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Abstract

Our work concerns the effects of strong correlations of ultracold atoms in optical lat-
tices in three different scenarios. First, we analyze the influence of dissipative processes on
the superfluid—Mott insulator transition in the Bose-Hubbard model, observing a shift of
the well-known phase transition. In a second setup, atoms are trapped in state-dependent
lattices; we show that any asymmetry in the contact interaction produces a form of corre-
lated hopping, which results in a pair superfluid phase with interesting correlation prop-
erties that differentiate it from an ordinary atomic Bose—Einstein condensate. Finally,
we investigate a two-species Bose—-Hubbard model including a conversion term, which
can be implemented experimentally through a Feshbach resonance. We are particularly
interested in the exotic incompressible, yet superfluid “super-Mott” phase.
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A short overview

Light controlling particles — to some, it could seem to be a magic trick in which
the thin strings cannot be seen. This interplay is certainly awe-inspiring but not magic.
Physics, and its ever-blooming and never-ending path of achievements and developments,
pulls the strings behind the veil. Today, our understanding of nature is used as a tool
to trap, then cool, store and manipulate neutral atoms in intensity patterns created via
laser arrangements [78].

As some particles are cooled to unimaginably low temperatureq? their characteristic
thermal de Broglie Wavelengthm exceeds their mean interparticle separation, thus favoring
the particles to occupy a single ground state and form a Bose-Einstein condensate (BEC)
[15, B5]. A BEC is a “social” phenomenon in which the population of this ground state
becomes macroscopic, based on the quantum statistics of bosons (particles with zero or
integer spin). Since its prediction in the mid-twenties, other phenomena such as superflu-
idity in liquid helium [7T], [106], high-temperature superconductivity in some materials [69]
and condensation of pions in neutron stars [52], have been considered as manifestations of
bosonic condensation. The capability of trapping and cooling atoms with light forms the
basis for the experimental observation of BEC, achieved for the first time in dilute alkali
atomic gases in 1995 [0, 25, [I7]. Since then, the opportunity to produce these degenerate
bosonic (and fermionic) quantum gases, combined with the ability to trap them, has pro-
moted exciting developments in fields ranging from atom and condensed matter physics
[58, 14] to quantum information processing [22]. As of yet, we can use simple dipole traps
[95], microtraps [32], surface microtraps [21] and optical lattices [94) 5 [12], that is plenty
of choice of configurations to fulfill our wishes.

Ultracold neutral atoms trapped in optical lattices are a wonderful tool to study many-
body physics and strong correlation effects. One of the great advantages of these systems
is that generally, the physical behavior of the atoms is perfectly described by a simple
underlying lattice Hamiltonian, a description ultimately known as the Hubbard model
[58, 49]. The Hubbard model allows us to use these artificial crystals as analogues to
real systems in condensed matter physics. For instance, quantum magnetism can be
studied through the implementation of spin Hamiltonians [31, 44 [61], and the origin
of high-temperature superconductivity is believed to be explained by the physics within
the Hubbard Hamiltonian [69], 55] (an idea that has been experimentally pursued by the
cooling of fermionic atoms to study Cooper pairing and the BC@ to BEC transition

*Temperatures going down to the nK regime (~ —273°C").
"Wave-like property of matter appearing in the wave-particle duality.
tFermions forming loose pairs like Cooper pairs in BCS theory, the microscopic theory of supercon-



[89, 125, 16]). Furthermore, these quantum simulators have enabled the prediction of
novel and exotic many-body quantum phases, as well as new physical phenomena (e.g.
quantum Hall effect with bosons [84], lattice gauge theories [60 82]).

The present study uses these artificial crystals of light to create and investigate fun-
damental quantum phases of bosonic many-body systems. The focus is threefold: atoms
undergoing dissipation as an open quantum system, atoms with correlated hopping, and
atoms and molecules coupled through a Feshbach resonance.

Atoms in a noisy environment Cold atoms in an optical lattice are coupled to a large
reservoir (also described by the Bose-Hubbard model) to investigate how the occurrence
of dissipation modifies the system’s phase diagram. Our interest lies on the new features
arising in the quantum state of an otherwise conservative system when it undergoes a
superfluid-Mott insulator phase transition in the presence of dissipation. Related studies
have been carried out later by Diehl et al. [30], Kraus et al. [66] and Verstracte et al.
[110], where quantum reservoirs and system-reservoir couplings are specially designed with
two aims: to generate quantum phases and entangled states in the steady-state regime
of the system and to implement universal quantum computation [28]. An advantage of
this new method is that it makes possible to prepare states that correspond to excited
many-body states, allowing the study of increasingly complex systems. It is remarkable
that there is a master equation yielding any one multipartite pure state of the system
as unique stationary state — the relaxation occurs within a time scale that does not
depend on the number of subsystems [66]. Dissipative state engineering can be used to
prepare ground states of frustration-free Hamiltonians [110], [66]. Engineering a reservoir
is akin to choosing for jump operators ¢; in the master equation [47] those that have
the desired state [¢) as a dark state ¢;[¢)) = 0, while the dissipation is kept quasi-local
[30]. Our study focuses on two kinds of decoherence processes: number dissipation and
phase dissipation. Number dissipation corresponds to an exchange of particles between
the system and the reservoir, while phase dissipation refers to collisions between both sets
of particles inducing the dephasing of the system. Controlling the level of noise, we can
access different regimes and learn more about dissipative phenomena. We observe that
dissipation shifts the phase transition in a direction related to the state of the reservoir,
agreeing with later findings [30].

Atoms with correlated hopping The second topic takes us to a different setup,
where atoms are trapped in state-dependent lattices [73] and a novel mechanism for
pairing based on transport-inducing collisions is introduced. As illustrated in figure [T,
when two atoms collide they can mutate their internal state (|+),|—)). If these atoms
are placed in one of two state-dependent optical lattices, a collision will force hopping
of atoms to a site associated to their new state. For deep enough lattices, as in the
Mott insulator experiments [49], this coordinated jump of pairs will be the dominant
hopping process and the atoms will become a superfluid of pairs. In the most general case,
deriving the effective lattice Hamiltonian for the atoms we show that any asymmetry in
the contact interaction (gm # g1y, 911 7 gy+) [79, 121] translates into a form of correlated

ductivity proposed by Bardeen, Cooper, and Schrieffer in 1957.



Figure 1: (left) Two atoms in state
|+) collide and change of state in free
space. (right) When these atoms
are confined in overlapping state-
dependent optical lattices, shifted out-
ffffff L of-phase from one another in space,
‘ their change of state will be accompa-
) . : nied by a tunneling event to a neigh-
¥ h boring site (solid). This leads to cor-
related hopping of atom pairs along
””” X the = direction, as other tunneling

»

> processes (dashed) are forbidden.

hopping: either environment-biased hopping nia;ak [34] or pair hopping ajzfaz [33]. Our
most relevant finding is evidence of a pair superfluid, which exists for a wide range of
interaction asymmetries and has interesting correlation properties that differentiate it
from an ordinary atomic Bose-Einstein condensate. Other phases that this model presents
are ordinary Mott insulators, a double feature of a superfluid with a pair superfluid, and
charge-density waves.

Atoms in a Feshbach resonance The last investigated topic concerns a two-species
Bose-Hubbard model including a conversion term, by which two particles of a species
can be converted into one particle of a second species, and vice versa. This model can be
related to ultracold atom experiments where a Feshbach resonance [105], 29] is used to tune
the scattering length of the atoms in order to produce molecules (ﬁgure. The motivation
to investigate the phase diagram of this system lies in recent results using quantum Monte
Carlo simulations [91), [92], where the existence of an exotic, so-called “super-Mott” phase
has been proposed. They report an unusual combination of properties: the system has a
vanishing compressibility, simultaneously with the flow of individual species in opposite
directions. In their first work [91], they use the world line algorithm [IT) [I0]. The
compressibility of the system is determined through the slope of the particle density p
as a function of the chemical potential. The superfluidity of the mixture is evaluated
using the Pollock and Ceperley formula [87], which relates the superfluid density to the
fluctuations of the winding number Wff| Given that atoms may turn into molecules and
vice versa, pseudowinding numbers are defined for each species. The authors have found
that certain regions are incompressible and have, at the same time, individual species
flowing — but without a net mass current. In a following study [92], they use the stochastic
Green function algorithm [90]. This method is useful to easily estimate the superfluid
fraction of atoms and of molecules, used to probe the quasi-condensation of individual
species. Using also the winding numbers, they draw the phase diagram for a system
with a fixed occupation number and find the “super-Mott” phase for strong interactions.
This “super-Mott” phase has not been observed in previous mean-field studies [98], due
to the incapability of the method to describe dynamical correlations. To deepen our

$A quantity defined for a given configuration in the algorithm as the difference between the number
of times that a world line crosses the boundaries of the system in one direction and in the other.
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Figure 2: Representation of a Feshbach-

resonant atomic collision: two atoms
collide and form a molecule in an- ’

other part of the Hilbert space, here

indicated by the spin arrangement.

knowledge about this intriguing phase and the details behind its mechanism, we use
a different approach based on quasi-exact diagonalizations. This method enables the
study of the spatial structure of correlations, which is completely missing within a mean-
field approach and gives additional information to the superfluid density. Moreover, we
consider parameter values comparable to those in experiments, thus constraining possible
scenarios in which this mixed phase may be observed in experiments.

Outline of this study

To this dissertation concerns the study of strong correlation effects with ultracold
atoms in optical lattices in three different scenarios: noise, correlated hopping and Fes-
hbach resonances. This leads naturally to structure this dissertation in 3 4+ 1 parts, as
described in the following.

In the introductory part Background: Atoms in an optical lattice, we want to acquaint
the reader with the concepts and techniques that are common to all subsequent studies.
In the first chapter we start explaining how optical lattices are created and the principles
behind their action on neutral atoms (section |1.1). Here we find the ideal occasion to
present the Bloch and Wannier states (section , which are going to be used in the
derivation of the Bose-Hubbard model (section . This last section finishes with a
discussion about the physics arising from this model and its phases.

In the second chapter we present the analytical and numerical techniques used to
study ultracold atoms in optical lattices and to predict the properties of the emerging
phases. Analytical methods like the quantum rotor model (section and the strong
coupling expansion (section are usually used to study regions of the parameter space
which cannot be solved exactly and require some approximations. On the other hand,
numerical methods like the Gutzwiller ansatz (section and the Matrix Product State
algorithms (section come into play in those regions that lie outside the possible an-
alytical approximations: typically near to transition points, where the complexity of the
system increases; or when the size of the system cannot be otherwise handled.



In the study of Atoms in a noisy environment, we analyze the effects of dissipative
processes on the superfluid-Mott insulator transition in the Bose-Hubbard model, where
a shift of the phase transition is observed. The dynamics of a system coupled to an
environment can be described in two ways: following an exact treatment to solve the
composed system and tracing out the environment from the solution; or using an ap-
proximate model for the system where the environment is treated as noise. In the third
chapter we introduce the basics of the theory needed to elaborate this approximate model:
the master equation formalism (section . We continue presenting the system and the
environment in detail, their Hamiltonians, and the dissipative mechanisms that are going
to be considered (section [3.2)).

In the fourth chapter we proceed with the application of the analytical and numerical
methods. We apply the quantum rotor model (section for both, the complete and the
approximate model. These results show how dissipative processes may be used to change
the state of a system and drive it into a different phase. The strong coupling expansion
(section and the Gutzwiller ansatz (section agree on the observation of a shift
of the phase transition, which is equivalent to a renormalization of the parameters of the
Bose-Hubbard model.

In the study of Atoms with correlated hopping we move to a different setup, where
atoms are trapped in state-dependent lattices and transport-inducing collisions appear
naturally from the engineering of the system. In the fifth chapter we introduce a model
for correlated hopping (equation , qualitatively discussing its origin and the quantum
phases that are expected to appear in the different parameter regimes (section . We
present a possible way to implement this model, which is based on optical superlattices
and atoms with asymmetric interactions.

The sixth chapter presents the theoretical results obtained using analytical and numer-
ical methods, starting with exact diagonalizations for a small number of atoms and sites
(section . These calculations reveal the existence of insulating and coherent regimes,
as well as pairing; they will be the basis for later analysis. Further work is done on the
understanding of the pair-superfluid phase introducing a toy model inspired in the ordi-
nary superfluid (section . Having gained some insight into the basics of our system,
we continue studying the many-body physics of larger lattices with correlated hopping
using a variety of techniques: insulating regime (section , perturbation theory (section
6.4) and quantum rotor model (section . These methods suggest a number of possible
phases, including a Mott insulator, a pair superfluid, a normal superfluid and a charge-
density wave state; and give estimations of the parameters for which these phases appear.
We also develop two numerical methods to study our system: a Gutzwiller ansatz (section
and an infinite Matrix Product State method (section [6.7). With these simulations
we confirm the predicted phases and locate the quantum phase transitions, which are
found to be of second order. Finally, in section we suggest some currently available
experimental methods to detect and characterize these phases.

Finally comes the study of Atoms in a Feshbach resonance, where we investigate a
Bose-Hubbard model that includes a mixture of atoms and molecules, and a conversion
term between these species. This model is interesting because it can be related to ultra-



cold atom experiments where a Feshbach resonance produces molecules. In the seventh
chapter, we start introducing the theory of Feshbach resonances (section and follow
presenting the Hamiltonian of our system (section .

In the eighth chapter we discuss the results. We apply an adiabatic elimination of the
molecular state (section[8.1)), where the effect of this level is seen as a renormalization of
the Bose-Hubbard model. A strong coupling expansion (section and the mean-field
theory (section are used to give further insight into this model, observing already
with the latter the appearance of a hybrid phase. We close this chapter formulating a
Density Matrix Renormalization Group algorithm using Matrix Product States (section
to study the long-range correlations of the system, with special interest to verify the
existence of the exotic “super-Mott” phase, which has been recently reported.

This dissertation also includes four appendices, where some derivations used in this
study are explained in detail. In appendix [A] we explain how a Density Matrix Renormal-
ization Group algorithm using Matrix Product States can be numerically implemented,
as used in sections and [8.4] In appendix [B] we derive the master equations for a
dissipative system that undergoes either exchange of particles or collisions with a reser-
voir, as considered in section In appendix [C] we include the detailed derivation of
the model presented in section At last, in appendix [D| we derive from microscopical
considerations the physical parameters used in section and following sections.
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Chapter 1

Cold atoms in optical lattices

1.1 Optical Lattices

An optical lattice is a light structure used to capture, cool and manipulate neutral
atoms, which have been typically already precooled in a magneto-optical tra (MOT)
and later further cooled down to the K regime using other laser techniques.

The idea to confine atoms in wavelength-size regions of a standing wave by means of
the dipole force appears for the first time in 1968 [70]. But it was only 20 years later when
its earliest realization came to light, with the experimental observation of the channeling
of atoms from an atomic beam into paths between the peaks of a one-dimensional (1D)
standing wave [94]. Since then, optical lattices have played a very important role in
the development of cooling techniques [24] 88] and in the study of atoms confined to
a wavelength scale, with applications ranging from the simulation of condensed matter
systems [58, [13] to the processing of quantum information [I8, [72], where in the latter
localized atoms can be seen as a natural quantum register. These realizations rely on the
fact that optical lattices allow to produce an artificial crystal for quantum matter which
is free of defects, has an exactly known structure and whose potential depth can be varied
through the laser parameters without changing the lattice vectors, while these latter may
be changed independently redirecting the laser beams. More sophisticated arrangements
than the 1D introduced here, may allow to move the confined particles around and attain
a large number of diverse configurations.

The simplest optical lattice that we can consider is the periodic intensity pattern
of light formed when a lDlﬂ arrangement of two counterpropagating laser beams of the
same polarization interfere. The incoming laser passes through the atomic cloud in the
MOT and it is collimated and retro-reflected on a mirror (see figure (up)). Then,
these two beams form a stationary distribution of light with a periodicity of half the laser
wavelength, a standing wave with its first node at the surface of the mirror. If the intensity
of these beams is large and their frequency is relatively close to the internal transition of
the atoms, we will have that when the MOT is turned off the AC Stark shift creates a

*A MOT is a hybrid trap, it uses inhomogeneous magnetic fields and circularly polarized laser light,
able to cool down neutral atoms to temperatures below 1mK.
"For simplicity, we omit the description of the confinement in the other two dimensions.



10 Chapter 1. Cold atoms in optical lattices

Figure 1.1: (up) Stationary wave formed by a red detuned laser, where the atoms are trapped
in the intensity maxima. (down) Schematic representation of the underlying potential, the
optical lattice.

periodic potential

V(z) = Vosin?(kz) (1.1)

that can be used to trap the atoms. Here, & = 27/A with A being the wavelength of
the laser and V|, denotes the potential depth of the lattice, which is proportional to the
intensity of the laser beams and is easily controllable in the experiments. This kind of
setup will confine the atoms in pancake-like discs, as shown in figure (up).

To keep the atoms from distributing over a long distance, this lattice is superimposed
with a trap Vi.qp(z) generated by a red detuned laser beam focused at the position of the
atom cloud. This beam creates a Gaussian intensity profile, which is harmonic around
the trap center. This additional trap, resulting from the spatial variation of the laser
intensity, concentrates the atoms along a line which is typically of the order of 100um,
the beam waist of the laser.

Most experiments in laser cooling and trapping are performed with alkali atoms, like
"Li, 2Na, 3%4'K and 3" Rb, because of their closed optical transitions lying in a convenient
spectral range. As an example, the experiments by Bloch [I] and Rempe [2] concentrate
on 8"Rb atoms, using blue detuned lasers with A = 830 — 850nm (A ~ 80 — 60nm) which
results in a lattice spacing of 415 — 425nm. The lattice depth can vary from a few recoil
energiesﬂ up to 30E,, having for this species E,/h ~ 20k H z. These potentials yield wave-
packet sizes that range from ~ 90nm for the shallow lattices to ~ 60nm for the deeper
ones. These values are small compared to the lattice spacing A/2, allowing to consider
localized states. To obtain 1D confinement, lattices with V5, ~ 30E, in the orthogonal
directions are used. After the BEC has been created in a magnetic trap, the lattice
potential is ramped up, splitting the BEC in up to ~ 10° lattice sites. The potential is
ramped up slowly, in about 80ms, ensuring the permanence of the atoms in the ground
state of the system.

¥The recoil energy is a natural measure of energy scales in optical lattice potentials, it is the recoil
energy of an atom after the absorption of a photon from the lattice.
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Theory of AC-Stark shift trapping

As already mentioned, this varying light intensity creates a periodic potential for the
atoms. This occurs because the oscillating electric field of the beams interacts with the
atoms, inducing an oscillating atomic dipole moment. This dipole moment oscillates at
the same frequency w of the field, with an amplitude d = a(w)E. Here, a(w) is the
polarizability of the atoms, depending on the laser frequency, and E is the amplitude of
the electric field.

The potential arising from this interaction is the time average over d - E. Within a
two-level model for the atom and using standard approximations [51], one obtains the

dipole potential
3nc? T

~ —1I 1.2
o al (12)

where A = w — wy denotes the detuning of the laser with respect to the atomic transition
frequency wy. The second equality comes from relating the dipole moment of the atom to
its decay rate I' and considering a far detuned laser.

In equation we see that the potential is proportional to the intensity of the field.
For an optical lattice, the intensity is space dependent I(7) = Iysin?(z). Thereof, for a
blue detuned laser (w > wp) the atoms will tend to the minima of intensity, and for a red
detuned laser (w > wp) to the maxima. As in the lattice both maxima and minima of
intensity are arranged periodically in space, the dipole interaction creates the egg-crate
potential we expect and that is usually represented as in figure (down).

Vip(7) = ~ (4B ()

1.2 Single-particle states

The dynamics of atoms in these periodic potentials can be described in terms of Bloch
wavefunctions and energy bands, as it is done in solid state physics for electrons in a
crystal.

An atom moving in a 1D optical lattice is described by the single-atom Hamiltonian

h2v2

H =— o + V() + Vipap(2). (1.3)

Here, V () is the periodic potential and the slowly varying potential Vj,q,(x) prevents
the atoms from escaping through the ends of the optical lattice. For simplicity, we neglect
this latter term throughout this work.

Following from equation , our potential V' (x) has a periodicity of a = A/2. According
to Bloch’s theorem [9], the eigenstates of the single-atom Hamiltonian have the Bloch
form ¥, (x) = e*u,(x), where u,;(x) are the solutions of the eigenvalue problem

(—ihV + hk)?

5 + V() — Eng | uni(z) =0, k € [—7/a,m/a (1.4)

with the boundary condition w,(x) = u,k(z + a). These Bloch functions have two labels:
the quasimomentum k and the band index n. The quantum number n identifies the
different independent eigenstates that exist for a given value of k. In this way, solutions
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labeled by the same n form energy bands with energies F,;, as it is pictured in figure
for different lattice depths. Observing figure (center), we can see that for a potential
barrier Vj of already a few FE,. the bands located below V{ are rather flat and well separated
from other bands by a large energy gap. For deeper potentials (figure (right)), these
features are reinforced and as we will see, the eigenstates of the particles become more
localized in each lattice site. This latter occurs because the atoms lack enough energy to
jump from one site to the other.

Localized states are usually described through the complete and orthogonal set of
Wannier functions [117]

wy(x — x4) ~ Z e ki (2) (1.5)

k€[—m/a,m/a)

where the i-th Wannier function describes a state localized in the i-th lattice site and in
some given band n. An advantage of using this base is that it allows to assign a mean
position to the particles, hence to account for interactions when the wavefunctions of two
or more particles overlap.

In the harmonic limit (Vy >> E,) each lattice minimum can be considered as a
harmonic oscillator

1
V(x) = Vysin®(kz) ~ Vok?a® ~ §mwhol’2 = Vio(®), (1.6)

with a frequency wy, = \/4Vo E,/h? that defines the separation to the first excited Bloch
band. In this limit, the Wannier states can be approximated by Gaussian functions and
the size of the Gaussian ground state wave-packet in each of these pows is given by
ano = v/ h/Mmwp,.

We can assume that only the lowest band is going to be occupied as long as neither
thermal excitations nor the considered interactions are able to populate the excited bands.
Following from the harmonic approximation, this implies that hwp, >> kgT,Un(n —
1)/2. In the case of " Rb, we have that for shallow lattices the separation to the first
band is wy, ~ 90kH z, and 220k H z for deeper ones. Therefore, we need to go down to
temperatures in the nK regime and to have occupations of few atoms per lattice site

50

~__

En/Er
O

Figure 1.2: Energy bands for potential
depths Vo = E, (left), Vo = 5E, (center)
and Vp = 20E, (right). We use the recoil ):

energy of the atoms FE, as unit of energy, T 0 mm-t 0 ®m-t1 0 =

which is typically of the order of a few pK. ka ka ka
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(n < 4), which coincides with current experiments [Il, 2], to assume safely that only the
ground state is populated.

1.3 Many-body Hamiltonian: the Bose-Hubbard model

One of the great advantages of cold atoms in optical lattices is that the physical behav-
ior of the atoms is usually perfectly well described by a simple underlying Hamiltonian,
allowing us to use these systems as models for modern condensed matter theories. More
precisely, a system of interacting bosonic particles in an optical lattice is very well de-
scribed by the Bose-Hubbard Hamiltonian in second quantization [58]. In this section we
sketch the derivation of this mode]ﬁ] and although we specify it for bosons, the reasoning
for a fermionic system follows in the same way.

