (super)lattice
	Interaction between an atom and an electric field
	Double-well potential
	Triple-well potential

	Bose-Hubbard model
	Scattering at low energy
	Derivation of the Bose-Hubbard model via second quantization
	Bose-Hubbard parameters in the laboratory units
	Mean-field approximation


	Periodically driven two-site Bose-Hubbard model
	Two-site Bose-Hubbard Hamiltonian
	Discrete symmetry
	Structure of the spectrum
	Periodically-driven two-site Bose-Hubbard Hamiltonian

	Floquet theory
	Floquet theory for a periodic tilting of the double-well potential
	Discrete symmetry and Floquet matrix
	Structure of the Floquet spectrum

	Coherent renormalization and destruction of tunneling
	High-frequency regime
	Low-frequency regime


	Mean-field analysis of the two-site Bose-Hubbard model
	Classical limit
	Josephson oscillations to self-trapping regime
	Phase space and coherent destruction of tunneling
	Canonical perturbation theory
	Toward mean-field approximation: semiclassical limit
	Husimi functions
	Np as the semiclassical parameter


	NOON states via resonance- and chaos-assisted tunneling
	Semiclassical evaluation of the wavefunction
	Tunneling rate in integrable systems
	Size-varying phase space
	Fixed phase space

	Resonance-assisted tunneling
	Secular perturbation theory
	Pendulum approximation
	Quantization of the pendulum Hamiltonian
	Tunneling rate modification via resonance-assisted tunneling 
	NOON states in near-integrable phase spaces
	Multiple resonance case
	Application to the two-site Bose-Hubbard system

	Beyond weak perturbations
	Semiclassical evaluation of the four-level oscillations
	Improvement of the resonant condition

	Resonance- and chaos-assisted tunneling
	NOON states in mixed phase spaces
	Modeling of the chaotic sea


	Unperturbed three-site Bose-Hubbard model
	Classical limit
	Analysis of the phase space
	NOON states via resonance-assisted tunneling

	Triple-NOON states via resonance- and chaos-assisted tunneling
	Structure of the spectrum
	Three-level approximation
	Classical limit of the three-site Bose-Hubbard Hamiltonian
	Analysis of the phase space
	Triple-NOON states in near-integrable phase spaces
	Triple-NOON states in mixed phase spaces

	Conclusion
	Floquet theory and two-site Bose-Hubbard Hamiltonian
	General solutions of Floquet systems
	Two-site Bose-Hubbard Hamiltonian in the Fock basis
	Measurement
	Average of the measurements

	Two-site Bose-Hubbard Hamiltonian in the symmetry-adapted basis
	Np odd
	Np even
	Measurement
	Average of the measurements


	Monodromy matrix
	Two-level approximation
	Matrix representation of the unperturbed three-site Bose-Hubbard Hamiltonian
	Bibliography