The Hamiltonian of a bosonic gas in an optical lattice with contact interactions is

1 4mash?
2 m

(@) (@) (@) (@)

(1.7)
where ¥(z) (¢(z)") is the bosonic field operator that annihilates (creates) a particle at
position x, a, the s-wave scattering length and 4wash%/m the interaction strength between
two atomic particles. Assuming, as discussed in the previous section, that neither the
thermal excitations nor the interaction energy are able to take the atoms out of the
lowest Bloch band of the optical lattice (figure [L.2), we can expand the field operators in
terms of the Wannier functions for the lowest energy band (n = 0)

H= /dw(x)T ( - V2 + V() + V;mp(:z:)) Y(z) +

2m

Y(x) ~ Z azwo(z — ;). (1.8)

Here, a; is the operator annihilating a particle in site 7, and L the total number of sites
in the lattice. Then, expanding equation in terms of equation [I.8] we can exploit the
localized nature of the Wannier states wg(z). This means that we can neglect the interac-
tion of particles at different sites and the tunneling to sites other than nearest neighbors,
which are indeed from one to several orders of magnitude smaller than the on-site inter-
action and the nearest-neighbor tunneling amplitude [57]. The resulting Hamiltonian is
the Bose—Hubbard model

H= %an(nZ —-1)—j Z ala;. (1.9)

<i,7>

In this notation we have that < 7,7 > denotes the sum over nearest neighbors, including
double counting, and n; = ajai the number operator corresponding to site 7. For simplicity,
we have neglected the trapping potential Vj..,(z). Nevertheless, when working in the
grand canonical ensemble, the chemical potential p plays a similar roll than this trapping
potential. Having this additional trap is equivalent to use a chemical potential that starts

$For similar detailed examples see section and appendix
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Figure 1.3: Representation of the
parameters in the Bose-Hubbard
model. The local interaction U is
the energy required to add a par-

ticle to a site that is already occu-
pied. The hopping amplitude j is

the energy compensation for a par-
ticle tunneling to a neighboring site.

with some given value in the middle of the trap and decreases until it has dropped to zero
towards the edges.

In the Hamiltonian , the first term corresponds to the potential energy of the
system. This term is characterized by the on-site interaction energy

_ dmah?

m

U d|wo(z)[* (1.10)
a parameter that tells us how much energy does it cost to put a second atom into a lattice
site which is already occupied by another atom (see figure |1.3)).

The second term in the Hamiltonian refers to the kinetic energy. This term is specified
by the tunneling matrix element between adjacent sites

2
Jj= —/dmwo(x — 1) (—;—mv2 + V(I)) wo(x — mig1). (1.11)
which is basically determined by the overlap between adjacent localized wavefunctions,
giving the probability of tunneling while decreasing exponentially with the lattice depth.

To gain some qualitative insight into these parameters and their relation to experi-
mental specifications, let us consider the limit where V[, >> FE,.. There, we can apply the
harmonic approximation around the potential minima and replace the Wannier wavefunc-
tions with Gaussians [124], obtaining

U= \/SakVy Vo B, (1.12a)
j: %%3/4E7}/46—2,/V0/ET. (1.12b)

Going back to the case of ’Rb mentioned earlier, the interaction energy U may vary from
10k H z for shallow lattices to 16kHz for deeper ones. At the same time, the hopping
amplitude j may nearly reach values of 2k H z for shallow lattices, decreasing dramatically
to 10H z for deeper ones.

Consequently, the properties of ultracold atoms in optical lattices depend only on the
ratio between these two competing energies U/j (equivalently j/U may also be consid-
ered). This parameter U/j characterizes the strength of the interactions in relation to the
tunnel coupling between neighboring sites, a quantity that is proportional to the potential
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w/u

J/u

the Bose-Hubbard model

Figure 1.4: Schematic zero-
temperature phase diagram of the Bose—
Hubbard model in the grand canonical
ensemble. Dashed lines in the SF region
correspond to constant-integer density.
For (n) = 1,2,3 these lines touch the
corresponding MI phases at the tips of
the lobes for some critical value of j/U.
This critical ratio decreases with in-
creasing the density nn. For (n) = 1+ ¢
the line of constant density stays outside
the MI region because a fraction € of the
particles remains superfluid down to the
lowest values of j/U.
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depth Vj. This makes the system controllable just through one parameter, the intensity
of the laser used to create the lattice. The phenomenology is characterized by two limits.
For a shallow lattice, U/j is small (~ 6 for ' Rb) and equation [1.9| will be dominated by
the kinetic energy term, yielding a superfluid ground state. Whereas for a deep lattice,
U/j becomes large (~ 1600 for 8’Rb) and the Hamiltonian will be dominated by the
interaction energy term, resulting in a Mott insulating ground state. These phases are
explained in more detail as follows.

Phases of the Bose—Hubbard model

The Bose-Hubbard model was first introduced in [39], showing that it exhibits a
quantum phase transition [93] from a superfluid (SF) to a Mott insulating (MI) phase at
a critical value of the ratio j/U. In this passage we introduce these two phases, which are
well described in the limiting cases of U = 0 and j = 0 at each side of the transition. We
will also consider variations depending on the density of the system.

Superfluid phase In the case of an ideal gas j/U — oo, the interactions become
unimportant and the atoms behave like independent particles. Each atom is completely
delocalized over the entire lattice and, for periodic boundary conditions, the ground state
of the system can be written as

_ L (L ’

where N is the total number of particles in the lattice. Equation is a coherent state
(a;) # 0 with a well defined phase for each lattice site. Its spectrum of excitations in
the density is gapless, which means that it is compressible: dn/0u # 0. This state is a
superposition of different number states with a binomial atom number distribution per
lattice site and thereof, nonzero number fluctuations An # 0 are found.

(1.13)
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A superfluid in 1D is also characterized by algebraically decaying long-range off-
diagonal correlations <a3ai+A> with the distance A. This does not happen for equation
1.13] as these two-body correlations turn out to be constant in A. This occurs because the
ansatz (1.13)) is only well suited to model a superfluid in 3D or in 2D, though the latter
may only be a superfluid when the temperature is strictly zero. A true condensate at finite
temperature can only occur in 3D, as it can be rigorously proofe that Bose—Einstein
condensation at T' > 0 does not exist in 1D and 2D system, because thermal fluctuations
destroy the long-range order that characterizes this state. Nevertheless, given that the
decay of the correlations is power law, rather than exponential as in normal fluids, they
are usually termed quasi-condensates. Whenever we use the term “condensate”, whether
we refer to a real condensate or to a quasi-condensate can be said from the context, i.e.
the dimensionality of the system.

Mott phase In the opposite case j/U — 0, the interactions dominate the physics of the
system and the particles try to repel each other the best they can to minimize repulsion
(we need U > 0 to avoid the collapse of the system), becoming completely localized to
lattice sites. For commensurate filling the ground state of the system can be conveniently
written as

o) = T[ —= (o!) "0 (114)

where i = N/L is an integer number and represents the particle occupation per site. This
strongly correlated phase can be described by a Fock state with a well defined number
of atoms per site and thereby, it has a vanishing number fluctuation An = 0. If the
filling is not commensurate, the number of particles will vary from site to site, leading
to a series of degenerate ground states for equivalent distributions (position of defects
over a homogeneous background). In a Mott insulator there is no coherence (a;) = 0, as
with a minimized number-uncertainty the phase-uncertainty is maximized. Moreover, as
the system is now incompressible 0n/0p = 0, an energy gap of order U appears in the
excitation spectrum. This means that in this case an energy has to be paid to introduce
another particle into the system.

Charge-density wave When next-neighbor interactions are added to the Hamiltonian
(1.9), i.e. a term like V') . nn;y1, a charge-density wave may appear in the system
in the limit of large interactions U, |V| >> j. This phase has similar properties to a
Mott insulator, only differing in the particle distribution. Depending on the value of the
interaction strength V, and for integer or half-integer filling, we would obtain either one
of two configurations: for V' > 0 there could be alternating filled and unfilled lattice sites,
while for V' < 0 we could have alternating filled sites with one particle difference (ng; = n*
and ng;+1 = n* + 1, when 7 = (2n* + 1)/2). Other non-integer fillings would give rise to
similar states introducing defects, as mentioned before for the Mott insulator.

YThe Mermin-Wagner-Hohenberg theorem [77, [56] shows that the mean number of excited quasi-
particles of momentum k in the gas at equilibrium at temperature T' diverges in the infrared limit for
any dimensionality D < 2 unless the condensate fraction vanishes.
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Figure 1.5: Visualization of a su-
perfluid (up), where particles are
delocalized over the whole lattice;

a Mott insulator (center), where

for commensurate filling the atoms
are pinned to sites; and a charge-
density wave (down), an insulator
with an alternating filling factor.
These phases are predicted by the
Bose—Hubbard model in the limits
j/U — o0, j/U — 0 and, when con-
sidering nearest-neighbor interactions
V., j/U,j/|V| — 0 respectively.

In our analysis we indistinguishably refer to two pictures: a system where the total
number of particles is externally imposed; and the free energy or grand canonical picture,
where the total number of particles is not fixed and the chemical potential is used as
a lagrangian multiplier to fix it. Nevertheless, one should be aware that in the grand
canonical ensemble it is not always possible to reproduce some states with incommensurate
filling, precisely those which are insulating states (the Mott insulator and the charge-
density wave) presenting defects; but it does not mean that they would not appear in the
real physical system.
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Chapter 2

Description of theoretical methods

In this chapter we describe the methods used throughout this work to analyze the
behavior of cold atoms in optical lattices in different parameter regimes. In general, these
methods offer the possibility to calculate correlators and other expectation values, thereby
permitting the characterization of the states.

We start with the analytical methods which are specifically shown for the Bose-
Hubbard model , but their application to other cases will be presented eventually in
other parts of this work when judged to be required. In general, solving an eigenvalue
problem exactly is not possible: only for very few Hamiltonians we can find solutions
in an analytical form. However, there are some approximation methods that in certain
cases allow to obtain analytically approximate solutions of the eigenvalue equation. We
introduce some of the analytical methods used to study cold atoms in optical lattices
in regions of the parameter space where an exact solution cannot be found. Given the
complexity of the system when it undergoes a phase transition, the analytical methods
presented here are only reliable away from this point[] For a better treatment of critical
points, numerical methods will be required. Here, we first present the quantum rotor or
phase model [76, 45], which becomes relevant in the case of systems with a high average
occupation per site, either in the limit of strong or weak interactions. Then, the Mott-
phase diagram is obtained from a strong coupling expansion [42], [43]. This approximation
to the phase boundaries is only valid in the limit of strong interactions U >> j, as it is a
perturbation theory expansion around the incompressible regions when j = 0.

Then later, we continue with the numerical methods which are presented in a general
framework and may be applied as well to other quantum lattice problems. We introduce
some variational methods which can be implemented numerically, to find a mathematical
description and a physical characterization of lattice systems in cases where an analytical
treatment is no longer possible. This may happen due to the complexity of the problem,
either in the presence of a phase transition or in the limit of a reasonably sized system.
We start with the simplest of the methods treated here, the Gutzwiller ansatz [67]. This
is a product state which gives a mean-field description of the system, being able to reveal
some characteristics of its physical phases. In the case of a homogeneous system, it may be
able to treat the limit of L — oo. Later on, we introduce an implementation of the more

*There are other methods, as the renormalization group and the conformal field theory.

19



20 Chapter 2. Description of theoretical methods

elaborated Density Matrix Renormalization Group method (DMRG) [112], [109] which
is able to give us detailed information about phase transitions and correlations decay.
Finally, we introduce the infinite Time-Evolving Block Decimation algorithm (iTEBD)
[T13] to study systems in the thermodynamic limit. Both DMRG and iTEBD are based
on a Matrix Product State ansatz [111], which is also shortly introduced in this section.

2.1 Quantum Rotor model: the phase approximation

In this section we move from the number occupation or Fock basis |77) to the basis of

—

phase states |¢)
7 — |4)
ing

<ﬁ|$>:(26ﬂw with ¢ € [—m,7]°L. (2.1)

Here, the notation as vectors is used to collect the values of a variable at each site under
one symbol, as to each site of the lattice corresponds an element of the vector (e.g.
|6) = |d1bs ... d1)). Tt is interesting to work in the phase basis when the relevant physical
states are concentrated around large occupation numbers, (n;) = >> 1, otherwise some
non-physical states, as Fock states with negative particle number, would be also included.
This is due to the symmetry of the phase interval in equation with respect to zero.
Throughout this section we have ignored the constant terms in the Hamiltonians.

We start with the Bose-Hubbard Hamiltonian in equation [I.9 Expanding the config-
uration of the lattice in Fock states 1) = > - ¢z |7) and considering as said, a large average

number of particles per site, we may approximate the hopping term as

ala; |¥) = /a(n+ 1)PAT AT [¥) + |Ay) (2.2)

where A* are ladder operators, A% [n) = |[n £ 1), and P is the projector onto the states
with non-negative occupation numbers, i.e. physical states. To the lowest order in the
Taylor expansion the error |A;;) is

B cﬁ(ﬁ+1)(ni—ﬁ)+ﬁ(n]~—ﬁ)ﬁ
|A”>_Eﬁ: g 2\/f(n + 1) %)

and its norm is bounded by

n? + (n+1)2
1A < #%‘
2n(n + 1)

where 02 = ((n; — n)?) is the dispersion in the number of particles in the i-th site. We

observe that the validity of this approximation is restricted to the cases of lattices with a
high mean number of particles per site n and a small uncertainty compared to this average
value, 0; < 7. Besides, when applied to equation [1.9] the interaction energy must exceed
the neglected terms in (2.2)), Un(n — 1) > jo.
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Following this procedure, we can rewrite our Hamiltonian (1.9)) as

L

H=PY | -oiAfadr + Az + G A 23)
with ¢ = /n(n + 1) being approximately the density per site and A7 = ala; — @ the
fluctuations of the number operator around the mean 7, having ), A7 [¢)) = 0 for states
with a fixed and commensurate filling.

Given that the physically interesting states are around large occupations, any contribu-
tion from negatively occupied states to the wavefunction of the system will be negligible.
This allows us to safely drop the projector P and move to the phase basis . To do
this, we have to translate the operators from the Fock to the phase basis using the relation

between these two ~
i

|6) = Z (272 |77) (2.4)

which derives from equation The operators we need to rewrite the Hamiltonian ({2.3))
are the ladder operators

ifi-¢ i
A € + 2\ € -
EHONDY (27T)M/2Aj ) =2 (2m)M/2 7+ 1)
T L6 . o =
= Z (2m)M/2 |1) = €T |¢), (2.5a)

and the deviation of the mean from the number operator

eln (15 6m-¢>

Alg) = Z (27T)M/2AZ |7) = ZW(W — ) |7)
- <_¢_ — n) |6). (2.5b)

These equations lead us to the equivalent of Hamiltonian (2.3)) in the phase basis

U o

To minimize the energy in the limit of j > U, the wavefunction will concentrate around
the equilibrium configuration where the phase at each site has the same value ¢; ~ ¢;. In
this range of parameters we are in the superfluid regime, where the phase fluctuations are
small. Therefore it becomes reasonable to apply the harmonic approximation, expanding
the cosine in equation to first order in ¢; — @; 11

L

, U o?
H = 121 [Q](@‘ - ¢i+1)2 - 58753 . (2~7)
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In general, a state in this basis can be written as

1 iy (7 g
) = Gy [ V@ 05 (28)

where 7i - ¢ = 71 Zj ¢; and dé = dgydes . .. d¢r. The wavefunction \11(5) that is solution
of equation can only depend on the phase difference between neighboring sites & =
¢i—@ir1. In the limit of large lattices, we can assume that these differences are independent
from each other and write the wavefunction as

L

V() = Hf(¢z — Qiy1)- (2.9)

=1

In the Mott insulating regime, when j/U — 0 and the phases are independent from
each other, the appropriate solution is fy;;(§) = 1 whereas in the superfluid limit, when
j/U — oo and the phases tend to the same value, it is fgp(§) = ), 6(£ — 27n), where n
are integer numbers. This can be checked by substitution in equation [2.§

For other parameter values or variations from the simple Bose-Hubbard model, the
solution is not exact and a variational method should be use to identify the best
fitting wavefunction. In the following chapters we will proceed differently. We will look
for the normal modes of equation with the help of a real discrete Fourier transform
to decouple the variables, and use a Gaussian ansatz to find the optimal ground state of
the system.

2.2 Strong coupling expansion

In the limit of weak hopping j < U the boundaries to the superfluid phase can be
calculated using perturbation theory around the insulating phases [42], [43]. Degenerate
perturbation theory is a very standard approximation method in Quantum Mechanics,
which is extensively explained in several textbooks, e.g. [23]. Its ubiquity in the field relies
on the philosophy behind it: first solve the main part of the problem giving the dominating
features and then the corrections given by weaker terms, for which perturbation theory
is typically used.

Applied to our case, the boundary between the incompressible phase (MI) and the
compressible phase (SF) is then determined when the energy difference between the Mott
insulator and the defect state vanishes. With this, it is assumed that the compressibility
0,n approaches zero continuously at the phase boundary. The defect state may be either
an additional hole or an additional particle in the system, giving the lower and upper
branches of the Mott lobe respectively. Here, we apply this approximation method up to
second order in the hopping amplitude j, computing the boundaries for the Mott insulator
of one and two particles per site.

Following from equation and still considering the case of homogeneous trapping,
we separate H into two terms

H=Hy+W (2.10)
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Figure 2.1: Three of the subspaces
considered for the strong coupling ex-
pansion, those with a total of L — 1,
L and L + 1 particles in the sys-
tem, where L is the number of sites
in the lattice. They correspond to
the ground state configurations when
L+1 j = 0, and it is around them that the
perturbation is applied.

L-1

where Hj corresponds to a part that we know how to solve exactly, and W is a perturbation
which together with H, cannot be treated exactly. For the Bose-Hubbard Hamiltonian
(1.9) we consider

i

W= = (e +ecly) (2.12)

with the condition j < U. We want to study the modifications introduced by W in the
well-known discrete set of energies and stationary states of Hy — note that Hj is already
diagonal in the Fock basis. Furthermore, to emphasize the perturbation character of W,
we will write it in general as W = 3 f,(j)W, where f,(j) are dimensionless parameters
much smaller than 1.

As the eigenvectors [1%,) of Hy belong to the Fock basis, they have a fixed and well-
defined number of particles per site. Therefore, their corresponding eigenvalues EY, are
grouped into well differentiated manifolds £Y;, €Y., ..., where each of these manifolds
corresponds to M, M + 1... particles in the lattice and the index ¢ denotes a possible
degeneracy according to the configurations of the particles

Ho [y) = By [v) - (2.13)
We define Py as the projector over the manifold £Y;
P = 3 Juke) (] (2.14)

(2

Adding W to our initial Hamiltonian Hy will not mix these manifolds, they will remain
separate from each other because W does not contain terms connecting states with a
different total number of particles. Therefore, the energy levels of H will be clustered as
in Hy. This is also reflected in the fact that for both Hamiltonians H and Hj, the total
number of particles N is a good quantum number. The consequence of this coupling will
be an internal mixing of the states within the manifolds and a change in their energies.

Considering periodic boundary conditions, our problem acquires translational invari-
ance and we have that states within the same subspace are degenerate. Therefore, in
contrast to equation for the unperturbed problem we have

Hy |$yy) = B [¥iy) (2.15)



24 Chapter 2. Description of theoretical methods

and we are looking for the solutions of the full problem

H |[93,(5)) = Ex(5) [¥3:(5)) - (2.16)

To be able to draw the phase diagram of our system as j grows, given by vanishing energy
difference between the Mott insulators and the defect states, we will need to study the
perturbation of the levels F); for consecutive values of M.

We start assuming that the solutions for the energy of equation [2.16| can be expanded
in powers of the parameter j

Ev() =B +E) + 2ED 4+ (2.17)

At zero order Fy(j) should approach Fj; when j goes to zero, therefore we have that
E](\E)[) = FE)s. The first energy correction comes from solving the eigenvalue equation

WM j0) = Eyf" |0) (2.18)

for each term in W =" f.(j )Wx, and summing up all contributions Ejl\f Here, WM ig
the restriction of the operator W to the eigensubspace £Y; (corresponding to the eigenvalue
E}?) and the vector |0) belongs to the space spanned by the unperturbed states [1%,) . It is
important here to remember that all the degenerate states |1%,) are equivalent due to the
translational invariance of system. The second energy correction has a more complicated
expression

=y W W [Whr,) (el W W)

2.19
Eu — EY, (2.19)

P
where the summation over p corresponds to all those states that incorporate one excitation
created by W, and the possible indices ¢’ are the degeneracies of those.

Application to Bose-Hubbard model For the sake of illustration, and also to com-
pare with later results in this work, we will now sketch the strong coupling expansion for
the Bose-Hubbard model. Let us consider the subspaces L — 1, L and L + 1, where the
lowest energy states of Hy are those pictured in figure 2.1l Here, L is the total number
of sites and as said, we are considering periodic boundary conditions. These unperturbed
states are labeled as {‘?/)2_1>}¢:1,...L, |1r) and {‘¢2+1>}i:17._,L, with respective energies

E, 1=0, E,=0, By, =U. (2.20)

The subspace €], (€]_,) consists of the defect states: one particle per site except from
one that is doubly occupied (empty), as shown in figure , so it is L-degenerate.

We are going to treat explicitly the subspace £}, while the others can be treated
analogously. For the first energy correction, we have processes like the depicted in figure
(i), where the defect moves to a neighboring site and the resulting state is still in the
same subspace &7, ,. Therefore Eifl = —24, for all . On the other hand, the second
energy correction refers to processes of the type shown in figure (ii). We proceed
to calculate the actual value of that precise process using equation [2.19, The energy of
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(i)

(i)

Figure 2.2: Possible processes in the perturbation of the subspace with L 4+ 1 particles in
the system. Note that for systems with L — 1 and L particles, only virtual processes like the
pictured in (ii) are possible.

each configuration is calculated according to the Hamiltonian in the strong coupling limit
(2.11])
Ep=U, Ej,,=2U (2.21)

where the superscript ! denotes p = 1 in equation [2.19, one of the excited states upon
action of the hopping (2.12). The transition probability from the ground state to the
excited level is calculated using equation

(V1 ing| W]k ) = =2 (2.22)

Putting equations and together according to equation [2.19, we have that the
correction to this order is

g2 <¢2+1‘W‘¢g+1=”> (L1, W‘%H> 47° L—1 37 2.23
zx: L+1_Z E2+1_E§+1 __7( _)_7 (2.23)

.7’

where the second term refers to the virtual process of a particle jumping to the doubly-
occupied site and back, as in figure (ii).

In a similar way, all other energies can be calculated for L — 1, L and L + 1 particles
in the lattice

o 452
EL—l = —2j — F(L — 1), (224&)
452
B, = —% : (2.24D)
. 4 2 3 -2
Epe = U—4j— %(L —1) - % (2.24c)
and as well for 2L — 1, 2L and 2L + 1 particles in the system
o 1252 352
Eyry = UL—-1)—45 — L—1)——= 2.25
1252
o 1252 852
Eaypon = U(L+2)—6j— [j (L—1)— % (2.25¢)
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Figure 2.3: Phase diagram of the Bose—Hubbard model using the strong coupling expansion.
The first two Mott regions are drawn from an expansion to second order in the perturbation.
The corresponding mathematical expressions are are shown on the right side. In the inset is
the phase diagram by Freericks and Monien [43] using a third order strong-coupling calculation
(solid). They compare their results with a fit to a Kosterlitz-Thouless form [43] (dotted) and
the result of the quantum Monte Carlo calculation of Scalettar et al. [10] (circles). The inset of
this figure is published with the kind permission of H. Monien.

We would like to remark that processes like the depicted in figure (i) do not exist in
&Y as it does not return to the unperturbed initial configuration |} ) after an application
of any term of the perturbation W,.

With equations[2.24]and [2.25] we can calculate the boundary of the insulating regions to
second order in the hopping strength j. For the insulator with M /L particles per site, the
system becomes compressible at the point where the energy of the Mott state is degenerate
with a defect state. Those points are the chemical potential at which a hole or a particle
can be introduced, pp(M) = Ey — Ep—q and p,(M) = Eygq — Ep respectively. The
results for our case are shown in figure 2.3 and they are in agreement with the presented
by Freericks and Monien in [42] 43]. We observe that for high values of the interaction
strength, the system is a conductor wherever the compressibility becomes finite, as in the
defect state there is an additional particle/hole that moves coherently through the lattice.
As the hopping strength increases, the range of the chemical potential ;1 about which the
system is still incompressible decreases. Hence, for each value of u, the Mott insulator
phase will completely disappear at some critical value of j and beyond this, the system
is a superfluid.

2.3 Mean-field approach: the Gutzwiller ansatz

The Gutzwiller ansatz [67] assumes that the state of a lattice system [¢)) can be written
as a product of possibly different functions [1);) describing the state of each corresponding
site ¢

[¥) = @iy [¥i) - (2.26)
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Given its product nature, at T = 0 mean-field theory is operationally equivalent to a
Gutzwiller wavefunction calculation as the self-consistent condition is automatically ful-
filled at each step of the minimization [99]. This type of ansatz can be easily generalized
to higher dimensional systems and to inhomogeneous trapping potentials. Although its
simplicity, and despite this approach cannot capture the correct behavior of the spa-
tial quantum correlations, it provides a qualitatively satisfactory picture of the phases
of strongly correlated systems, and thereof it has been used in many different studies
[58, 59, [0, 37, 19].
Here we consider each of these |¢;) written in the Fock basis

) = > £ |n) (2.27)

where N is the cutoff of the local Hilbert space, typically taken to be the same in all
lattice sites, but not necessarily. Given a Hamiltonian H, the value of the ground state
energy may be calculated as

(V[ H[y)

E({f"}) = W) (2.28)

using |¢) from equation , and minimized as a function of the coefficients { f,gi)}, using
the normalization constrain ) | féi)P = 1 for all 7. Normally, this optimization process
is done numerically.

As already mentioned, a drawback of this method is that, approximating the state of
the system by a product state cannot give us neither the decay of the correlations with
distance nor precise information about the location of phase transition. Nevertheless,
we are still able to calculate some correlation functions and this ansatz does give us a

qualitative idea of the overall behavior of the system.

2.4 DMRG and the Matrix Product State algorithms

In this section we start introducing what the Matrix Product State ansatz is and its
derivation through the Schmidt decomposition [I11]. These states are the underlying
structure of the Density Matrix Renormalization Group method [83], [109] and the infinite
Time-Evolving Block Decimation algorithm [I13], which will be also described in the
following. The first is a numerical technique used to classically simulate some quantum
many-body systems with unprecedented precision [86], based on the controlled truncation
of the Hilbert space. The latter is specially well suited to deal with systems in the
thermodynamic limit.

Matrix Product State ansatz

A general position-dependent Matrix Product State for a one-dimensional system of
size L is defined as
d
Wy =3 Tr (AL ARLALLPE) |si, osn) (2.29)

S1,...s=1
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Matrix associated to site i

and its state s;, whose Dimension of the Hilbert
Ali]* : | dimension is bounded by d : | space corresponding to
some fixed number D; X D; 1. the physical system.

They parametrize the state.

They conform a class of states that yields local descriptions of multipartite quantum
states, giving a very good approximation with only a polynomial number of parameters
in some 1D problems [I07]. In the special case of open boundary conditions we have
D1 - DL+1 = 1

An ansatz for slightly entangled states The approach we introduce here to derive
MPS was proposed by Vidal in 2003 [I11], and it was developed independently to other
contemporary works [36], [109]. We will introduce it here because it is a generalization of
[109] and it is the starting point for the infinite-size simulations [113] treated at the end
of this section.

This is a particular decompositionm for the coefficients cy,..s, of an arbitrary state
written in the product basis [s1) ® -+ ® |sp)

d
|¢> - Z Csy-s1, |31> Q- & ’3L>
S1,...s,=1
Conspsr = O TIURAA 0 T[22 0, A2, T3S, -+~ TILIE (2.30)

a1,

which employs L tensors {T'[1],...T[L]} and L — 1 vectors {A[1],...A[L — 1]}, whose
indices s; and «; take values in {1,...d} and {1,... D;}, respectively. Contracting I' <> A
or A « I together, the structure obtained can be readily identified with a Matrix Product
State as in equation ([2.29)).

The optimal size of the tensors D; is related to the von Neumann entropy S; [80] of the
partition 1...7:94+1...L, as S; < 2log, D,. If this quantity is well-behaved, we would
be able to represent our state efficiently with a number of parameters that grows linearly
with the size of the system instead of exponentially, as when the full Hilbert space is used.
This is the idea behind [I11], where they show that any quantum computation with pure
states can be efficiently simulated with a classical computer, provided that the amount
of entanglement involved (~ D;) is sufficiently restricted. Here we restrict to sketch the
decomposition of the state.

In general, this decomposition can be found for all possible states. It consists of a
concatenation of L — 1 Schmidt decompositions, and depends on the particular way the
sites have been ordered from 1 to L. Here, we consider the systematic truncation of the
Hilbert space, taking the first D; Schmidt vectors in each partitionﬂ to achieve an efficient
description of the system in compromise with the computational resources. The procedure
can be described as follows:

TFor simplicity, we describe it for open boundary conditions.
fAn exact decomposition would keep all Schmidt vectors.
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1. do the first Schmidt decomposition of [¢) at the partition 1 : 2... L, keeping the
D, first Schmidt vectors with highest Schmidt value

[0) = > Al [9[la) [412- - L]ay)

a1=1

= 37 DS Ao s0) 192 Lla,)

51,00

where we have expanded each Schmidt vector for site 1 in terms of a local-space
basis.

2. expand each Schmidt vector |¢[2. .. L],,) in a local-space basis for site 2

(612 Llay) = Y ls2) [7[3 . Llaysa)

3. write |T[3...L]a,s,) in terms of at most Dy Schmidt vectors corresponding to the
partition 1 2 : 3... L for the second haliﬁ

I7[3. .. Llays,) = Z L[2]32 0, A 2las (83 La,)

4. substitute this in the previous decomposition of |¢)) to obtain

) = > T, D202 0, M2las [5152) [€[3 - Lla,) -

Iterating these steps for the Schmidt vectors [¢[3... Lla,), [¢[4... Llag), ... |0[L]a, )
one can finally express [¢) as

W)=Y T[22 0, 2a L3800, - TILIL | Js1---sp)

which corresponds exactly to the decomposition given in equation [2.30

When such a decomposition uses D ~ D; Schmidt vectors at each step such that
dLD? << d", this description results in a great improvement for classical simulations. In
that case, only poly(L) parameters are required to represent the state 1) , instead of the
d¥ coefficients c,,... , nheeded for the full expansion in the computational basis.

§We can do this because {|7[3... L]a,s,)} € span{|#[3...L]a,)}.
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Density Matrix Renormalization Group algorithm: optimization
of Matrix Product States

Density Matrix Renormalization Group [I18, 119] (DMRG) is a numerical technique
for finding accurate approximations of the ground state and the low-lying excited states
of strongly interacting quantum lattice systems. It traces its roots to Wilson’s numerical
renormalization group (RG) treatment of the impurity problem [122] and it is weakly
related to real space renormalization groups [108]. The accuracy of this method, just
employing a modest amount of computational effort, is remarkable for 1D systems and
it is limited by the dimensionality or range of the interaction. This fact was already
noticed by Ostlund et al. [83] who for White’s infinite algorithm [IT8, 119], established
DMRG’s mathematical foundations in terms of the MPS. The standard DMRG method
was originally introduced in a partially ad hoc manner, without fully understanding the
reasons of its success, but with MPS there exists now a coherent theoretical picture of it
which underlies Quantum Information Theory concepts [109].

DMRG is closely related to exact diagonalization methods and to Wilson’s numerical
Renormalization Group. They may be seen to form a chain of improvements on top of
each other, as described in the following:

Exact Diagonalization gives an exact solution, but the maximum system size that can
be treated is severely limited by the exponential growth of the Hilbert space with
the number of particles in the system. To circumvent this drawback, one would
require the formulation of a variational diagonalization scheme that also truncates
the Hilbert space used to represent the Hamiltonian in a controlled way.

Wilson’s Numerical Renormalization Group implements this idea progressively in-
tegrating out unimportant degrees of freedom, using a succession of renormalization
group (RG) transformations, where only the low-energy eigenstates obtained for a
system of size L will be important in making up the low-energy states of a system
of size L + 1. The process could be described as:

a) we start with a block of length L and its m (some prefixed number) lowest energy
eigenstates, determined in some previous steps, as an approximate basis

L {0}t

In the initial step, L is small enough to exactly diagonalize the Hamiltonian.

b) we add a new site to the block
L -
Our basis is then {[¢;) |i)}.

c) we project our enlarged basis onto a subspace of dimension m, keeping the low-
energy states of the system and recovering again a small basis

L+1 {195 }i=1.m

The truncation scheme is iterated.
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How to treat the boundaries of the isolated block after its enlargement is crucial
in formulating an accurate RG procedure, and it has been the main problem for
Wilson’s method. In the case of interacting systems, this could be solved at best
by embedding the block of interest in a larger superblock. At this point a dilemma
arises, as one state of the superblock can, in general, project onto many states of
the system block.

Density Matrix Renormalization Group chooses an optimal way to do this projec-
tion. After the enlargement of the block (step b in Wilson’s method), it proceeds
introducing an environment block, which is the mirror image of the enlarged block,
as it is assumed to have reflection symmetry,

L —0——0— L

The result is what is called the superblock. The reduced density matrix of the
enlarged system (not the whole superblock) is built and its most probable eigenstates
are kept as the new basis. This last step is the so-called density matrix projection.
The whole procedure is iterated until the quantities of interest, computed at every
step, have converged to the desired accuracy.

DMRG can be formulated as a variational method within the class of MPS [83] [109].
The calculation of the energy (|H|¢)/(¢|¢) for a Hamiltonian H with nearest-neighbor
interactions leads to a multiquadratic function of the matrices A[i] defining the MPS,
which can be solved using the standard technique of alternating least squares to do the
minimization. More in detail, this is done by first fixing all the matrices but the one for
site j and writing the effective Hamiltonian for that site H|[j], which includes the rest of
the matrices Ali] with i # j (see equation

Al H[5]Al]
A[j]TA[j]
Then, the minimization is done at each of these sites, sweeping back and forth over all
lattice sites ¢ until the desired convergence is achieved. At the end one obtains the set of

matrices A[i| defining the ground state of the system.

In practice, the convergence of this method is excellent [68,[107]. A detailed description
of the algorithm in terms of MPS can be found in appendix [A]

E(A[]) = (2.31)

Infinite Time-Evolving Block Decimation algorithm

The infinite Time-Evolving Block Decimation algorithm (iTEBD) [I13] simulates 1D
quantum lattice systems in the thermodynamic limit. The attainment of this limit is
important to study bulk properties of matter, avoiding finite-size corrections and boundary
effects. To introduce iTEBD we will first describe the Time-Evolving Block Decimation
algorithm (TEBD) [112], as it gives the basis for the infinite-size extension.

Time-Evolving Block Decimation algorithm allows the simulation of quantum many-
body dynamics [112] using a MPS like equation [2.30]
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XB FA 7\,A FB 7\’B FA 7\’A FB 7\’B
Figure 2.4: Schematic — — —— ——

representation of two
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ter each application of '
the time evolution op-
erator UAB (UB4) the
matrices T4, I'B and A\
(T4, T'B and AB) have to
be updated, which is in-
dicated here with a tilde. +.+.+.+.+

For example, consider that we want to calculate the state |1/;) , obtained as the time
evolved state of |¢y) according to the Hamiltonian H

[ = e [4o) (2.32)

where H contains only local and nearest-neighbor interactions. The main idea of
TEBD is to separate the Hamiltonian describing the dynamics of the 1D system
H = 3", b+l into its even and odd terms H = F + G, where by even we mean
F = >, b2+ and by odd G = Y, hl?71%] Note that the terms within one
partition act on different sites and thus commute with each other [l I +1]) =
[R2i-1.21] | 27120 =

We approximate the time evolution operator in equation [2.32|using a Suzuki-Trotter
expansion of order p for small § > 0 [102]

6—z‘Ht _ [e—i(F-i-G)cS]t/zS ~ [f (e—z‘FzS 6—z‘G5)]t/5
= ~ [f, 7 ,
This approximates the time evolution operator by a product of O(t/d) N-body

transformations, which can be expressed as a product of the two-sites operators
e_ih[21,2i+1]5 and e_ih[m—l,m](;

The time evolution in equation [2.32]is then accomplished by iteratively applying the
operators e % and e~**° a number of O(t/4) times to the initial state |t/y) , which
has been previously decomposed in the form of equation After the application
of each operator at sites i and 7 + 1 the decomposition has to be updated,
involving at each step only the transformation of the tensors I'[i], A[¢] and T'[i + 1]

[T11].

In the case of an infinite chain which is translational invariant, the state can be written
in the form of equation with T'[¢] and A[i] independent of i. Thus, given that the time
evolution is generated by two-sites operators

UAB — ® e iF2i2410  r7BA _ ® o iG[2i-1,2i] (2.33)

7 %
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the representation is chosen to be of the form

[[2i] = T4, \[2i] = 2\ (2.34)
[[2i+1] =T5, A\2i+1] = \P (2.35)

taking only explicit invariance under shifts by two sites. For L — oo, the action of U4?
and UB4 preserves the invariance of the evolved state under these shifts. As a consequence,
only tensors I'4, ', A\ and A® need to be updated, having a reduction in the cost of the
simulation by a factor of L in comparison to the simulation of finite systems.

The computation of the ground state is achieved by simulating an evolution in imagi-
nary time, where the two-sites unitary gates Usp and Upy4 are replaced by the non-unitary
gates

[JAB _ ® e~ FI202i+116 [7BA _ ® o~ Cl2i-1,2i)5 (2.36)

using 0t << 1 to minimize the errors introduced by a non-unitary evolution. The state
should also be normalized adequately.
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Chapter 3

The physical system for dissipation

3.1 A mathematical toolbox for dissipative systems

Master equation formalism

The master equation describes the time evolution of a system that is coupled to an
environment, while this coupling induces in the system a dynamic that is in general not
coherent [116, 47, 20]. The description is given in terms of the reduced density matrix of
the system and the master equation governs the time evolution of probabilities (diagonal
elements of the density matrix) and of variables containing information about quantum
coherence between the states of the system (non-diagonal elements of the density matrix).

Derivation of the master equation To derive this equation, we consider that the
system S we want to study is coupled to a reservoir R through a weak interaction V.
System and environment are modeled by the Hamiltonians Hg and Hp, respectively. The
full Hamiltonian describing the dynamics has the following form

H=Hqg+ Hp+V. (31)

If w(t) is the density operator of the total system S + R, its evolution in the interaction
picturdf with respect to the free Hamiltonian Hg + Hp is dictated by

dw(t) i
e LR0) 3:2)

and we are interested in the evolution of the reduced density operator of the system

p(t) = Trelw(t)]. (3:3)

We consider that initially between the system and the reservoir there are no correlations,
as they had not been in contact before

w(0) = p(0) @ pr(0). (3.4)

*We want to see the effect of the small perturbation on the state of the system.

37
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With this ingredients, we are going to derive the Markovianﬂ non-unitary evolution of the
system.

Integrating the evolution equation for the total system (|3.2)), we obtain a formal solu-
tion for the density matrix

i

wlt) =w(0) - 1 / dt [V (), w(tr)]. (3.5)

This recurrent integral equation for w(t) can be indefinitely iterated, inserting it as the
solution for the w(t;), w(ty), ... appearing in the commutator of the integral. The
solution may now be written as

olt) = W(O)—i_i(_%>n/otdtl/otldt2"'
/0 o dt, [V (1), [V(ta), ... [V(ta),w(0)] ... ]]. (3.6)

Then, to obtain the state of the system S, we trace out the modes of the bath as in (3.3])

() = p(0)+§(—%)n/otdtl/otldtz...

/0 A TRV (), [V (E), . [V (£), 9(0) @ pa(0)]. . ]
= [L+UL(t) + Us() +...1p(0) = Ut)p(0) (3.7)

where in the last equality we have defined the operators giving the weak coupling expan-
sion of the master equation

i i t t1 ti—1
Ui(t)[] = (—ﬁ> / dtl/ dts .. / dtTralV(t), [V(ta), . [V(E), ()@ pr(0)]. .. ]I
0 0 0
Using these operators, we can write the exact evolution of the density operator p(t) as

dp(t . .
W0 _ 03+ 0a0) + . 100 o8] = L) (38)
where L£(t) is the generator of the temporal evolution, the so-called Liouvillian.

To be able to evaluate the trace of w(t) over the reservoir degrees of freedom, we
need to know how the reservoir evolves under the influence of the coupling. We are going
to assume that the bath relaxes much faster than the system. This is reasonable when the
reservoir is very big, much bigger than the system, having an immense number of degrees
of freedom. As a result, the correlation time of the reservoir t,., is very small compared
with £44mp, the characteristic time scale of the system evolving under dissipation; meaning
that the system looses all memory of its past. This is known as the “first Markovian

TLocal in time.
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approximation”. Considering that the reservoir is much bigger than the system, we can
assume that the changes in the reservoir are negligible (pr(t) ~ pr(0)) and that it is
always in thermal equilibrium. This is the so-called “Born approximation”

w(t) = p(t) ® pr(0) + peorrel (3.9)

where, following from the Markov approximation, p....; is negligible. Given that the
bath is at finite temperature, it does not have quantum fluctuations. As a result, it cannot
excite quantum fluctuations in the system. There are only thermal fluctuations, but these
are negligible at first order. Thereof, we assume that the coupling between the system
and the reservoir is such that

Trr[V(t), pr(0)] = 0. (3.10)

This condition ensures that U;(t) vanishes. Moreover, if the perturbation to the system is
weak, we can neglect the terms of order greater than two in equation |3.8 and approximate
the Liouvillian as

LB =Us(t)[] = —% i dty Tre[V (1), [V (t1), () ® pr(0)]] (3.11)

where the next correction is at least of fourth order in the coupling.
Hence, the evolution of our system under the effect of dissipation through a reservoir
can be described as
dp(t) 1

w2 / A TraV (1), [V (1), p(t) ® pr(0)]] = L], (3.12)

that is the master equation for the system S. The assumptions taken to obtain this
expression are the standard ones taken in quantum optics [116, [47), 20].

Heisenberg equations of motion

The general equation of motion for a system operator; or in other words, the time
evolution of the mean value of some system observable A

(A)(t) = Trs[Ap(t)]; (3.13)

can be easily calculated applying the chain rule for derivation to (A)(t) and using conve-
niently the master equation of the system.
Applying the derivative, we have

d

ZA(E) = Trs [A dp—(t)] + Trg [% p(t)} (3.14)

dt dt

where the second term denotes the possibility of an implicit time dependency of the
operator. In the first term of equation [3.14] we can substitute dp(t)/dt by the master

equation
dp(t)

WD _ s, p(0) + L1p(0)]. (3.15)
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In equation [3.15] we have separated explicitly the coherent part of the evolution for a
closed system, the term with the commutator; and the incoherent evolution, typical of
an open system and described by the Liouvillian. Combing equations and [3.15] we
obtain

Lomywy = Trg {Adp()}ﬂr’ {dA (t)]

dt dt dt
= Z%TTS [Trs[Hg, p(t)] Al + Trs [Lp(t)] A] + T'rs {% (t)}
= Trs (LA HS] o) + Trs [CDp0] A+ Trs | oot (310

The first and last terms refer solely to the free evolution of the system, they form the
so-called “Ehrenfest’s theorem” for closed systems. Equation [3.16| is the generalization
of this theorem to open systems. This equation allow us to describe the dynamics of a
system undergoing dissipation, through the calculation of relevant correlatorsﬂ to infer
their behavior.

3.2 A Hamiltonian with dissipation

Consider a set of repulsively interacting bosonic cold atoms sitting in a 1D lattice,
described by the Bose-Hubbard Hamiltonian (1.9))

L
. U
Hs =3 {_J (azT‘+1ai + %Tam) + 5 (ni = 1)] : (3.17)

i=1

This system S is embedded in a larger reservoir R, as depicted in figure 3.1}, and these two
interact in some way that will be specified later. We consider that the reservoir is a set
of 1D optical lattices, orthogonal to system S, and trapping atoms in a different internal
state, described as well by the Bose-Hubbard model

L
Hp = Z Hl(;) Z Z [ ( i1 Dik + bzkbzk+1> — 7 (b;'r-q—lk;bik + b;'rkbi—l-lk)
i—1

i=1 k=1
/

+%n§?k (n2, —1) ] (3.18)

The operators used in equations and are the number operators for the system
n; = ala; and the reservoir nY, = bl b, where a! (a;) is the creation (annihilation)
operator of atoms at the i-th site of the system, and b;[k (bir) the corresponding operators
at the k-th site of the reservoir associated with i-th site of the system. Here, j and U
represent the hopping and on-site interaction for the atoms in the system, j' and U’ are
the tunneling amplitude and interaction strength in the reservoir transverse tubes, while

j" is the hopping between these latter tubes. In our notation, L is the number of lattice

fIn the context of cold atoms in optical lattices, they could be (n;), (ala;;a), etc.
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Figure 3.1: Schematic drawing for a system with dissipation in three different configurations:
independent baths with number dissipation (left), independent baths with phase dissipation
(center), and shared baths with number dissipation (right). The lattice sites of the system are
shown in green and those of the reservoir in violet, where particles interact with a strength U
and U’, respectively. Black and gray lines indicate the possibility of tunneling between sites
with an amplitude j (black), j' (dark gray), and j” (light gray). At the crossing points, the
colored lines indicate that the system and reservoir interact with a strength V, either through
the exchange of particles (green) or collisions (orange).

sites in the system, and it is small compared to L', the number of sites in the reservoir
in the orthogonal direction to the system axis. As usual, we consider periodic boundary
conditions for both parties.

The atoms from the system and reservoir interact locally at the intersecting points
of both chains according to an interaction Hamiltonian Hggr. As shown in figure [3.1]
we will consider exchange of particles (left), collisions (center) and exchange of particles
with shared baths (right), which are further described in section .2 All these kind of
interactions are regarded to be the same for all lattice sites. In this way, the reservoir we
consider may introduce irreversibilities in the system, through the exchange of particles
or collisions. Nonetheless, whenever j” = 0 and independent reservoirs are considered,
coherences in the system cannot be established through the bath.

We want to focus our study on the properties of the main chain. Therefore, we will
either study the complete evolution of the system and the environment, tracing afterwards
the degrees of freedom of the latter, or describe directly our system using the master
equation formalism.

Decoherence mechanisms

Now, we introduce the interaction mechanisms considered in this work, which have
been already sketched in figure [3.1} collisions or phase dissipation, and the exchange of
particles or number dissipation. This latter is developed for individual and shared baths
between consecutive system sites.
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Phase dissipation Dissipation of the phase means that the particles of both parties, S
and R, collide against one another, and this contact interaction should presumably lead
to a loss of coherence

Hsp =V ninly. (3.19)

This implies that the particles of the system (n;) meet the ones of the reservoir (n%) at the
points where these two systems overlap, interacting at a rate or strength V, as illustrated
in figure (center). We derived the Liouvillian for this process, as shown in appendix
[B], obtaining

_ 7 2 2
L, = 5 E {—nip— pni + 2n;pn;} . (3.20)
where 7y is the damping rate (see equation [B.17]).

Number dissipation Dissipation in the number of particles means that there is an
exchange of particles between the system and the reservoir, taking place at the points
where they overlap at a rate or strength V. This is depicted in figure (left) and it is
described by the interaction Hamiltonian

HSR =V Z <ajb,~0 + bjoai> (321)

.I.

where the creation of a particle in the system (a}) implies the destruction of another in

the reservoir (b;), and vice versa. Deriving the Liouvillian for this interaction, as shown
in appendix [B], we obtain

L, = % Z {(N +1)(2aipal — ala;p — pala;) + N(2a! pa; — azalp — paia;r)} (3.22)

where 7 is the damping rate (see equation .

If we consider shared baths between neighboring sites, as shown in figure (right),
the operator a; must be substituted by a; + a;4+1 in equation [3.21] as in this situation
each of the baths interacts with the two nearest sites of the system. This results in an
interaction Hamiltonian

Hsp =V Z ((Cli + i) bio + blo(a; + ai+l)) : (3.23)

Consequently, this substitution should be also done in equation [3.22] leading to the Liou-
villian

Lo shared = % > {(N + 1)(2(a; + aip1)play + av1)' = (a5 + ai1) (0 + aigr)p -
pa; + aip1) (ap + api)) + N(2(a; + ain) play + aingr) —
(@i + air1) (@ + ai1)'p = pla; + aipr) (as + az"+1)T)} (3.24)

where v is the damping rate (see equation |B.17)).
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Description of theoretical results

We already know the behavior of ultracold atoms in optical lattices when there is
no dissipation in the system (Hgr = 0), as it corresponds to the Bose-Hubbard model
presented in section [I.3] In this chapter we are now going to study the influence of
dissipation on this model, or more precisely the effect of some dissipative processes on its
phase diagram.

Let us recall that the Bose-Hubbard model presents mainly two phases, the superfluid
in the limit j/U >> 1 and the Mott insulator when j/U << 1. The first methods of
this chapter focus on distinct regimes. To study the superfluid region, in section we
introduce the phase and harmonic approximations, for contact and exchange
interactions. After using these approximations, the problem can be solved applying a
real Fourier transform to the variables and the state of the system is finally characterized
through its reduced density matrix. To study the effect of the contact interaction (|3.19)
on the Mott-phase diagram, in section we implement a strong coupling expansion
to second order in the dissipation strength and the hopping amplitudes. For a general
overview, in section we consider a mean-field approach to study the complete phase
diagram in the case of contact interaction ([3.19)), using a Gutzwiller ansatz.

4.1 Applying the Quantum Rotor model to a dissi-
pative system

In this section we use the approximations introduced in section for the Bose—
Hubbard model, to describe our system in the limit of large hopping amplitudes j, j’

and j”. Similarly as done there, we move from the Fock basis of the system |77) and the
reservoir |ﬁb> to their basis of phase states |¢) and |£), respectively,

0= [0), 1) = [6)

where < 6 = 2";;/2, with ¢ € [—m, 7]®L (4.1a)
and < b|¢ > ”LL,E/Q, with € € [—m, 7]®Y. (4.1b)
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In this notation, as in section to each site of the lattice corresponds an element of
a given vector. For example, ¢y is the phase corresponding to the k-th site of the main
chain, and &; is the phase variable corresponding to the j-th site at the k-th chain of the
bath.

Also as in section [2.1 throughout this section we ignore the constant terms in the
Hamiltonians. We would also like to emphasize that it is interesting to work in the phase
basis when the relevant physical states are concentrated around large occupation numbers
(n,n® >> 1). Otherwise, some non-physical states, as Fock states with negative particle
number, could be also included due to the symmetry of the phase intervals (equations
4.1]) with respect to zero.

Hamiltonian for the full model

Our full Hamiltonian H = Hg + Hgr + Hgg is composed by the free evolution of the
system Hg , that of the reservoir Hg , and either the contact or the exchange
interaction between them Hgg . In the limit of large densities and weak
interactions, as introduced in section replacing the operators a; (b;;) by the phases
Ve (vVnbe'is), and the number operators ala; (b ;bij) by the derivatives —id/0¢; — n
(—i0/0¢&;; — n®), we obtain H expressed in the ba51s of phase states for the case of a
contact interaction

H? = —chos( — Gis1) — 2 gchos &ij — &) — 257" cos(&; — Ginj)

i!j

P Z a¢2 ) Zj @ N Z a@a@o (4.22)

and for an exchange interaction

H" = —%@Zcos(qz—qﬁm)—2j’gchos<5ij—sij+l>—2j"gb2cos<fij—§+u>

.3 1,]

2

where indices i and j run from 1 to L and from —(L' — 1)/2 to (L' — 1)/2, respectively.
The constants ¢ = \/fi(n — 1) and ¢ = \/nb(7® — 1) are approximately the density in
the system and the chains of the reservoir. Given the high density in both systems, we
have also approximated van® ~ \/@

In the limit of strong tunneling, the full system has an equilibrium configuration where
the phases of adjacent sites couple and tend to become equal, ¢; ~ ¢g, &; ~ &oo and
i ~ &Eip. In this limit we can apply the harmonic approximation, expanding the cosines in
equations around this equilibrium configuration and keeping up to the second order
of the phase differences, to study the effect of the quantum fluctuations induced by the
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interactions U, U’ and V. The Hamiltonian (4.2a)) is then approximated by

HY = 23@2( — Gitis1) +2]/sz 2= &ikijia) +2y”eb2 2 — &ikisg)

Z o Z @j V2 G, 7Es 430)

and equation by

H(n) = 2jQ Z<¢12 - 9252'9252‘4,.1 —|— 2] Qb Z z] gl‘]glj-‘rl + 2]”Qb Z z] 523&""1])

U’
SN SE DALV T) SERT RECORE S
id ij i

In equations some of the variables are coupled by a circulant matrix, which is of
the form Q(7, j) = —0;j—1 +20;; — §;j4+1. Thus, both cases can be diagonalized by the same
orthogonal transformation wy,;, a real discrete Fourier transformation dependent on the
lattice size. Introducing the new variables

by = Zwm(L)qs,- (4.4a)
gpq = Zwm Jwqi (L& (4.4b)
and using the orthogonality relations ), wyiwg = 0, and Zp Wpidpj = 05, We arrive to

a simpler model H) = Zp H,E'), where the Hamiltonian is made of different components
for each momentum p

(@) : n UP o
H” = joey( ¢ +ZQ jeg(L) +J ep(L)]gpq_EaT& T 2.7 98
p q Prq
2
-V ~— W O(L/) (45&)
2 0,08,
: - g o U 0 U o
HY = e (D5 + 3 STl + G, - 555 =Y S oa
P q Pq

_V\/E (‘bz + Z qugpq/qu Nwgo(L') — 2 Z Q;pépqqu(L/)) (4.5b)

corresponding to equations and [4.3b| respectively. Here, €,(L) are the eigenvalues of
the tridiagonal matrix that couples ¢; with ¢;1; and &; with 415, and €,(L’) those of the
tridiagonal matrix coupling &;; with ;1. For each value of p, equations [4.5| are Gaussian
()

Hamiltonians. This allows us to write these H,’ in matrix form as

HY) = 01D, — V§ B,V,, (4.6)
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6p1) = (0, {€pq}) and the

where we have defined the vector of variables 9;T = (égp, fpl, e

matrices
(Jo+7"")ep 0 0 0 0
0 j' o1 + " 0%, 0 0 0
D, = 0 0 j'0%es + 5" 0%, 0 0 +V,
0 0 0 . 0
0 0 0 0 j'ober + 5" 0%,
Uus o 0 -~ 0
o U'/2 0 0 0
B, = 0 0o U/2 0 0 +V,
: 0 0 .0
0 0 0o 0 U/2

where the matrices V,, and V,, should be added depending on the type of dissipation
present in the system, being either number dissipation or phase dissipation respectively.
The expressions of these matrices are

Ve Ve /L Vi/ed/VT V/od /NI
VVed /NI =Vod /L' =V/od /L =V /0d®/L' =V 0d /L'
Vo= | VVed/NT =V oo /L' Vo /L' Vo /L' ~Vi/od/L
: Vo /T =V od/L' ~V/oo/ I/
Voo NI =Vod /L' =V /o /L' =V /o /L' =V/od/I!
0o  V/NU V/NT - VI

V/VI 0 0 0 0

Vy=| V/VL 0 0 0 0

: 0 0 . 0

VNI 0 0 0 0

Given that H is a sum over L quadratic Hamiltonians H,, it is possible to write its

ground state as a product of the individual Gaussian solutions for each H,

o=@ with %(9‘;):(

where the matrix A, must satisfy the condition

for equation to be a solution of H = Zp H,. A possible solution to this problem is

thus

D, = AIB,A,

det Ap) 1/
exp

aLl+1

A, = Bp—1/2 /B;/2DPB;/2BP_1/2

and it is the one we will consider in the following calculations.

07 A0,

9

2
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Reduced density matrix of the system

To study the properties of the system S, we construct the S + R full density matrix
using equation [4.7] and trace out the reservoir degrees of freedom to obtain the reduced
density matrix of the system

0(3.9) / dem G AE DY (@ (&), (4.10)

Given that we have the state (4.7) decomposed into momentum states, it results more
convenient to compute first the reduced density matrix for each of these and then consider
their product

g

:0((;7 (ZB/) = H / dépl e dgprp(QBpa épla s >épL)w;(‘Z§;a éplv cee aépL)- (4~11>

To proceed with this calculation, we start decomposing symbolically the matrix A, into

four blocks
Ag) AT
= a4 4D (112)
3] 133

referring to the elements of the matrix in the Gaussian state (4.7) coupling the variables
of the system and/or the reservoir. Considering that the matrix A, is Hermitian and
positive definitd?, the previous integral becomes

— —

6.0 ~ 1 [ a6y exo A+ 3012~ EARE - (G + 3)ATE]  (413)

up to a normalization factor, and where we have defined the vector épT = (fpl, e ,épL).
Applying the change of variables x, = ép + @,, we can express the integral in equation

as -
exp [_A((gg (@5120 + (%02)/2] /dép exp [ fTA(p ép XpA of gp]

which can also be written with a constant displacement in the variables of integration

exXp [_A% (&12) + &;2)/2] /dgp exp [_(ép - Up)TAé*? (gp — ) + 17;/42%)1717]

-1
by defining a constant vector j, = —Agg Ag))xp /2, that can be reabsorbed by the inte-
gration variables. This integral can now be written more clearly as

exp [~ ALY+ 37)/2+ 7427 [ dGexp [-(§ - )T ALE - )]

*Actually, for periodic boundary conditions it is not the case, but we can neglect the degrees of freedom
associated to zero eigenvalues since they are associated to the “center of mass” of the system and to the
translational symmetry.
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The integration over constants and degrees of freedom of the reservoir may be neglected,
considering it part of the normalization of the state. Finally, the integral in equation 4.13
can be expressed as

exp [—AD)(G2 + 9)/2 + ATLAD 4D (G, + )2 /4]

upon normalization of the state. Therefore, the reduced density matrix of the system
takes the form

p(6,4) = Hexp[ BU(GE+2)/2+ V4,6, (4.14)
where the diagonal and off-diagonal elements are given, respectively, by
W _ 4@ _ L@ A0 40 A _ L 4@ 40 )

B Aso 2A¢>€ Ag Ag C 2A¢£ As& Agy (4.15)

To give sense to the probability distribution that the density matrix describes, its trace
should be one. This constrain defines the value of the normalization factor N

N = H/dqz;p exp [—(;5}2)( H\/A(p o )71A(}’)' (4.16)
P ¢s 55 2

Furthermore, the state (4.14)) can be more conveniently written as

1

oz 1 _(;TB(Z g’TBg;, 2 7,
p(¢,¢) - Nexp

5~ 5 toCe

, (4.17)

where B and C are diagonal matrices with the ordered elements B® and C'?), respectively.
Using the discrete Fourier transform introduced in equation [4.4] we can return to the real
space and obtain the reduced density matrix of the system

T B g T B 71
K 2 5 é 2 7z

- o _i
p(gbv )—NGX

C¢' (4.18)

where the matrices B and C are the corresponding Fourier transformed matrices B and
C.

Having determined the state of our system (4.18)), we can now continue calculating the
expectation values that characterize its physical state and tell us more about its phases
and properties.

Characterizing the state of the system: correlation functions

Number fluctuation The variance in the number of particles per site An? tells us
whether the particles in the system are pinned to the lattice sites An? = 0 or are able to
move the lattice An? # 0. In the phase model, this quantity may be calculated as

An? = ((ala; — n)?) ~ <_a%>' (4.19)
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For the reduced density matrix (4.14]), we compute this expected value as follows

sz = [ a6adsi - 3) (-3 ) o6, (4.20)

We start taking explicitly the first and second derivatives with respect to the phase ¢:
D, (6, ¢) = [— > Bijdi + 3, C_’ijgb/} (6,9, (4.21a)
92,0(6, ') = {_Bii + |- X Buos + X, Gy } (4.21b)

and then consider the trace of the second derivative of the state
2

/d<5'5(5— $)02,0(6,8) =< =By + | Y (B — Ciy)bs | ¢ p(6.0) (4.22)
J
This allows us to write the problem as
2
1 N _ _ _ R
An? = N/dcb Bi; — (B - Cz‘j)be exp [—QET(B - C)¢] . (4-23)

From this point, we proceed changing the variable of integration gg to J = V‘%E, where
V' is the unitary transformation that diagonalizes B — Cﬂ while to simplify the notation
we introduce X = B — (. This reduces the problem to

exp[ ZX%,@]. (4.24)

Finally, using the Gaussian integrals [ d¢exp(—ag¢?) = \/_ and [ dpexp(—ap?)p* =
—ﬁ\/g = 5-/Z, the fluctuations become

An? = By — ;Cyz (4.25)

expressed as a function of the Gaussian solution (4.7) and its parameters.

An? = By ——/dw

D XV > XV )iwthy
k

Second-order correlation function We can also calculate the decay with the distance
A of the two-body correlations in our system. In the phase approximation it can be
calculated as

-

(alay) = (=) (4.26)

where the only non-zero components of & correspond to the i-th and j-th element (|i—j| =
A), which are x; = —1, x; = 1. For the reduced density matrix (4.14)), this expected value
can be computed as follows

(79 = / 16495(6 — &) explia

"This means B — C = V(B — C)PV =1 where (B — C)P is a diagonal matrix.

_,_’

73)p($, ). (4.27)




50 Chapter 4. Description of theoretical results

Considering first the trace of the product of the state and the exponential

[ 4856~ &) explist 0p(6.3) = exp(iat $p(3. 9 (425)
the problem becomes very simple
(e(iﬁ@) = j%/ /d(ﬁ)exp [m}&— ¢?(B - C_‘)gg] (4.29)

and it can be solved defining the constant vector 7 = i(B — C')~'Z/2, which can be
reabsorbed in the variable of integration

e —

@) = 5 [dbep -G (B-OVG -+ T B0 (430)

Finally, the correlator becomes

-,

<e(iﬁd’)> = exp [—ixﬁT (B - C’)_l)T f} (4.31)

expressed as a function of the Gaussian solution (4.7)), its parameters and the vector ¥
that determines between which sites the two-body correlator is taken.

In figure we have the correlations in the system for two different sizes of the
reservoir (in the upper plots L' = 101 and in the lower ones L’ = 121), considering either
number dissipation or phase dissipation through independent baths (left and right plots,
respectively). All results coincide for V' = 0, and we observe as expected that for a fixed
value of the dissipation strength V, the hopping of the system j increases the number
fluctuations and the second-order correlations in the system.

In the case of number dissipation (3.19)), as the value of V' increases, we observe that
this kind of dissipation pushes the system to a state with characteristics more of a Mott
kind, where the particles tend to be more localized, and loose the strong correlations. The
size of the reservoir L' does not appear to affect the physics of the system.

In the presence of phase dissipation , for a small value of the dissipation strength
V we observe that both correlators increase until the dissipation strength reaches a critical
value (V' ~ 0.06 — 0.07 in figure (right)), whereon the behavior is reverted. At this
value there is a resonance where higher number fluctuations take place. The position of
this resonance changes with the size of the environment L', happening at lower values
of V for bigger reservoirs. A systematical study of this effect for longer values of L' is
hindered by the computational resources.

A common feature of both dissipative mechanisms is that, for a strong dissipation
strength V' the second-order correlations decay, indicating a lost of coherence between
neighbors. The systems is not a condensate anymore and tends to fragment, which can
be understood as the emergence of a Mott-phase.

Interpreting these results for certain parameter values as a reinforcement of the phases,
unveils a property of dissipation that is normally not seen in classical systems: it helps
to create a desired quantum phase, with either strong or weak correlations. This idea has
been later better developed by other authors [30, [66, 110].
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Figure 4.1: All plots show the number fluctuations An (color gradient) and the second-order
correlation function (a;fai.H) (solid). The systems we consider have lengths L = 50, L' = 101
(up) and L = 50, L’ = 121 (down), undergoing either number dissipation (left) or phase
dissipation (right). The reservoir is considered to be in a superfluid state, with o® = o = 5,
J/U' =1and U = U.

A generalized ansatz for the master equation

Instead of solving the Hamiltonian for the full system and tracing out the environment
from its solution, another approach to deal with systems that present open quantum
dynamics is to solve the master equation for their evolution, as it has been mentioned
in section To do this within the phase approximation, we will have to extend the
description we have been using to density matrices.

A general mixed state in the phase model can be written as

X

Proceeding similarly as in the pure case, when equations were derived, we find that
the relevant operators acting over a density matrix in the phase basis (4.32) transform

0= [ D0 ) (4.32)
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like
= 104,p, pA; = —i0yp (4.33a)
+ i, + :I:zd)’
Ajp=et ip, pA; = e ip (4.33b)
depending on whether the operator acts from the left or from the right of the density

matrix p.
Then, the master equation for phase dissipation (|3 can be written as

Ohp = Z—Z[% 32/]p+lwz — 1) = (8 — ¢1)%] o

2 - /
+y Z 02 + 02— 20, 6%} P (4.34)
J
and we shall consider the following ansatz

p(6,8) = Nexp |~6TAG — §TBG — §7CF +u' G+ 7 | (4.35)
where N is a suitable normalization constant, and the constants A, B, C, @ and ¢ can
be found solving the system of equations obtained for the stationary solution of equation
4.341 Moreover, in the presence of phase dissipation we have an extra condition, namely
the conservation of the number of particles in the system [>, n;, p] = 0, which translates

into
>~ (86, +sy) p(9,6) = 0 (4.36)
where p(¢, ¢') is the function defining the state in equation [1.32]
In the case of dissipation (v # 0), it is not possible to find a consistent solution for
arbitrary values of the rest of the parameters.

Heisenberg equations of motion Another way of tackling this problem is to use
equation to derive the Heisenberg equations of motion for the correlation functions,
which can be also used to characterize the state of the system.

For number dissipation in a system with shared baths between neighboring sites ,
using the expansion of @; in terms of phase operators a; = ) (i¢;)"/n!, we can calculate
the equations for the second-order correlation functions in the phase-number representa-
tion

(nins) = 23 [(nang) = Nng) = Nng) +2N(n)65] + 7 [{alnjas) + (alnias)] +

YN |(al, a:) + <a1@i+1>} Oij+1 + YN [( al,ya;) + <a3ai+1>] 0ij—1 +
% :<nia}aj+1> + <nia;aj_1> + <a}+1amj) + (aj_lamﬁ] +
% :(agnjam) +(alnjai1) + (al ;) + <a}_1maj>}

<¢i¢j> =0 )

(pin;) = % _<a3ai—1¢j> +(al_yai¢;) + (alai16;) + <a1+1@i¢j>] +

\)

7 [(nidbs) — N ()] (4.37)
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where for simplicity we show only the dissipative part (i.e. as if U, j = 0), corresponding
respectively to the number-number, the phase-phase and the phase-number correlations
across the lattice, between sites ¢« and j. The system of differential equations [4.37]is not
closed, it mixes correlators of three different, consecutive orders. We encounter the same
situation when considering shared baths with a phase in the interaction (a; — a4 instead
of a; + a;11 in equation .

For phase dissipation , using the commutation relation [¢;,n;] = d;;, we can
calculate the same second-order correlation functions

(nmg> = 2jo[(nigj_1) — 2(nid;) + (nijs1) + (Pi—iny) — 2(ding) + (Bir1n;)]
<¢i§f>j> = —U[(nig;) + (din)] — 76i
(Ping) = 2jo[(Pipj—1) — 2(did;) + (Pidj1)] — Ulniny). (4.38)

If the system of equations [4.38 would be homogeneous, it could possibly have an inter-
esting solution. On this basis, we introduce a toy model in which the phase dissipation
is modified, replacing n; by n? in the Liouvillian. This change ensures a system of
homogeneous differential equations,

(nz”3> = 2jo[(nigj—1) — 2(ni¢;) + (nigjr1) + (di1ny) — 2(diny) + (dirainy)]
(@id;) = —Ul{nigy) + (giny)] + dy(niny)oy;
(Ping) = 2jo[{¢idj—1) — 2(¢id;) + (dij1+1)] — Ulniny). (4.39)

The number of equations needed to solve this problem, can be reduced from 4L? to
4L considering periodic boundary conditions, such that (X;Y}) = (X;Y},_j) for any local
operators X; and Y;. Defining the relative distance A = |i—j|, the 4L equations correspond
to (nina), (P10a), (p1na) and (n1pa). Using a vector to collect the operators at all
relative distances A under one symbol (e.g. X = (X1X5...X1)), we can write the
system of equations [4.39| as

(i) 0 —2¢jB —20jB 0 (nari)
(ny9) _ U 0 0 —20jB (n19) (4.40)
(¢17) vooo0 0 2B | (o)
(¢10) dyooa U u 0 (919)
where B is a circulant matrix, with B; = —2 and Bj4+1 = 1. For j = 0, the equations

acquire simplified expression

(mna) = 0
<¢1¢A> = —U[(n1¢a) + (¢1na)] + 4y(nina)doa
<¢171A> = _U<n1nA>

yielding as solution a constant value of (nyna) in time, linearly growing correlators (¢1na)
and (n1¢a), and a quadratically growing (¢1¢a) that also grows with the dissipation.
Implementing in the master equation p(¢, @) = poe ¢~#)7 as trial function, we find a
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constant py as stationary state of the system, corresponding to a Mott insulating state.
We calculate the initial values of the second moments (n1na), (¢1na), (n1¢a) and (G1oa)
using this state. Then, proceed with an adiabatic evolution of the system as j increases,
but the resulting equations are not stationary. Considering j # 0 and initially that v = 0,

the stationary state condition on 1. gives (nyna) = %B(gblgb@ and (¢p1na), (n1pa) =
0. Then, the correlation length
€2 — PIICARCITIN]
> oa(d10a)

decreases as the interaction strength v grows.

4.2 Strong coupling expansion around the interact-
ing Mott

Proceeding as explained in section 2.2 we are going to calculate the Mott-phase dia-
gram for an optical lattice undergoing phase dissipation in a reservoir of independent
baths (57 = 0). We focus on the behavior of the first Mott lobe (one particle per site)
drawn in figure [2.3] considering that the reservoir has also one particle per site.

The expansion to second order for weak coupling j, j” << U,U’,V yields for the lower
boundary of the lobe (chemical potential required to add a hole to the system)

4]'2 8jl2 8j/2U/

(L) = V42— + 70— 5 e
4 -2 8 '/2v2
~ V42— % - ]U,3 (4.41a)

and for the upper one (chemical potential required to add a particle to the system)

9 277 2
. 87U 3V
pp(L) = U+V—4j+ﬁ_ U2 _ 412 (U/Q_VQ

2 12772
g 247"V
~ U—I—V—4j+ﬁ— T

Here, we see that the lobe shifts upwards proportionally to the strength of the on-site
interaction V. The crossing point of these lines will give us an approximate behavior of
the lobe tip under the influence of the dissipative process
55 16125
2 _GjrU— —
U U’
which has as root the critical value of the hopping amplitude

(4.41D)

=0 (4.42)

Je vu’3
i 10 (443)

taking the solution with the negative sign (figure 4.2/ (inset)), as we are in the perturbative
regime. Therefore, we observe that the size of the lobe starts decreasing as the interaction
is turned on, but also when the kinetic energy of the environment is increased.

(2 64 4/16 + 3204272
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4.3 A Gutzwiller ansatz for the system and reservoir
In this section we generalize the description introduced in section to our many-

chains system. Namely, the state is modeled as a product of functions describing the state
of each site
v

where )¢ES)> denotes the state of the i-th site of the system and
J-th site of the i-th chain in the reservoir

N
o) =" fuln).
n=1

_ oL
@izt

[¥) (4.44)

s LI’
o) @it

wz(?> the state of the

N
i) =g n) (4.45)
n=1

and f, and gT(lj) are the coefficients of these states when expanded in the Fock basis,
considering translational invariance along the main chain as the index ¢ is omitted. These
coefficients are found by minimizing the free energy of whole system in the grand canonical
ensemble, under the constrain of normalized states.

In figure we have the phase diagrams calculated using a Gutzwiller ansatz. Each
plot corresponds to a different value of the dissipation strength V' in the case of phase
dissipation . The lower plot will be our reference, displaying the results for the Bose—
Hubbard model (i.e. V' = 0). We identify the Mott insulating phases as those having
vanishing number fluctuations (An = 0) and vanishing coherence ({(a) = 0). On the
contrary, the superfluid regions show that these numbers acquire finite values (An, (a) #
0).

A Gutzwiller ansatz does not reveal any variations in the size of the Mott lobes when
the dissipation strength V' increases, as the strong coupling results had suggested (see
inset figure . For V' # 0, the lobes conserve the same size as in the Bose-Hubbard
model (figure (down)). This disagreement may come from the truncation of the
strong coupling expansion to second order in V, neglecting changes that take place at
higher values of V.
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Figure 4.3: Phase diagram using a
Gutzwiller ansatz for different dissipation
strengths V. The plots show the system’s par- 04
ticle fluctuation per site An (color gradient)
and its single-particle coherence (a) (solid) for : 0.2
V = 0.05U (top left), V"= 0.1U (top right),
and V' = 0. In all simulations the reservoir 0 0
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However, the results in figure [4.3] agree with the occurrence of a shift along the y-
axis (chemical potential) that is linear in the dissipation strength V. In our mean-field
simulations, the shift takes a magnitude of ~ 3.3V. This effect means that for the same
value of the chemical potential, we have less particles per site as V increases. In other
words, the phase dissipation induces a renormalization of the chemical potential, adding
an effective repulsive potential at each site.

Less evident in the plots in figure [£.3] is an increase in the particle fluctuations and
coherence in the superfluid area. The difference is significantly more pronounced around
the Mott lobes (on top and near to the tips). For V = 0.05U we observe changes of up to
~ 20% in the coherence (a), and ~ 12 —15% in the particle fluctuation An. For V' = 0.1U
both correlators grow as high as to a ~ 50% more. This changes are not noticeable in the
plots due to the small value that these quantities per se have in those locations.
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Chapter 5

The physical system for correlated
hopping

5.1 Correlated hopping model

Correlated hopping is not a new idea. It appears naturally in fermionic tight-binding
models, where it has been used to describe systems as mixed valence solids [40] and,
given that they are able to mimic the attractive interactions between electrons, high-T,
superconductors [63, 64, 8, [7, 20, 114]. In most of these works, the correlated hopping
appears also in the form nia; ay, indicating that the environment can influence the hopping
of a particle and may not seem to be related with the correlated motion of fermions.
Nevertheless, even in this more elaborate form of correlated hopping, it has been shown
to lead to the formation of bound electron pairs [7, [§] and it has been put forward as an
explanation for high T, superconductivity [54. [74].

It has been already shown in references [33], 34] that combining atomic collisions with
optical superlattices can be used to induce correlated hopping. The basic idea is shown
in figure (right), where atoms are trapped in two orthogonal states called (+) and
(—). The interaction terms change the state of the atoms, forcing them to hop to a
different superlattice every time they collide. In this sense, interactions are responsible for
transport. We would like to remark that the ideas presented here are not restricted to one
dimension and could be implemented using other kinds of spin-dependent interactions.
Also, we would like to point out that correlated hopping appears naturally in state-
dependent lattices loaded with spinor atoms, because their interactions can change the
hyperfine state of the atoms while preserving total angular momentum [120].

In this chapter we will introduce the most general model of correlated hopping that can
be produced by means of state changing collisions. This model is presented in the following
section, where we explain qualitatively the role of each Hamiltonian term. Later on, we
will establish the connection between the parameters of this model and the underlying
atomic model. This will be the foundation for the subsequent analytical and numerical
studies.

29
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Figure 5.1: (upper left) Atoms in two internal states T and | are trapped in an optical lattice
and coupled by a Raman laser with Rabi frequency Q.  (right) That setup is equivalent to two
displaced superlattices for the dressed states |+) ~ [1) £ |]).  (lower left) When asymmetric
contact interactions are considered and the hopping between superlattice cells neglected, the
whole system behaves effectively as a 1D array of alternating |+) and |—) sites, with transitions
of tunneling amplitude ¢ between them.

5.2 A family of correlated hopping Hamiltonians

In this work we will study the ground state properties of a very general Hamiltonian
that contains different kinds of correlated hopping. More precisely, the model will be

U
H = Z {Z c(ni i)+ Vonng —t (CIQC?H +H.c)

)

—j [(n = Vel (e + cipr) + H.c.]}. (5.1)

Here, czT and ¢; are bosonic operators for creation and annihilation of atoms according
to the site numbering in figure (lower left and right) and the colons : A;B; : denote
normal ordering of operators A; and B;.

Let us qualitatively explain the roles of the different terms in equation [5.1} The first
and second terms, with U and V| are related to on-site and next-neighbor interactions.
When these terms are dominant, we expect the atoms in the lattice form an insulator.
Such a phase is characterized by atoms being completely localized to lattice sites, having
well-defined occupation numbers, the absence of macroscopic coherence and a gapped
energy spectrum. Whether this insulating state is itself dominated by strong on-site in-
teractions U or by nearest neighbor repulsion/attraction V' will decide whether it presents
a uniform density, a Mott insulator (MI), or a periodic density pattern with integer oc-
cupations, a charge density wave (CDW), respectively.

The third term is the key feature of our model. It describes the tunneling of pairs be-
tween neighboring lattice sites, with amplitude t. Given U, V, j = 0, we expect the atoms
to travel along the lattice in pairs forming what we call a pair superfluid (PSF). The pairs
in this phase will be completely delocalized, establishing long-range coherence along the
lattice. The observable (a?) would be the figure of merit describing this kind of delo-
calization, while a vanishing (a) indicates the absence of the single-particle correlations
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appearing in a normal superfluid. Furthermore, this phase should have a critical velocity,
similar to that of an atomic condensate, and the energy spectrum should be gapless.

When one considers the most general kind of atomic interaction, a second kind of
correlated hopping will appear, described by the last term in equation [34]. Here,
individual atoms will hop only if there is already a particle in the site they go to (c;rcj(ni —
1)) or leave at least a particle where they were ((n; — 1)¢;cl). One might be induced to
think that this term is equivalent to an ordinary hopping term with a strength that
depends on the average density, thus giving rise to a superfluid (SF) phase. However,
this does not seem to be the case. We show that the correlated hopping j generates a
mixed phase which contains features of both the ordinary BEC and the PSF created by
t, a feature reflected by a non-zero value of Aa?.

Relation to atomic parameters

We now establish the relation between the model in equation [5.1] and the dynamics
of atoms in an optical superlattice. The actual setup, shown in figure (upper left and
right), is described in detail in appendix . Roughly speaking, we have an optical su-
perlattice that traps atoms in the dressed states |+) and |—) , while the atomic interaction
is diagonal in the basis of the bare states |1) and |]). The interaction will be described
by a contact potential and, as we said, it is diagonal in the bare basis and parametrized
by some real constants g,s

o = 3 % [ Eril@i@us@ ()
a,f=1,]

= % [ En @t (52)

OC?B:T7$

These interaction constants are functions of the s-wave scattering lengths between different
species gop = 4mh*a.s/m. In general, these scattering lengths are different for distinct
atomic components, a situation that can be enhanced using optical or magnetic Feshbach
resonances. Without loss of generality, we will use the parametrization

g1t =90+ G2 Gy =90 — G2, gL =90+ g1 =9t (5.3)
making these asymmetries more evident. Using this splitting we arrive to
9o
o = 9 [ @0 (nlo) + @) s 401 [ doi ponte)
@ d3 . 2 _ 2. 5 4
+ 2 [ @ pra)? = pyla)? (5.4)

The total Hamiltonian combines this interaction Hamiltonian with the kinetic energy
and the trapping potential for one particle

=Y [t [—%V? )] ) (5.5)
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which is written in a different basis

= s+ ), ifa) = (= v-). (5.6)

Since the superlattice potential Vi(z) is the dominant term, we may approximate the
bosonic fields as linear combinations of the Wannier modes in this superlattice and in the
dressed state basis, a process detailed in appendix [C] Note that out of all the terms in the
interaction Hamiltonian , only the first one is insensitive to the state of the atoms.
This is important because the asymmetries ¢g; and g9, when expressed in the dressed basis,
produce terms that change the state of the atoms during a collision. Once we introduce
the effective interaction constants in the lattice

Yr(z)

Ui=g, / dix |w(z)[* fori=0,1,2 (57)

where, w(x) is a Wannier wavefunction, we arrive to the effective Hamiltonian in equation
with the parameters U, V,t and j that relate to the microscopic model as follows

_Worl oy U U g2l (58)

u 4 7 8’ 16 8



Chapter 6

Description of theoretical results

In this chapter we start studying the eigenstates of Hamiltonian for systems
that we can diagonalize exactly. The goals are to characterize the effect of the different
interaction and hopping terms, as well as to understand the structure of the ground state
wavefunction. Although we are limited to a small number of particles, the following
examples provide enough evidence of the roles of correlated hopping, nearest neighbor
repulsion and the utility of different correlators to characterize the state. Later on we
study the many-body physics of our model for a much larger number of particles using
exact analytical methods. We begin with the regime in which the interaction terms U
and V' dominate, obtaining the different insulator phases on the j = ¢ = 0 plane. Then,
using perturbation theory, we compute the phase boundaries of these insulating regions
for growing j and t. Afterwards, we study the properties of the ground state and its
excitations in the superfluid phase, with j = 0 and dominating ¢, proving indeed that this
region describes a superfluid of pairs. Having drawn with these methods a rather complete
picture of the possible ground states in our model, we close it with the application of some
numerical methods. In the limit of strong interactions we find both uniform insulators
and a breakdown of translational invariance forming a CDW, while for dominant hopping
we expect both single-particle superfluidity and a new phase, a pair superfluid. We now
confirm these predictions using two different many-body variational methods.

6.1 A two-sites example

Let us take the simplest interesting case, four particles in two sites. We write the
Hamiltonian in the basis {|40),|22),[04),|31),|13)}, where the notation |ning) stands
for ny particles in the first site and ns in the second restricting to ny + ny = 4,

0 —44/6t 0 —12j 0
—4y/6t 8V —4y6t —6v65 —6v6)
Hyjy = 0 —4V6t 0 0 125 | +6U. (6.1)
—125 —6v65 0 6V —12t
0 —6v65 —125  —12t 6V
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Notice that in this particular case, U gives rise to a global energy shift and does not
affect the different eigenstates. This is consistent with later studies where we will see
that on-site interactions just add a global contribution to the energy that depends on the
average density. To better understand the role of the remaining terms, we will consider
separately three limiting cases, two of superfluid nature and an insulating one.

Limit j # 0, t =V = 0, single-particle delocalization

In this case we take for simplicity V' = 0 and diagonalize equation [6.1], finding as
normalized ground state

1 1
Iwo,t:o>——|4o \f|22 |o4 5|31>+§|13). (6.2)

Note that this state coincides with the state descrlbmg a BEC of 4 particles spread over

two sites
[WEc(4)) = ( IZ ) 100) . (6.3)

This suggests that, at least in this small example, the correlated hopping proportional to
7 is equivalent to the single-particle hopping in the ordinary Bose-Hubbard model, giving
rise to the delocalization of individual particles. However, as it will become evident later
on, for larger systems and more particles this interpretation is wrong.

Limit j =0, ¢t > |V, pair delocalization
In the presence of two particle hopping, the lowest energy state has the form
[P0,j=0) = ca0(t, V') |40) 4 co2(t, V') |22) + coa(t, V') |04) (6.4)
with coefficients
coa(t, V) oc =V + V1212 + V2
cao(t, V) = coa(t, V) x V6t.

In particular, for dominant pair hopping ¢ > |V/| this is a state of delocalized pairs

) = % 140) + — [22) + % 104) (6.5)

1
V2
Observe that this wavefunction is not equivalent to what one would naively understand
as a “pair condensate” from analogy with the single-particle case

) # (2_; c?) [vac) ~ \/§|40> + % 22) + \/§|04>-

Instead, the previous wavefunction is isomorphic to the BEC of two bosons

[Ymee(2)) = 5120) + =11 + 3 [02) (6.6

1
V2
under the replacement of each boson with two atoms. It is also interesting to remark that
¥ppc(2) has larger pair-correlations than ).



6.2. 'Toy model for pair-superfluidity 65

Limit |V| — oo, an insulator

Reusing the previous wavefunction and taking the limit of dominant nearest-
neighbor interaction V, we obtain two possible states. For strong repulsion V' — 400,
states [40) and |04) are favored, forming a charge density wave (CDW) with partial
filling [Ycpw) o |40) + |04) . On the other hand, for strong nearest-neighbor attractions
V' — —o0, the particles are evenly distributed forming a Mott insulator |22) .

6.2 Toy model for pair-superfluidity

We have seen that a setup of four particles in a two-sites lattice with ¢t 20, V,U,j7 =0
recreates the exact wavefunction of an ordinary BEC under the replacement of single
bosons with pairs. We can test this idea for slightly bigger lattices with either 2 or 4 par-
ticles, diagonalizing numerically the Hamiltonian containing only the pair hopping
term. The resulting wavefunctions are compared side by side with the BEC-like ansatz we
mentioned, that is a normal superfluid state for 1 or 2 particles considering each particle
as a pair (1 — 2 and 2 — 4). In the case of two particles we get indeed the expected
result

L
. 1
g™y = gty =Y ——al® |vac)
2 2 - 5T,

whereas for 4 particles in 5 sites

[W9*) = ¢ (]40000) 4 [04000) + |00400) + [00040) + |00004) ) +
¢2(122000) + [02200) + [00220) + [00022) + [20002) ) +
¢5(120200) + [20020) + [02020) + [02002) + [00202) )

we find a disagreement between the ideal case of a BEC-like state with coefficients ¢; =
1/5,¢c5 = ¢3 = \/2/5, and the exact diagonalization with ¢; ~ 0.2735, ¢, ~ 0.3073 and
c3 ~ 0.1754. We observe that when compared to the ideal BEC, our paired state breaks
the translational symmetry, revealing an effective attraction between different pairs, that
favors their clustering.

In figure we plot the projection between these states, namely the solution of equa-
tion with only t # 0 and the ideal superfluid of pairs. In the nearby plot we also
analyze two relevant correlators that will be used later on in the manuscript, namely, the

single-particle coherence
1
_ § i
Cii L - <ai+Aa’i> (67)

and the pair correlator
1
_ E 12

As it is evident from the wavefunction and from the plots, there is no single-particle
coherence or delocalization because particles move in pairs. Hence, CA ~ dag. The other
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Figure 6.1: (left) Fidelity between the ground state of the Hamiltonian and the ideal PSF for
the case of 2 particles (circle) and 4 (none). (right) Particle fluctuation (none), one-body
correlator (dot-dashed) and two-body correlator (dashed) for the case of 2 particles (circle) and
4 (none) using the ground state of the Hamiltonian.

correlator, C%, which we identify with the delocalization of pairs, is rather large and
it only decreases with increasing the lattice size because the total pair density becomes
smaller.

6.3 No hopping limit: insulating phases

To analyze the phase diagram it is more convenient to work in the grand canonical
picture, in which the occupation is determined by the chemical potential u. In this picture
the ground state is determined by minimizing the free energy

F=H — uN, (6.9)

where N = > ny is the total number of particles, including both states |+) and |—).
The free energy has a very simple form in the absence of tunneling

U
F = Z {Z D (g + nk+1)2 CHVngnge — ,unk]
k

U 2u+U
= Z [Z(nk —|—nk+1)2 + Vngngyr — ( N4 ) (nk +”k+1):| : (6.10)

k

This function is defined over positive occupation numbers n; € {0,1,2,...}. A discrete
minimization will determine the different insulating phases and the regions where the
system is stable against collapse.

For a translational invariant system with periodic boundary conditions, all solutions
can be characterized as a function of two integers &' = (n, m), representing the occupations
of even ny, = n and odd sites nor 1y = m. The optimization begins by noticing that the
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CDW

Collapse
Figure 6.2: Phase diagram for U, V:
different regions of stability and insu-
lating phases for ¢, = 0.

bond energy of two sites has a quadratic form

I U/4 U+2V)/4\ . [ (U+2u)/4
e(@) = x((U+2VV4 U/4 )x_x(<U+m¢m)

— FAT— 3% (6.11)

where physical solutions are in the sector with n, m > 0. For these occupation numbers to
remain bounded, the bond energy () has to increase as n,m or both grow. This gives
us two conditions that need to be fulfilled to prevent collapse.

The first condition appears studying ¢(#) along the boundaries of our domain (n >
0,m > 0). Take for instance m = 0, this gives a total energy e = (U/4)n*—[(U+2pu) /4]n.
For this function to have a local minimum at finite n, we must impose

U > 0. (6.12)

The second condition comes from analyzing the interior of the domain. For this, we
take the only eigenvector of A that lies in the region of positive occupation numbers,
n =m = x/2. This line has an energy e, = [(U + V) /4]z* — [(U + 2u)/4]z and, to have
again a finite local minimum, we require

V> U (6.13)

Given that equations and are satisfied, the system is stable and we have two
possibilities to attain the minimum energy: either at the boundaries, n = 0 or m = 0,
or right on the eigenvector of A. Inspecting ep and €, we conclude that a positive value
of V will lead to the formation of charge density waves (CDW) of filled sites alternating
with empty sites

V>0 = ng.=0o0r Nok+1 = 0. (614)

If V< 0 our energy functional will be convex and the minimum energy state will be a
Mott insulator with n = m, when n+m is even, or a charge density wave with n = m=+1,
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when n+m is odd. The actual choice between these two insulating phases is obtained by
computing the energy of both states

e2n+1) = U@2n+1)?/4+Vn(n+1) — (U +2u)(2n+1)/4 (6.15)
e(2n) = U(2n)*/4+Vn® — (U +2p)2n/4. (6.16)

Having €(2n + 1) — €(2n) = 0 defines the value of p at which the state with 2n particles
every two sites, a Mott with n particles, stops being the ground state and becomes more
favorable to acquire an extra particle to form a CDW. The boundaries of these insulating
phases for ¢, 7 = 0 are given by

p(2n —2n+1) = (U +V)2n (6.17)
p2n—1—2n)=U+V)2n - U. (6.18)

Thus summing up, for u(2n—1 — 2n) < u < p(2n — 2n+1) the optimal occupation is n
particles per site, forming a Mott, while for u(2n — 2n+1) < u < u(2n+1 — 2n+2) the
occupation number is 2n + 1 particles spread over every two sites, and we have a CDW.
The results of this section are summarized in figure [6.2

6.4 Perturbation theory around the Mott phase

The previous calculation can be improved using perturbation theory for t,7 < U,V
around the insulating phases, obtaining the phase boundaries around the insulators as ¢
and 7 increase. This is done applying standard perturbation theory up to second order
on both variables [42, [43], using as unperturbed Hamiltonian the operator and as
perturbation the kinetic energy term

W = Z {— [t CZTQC?H +5 (ni — el (eimq + ci+1)} + H.c.} : (6.19)

We start calculating analytically the ground state energies of the first four insulating
phases according to ([6.10]), considering the perturbation W up to second order in j, ¢ (see
section [2.2]). For the CDW with n; = 1 and n;; = 0 this energy is obviously zero

E(L/2) =0. (6.20)
For the MI with one particle per site we have virtual processes of the correlated hopping
J, as environment-assisted hopping starts being allowed in a uniformly filled lattice
2

E(L) = (U +2V)L/2 — US_JQVL. (6.21)

For the CDW with n; = 2 and n;y; = 1, we find some doubly occupied sites and contri-
butions from the pair hopping t appear

(6.22)

662 2457 32,2
E(L+L/2) = (3U+4V)L/2—( J J )L.

T T U—ev Uty
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Finally, for the MI with two particles per site the ground state energy is
24t% + 21652 I

U-2v '
Here L is the total number of sites and the results presented in this section are all for
the case V' < 0. The derivation of these formulas is very similar to the example treated
in section

At each value of j,t, the boundary of an insulating phase having an average density
of n particles per site is given by the degeneracy condition with a compressible state
E(nL) = E(nL £ 1), which are the defect states with either an extra particle or an
extra hole. Those points correspond to the chemical potential at which a hole can be
introduced pp(nL) = E(nL) — E(nL — 1) and the one to introduce a particle p,(nL) =
E(nL+1) — E(nL). We show here the lower and upper limits of the first four insulating
regions, corresponding to the CDW with n; = 1,n;,1 =0

(L/2) = 0
4

upy(L/2) = U+2V +j2(é — ﬁ) (6.24)

E(2L) = (3U +4V)L — (6.23)

the Mott-phase with one particle per site

pn(L) = U+2V + 52 (i_ﬁ_ 10 ) (6.25)

m(L) = E(L+1)— E(L)
452 252 8(j% — 65t — 3t?)

= W42V -8 — L + L 2
Ut2V =8 — o+ 5 + e (6.26)
the CDW with ni:2,ni+1:1
A8t*V
L+L/2) = 2U+2V+ ——%
pn(L + L/2) + +U2—2UV

4 2 96 24 128
Rl (- 6.27
I (U V+U—6V+U—2V+U+2V) (6:27)

ppo(L+L/2) = E(L+L/2+1)—E(L+L/2)
108 54 96 64

_ 2 _ -7 4 ZF
= 3U 44V 4 ( - +V+U—6V+U+2V)

4 8 4 8

2
2 _ - 2
ot (U 3U—2v  U—2v U—6V) (6.28)

and the MI with two particles per site

1082 L, 2 2
L) — 3U+4V +8 241
n(2L) TR (U—6V+3U—2V)

5452 24(355% — 3v/2jt + 3t?)

4T 6.29
% U—2v (6.29)
C10852 482 4842
9L) = AU +4V — _ _ _
Hp(2L) U+4V = 6v6) U U—6V 3U-2V
5452 32(574% — 126t — Tt
54?3257 — 1276, ), (6.30)

V 3U -6V
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Figure 6.3: Phase diagrams for u, j,t < |[U| and V = —0.05.  (left) Varying j for ¢ = 0.
(right) Varying ¢ for j = 0. In both cases the lowest region is a CDW with alternating 0 and 1
particle occupation, followed upwards by a Mott of one particle per site, a CDW with 1 and 2
particles and the highest area a Mott of two particles.

The corresponding boundaries are plotted in figure[6.3] For small hopping amplitude,
they match the values that are found later on with numerical methods. But even for
larger values, this approximation anticipates that the insulating lobes are significantly
larger for the correlated hopping j than for the pair hopping t.

6.5 Analysis of the pair-superfluid with the phase
model

So far we have studied the many-body physics around the limit of strong interactions.
However, the main goal of this work is to study the effect of correlated hopping and the
creation of a pair superfluid. In absence of a mean field theory, but still in the limit
of dominant two-body hopping U,V < t, we can use the number-phase representation,
introduced in [45] for an ordinary BEC. Note, however, that the model in [45] cannot
be directly applied here. Following that reference, one would assume a large number of

-,

particles per site, n; > 1, and introduce the basis of phase states |¢)
(i @) = (2m)~L/2ei0 (6.31)

Using these states, one would then develop approximate representations for the operators
a2, al” and n;, and diagonalize the resulting Hamiltonian in the limit of weak interactions.
However, after a few considerations one finds that the resulting phase model does not
preserve an important symmetry of our system: if j = 0 particles can only hop around in
pairs and therefore the parity of each site, (—1)"™ is a conserved quantity.

To describe correlated hopping we need to use a basis of states with fixed parity v

(27 + V/|@), = (2m) L2795, v e {0,1} (6.32)
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which has to be v = 0 for the ground state we are interested in. As mentioned before,
we now have to find expressions for the different operators, a?, a > and n;. We use the
fact that our states will have a density close to the average value n and approximate the
action of the operators over an arbitrary state as

n; $> = (—i20y, — ) $> (6.33)
a2 $> = VA — 1)e i 5> (6.34)
a2 5> = /Rt 1)(a Tt 2)e 5>. (6.35)

Introducing the constant p* = n(n — 1)(n + 1)(n + 2) our Hamiltonian becomes similar
to the quantum rotor model [45]

M=

H = 2005, + (2U + 4V)05,05,., + 2p°t cos (¢; — ¢iz1)]

Il
—

[

—(U+V)Ln (6.36)

For small U and V| the ground state of this model is concentrated around ¢; — ¢;11 = 0.
Expanding the Hamiltonian up to second order in the phase fluctuations around this
equilibrium point, we obtain a model of coupled harmonic oscillators. This new problem
can be diagonalized using normal modes that are characterized by a quasimomentum
k=2mn/L,ne|—(L—1)/2,(L—1)/2]. The result is

1
H=>" hu (bLbk + 5) + Ey (6.37)

with normal frequencies

wi = 4pV2Ut [sin(k/2)| \/1 + (1 + %) cos (k) (6.38)

and a global energy shift Ey = 4(U + V)N? — 4Ln*(U + V') — 2p*t L.

It is evident from equation that our derivation is only self-consistent for negative
values of V. Otherwise, when V' > 0 some of the frequencies become imaginary signalling
the existence of an unbounded spectrum of modes with |k| > 7/4 and that our ansatz
becomes a bad approximation of the ground state. This strictly means that our choice
¢; = ¢;+1 only applies in the case of attractive nearest neighbor interactions, —U <V < 0,
as we know that this interaction can not destabilize a translational invariant solution such
as the uniform Mott insulator. However, it does not mean by itself that the whole system
becomes unstable for V' > 0 — indeed, we will show numerically that it remains essentially
in a similar phase for all values of V, but in the case of V' > 0 the insulating phases are
stable until values of the hopping slightly higher as in the V' < 0 case.

If we focus on the regime of validity, we will find that the spectrum is very similar to
that of a condensate. At small momenta we find the dispersion relation becomes linear,
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Figure 6.4: Phase diagram with a Gutzwiller ansatz for U = 1,V = —0.5. We focus on

(left) j = 0 and (right) ¢ = 0, separately. Upper plots show average site occupation (n) (color
gradient), and number variance An (contour). Lower plots show single-particle coherence (a)
(color gradient) together with Aa? (contour).

wi o< vgk, with sound velocity v, = 4p\/2_Ut/ h, while at larger energies the spectrum
becomes quadratic, corresponding to “free” excitations with some mass. This is a conse-
quence of the similarity between our approximate model for the pairs and the phase
model for a one-dimensional condensate. However, we can go a step further and conclude
that the similarity extends also to the wavefunctions themselves, so that the state of a pair
superfluid can be obtained from that of an ordinary BEC by the transformation n — 2n.
This is indeed consistent with what we obtained for the diagonalization of a two-particle
state in the limit j, U,V = 0 (see equation , which was in contradiction with the
results in section but shows to recover validity when higher densities are considered.
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6.6 Phase diagram using a Gutzwiller ansatz

The first numerical method that we use to study correlated hopping is a variational
estimate of ground state properties based on a product state [67]

[Yaw) = H Z frgi)\/%i!cj”i

Minimizing the expectation value of the free energy F' = H — ulN, with respect to the
variables f,,, under the constrain of fixed norm Y |f,|> = 1, we will obtain the phase
diagram in the phase space of interactions and chemical potential, (U, V, j, t, u).

In our study we have made several simplifications. First of all, we assumed period-two
translational invariance in the wavefunction, using only two different sets of variational
parameters, ff”l) = fland f,(fi) = f% In our experience this is enough to reproduce
effects such as the CDW. Next, since U > 0 is required for the stability of the system,
we have taken U = 1 as unit of energy. The limit U = 0 is approximated by the limits
7,t > 1 in our plots. Finally, in order to determine the roles of j and ¢, we have studied
the cases j = 0 and t = 0 separately. The results are shown in figures and for
V <0 and V > 0, respectively.

The first interesting feature is that, as predicted by perturbation theory, we have large
lobes both with integer (1,2,...) and with fractional (1/0,2/1,...) occupation numbers,
forming uniform Mott insulators and CDW, respectively. The insulators are characterized
by having a well defined number of particles per site, and thus no number fluctuations
An? = (n?) — (n)? = 0. While the size of the lobes does not depend dramatically on
the sign of V, these are significantly larger for the correlated hopping j than for the pair
hopping ¢, as already seen with perturbation theory.

The boundary of the insulating areas marks a second order phase transition to a
superfluid regime, where we find number fluctuations An # 0, and the transition to this
gapless regime happens for smaller values of j than for ¢. In order to characterize these
phases we have computed the order parameter of a single-particle condensate (a), and
two quantities that we use to detect pairing. The first one is a two-particle correlation
that generalizes the order parameter of a BEC to the case of a pair-BEC (a?). The
second quantity Aa® = +/[{(a2?) — (a)?| is used to correct the previous value eliminating
the contribution that may come from a single-particle coexisting with the pair-BEC.

When j = 0 we always find that (a) = 0, even outside the insulating lobes. This
marks the absence of a single-particle BEC, which is expected since we do not have single-
particle hopping. On the other hand, we now find long range coherence of the pairs and
thus (a?) # 0 all over the non-insulating area, which we identify with the pair-superfluid
regime.

The situation is slightly different for ¢ = 0. The single-particle order parameter (a) no
longer vanishes in the superfluid area, denoting the existence of single-particle coherence,
but at the same time we find that the two-particle correlations exceed the contribution
from the pure superfluid as Aa® # 0, which we attribute to a coexistence of both a
single-particle and a pair-superfluid, or a state with both features.

This picture does not change substantially when V' is positive or negative. The only
differences are in the insulating region, where the CDW is either due to the incommensu-

0). (6.39)
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Figure 6.5: Phase diagram with a GW ansatz for U = 1,V = 0.5. We focus on (left) j = 0
and (right) ¢ = 0, separately. Upper plots show average site occupation (n) (color gradient) and
number variance An (contour). Lower plots show single-particle coherence (a) (color gradient)
together with Aa? (contour).

rability of the particle number (V' < 0) or really gives rise to the separation of particles
alternating holes and filled sites (V' > 0). However, in the superfluid regime we find no
significant changes and in particular we see no breaking of the translational invariance or
modulation of the coherent phase.

6.7 Quasi-exact diagonalizations and long-range pair
correlations

The previous numerical simulations are very simple and cannot fully capture the single
particle and two-particle correlators. To complete and verify the full picture we have
searched the ground states of the full Hamiltonian using the so-called iTEBD algorithm
introduced at the end of section which uses an infinite Matrix Product State ansatz
together with imaginary time evolution [113].

Roughly, this ansatz is based on an infinite contraction of tensors that approximates
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Figure 6.6: Numerical simulations with the iTEBD algorithm. On the left we plot the results
for j =0,U =1,V = —0.05 and on the right for V' = 0.05, as a function of two-particle tunneling
t. The upper row shows the density (dashed) and particle number fluctuations (solid), while the
lower row shows (Aa)? (solid) and two-particle coherence (dashed), which overlap indicating
(a) = 0. For each set of operators we show three lines, for /U = 0.5, 1.5 and 2.5 corresponding
to plain line, circle and star, respectively.

the wavefunction of a translational invariant system in the limit of infinite size. Adapting
the ansatz to our problem we write it as

|¢> ~ H F32k+1a2k+2 <n2k+1)>\32k+2 Pe<n2k+2)a2k+2a2k+3 A22k+3 X
kEZ

X - 1' ‘a;fola;fo |vac) . (6.40)
2k+1: 102k 42

Here the I'* and I'® are matrices that depend on the state of the odd and even sites they

represent, a dependence which is signaled by the ngy 1 and ngi. o in the previous equation.

These matrices are contracted with one-dimensional vectors of positive weights A& > 0,

which contract the tensors together and are related to the Schmidt coefficients of the

equally named decomposition. This variational ansatz is known to work well for states
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Figure 6.7: Correlator C3 = (azAa%

vs. site separation, for (¢, ) = (0.1,1.5),
(0.3,0.5), (0.2,1.5), (0.1,2.5), from top
to bottom. The line with ¢ = 0.1, =
1.5 (solid, circles) corresponds to a MI
state and correlations decay to zero on
the third site. The remaining lines have
been rescaled and plotted in log-log scale
in the inset, which shows that the two-
particle correlator decays approximately
as A~(17%) with a power a ~ 0.4 — 0.5.

with fast decaying correlations, but even in the critical phases it gives a good qualitative
description of the states.

In order to optimize the iTEBD wavefunction we performed an approximate imaginary
time evolution using a Trotter decomposition and local updates of the associated tensors,
as described in [81]. Using the canonical forms for these tensors it is also straightforward
to compute expectation values for different operators acting either on neighboring or
separated sites.

In figure we plot the most relevant results for three cuts across the phase diagram,
namely for ;4 = 0.5, 1.5 and 2.5, so that they cross both an insulating plateau and the
superfluid region. We have used small tensor sizes from D = 16 up to 64, a value limited
by the need of using large cutoffs for the site populations (n,,,; = 8). As shown in these
plots, when j = 0 the single-particle correlator is zero for distinct sites, and we are left only
with two-particle correlations. In the MI case the pair correlations between neighboring
sites decrease very quickly, while in the superfluid regime we see a critical behavior

C% ~ A1 (6.41)

with an exponent that varies between a@ = 0.4 and 0.5, depending on the simulation
parameters.

6.8 Some experimental considerations: detection of
the phases

All the phases that this model presents are connected by second order quantum phase
transitions and can be produced and identified using variations of current experiments
[4, 97, 41]. The non-perturbative nature of the effect should help in that respect. The
detection method required to discern the phases that our setup may present, depends
directly on their characteristics and the particularities we want to observe.

The distinctive features of both the MI and the CDW is a well defined number of par-
ticles at each lattice site and the lack coherence. Therefore, their time-of-flight pictures
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will not reveal interference fringes [49] whereas the noise correlation will show peaks at
certain momenta [3, 41]. To discern between this two phases either an adapted scanning
electron microscopy [48], a fluorescence imaging [79] 65] of the system combined with
pairwise light-assisted collisions [27], or a stimulated-emission-depletion fluorescence mi-
croscopy [53] would be adequate to recreate the density distribution along the lattice and
determine whether the lattice is homogeneously filled or not. The energy gap in these
insulators may be proved either by static [49] or spectroscopic means [100].

When the system enters a superfluid phase, it becomes a perfect “conductor” with a
gapless excitation spectrum. The pair superfluid, lacking single-particle order C} ~ 0 a.e.,
will also lack interference fringes in the time-of-flight images [49]. In order to measure C3
and confirm the pairing of the particles, we suggest to use Raman photoassociation to build
molecules out of pairs of atoms [62] [123]. Since the molecules will be built coherently on-
site, the nonzero correlator C3 will translate into long-range order for the molecules. This
order should reveal as an interference pattern in time-of-flight images, slightly blurred by
the phase fluctuations which are inherent to 1D. When the normal superfluid component
appears, this can be probed in a time-of-flight experiment observing interference fringes
[49] which intensity will depend on the normal superfluid fraction present in the system.
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Chapter 7

The physical system for
atom-molecule resonances

7.1 Feshbach resonances

A Feshbach resonance [38] is the resonance between an unbound state of particles
and a bound molecular state. The bound state is formed when the coupling between
the internal degrees of freedom leads to a vanishing dissociation energy, i.e. when the
atomic and molecular states are degenerate. This means that the scattering properties of
the particles strongly depend on the energy difference to the bound state, the so-called
detuning.

This type of resonances were introduced in nuclear physics to describe the narrow
resonances observed in the total cross section in the neutron scattering of a nucleus, which
indicated the formation of long-lived compound nucleus with a binding energy close to
that of the incoming neutron. The defining feature of a Feshbach resonance is that the
states of the incoming particles and the bound state exist in different parts of the Hilbert
space of the system, which are called respectively the open and closed channel, as shown

in figure [7.1]

Fifteen years later these ideas started to be considered in the realm of ultracold atoms
[TOT]. Due to the low temperature of these gases, their effective interatomic interactions
can be considered to be completely determined by the s-wave scattering length. Similarly
to the situation of neutron scattering, two atoms can form a diatomic molecule during
an s-wave collision. As illustrated in figure [7.1] the two incoming atoms have a different
hyperfine state than the formed bound state. The coupling between these is given by the
exchange interaction. Due to this difference, the Zeeman shift of these two channels is not
the same and their energy difference, the so-called detuning ¢, can be adjusted tuning the
magnetic field. As a consequence, the s-wave scattering length, implying the magnitude
and sign of the interatomic interactions, can be tuned.

81
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Figure 7.1: When the atoms in the
open channel undergo a low-energy coupling
collision, they can get coupled to the
closed channel depending on the detun- >
ing J, occurring a scattering resonance. Atomic separation

7.2 A Hamiltonian for atom-molecule mixtures

We consider a mixture of atoms and molecules in a one-dimensional optical lattice,
including the possibility of converting one species into the other, like in a Feshbach res-
onance where long-lived bound states can be produced. The Hamiltonian of this system
can be written as

H = =iy (ajaM + h.c.) + % >t~ 1)
) (mimiss +he.) + % Y nim —1)
T Z (m}ag + h.c.) + Uamngnyf
+(U:+ )y (7.1)

where a! (a;) are the atom creation (annihilation) operators at the i-th site of a one-

dimensional lattice with L sites, and mz (m;) are the molecule creation (annihilation)
operators at the i-th site of the same lattice. For these operators, n;"" are the associated
number operators. The atom and molecule hopping amplitudes are given by j, and j,,,
and the on-site atom-atom, molecule-molecule and atom-molecule interactions by U,, U,,
and U,,, respectively. Finally, the conversion rate between atoms and molecules is denoted
by I', while the detuning in the Feshbach resonance by § (see section .

To make our study as close as possible to the experiments, the parameters of the
Hamiltonian , Jas Uas Jms U, Uam and T') are going to be derived from microscopic
considerations (appendix @[) The most relevant are shown in figure . Apart from any
intrinsic characteristic of the chosen system (mass of the atoms, wavelength of the light,
etc.) which are fixed, the value of these parameters will only depend on the lattice depth
Vo, which is easily adjustable in the experiments through the intensity of the trapping
lasers.
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Figure 7.2: Parameters of the Hamiltonian
(7.1) for a three-dimensional lattice: hopping
amplitude of the atoms j, (solid), interaction
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0.1x version rate between atoms and molecules '
5 10 15 20 5 20 35 (dashed) in unities of a reference interaction
VJ/E energy Upep = U(Voref = 35E,).

Following this motivation of experimental suitability, we notice that experiments with
Feshbach resonances are done fixing a value of the magnetic field which determines the
detuning 9, and the coherence of the system is explored only changing the potential depth
Vo [104) [115]. However, normalizing the detuning § with the on-site interaction U, (which
increases with V) would lead to a changing value of 0 while §/U, is kept fixed. To avoid
that, the detuning will be normalized by a reference value U,.; which is obtained as the
on-site interaction for a given lattice depth Vy*/.

Hence, the control parameters in our problem, corresponding to those of the experi-
ment, are the lattice depth Vj (fixing the Hamiltonian parameters j,, Uy, Jim, U, Ugm and
I'); the detuning ¢; and the total number of particles N =Y. n¢ + 2n]"* (in the canonical
ensemble) or equivalently the chemical potential 4 (in the grand canonical ensemble).
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Chapter 8

Description of theoretical results

In this chapter we investigate how the physics of the Bose-Hubbard model is
enriched by the introduction of the coherent conversion between atom pairs and molecules.
When the molecular state is far off-resonant from the atomic one, it can be treated as a
virtual state and adiabatically eliminated, resulting in an effective Hamiltonian for the
atoms only, as shown in section .1} Later on in section [8.2] we will consider a strong
coupling expansion, drawing the first phase diagram of the system in the limit of strong
interactions. A complete phase diagram will be then drawn using the mean-field approach
in section [8.3] Finally, to go beyond the results found with these methods, and inspired
by the recent results from Rousseau et al. [91], 02], in section we will apply a DMRG
method to study the spatial structure of the hybrid correlation functions and thereby the
recently reported “super-Mott”; an incompressible, yet superfluid phase without atomic
or molecular quasi-condensation [91], [92].

8.1 Adiabatic elimination of the molecular state

As first step in our study, we would like to understand the effect of a molecular state
on the conventional Bose-Hubbard model . We do this by keeping the molecular
level in equation far detuned from the atomic one (i.e. § > I'), so that it can only
take part in virtual processes of second order in the conversion rate appearing in the new
effective Hamiltonian.

In the following we assume that the atomic gas is strongly interacting U, > 7j,, so that
the double occupancy of a site is strongly suppressed and higher order occupancies are
essentially negligible. This allows us to neglect both atom-molecule and molecule-molecule
interactions in equation [7.1] which require respectively atom-molecule conversion in triply
and in fourfold occupied sites. Deriving the Heisenberg equation of motion for the
molecular occupation number operator we have

dn™
ih% — i (Mi1 + M) + 6m; — T’ (8.1)
and upon adiabatic elimination of the molecular level (n* = 0), we can write
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We want the molecules to be constantly in equilibrium with the atoms, to be able to
describe any state of the system exclusively in terms of the atoms. To decouple all the
modes, we use the following Fourier transformation

mj = \/LN Zq eiqjmqv mg = \/1_N Zj e_inmj (8.3a)
a? — \/—% . e [a?]q, [a?]q = \/LN Zj e‘iqja? (8.3b)

obtaining for equation [8.2] that

(—=2jm cosk + 0) my, = Dla]. (8.4)
Now we can express the molecular operators in terms of the atomic ones, in order to find
an effective Hamiltonian where the virtual molecular level is eliminated but its effect still
to be seen on the atoms. After substitution of this relation between operators into the
atom-molecule coupling term in the Hamiltonian ([7.1]), we obtain as effective term

— F; (mjaf) = - zz Vi (aj)z a; (8.5)

where the amplitude for correlated hopping has been defined as

1 F2eikd
Vi= N 25 g e 5)

with d =1 — j as the distance between the sites involved.

We are first interested in the correction to the on-site interaction (d = 0) in the off-
resonant case d > I'. Taking these considerations into equation [8.6, we obtain that the
conversion term may be approximated as

- F; (mj@?) = —%2 ;n?(n? - 1) (8.7)

where we have neglected the molecular hopping amplitude j,,, given the off-resonant
condition. This means that in the far detuned case, our system is equivalent to the
Bose-Hubbard model ({1.9) with a renormalized interaction strength U

22

which reduces its effective value.
Let us now examine the behavior of Vj; in the opposite limit of large separation d. In
a very big lattice, we can approximate the series in equation to an integral over the
first Brillouin zone
1 s F2€ikd

Va= o ) 0= 2jmcosk

(8.9)



8.2. Strong coupling expansion around the atomic solution 87

Considering the case of d — oo, only the small k part contributes

1 T 1"2 ikd
‘/d oo . ‘ k2
2m -7 o — 2jm< - ?)
F2 ™ ez’kd
= dk——— 8.10
27 Jm /7r 22 + k? (8.10)

where we have defined z = /(1 — 2a) /v and a = j,,, /0. As the integrand goes to zero for
large k, the limits of the integral can be extended to oo

1"2 [e%e) eikd
~ dk————
K /_oo 2+ k2
2 d
= —4/—K d 8.11
iV or: 1/2(2 ) ( )

where Kjo(x) is the modified Bessel function, and the imaginary part of the integral
vanisheg’] The asymptotic behavior of K7 ,(z) for large values of x

™
Kl/g(l‘) — %6_’” (812)

allows us to safely neglect corrections to the interactions at long-range, because they
decrease exponentially with the distance.

8.2 Strong coupling expansion around the atomic so-
lution

In this section we explore the phase diagram of the Hamiltonian (7.1]) applying degen-
erate perturbation theory for j,,I' << U,,  around the insulating phases. We consider a
three-dimensional system. According to appendix [D.2] the molecular parameters obey the
inequalities j,, < j, and U,,, Uy, > Uy, so that the molecular hopping is also perturbative.

To apply standard perturbation theory up to second order in j, and I', we use as
unperturbed Hamiltonian the interaction terms of equation

= —Z (n$ —1) %Zn?(n
+ Ugmnin® + (U, + 0) Zn (8.13)

and as perturbation its kinetic energy and conversion terms

w = —jaz<a az+1+hc) —]mz<m m2+1+hc>
- FZ( +h.c.>. (8.14)

*It is an odd function over an even interval.
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Proceeding as in other sections (e.g. for atoms with correlated hopping in section , we
calculate the ground state energies of the first two insulating phases according to equation
and apply the perturbation up to second order in j, and I'. Here, we are going
to directly present the results to second order in the perturbation W, i.e. the values of the
chemical potential defining the lower p,(/N) and upper uy, (V) boundaries of the insulating
lobe with n = N/ L particles per site, where N is the total number of particles and L is the
lattice length. These boundaries are given by the degeneracy condition of the insulating
phase with a compressible state, where these compressible states are defect states with
either an extra particle or an extra hole in the system (compared to the insulator). For
the introduction of a hole we obtain the lower boundaries of the insulating states with
one particle per site

. 1252
pn(L) = 6ja = — (8.150)
and two particles per site
2121 2752 2I?
/,Lh(2L> = Ua + 12 |:1 - F:| Ja — Ua - T (815b)

For the introduction of a particle we obtain the upper boundaries of the insulating states
with one particle per site

21?1 . 352 2r?
/,Lp<L) = Ua —12 |:1 - ?] a Ua - T (815C)
and two particles per site
612 1252 212 61?2
2L)=2U0,—18 |1 — » - — . (8.15d
tp(2L) (Uam—zUaM)?]j ST S Ty e S

We have also included terms of third order ¢,I"? to see the effect of the perturbation when
taken as a renormalization of the Bose-Hubbard model, what has already been studied in
the adiabatic elimination (section and what will be further compared with the results
in the mean-field approximation in section [8.3]

In figure [8.1] we plot the insulating boundaries obtained using the strong coupling
expansion (8.15)). Note that the lowest boundary g, (L) for a finite value of the detuning
(solid line) does not change with respect to the results for the Bose-Hubbard model
(dashed line). This occurs because (L) is located in a region of very low density,
where the number of atoms is not enough for molecules to be formed and therefore, for
conversion to take place. We can also observe in this figure that the tendency of the lobes
is to shrink and get shifted downwards in the chemical potential scale. As seen in the
adiabatic elimination of the molecular state in equation this can be understood as the
reduction of the effective on-site repulsion felt by the atoms, due to the energy correction
introduced by the atom-molecule conversion I'.
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Figure 8.1: Phase diagram for j,,I" < U,,d
using a strong coupling expansion to sec-

ond order. Considering a very large detuning

& — oo gives back the well known results of the
Bose-Hubbard model (dashed). Considering a
lower value of this variable modifies the bound-
aries of the insulating region, as seen here for

0 = 15U,¢f (solid). The lattice depth Vj in this
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8.3 Phase diagram using a mean-field approach

As introduced for the Bose-Hubbard model [99], the mean-field approach to a lattice
Hamiltonian relies on the approximation
al ~ (a;)a) + a;(a)) — (a;)(a}) (8.16)
a;a; ai)a; + a;(a; ai){a; )

where o; = (a;) = (a

1) is the so-called superfluid parameter, which is determined by
self-consistency in the resulting one-site problem. In the particular case of homogeneous
lattices, translational invariance yields a; = «. This equation allows us to rewrite the

Hamiltonian ([7.1)) as a sum of on-site operators H;
H = ) H (8.17a)

. Ua a(a
H, = —j,« <a§+a;f+1+ai+ai+1)+7ni(ni_ )

: Un
—JmN (m;r + m}H +m; + m¢+1> + Tn;”(n:” —1)

=) (mja? + h.c.) + Ugmnyn* + (U, + 6)ni" (8.17Db)

where we have omitted the constant terms. It turns out that, considering a translational
invariant system, one is left with (L identical copies of) a single-site problem; where
a = (a;) is the superfluid parameter of the atoms and R = (m;) the one of the molecules.
Reducing in this way the problem to the minimization of an one-site Hamiltonian, this pro-
cedure is equivalent to using a Gutzwiller ansatz (2.26)), as we are solving self-consistently
the problem for a single site and taking the full solution as a product of solutions for
individual sites.

Defining the total number of particles operator N = > . n¢ 4+ 2n)", and minimizing
the expectation value of the free energy F' = H — uN for the Hamiltonian in the
grand canonical formalism, we obtain the ground state of the system and use it to draw

the phase diagram of the system, which is shown in figure for different values of the
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Figure 8.2: Phase diagram following the mean-field approach, drawn for different values of the
detuning: § — oo (upper left), 6 = 5U,.s (upper right), 6 = Uy.s (lower left), and § = 0 (lower
right). The variable plotted as color gradient is the atomic number fluctuations per site Anf,
and the lines correspond to the normalized atomic one-body correlator (a;)/(n¢). While the
dashed lines hold a label with their value, the solid lines surround the areas where the coherence
(a;) is negligible.

detuning. Such minimization procedure must be performed self-consistently, since the
ground state of H itself depends on the set of superfluid parameters o and N.

In comparison to the previous methods, with this approach we are not only able to
study the off-resonant limit § >> T', but also the resonant regime. As mentioned in
section [7.2] the parameter values are going to be chosen close to the experimental ones.
The detuning takes a constant value, set in experiments by the magnetic field, and it is
fixed as a multiple of a reference value of the on-site interaction U,.s, which is defined
by a lattice depth V' = 35E,. The rest of parameters, Uy, Up, Uam, jas jm and T, are
calculated from the varying lattice depth V; as in appendix [D.2]

Our first results take us to figure|8.2] where we see that the phase diagram of the system
presents incoherent lobes (a;) = 0, like the Mott lobes appearing for strong interactions
in the Bose-Hubbard model. However, the atom fluctuations An¢ do not vanish as would
occur in a mean-field treatment. It is in figure that we observe that these lobes do
not correspond to a purely atomic incompressible phase. They indicate the presence of
a hybrid incompressible phase, as the vanishing dispersion condition belongs to the total
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Figure 8.3: Phase diagram following the mean-field approach, drawn for different values of the
detuning: § — oo (upper left), 6 = 5U,.s (upper right), 6 = Uy.s (lower left), and § = 0 (lower
right). The variable plotted as color gradient is the total number of particles per site N; =
n¢ 4+ 2n", and the lines correspond to the associated number fluctuations AN; = A(nf + 2n").
While the dotted lines hold a label with their value, the solid lines surround the areas with
negligible particle number fluctuations AN;.

number of particles per site N; = n{+2n]". Only the lowest lobe, corresponding to N; = 1,
remains purely atomic and disappears when the system is fully at resonance § = 0.

The disappearance of the N; = 1 lobe can be explained as follows. As the detuning
decreases and the lattice depth increases (i.e. j,/U, decreases), the Hamiltonian favors
the localization of the atoms in each well, compensating for their localization energy with
an increasingly efficient conversion mechanism of atom pairs into molecules, which can
only happen in sites with at least two particles. Besides, the molecules have a lower
localization energy, as their hopping amplitude j,, is significantly lower than that of the
atoms. In sites with more than two particles, this effect is magnified by the presence
of spectator atoms, which remain localized without participating in the atom-molecule
conversion but introducing a boson-enhancement factor to this term. However, we should
also consider that these sites suffer from additional energy penalties — the atom-molecule
interaction, which is higher than the interaction between three atoms (see appendix.

The dynamic of the other lobes can be explained as follows. When the lattice depth
increases, I' grows slower than U,,,, which leads to a dominating repulsion for a sufficiently
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small detuning. As a consequence, very few molecules appear in sites with two or more
particles, having that these lobes remain approximately of the same size and the atomic
density becomes slightly smaller (due to the few appearing molecules). This shifts the
lobes to smaller values of the chemical potential, as seen in the adiabatic elimination
and perturbation theory. But when the detuning grows, the conversion takes the main
role. For a growing potential depth, the interaction strength U,,, dominates over I' in
sites with particle occupation bigger than two. In this case, sites with three particles
may find convenient to get rid of a particle to be able to convert atoms into molecules
without paying an additional U,,,. As a result, the lobe corresponding to N; = 2 is greatly
magnified by lowering the detuning, taking over part of location of the N; = 3 lobe and
displacing completely the singly occupied lobe at 6 = 0. Lobes with a higher occupation
number are displaced along the p axis and their sizes are not affected to such a great
extend.

Given that the density which is mostly affected by the atom-molecule conversion is
that of two particles per site, in the following we proceed fixing the occupancy to N; =
n? + 2n® = 2. This is attained varying systematically the chemical potential p until
finding the value yielding n{ 4 2n[* = 2. In figure we see that the hybrid three-
body coherence (m!a2) (in color) grows significantly when the molecules start forming
in the system (i.e. when lowering the detuning ¢), modifying the physics of the Bose—
Hubbard model. Looking at the normalized one-body correlator (a;)/(n¢) (in black),
we notice that the superfluid-insulator boundary is not very sensitive to the detuning
o for values of 6 > 20U,.;. Below this value the boundary first moves to bigger values
of the potential depth Vj, as expected from the reduction of the effective atom-atom
interaction coming from the off-resonant atom-molecule conversion (see section . In
this far off-resonant regime we observe a simple renormalization of the Bose-Hubbard
physics by the virtual atom-molecule conversions. By decreasing 6 even further, the
superfluid-insulator boundary occurs at a maximum potential depth for a critical value
of the detuning d. ~ 8U,., and then it starts to move to lower values of V{. This strong
crossover in the behavior of the boundary reveals the onset of the nearly resonant regime.
In this regime, a significant fraction of particles appearing in the ground state of the
system are molecules because the atom-molecule conversion becomes increasingly efficient.

Figure 8.4: Mixed three-body correla-

tor <mjaz2> (color) and normalized atomic

one-body correlator (a;)/(n?) (black) as
a function of the lattice depth Vj and
the detuning 9, keeping total number
of particles per site fixed to NV; = 2.
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This crossover is captured by the behavior of the atom-molecule coherence (mja?}, which
remains very small and weakly dependent on the detuning ¢ for 6 > J., while it starts
growing significantly with decreasing ¢ below this critical value 9.

To be able to compare directly our mean-field results with the strong coupling expan-
sion in section [8.2] we are going to keep the conversion rate I' locked to a value such that
I' < U, and we will keep constraining our mean-field problem to systems with an average
of two particles per site, as it is the simplest case where conversion between atoms and
molecules can take place. In figure [8.5] we compare the results from these two methods.
On the one hand, we consider the renormalization introduced by I' to the atomic hopping
amplitude in the perturbation theory when compared to the Bose-Hubbard model, taken
from both the lower (dashed) and upper (dash-dotted) boundaries of the Mott insulating
region of two particles (equations |8.15b| and [8.15d| respectively)

jdewn T (5) = ju(o0) - [1 — 2] (8.18)

[

P (0) = je(00)  [1 = 6%/ (Uam — 2Ua + 0)?] (8.19)

where j.(00) is the critical value of the atomic hopping for the Bose-Hubbard model (6 —
o0) using mean-field. On the other hand, j*¥(§) (dotted) corresponds to the superfluid-
insulator boundary taken from the mean-field results and defined by the appearance of
the one-particle coherence (a) (see figure [8.4)).

For § > 20U,y the results from both methods have a very good agreement, presenting
just slight differences for smaller values of the detuning until § ~ 5U,.s. At this point
the perturbation theory results jg’ow"v“pPT((S) clearly break down and mean-field shows a
crossover from the off-resonant to the resonant behavior. At this crossover, the critical
hopping jM¥(4) signaling the superfluid-insulator transition starts to increase upon lower-
ing the detuning. This occurs because for a small detuning, the Hamiltonian energetically
favors the atom localization and the local atom-molecule conversion, over a minimization
of the kinetic energy through the atomic hopping.

Mean-field studies are not able to point out correlations between different sites. How-
ever, inspired by recent results [91 92] where it is shown the appearance of an “insu-
lating” phase with a “hybrid superfluid fraction” in this model, we would like to study
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Figure 8.6: Phase diagram according to the DMRG method. In the left column we have the
fluctuations in the number of atoms per site An (color gradient) and the number of atoms per
site (n¢ (lines). In the right column we show the fluctuations in the number of particles per
site AN; (color gradient), where N; = n¢ 4 2n]", while the lines frame the areas with integer

particle occupation (N;). The upper plots correspond to a detuning ¢ = 0 and the lower ones to
§ = Upey, where V7' = 35E,.

the long-range correlations of this mixed exotic phase to learn more about its nature.
With mean-field we cannot access long-range order indicators, and therefore we cannot
discriminate between an insulating phase with local conversion and a phase with hybrid
counterpropagating currents. This should be decided using a Density Matrix Renormal-
ization Group method (see section , looking at the spatial structure of long-range
correlators.

8.4 Quasi-exact diagonalizations and study of long-
range correlations
In this section, we study a one-dimensional version of our system (7.1]), implementing

a Density Matrix Renormalization Group method based on Matrix Product States (see
section. Our motivation originates from recent results [91, 02], where an incompress-
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Figure 8.7: Density of particles per site (N;) = (n¢ + 2n[") (left) and fluctuations in this
number AN;, according to the DMRG method for U, = 854, Usm = 12j4, Um — 00, I' = 0.57,,
jm = 0.5j,, and different values of the detuning 6 and the chemical potential u. Upper plots
correspond to a lattice of 20 sites, and the more detailed lower ones to 40 sites.

ible yet superfluid “super-Mott” phase is observed for this system using quantum Monte
Carlo methods. Our goal in this section is to study the spatial structure of correlations,
to learn more about the intriguing properties of this phase.

In this first part, the Hamiltonian parameters are calculated from microscopical prin-
ciples as done in previous sections (see appendix , but taking d = 1 as it is for a
one-dimensional lattice. The conversion rate I' will be kept constant, according to the
following reasoning. As I' depends on the lattice depth V4 (it depends on the overlap
between the atomic and molecular states in each site), it will grow when Vj increases,
as the states in each well become narrower in a deeper potential. But in a 1D lattice
this dependence is much weaker than in 3D, because in one-dimensional systems the size
of the wavefunction in the transversal direction is fixed and it may only change in the
longitudinal direction of the lattice. Therefore, taking the conversion rate I' independent
of Vj is an acceptable approximation that for the sake of simplicity we will make. We
are going to lock the value of this rate to I'(V{), for V" = 10E,.. Due to the dimensional
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Figure 8.8: Atomic (color) and molecular 5
(black) site occupation in the p — ¢ plane. wl, 8/,

mismatch, the results obtained in this section cannot be compared directly with previous
ones. However, the nature of the phases remains unaffected.

A “super-Mott” phase has been defined as an incompressible phase, like a Mott insu-
lator, containing a “supercurrent” for each species, but without a global flow [91]. These
“supercurrents” propagate in opposite directions, as seen from the correlated and anti-
correlated windings [91], 92] of Monte Carlo simulations. With DMRG we cannot observe
these superfluid fractions, but we can study how the many-body correlations change be-
tween different lattice sites in distinct points of the phase diagram. For instance, given
a certain Hamiltonian where atoms are involved, we can find its ground state and cal-
culate the two-body atomic correlator C'{ = <ajai+A>. This quantity shows the atomic
correlations present between two sites separated by a distance A, and we would like to
distinguish their form. If we find that the correlator decays exponentially, the system is
then in an insulating state. On the contrary, if the decay is algebraic, there is a finite
superfluid fraction in the system and fitting the correlator using

C% ~ A=), (8.20)

gives us three possibilities: if & = 1 we have a condensate (only possible in 3D or in 2D a
zero temperature); if 0 < a < 1 we have a quasi-condensate; or if @ < 0 we do not have
any condensation.

For our problem we study three such correlators:

C% = (alaiin) (8.21a)
Cx = (mimiia) (8.21b)
o = (miameAa?jLM (8.21¢)

the atomic, the molecular and the hybrid, respectively. The latter should tell us if there
are strong phase correlations of composite objects: two atoms and a molecular hole (or
two atomic holes and a molecule), what could be understood as a counterpropagating flow
of the species without a net mass current.

Using these correlators we are going to study the phase coherence of atoms and
molecules, and the phase coherence between atoms and molecules. Moreover, to probe
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the nature of the spectrum of the system for particle-hole excitations, we are going to
investigate the fluctuations in the total number of particles AN; and the compressibility
of the system 0p/0u, where N; = n¢ + 2n!" is the number of particles per site operator
and p is the particle density, which coincides with (N;) in the thermodynamical limit.
These quantities give us information about the compressibility of the system at a local
and global level, respectively.

In figure we have the phase diagram for different values of the detuning. These
diagrams do not introduce any new features when compared to the mean-field diagrams
already drawn in figures 8.2 and Indeed a study of the decay of C{™ in the insulating
lobes, where the compressibility dp/du vanishes, does not indicate algebraic hybrid cor-
relations. We find that the decays of C{™, C{ and C}' are exponential with the distance.
This indicates the existence of an insulator, where atom-molecule conversion takes place
independently in each well. In retrospect, this suggests that current experiments may not
be able to observe the “super-Mott” phase, due to the experimental constraints imposed
on the Hamiltonian parameters.

Instead, we are going to employ the Hamiltonian parameters proposed by [91] to as-
certain that our indicators can identify a “super-Mott” phase. Although these parameters
are not experimentally feasible, they turn out to be fine-tuned in order to demonstrate
the existence of the “super-Mott” phase [91l 92]. Their molecular hopping amplitude
Jm = Ja/2 is considerably bigger than ours, which makes their molecules comparatively
much lighter, having a lower effective mass. Their interactions are very strong, U, = 87,,
Uy = 1234, and they consider hard-core molecules, U,, — oo. Their conversion rate
between atoms and molecules is very low, I' = 0.57,,.

Using these parameters, we carry out the same study to look for a phase diagram
similar to that in figure [91]. In the upper left part of figure we have the total
number of particles per site (N;). In this plot, the lower area framed in white corresponds
to a phase with one particle per site, and the upper area framed in black corresponds to
a phase with two particles per site. Calculating the fluctuations in the number of atoms
suggests that the lower area is an atomic Mott insulator. The upper area framed in black
is the candidate region for a “super-Mott” phase. In the upper right plot, we have the
fluctuations in the number of particles per site. The local minima of these fluctuations
coincide with the integer-filled regions of (N;) = 1 and 2. The incompressible nature
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of these regions is confirmed with the study of the global compressibility of the system
Op/0p. This is shown in the upper left plot of figure for a zoomed area of the phase
diagram. The lower plots of figure [8.7 correspond to this same area. It is important to
remark that for very large detuning, we recover the physics of the Bose—Hubbard model in
one dimension, observing the cut of the first lobe and the tip of the second corresponding
to j, = 0.125U, in the inset of figure [43].

To study the spatial structure of correlators, we move to figure 8.10] As mentioned
before, in the upper left plot we have the global compressibility dp/0u for a lattice of
40 sites. The black area corresponds to an incompressible phase with two particles per
site. The marked points in the (u, d) plane are in correspondence with the following plots,
where the hybrid correlation decay CX™ is shownﬂ, with insets displaying the atomic
correlation decay C§ (upper right) and the molecular correlation decay CR (lower left).
We describe this results following an order from left to right while going downwards. The
first plot corresponds to the yellow dot (14/ja,9/j. = 10.6,5), the second to the gray square
(9.4,3.5), the third to the red diamond (9.6, —1), the fourth to the gray dot (10.8, —1)
and the fifth to the yellow square (8.6, —5).

Plots corresponding to the incompressible area (yellow and red markers) show expo-
nentially decaying C'{ and C}', as atomic and molecular insulators would do. But in the
central point (red diamond) we observe that C'{™ has an algebraic decay, with a coeffi-
cient a < 0 (see equation . This evidences the emergence of strong phase correlations
of composite objects. We will identify this phenomena with the predicted “super-Mott”
phase. These plots suggest that reducing the detuning between the species, we have a
transition from an atomic Mott insulator (§ > j,), to a “super-Mott” phase (|0] ~ Ja),
and finally to a molecular Mott insulator (6 < j,). This idea is supported by an analysis
of figure [8.8] where the occupation of each species is displayed. We observe a “super-Mott”
phase values of the detuning ranging approximately from 6 ~ —2j, to 2j,. Plots corre-
sponding to the compressible area (gray markers) display algebraically decaying C'% and
CX', as would occur in a superfluid. However, this study needs to be extended to larger
systems. To this end, an accurate finite-size scaling analysis of our results is currently in
progress.

In our simulations, a “super-Mott” phase seems to be realized under two conditions:
on the one hand the global compressibility has to vanish; and on the other hand, atomic
and molecular occupancies should be comparable, (n?) ~ 2(n!"), which occurs close to
the Feshbach resonance, |0| ~ j,. Indeed this second condition appears fundamental to
guarantee that atomic currents can be compensated by opposite molecular currents, in
order to keep the system insulating to independent atomic and molecular currents, and
conducting to correlated counterpropagating currents.

We have not been able to observe this “super-Mott” phase using a realistic parameter
range that would be feasible in experiments. Whether it is possible to attain experimen-
tally the regime proposed by Rousseau et al. and observe the “super-Mott” phase remains
to be discussed. However, we present quantities to discriminate this phase that can be
measured in experiments: density fluctuations and long-range correlations. How these

TAll correlations have their asymptotic part taken away, i.e. C% = (xzxwﬁ - (x})(xiﬂu% although it

may not be explicitly indicated.
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Figure 8.10: Counting graphs from left to right and downwards, the first shows the incompress-
ibility 0p/Ou in the (p,d) plane for a lattice of 40 sites. Other plots show the hybrid correlation
decay CX™ for the points marked the first figure: the second plot corresponds to the yellow dot
(10.6,5), the third to the gray square (9.4, 3.5), the fourth to the red diamond (9.6, —1), the fifth
to the gray dot (10.8, —1) and the sixth to the yellow square (8.6, —5); in brackets we show the
(1, 0) values in units of j,. The plotted lines show the decay of the respective correlators with
the distance A. Insets show the atomic correlation decay C'y (upper right) and the molecular
correlation decay CX' (lower left). These results have been obtained using a DMRG algorithm
for parameter values U, = 854, Usm = 1244, Uy — 00, I' = 0.55,, and j,,, = 0.5j,.
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quantities relate to the ones presented in [91} [92] remains to be seen. These details could
shed some light on the differences presented between both works, e.g. our (IV;) = 2 phase
appears to be significantly smaller when compared to figure by Rousseau et al.. It
would be interesting also to study how and exactly under which conditions the transition
between the “super-Mott” phase and the Mott insulator with two atoms per site takes

place.
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Appendix A

Writing a DMRG algorithm with
MPS

DMRG can be seen as an iterative method based on matrix product states (2.29),
that for a fixed dimension D determines the matrices A[i] whose state |¢)) minimizes the
energy of the problem in a variational sense. In this appendix we describe in detail how
this is done; explaining in section[A.T how to normalize a state, and introducing in section
the effective Hamiltonian used at every step of the algorithm when the minimization
problem is formulated at each site of the lattice.

The initial ansatz is set with all A[i] containing random entries. Let us recall from
section [2.4] that in general these A[i] are tensors with three indices: i.e. A[i] = Ali]as, s
where v and § run from 1 to D, and the physical index s; from 1 to d.

Observing equation [2.29] it should be evident to the reader that the choice of the
matrices A[i| is not unique, as making the following change

Ali] — A[i] = X; Ali]X;;} such that X; € Mpyp

does not alter the state [¢) , for any set of non-singular matrices X. Thus, we can choose
a gauge condition at each site of the lattice to fix this mathematical freedom. These
conditions constitute the so-called normal form [85]. They arise in a natural way when
MPS are introduced as explained in section 2.4l If we begin this procedure at some
location k, and run the algorithm to the right of k, we will be looking for a matrix A[k]
such that the following condition is fulfilled

ZA (asn) 5A K (as).80 = 0.8 (A1)

which is the normalization condition written component-wise. When moving to the left,
equation should be replaced by

ZA o, (sk, 5);1 ]Ot (s1,8) — 56%0/' (AZ)
Sk,B

Conditions (A.1]) and (A.2)) can be thought to ensure A[k] being a “unitary” matrix] or

*Though they are not proper unitary matrices because they are rectangular, we take the freedom to
call them so.

103
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that it is “normalized”, because matrices fulfilling the normal form lead to a normalized
state.

This initial normalization routine is explained in section it allows us to find a
unitary A[k]. We repeat this sequentially to each matrix until we reach one end of the
chain and then backwards, until we have normalized all the matrices and be back to the
initial one.

Then we construct the effective Hamiltonian at site k, that is the Hamiltonian written
only as a function of the matrix A[k] at the site we are considering. This Hamiltonian
will be used for the minimization of the energy in terms of the current A[k]. How to write
this Hamiltonian and solve the associated local problem is elaborated in detail in section
[A2] From this procedure we obtain an optimal A[k] that minimizes the energy of the
state at this step.

We normalize the state again and move to the next site to proceed in the same way,
until the total energy of the system converges. In other words, the procedure is contin-
ued until a fixed point is reached, something which always occurs since the energy is a
monotonically decreasing function of the step number [I09]. Thereof, this is a variational
method which always converges.

We have at the end of the optimization procedure all the Ai] that describe the ground
state of our Hamiltonian. All expectation values can then easily be evaluated [85].

For the sake of readability, we restrict our description to open boundary conditions
(OBC), but there is also a generalization to periodic boundary conditions (PBC). The
main idea is to assume that the particles are in a ring configuration, so all of them are
treated on the same footing. The matrices A[i] are determined in clockwise order, then
improve following a counterclockwise ordering, and then clockwise again, until a fixed
point is reached.

As a reminder, the A[i] in a MPS are matrices whose dimension is bounded by
some fixed number D, which is the number of states kept by the DMRG method, and d
is the dimension of the Hilbert space corresponding to the physical systems. For OBC we
have D = Dy = 1, so that A[1]** = (A[1]*")” and A[L]** = A[L]** are vectors.

A.1 Normalization of the state

Given equation [2.29] if the matrix A[k| is the only one in the state that is not normal-
ized, using Egs. and we have that

d D

(W) = Z Z Tr (A[k]n,SkmA[k]n,s;m)

sp=1 H,T]Zl

= > Tr (A Alk]T™) (A.3)

Then, we proceed to the singular value decomposition (SVD) of this not “unitary”
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AlK]

Alk(a,50),8 = Ulkl (@50 (cusn) DIk (s, V K] g 8 (A.da)
A[k] ,(5K,08) U[k]a,a’D[k]a’y(skﬁ)’v[k] (sk:8)"5(58,8) * (A'4b)

Depending on which condition we ask to A[k], either equation when going from i = 1
to L, or equation when going from i = L to 1; we choose a determinate partition for
the indices in the SVD. These choices correspond to equation and equation [A.4D]
respectively. Given the similarity of these conditions, we are going to work only with one
of them, let us say equation [A.4bl For equation everything can be develop similarly.

In equation [A.4b] Ulk]ao and V[E]s, gy, (s,,6) are unitary matrices, and D[k]as (s, 0y

is diagonal but rectangular
( Diag 0 )
0 Oan a/7(sk”3)/

This means that o < (sg, )" and that we can take away some of the zero-columns, to have
a square matrix D[k]s o. Now, the resulting V'[k](s, gy.(s,,5) is of the same dimensions as

A [k] C!,(Sk 16)
VIE] (5.8 (51,80 = V[K]ar (s1.8)

and we can make the following identification

A[k]a,(Sk,B): \U[k]ma’D[k]a’,a" V[k?]a”,(sh,ﬁ)/

N

X[k~ Alklo.s0.6)-

Therefore, we are able to rewrite the state using the new matrices

without changing its physical meaning. To continue the procedure, now A[k — 1] has to
be normalized.

A.2 Effective Hamiltonian

Fixing our attention on site k, the Hamiltonian H of a system with next-neighbor
interactions can be decomposed in the following way

H=Hp+Hi+ H,+ Heg + Hp (A.6)
where:

1. Hp refers to all the interactions between the sites to the left of k,

2. Hy, refers to all the interactions between site k and those to its left,
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3. Hy, refers to all the local interactions in the site k,
4. Hyp refers to all the interactions between site k and those to its right,
5. Hp refers to all the interactions between the sites to the right of k.

If we consider a Hamiltonian with nearest-neighbor interactions

L—1 L
IS ot
i=1 i=1
the energy can be written as
W H V) = (EnEn By ) + (ErEpyBpg ) + -+ (A7)
where Ex is the transfer matrix of operator X, as defined in [85], and I the identity
matrix in a site. We can decompose this expectation value with respect to the site k of

our interest

W\ H ) = AuEi[k|By + FyEpk]| By, + CLEi[k] Dy + CLEW k]G
+ AL B[k By, + CWE, K] By, + CLEi[k]| D, (A.8)

where we have defined the following matrices, which refer only to the other sites but k&,

A = Ep[1Eu[2]E[3] - Ex[k — 1] +
+Eﬂ[] []Eh[?’] B[k —1] +
4 Ey1]-- Ealk — 3)Ep[k — 2]Eh[k 1]
By = Eilk+1]--- Ey[N]
Cv = El]---Ei[k —1]

Dy = Euk+1]E, [k + 2)Ef[k + 3] --- Ef[N] +
+Eik +1|Ey [k + 2|Eyk + 3] - Ef[N]| + - --
<+ Ey[k + 1] -+ Ey[N — 2]E,[N — 1]E;[N]
F, = Ei[l]--- Eflk — 2|E [k — 1]
E,k + 1]Eflk + 2] - - - Eq[N]
A, = E 1]E2]--- Ef[k — 1] +
+E1Ey[2] - Ex[k — 1] + - -
-+ Ey[1] - Ef[k — 2|E4[k — 1]
D, = Ejk+1]Ef[k+2]--- Ef[N] +
+Ei[k + 1Ey [k + 2] - - - Ex[N] +
-+ Ey[k + 1] -+ Ey[N — 1]E,[N].

CE
I

Having written this matrices, it is very important to realize that
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1. the energy is a quadratic form of our unknown variable at site k
(| H |¢) = A[k]"H' Alk]

where A[k] = Alk](a,s,,8)- This will lead us to a simple eigenvalue equation to find
this A[k],

2. recursive forms for the matrices A;, B;,C; ... between the different sites ¢ can be
found, which will be very convenient to write the program.

If all the matrices A[i] are given, except for the one with i = k, then

(W H )  Tr[AyElK]By] | Tr[FyEy[Kk]| By

b= Ty T MA[k]A[km T T [AKAKT]
Tr Ak 1A[k] T T AMAR] | Tr AIANK]
Tr [C’kEg (k] By] N Tr [CrE[[k] D}
TrAKAKT] ~ TrAKAK]

The dependence of E on A[k] is contained in the bold letters. Playing a little bit around
with the indices, it is possible to put all the numerators in the form A[k]TM[k]A[k]. Adding

up all these contributions (M[k], ...), we find an effective Hamiltonian for site k& which
we call HIk].
For the minimization of E in function of A[k], we have the following expression
Alk] H[K) Ak
g 2 EHAN (A9)
ATK]TA[K]

But minimizing this £ with respect to A[k] is equivalent to solving the eigenvalue equation
H[kAlk] = EA[K] (A.10)

where A[k] corresponds to the minimal E of the spectrum.
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Appendix B

Derivation of the master equation

B.1 Number dissipation

We present the derivation of the master equation for a system of bosonic atoms in a
lattice that is coupled to a reservoir through an exchange of particles . This type
of dissipation, where particles are exchanged, is equivalent to the well-known damped
harmonic oscillator treated in the literature [116, 47, 20]. This model is briefly introduced
in section[B.1.1] as it has been used in the second part of this dissertation. Later in section
[B.1.2] we describe the system considering the Mott insulating limit in the Bose-Hubbard
model and making a detailed derivation of the master equation.

B.1.1 The system as a damped harmonic oscillator

The system is modeled by a harmonic oscillator with frequency €/h, and the reservoir
by a collection of harmonic oscillators with frequencies €, /h. Thereof the interaction at
each site of the system is

Hsp = hoy (aTbk n bLa) (B.1)
k

where af (a) is the creation (annihilation) operator of an excitation in the system, b} (b;)
is the creation (annihilation) operator of the k-th mode of the bath, and g is the coupling
constant of the system with the k-th mode of the bath. Using these notation, the free
evolution Hamiltonian for a single site can be written as

Hy = eala + Z ekbzbk, (B.2)
k

recalling that e is the energy of an excitation in the system, and ¢ the energy of the k-th
mode in the bath. We assume that the reservoir is in thermal equilibrium.

The detailed derivation of the master equation for this system is the typical textbook
example [116 47, 20] and it is analogous to the derivation presented in section [B.1.2]

109
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thereof we just present the final result

dpt)  _ %{N[—aan(t) — p(t)aa’ + 2a' p(t)a]

dt
+(N + 1)[2ap(t)a’ — a'ap(t) — p(t)a'al}. (B.3)

In this equation, v is the damping rate of the dissipative process (see equation |B.17)), and
N is the mean number of excitations in the reservoir.

B.1.2 The system as a Mott insulator

The system is modeled by a Mott insulator, described by the Bose-Hubbard model
with j = 0; and the reservoir by a large number of harmonic oscillators, exchanging
“excitations” (particles) with the system. As a consequence, we can see our system as a
collection of individual sites interacting with local identical baths. Then, the interaction
at each intersecting point in second quantization is given by

HSR = Z hgk (CLTbk + bza> (B4)
k

where af (a) is the creation (annihilation) operator of the atoms, and bl (b;) is the
creation (annihilation) operator of the k-th mode of the bath. The coupling constant
gr of the atoms with the k-th mode of the bath comes from the overlap of the Wannier
functions describing the “particles” in both system and reservoir (expanded in modes).
This treatment is convenient to simplify the reservoir spectrum.

For a single site, we can write the free evolution Hamiltonian as

U
HO = EGTGT(I& + ; h&kblbk, (B5)

where U is the local interaction energy of the atoms, and hej the energy of the k-th mode
of the bath.

Let p(t) be the reduced density matrix of the system and pg(0) the initial state of
the reservoir, which will remain unaltered by the presence of the system due to its own
characteristics (section . We proceed to derive the master equation equation in
this case, namely

1t
W0 — 5 [ A Tral L0 (). p(0) @ (0] (B.6)
where H., refers to coupling between the system and the environment Hgg in the inter-
action picture. In this picture, the bath operators b, and blz are replaced by the operators
by; and b,

bkl — eszot/hbkezHot/h efleknktbkeleknkt

— e—isknkt—i—isk(nk—i—l)tbk
= e, (B.7a)

b}];[ — e*iHot/hblteiHot/h — e*iektb}t’ (B?b)
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and the system operators a and a' by the operators a; and af;

ay = o iHot/h g JiHot/h _ =iUn(n=1)t/2h , iUn(n—1)t/2h
_ e—zUn(n 1)t/2h+2U(n+1)nt/2h

= Unt/hyg (B.8a)

al | = e~tHot/hgtgitot/h _  o=iU=1t/hgt (B.8h)

according to the free evolution Hj of each of these parts. Then, in this picture the
interaction is

HLp(t) = hB(t)ate V™" 4 hB1(t)eVm/hg (B.9)

where we have defined the bath operators B(t) = Y., gre'*'b;. The master equation
equation [B.6 turns into

dp(t t . A
_p( ) = —/ dt, Trg[B(t)ate U/ 4 B (1)eV/hq,
0

[B(ty)ate U/ 4 BY(1)e V™ a, p(t) ® pr(0)]): (B.10)

To simplify the notation and save some space in the following calculations, we will use
the following shortcuts for some of the variables B; = B(t), By = B(t1), ¢+ = Unt/h and
¢1 = Unty/h. Then, the commutator in the integral equation can be expanded as

[ [ lequatiom = Ble'™aBje'® a(p(t) © pr(0)) + Ble' aa’e™ By (p(t) ® pr(0))

ale BBl a (p(t) © pr(0)) + ale Buale™% By (p(t) ® pa(0))

—Bjea(p(t) ® pr(0)) Bie”'a — Ble™a(p(t) ® pr(0)) ale " By
fe=9 B, (p(t) ® pr(0)) Blera — afe™ B, (p(t) ® pr(0)) a’e 1 B,

~ Bl (p(t) © pr(0)) Ble®a — Ble®a (p(t) © pr(0)) ale B,
ale™ By (p(t) @ pr(0)) Ble”a — ale™* By (p(t) ® pr(0)) ale™ ™ B,

+ (p(t) ® pr(0)) BI@““CLBT g+ (p(t) @ pr(0)) Bl aafe ' B,

+(p(t) @ pr(0)) a'e " By Ble'a+ (p(t) @ pr(0)) ale™* Biale B,

If we assume that we work with a thermal bath, it does not have phase dependent
correlations (brby) = (bibl,) = 0. This simplifies the expression above, as we will only have
to consider terms where BI and By, or their Hermitian conjugates, appear. Taking the
trace over the reservoir variables Trg[-| and the integral over t;, as indicated in equation
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[B.10, these terms become

/dt emiUm=1)(t- t1>/ﬁ<B BT>
aaT/d —in(t=t)/h <BTBt>
at /d iU (n=1)(t—t1) /1 <B BT>
(tal [ dtyeV" =" (Bl
a/d iU (n—1)(t—t1) <BTBt>
e

aT

—ZUnt t1)/h <B BT>

where we have used the identities ae'® = e®eVt/hq and ale’® = e~ Ut/hgl as well

as noted that Trr(B!B1pr(0)) = (B{B;). This expressions show us that there are four
integrals to be solved, namely

= Jydtie =0 (BBY)
L = [y et (BiB, )
Iy = Jy dhe == (BB, )
I = Jy dte==) (B, B])

where wy refers to the frequency associated to the energy of the system, either Un/h or
U(n—1)/h.
Recalling the definition of the bath operators B(t) = >, gre"*'by, the equation m

can be written as
t
I]_ — / dt]_ Zgkg];e_iwo(t_tl)ei(€kt_€kltl) <b]€b-|];,/>
0 Kk’

For a thermal environment, it can be shown that its correlations are [96]

<bkb,1,> — (N + D)o (B.15h)

where Ny is the thermal average number of “excitations” (particles) in the reservoir cor-
responding to the k-th mode. Thus, adding over £’

t
I, = / dt, Zgi(]\[k 4 1)6*1'(010*619)(15*751)_
k

0
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Considering that the bath is very large and that it has many degrees of freedom, we can
replace the sum over modes by an integral over frequencies

Zk: — /OOO dw% (B.16)

where o(w) is the density of states at frequency w. Using the approximation and the
change of variable 7 =t — t;

Il / dT/ —Q (.Ul 1)2(N((J.Jl) + 1)€—i(w0—w1)7'

We make the first Markov approximation assuming that o(w), g(w) and N(w) are slowly
varying functions around w = wy, where w; is very large. Introducing the change ¢ =
wo — w1 and assuming symmetry around wy

I ~ / dT/ —g wo — €)g(wo — €)*(N(wg — ) + 1)e ™.

The upper limit of the time integration may be extended to infinity, considering that
the system losses all the memory of its past on a scale much smaller than the time of
observation. Then we obtain

I ~ /_Z ;—ig(wo —e)g(wo —&)*(N(wo — &) +1) {7”5(5) —iPy (éﬂ

where we have used

/_Z de f(e) /OOO dretier _/: de [wé(a):l:PV (é)} /(&) —Wf(O):tz'Pv/_Zd f(e)

being PV the Cauchy principal value of an integral

PV/ fw)dw = llm (/wo—e f(w)dw + b f(w)dw> :
a wo+€

Defining the damping rate v as

7 = o(wo)g(wo)® (B.17)
we can finally write equation in its final form
I ~ %(N(wo) +1) —iA (B.18)
where
*del 9 9
A =PV g—g(wo —e)°g(wy —€)*(N(wp — ) + 1). (B.19)

The second integral equation [B.12] can be similarly expressed in terms of the bath

operators
t
]2 — / dtl Zgkgkleiwo(t_tl)G_i(gkt_ek,tl) <b£bk/> .

0 kK
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Adding over £’ for a thermal environment (B.15a))

t
I, = / dt, Zgszei(WO—Ek)(t_tl)
k

0

and using the approximation [B.16] followed by the change of variable 7 =t — #;

d ,
I, = /dT/ ﬂg (w1)g(w)2N (wy e,

Making again the first Markov approximation and introducing the change of variable
€ = wy — wi, assuming symmetry around wy

t 00 de )
Iy ~ / dr/ 2—Q(w0 —&)g(wo — €)*N(wp — €)e™".
0 —o0 T

Applying the second Markov approximation, we obtain

I~ /Z s—i@(wo —£)g(wo — €)*N(wo — €) [mS(e) +iPV (g)}

using the Cauchy principal value PV of the integral. We finally can write the integral
equation as

Iy =~ %N(wo) +in (B.20)
where we have used the definition
, > del 9
A =PV %gg(wo —€)g(wy —€)*N(wg — €). (B.21)

The third integral equation can be also expressed in terms of the bath operators

t
Iy= / dty " gegwe Uil marh) <b§jbk>.

0 kK

Adding over £’ for a thermal environment (equation [B.15al)

t
I; = / dt, Z gZNke_i(WO_Ek)(t_tl)
0 k

and using the approximation [B.16] followed by the change of variable 7 =t — #;

d .
I3 = /d’i'/ ﬂg (w1)g wl)zN(wl)e_Z(wo_wl)T.

Making again the first Markov approximation and introducing the change of variable
€ = wy — wi, assuming symmetry around wy

I3 ~ / dT/ —g wo — €)g(wo — €)*N(wy — €)e .
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After applying the second Markov approximation, we obtain

I3 = /_Z ;l_i@(wo —€)g(wo — €)*N(wo — ) [vré(e) —iPV @)}

using the Cauchy principal value PV of the integral. We finally obtain for equation
the expression

Iy ~ %N(wo) N (B.22)

where A’ is given by equation [B.21]
The fourth integral equation can be similarly expressed in terms of the bath

operators
t
I, = / dt, Zgkgkleiwo(t—tl)e—i(ekt—ek/tl) <bk/b2> )

0 kK

Adding over £’ for a thermal environment (equation [B.15b))

t
I, = / dt, Z g]%(Nk + 1)ei(w0—6k)(t—t1)

0

and using the approximation [B.16] followed by the change of variable 7 =t — t;

d .
Iy = / dr/ ﬂg (w1)g 1)2(N(w1) 4 1)61(%,%)7.

Making again the first Markov approximation and introducing the change ¢ = wg — wy,
assuming symmetry around wy

t o )
Iy~ / dT/ i@(wo —&)g(wo —)*(N(wg — €) + 1) 7.
0 —o0

Applying the second Markov approximation, we obtain

Iy ~ / ﬁg(wo —e)g(wo —&)*(N(wo —€) +1) [mi(a) TPy <§)}

2

using the Cauchy principal value PV of the integral. We finally can write equation
as
I~ L(N(wp) + 1) +iA (B.23)

2
where A is given by equation
The effect of the terms A and A’ is to add a small perturbing Hamiltonian term, a
small frequency (Lamb) shift, and are usually neglected [20] 116, 47]. We can use I, I,
I3 and I, to write the master equation as

d/;_g) _ —%N(Un)aan(t) - %(N(U(n —1)) + )alap(t)

—%N(Un)p(t)aaT - %(N(U(n — 1))+ Dp(t)a'a
+y(N(Un) + Dap(t)a' +yN(U(n — 1))a’p(t)a.

As a reminder, following from equations N(wp) stands for the number of excita-

tions (particles to exchange) in the bath at energy wy, and 7 is the damping rate of the

dissipative process (B.17)).
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B.2 Phase dissipation

Following a similar treatment as in section |B.1} we can also derive the master equation
for a system with collisions. We consider a coupling between the system and the reservoir
such that

Hgp = Vanfo. (B.24)
(2

This interaction describes phase-changing collisions between the system and the reservoir.
Here n; refers to the number of particles in the system at site 4, and n% to the number of
particles in the bath at the intersection with the i-th site of the system.

A detailed derivation of the master equation will be omitted, it is analogous to the
presented in section [B.1.2, The final result we use is

dz—g) - %ZZ: {—nZp(t) — p(t)n; + 2n;p(t)n;} (B.25)

where the constant v is the damping rate of the dissipative process (see equation |B.17)),
including the parameters of the interaction and the reservoir.



Appendix C

Derivation of the model in
superlattices

As discussed in chapter [5.1], the main idea behind atomic correlated hopping is to trap
atoms whose interaction allows them to change their state. In this appendix we provide
one possible implementation of this idea, using state dependent superlattices that trap
dressed states.

C.1 Dressed states trapping

Our starting point is the setup in ﬁgure (upper left). It consists of an optical lattice
trapping atoms in states [1) and |]) , together with a Raman coupling between these states.
Mathematically, this configuration is described by the single-particle Hamiltonian

Hyap = Vo sin(kz)? (1) (1] + 1) (L)
+8Q sin(kz) (I1) (L + 1) (1) - (C.1)

By moving to the basis of dressed states |£) = \/LE (It) £ 14)), we find that the trapping
is effectively equivalent to two superlattices with a relative displacement, as in figure [5.1
(right),

Hyap = (Vosin(kz)® + Qsin(kz)) |+) (+]|
+ (Vosin(kz)? — Qsin(kz)) |—) (—|. (C.2)

Under appropriate circumstances [46], we find that each superlattice site has a unique
ground state, energetically well differentiated from the next excited state, and which
consists of a symmetric wavefunction spanning both lattice wells. If this is the case, and
if all energy scales (such as the interaction and the hopping) are small compared to the
separation between Bloch bands, we can expand the bosonic field operators describing
the atoms in terms of these localized wavefunctions

V() = 325 coi Wl — 2il) (C.3)
V-(x) = 32 coin Wi — (20 + 1)1)

117
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where 2] = 27 /k is the superlattice period; ¢; are bosonic operators

Coi = \%(asz + agit1.+) (C.4)

_ 1
Coit1 = 72(@2#1,7 + agiq2,-)

that for j even (odd) annihilate an atom in state |+) (]—)) in the j-th superlattice cell;
and the localized wavefunctions W (z) are a superposition of the Wannier functions w(z’)
of the underlying lattice

W(x — 2il) = % w(z — 2il) + w(z — (26 + 1)) (C.5)

C.2 State-changing collisions

Now we will express the interaction (5.4 in the basis of dressed states. We proceed
using the change of variables in equation to find the expression of the densities

pr(e) = Glp oo+ ulo i) (C.6)

o) = Slp o~ —ule). (©7)

The first obvious conclusion is that the total density is independent of the basis on which
it is written

ple) = pr(a) + py (@) = ps (@) + p_(a). (C8)

Hence, the term of gq is insensitive to the state of the atoms. However, the asymmetric
terms are not so simple. The g; interaction, which is proportional to the product of
densities

1 1
v = 7 (et o)’ — 7 Whe ety
1 1 1
= 7i(etp )i —gpr = 4 129? + H.c)
1 1
= it =P+ Ho), (C.9)

gives rise to a scattering that changes the state of interacting atoms from |—) to |+) and
viceversa, as in figure [1| (left). The term of g, has a lightly different effect

pr(@)? = py(@)? = p(a) [0 (@) (2) + UL (2 ()] (C.10)

it gives rise to processes where one atom changes its state influenced by the surrounding
environment. In the following, we will see what happens to the interaction terms (C.8)),

(C.9) and (C.10]), when the atoms are confined in a lattice.
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C.3 Final model

In this section we will put together the results of this appendix. We will take the
tight-binding expansion of the field operators (C.3]) and use it in combination with equa-

tions [C.§| and to expand the interaction Hamiltonian ([5.4). For convenience,

we will rename the bosonic operators as
Cop, = Qpy and Copyq = Qp_ (C.11)

according to the position at which their Wannier functions are centered, as illustrated
in figure (right). Along the derivation, one obtains many integrals of ground state
wavefunctions

Cim = / (W (x — k)W (z — ml)|*dz. (C.12)

We will only keep those integrals with a separation smaller than a superlattice period.
Taking the expression for the superlattice localized states (C.5]), one obtains

Cri = [ W (z)*dz ~ %f|w(z)|4dx (C.13)
Crporr = [ [W(@)P W (z —1)Pde ~ § [ |w(z)|*dx (C.14)

where w(z) are the Wannier wavefunctions of the underlying sublattice. Using these tools,
the symmetric interaction term becomes

2 [ d o) + o)) =

2
N/2
90
= 5 Z : ngkczmk + n§k+1c2k+1,2k+1 + 2noknokt+1Co%k 2641
g N
0
=7 dz |w(z)[* Z TnE A ey (C.15)
k

For the asymmetric terms we start from equation obtaining
o [ @i prlpite) =

N

91 1

0 dz |w(x)|* 5 [: ng: — 5 (c,alci + c,tzciﬂ)} (C.16)
k

and then finally the more complicated one, equation

92
D) &’ - PT(ZU)Q - m(:v)2 =
g N
§2 dz |w(z)|* g cng(cheny 4 el _jen + chep + C,Tgﬂck) : (C.17)

k
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Introducing constants that parameterize the on-site interactions and the strength of the
underlying lattice (equation , our final Hamiltonian looks as follows

U 0 Ul

200 +U
H —_ % Z : nz : —g . nlek+1 . —E Z(C;;i_lcz -+ HC)
k k k
U.
—§2 [(nk —1)ef (cro1 + o) + H.c.] : (C.18)

Completing terms and replacing the sum over k£ with a sum over nearest neighbors, we
arrive at the desired model ([5.1)) with the parametrization given already in equation .



Appendix D

Atom-molecule resonances:
calculation of physical parameters

The physical parameters (U,, jq, . ..) used in the last part of this dissertation, about
atoms in a Feshbach resonance, have been calculated from microscopical considerations
and their derivations are shown in section [D.2] The system we consider consists of *7Rb
atoms trapped in an optical lattice and in resonance to a bound state. The corresponding
physical constants are displayed in section [D.1]

D.1 Table of physical constants

Quantity Symbol Value Unit

Reduced Planck constant h 1.054571628 x 10734 Js
Bohr radius a 0.52917720859 x 1010 m

Mass of Rb atom m 87 - 1.660538782 x 10~%7 kg

Momentum of the lattice k 27 /(830.44 x 1079) m~!
Recoil energy (atoms) E, h*k?/(2m) J
Recoil energy (molecules) E™ h?*k?/(4m) J
Lattice depth seen by an atom Vo a - E,, typically o € [10,30] | J
Lattice depth seen by a molecule \ 2V J
Transversal confinement (d < 3) Vot 30E, J
Angular frequency associated to each site Who ky/2Vy/m g1
Harmonic oscillator length (ho R/ (mwyo) m
Background scattering length * (bg 100.8 - ag m
Width of the Feshbach resonance * AB 18 x 1077 T
Difference of magnetic moments | Ap 27h - 111 x 107 J/T

*From a coupled-channels calculation
"From Breit-Rabi formula
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D.2 Derivation of the physical parameters

To calculate the parameters of our system, we have used and calculated several for-
mulae that are presented in this section. For the matrix element Hy,, = (V4| H |[1,) of
the Hamiltonian (7.1]), which is the conversion rate between atoms and molecules I, we

have [103]
2
Hyp = | 2T s 2 A8 <1 + 0.490@), (D.1)
m (\/ 27rah0) Qho

resulting in an angular frequency Q,..; = 2H,,,/h for the Rabi oscillations between these
states. For the single-atom tunneling amplitude j,, in the case of a deep lattice Vo >> E,
we have [124]

4 Vo) ¥
Jo = TEr (ﬁ) e 2V Vo/Br (D.2)
™ r

while for the molecules, in the case V" >> E™ we have similarly [124]
m\ 3/4
o= g (YO 2R (D.3)
Vi B
The atomic interaction strength will depend on the dimensionality d of the trapping
lattice, and the lattice depth V{; perpendicular to the trapping directions

] Vg/4<V0t)(3—d) /4
U, = \/;k;angr Ef’/4 . (D.4)

We take U, as the energy unit of the problem, and calculate U, and U,,, as a function
of this. We start from the expression for the interaction term of the Hamiltonian

Ho = 3 [ @0 W@ (@) Vas(o - DU(E)Va(@) (D)

a,f=a,m

= UaZni(ni — 1) + UamZnimi + UmZmz(ml — 1)

The field operators describing the atoms ¥, and molecules ¥,,, can be expanded in terms
of localized wavefunctions

T, (%) = Z aw, (T — i) (D.6a)
0,,(7) = Z b, (T — iD) (D.6h)

where v is the lattice period and w(Z) are Wannier functions. We assume that the
interactions in equation are described by contact potentials

Vi@ —2) = g¢-6(&—a) (D.7a)
V(@ — ) = 2¢-6(F—a') (D.7h)
Vi@ — @) = 4g-8(F— 1), (D.7¢)
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ignoring the internal structure of the interacting particles and adding the single interac-
tions for compound objects: between two atoms g,, = g, between an atom and a molecule
Jam = 2¢, and between two molecules g,,,, = 4¢g. For deep lattices, the Wannier functions
w(Z) are going to be approximated by Gaussians along each direction

We(T) = N, e /200 ¢v*/(20)) o=2*/(20%) (D.8a)
Wi (T) = Ny %1% ¢ 0/05 =37/ (D.8b)
with normalization constants
1 1/4 3 1/4
Ne=\5555) » No=|(5552 D.9
moZolo? moi0202 (D-9)

and the width of the Gaussian packet o; given by the confinement along the direction
i. To find the constants we have used the Gaussian integral [ Bre /e = \/ma. If the
confinement along direction j is transversal (i.e. the particle cannot move along that
direction), in the ideal case we would have that the probability distribution goes to a
delta (o; — 0). Finally, we obtain the following on-site interactions

U, = _1 /// dgl' g 6—2382/036—21/2/056—27;2/03
352422
mo2o2o?

_ g
B 2\/_7r3/2amayaz (D-108)
_ 3 —322 /02 —3y? /o2 —322/02
Uam - 7_‘_30_20_ 0_2 ///d x 29 e e Yy
T y z
B 3\/_7r3/20x0y0z (D100
U _ 8 d3£L’ 49 €—4x2/036—4y2/056—4z2/02
" o002
__ 49 (D.10c)
_ .10c
20,040,

which lead to Uy, = 16U,/(3v/3) ~ 3.1U,, and U, = 8v/2U, ~ 11.3U,. To calculate the
widths of the confinement, we can approximate our standing wave to a harmonic oscillator
taking up to the first non-zero order

1
Vosin(kz) ~ Vy(kx)? = émwﬁoﬁ (D.11)
leading to
AV E,
b = = (D.12)

that together with the width from a gaussian describing the solution of harmonic oscillator

o = h/(mwp,) (D.13)
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gives us
2 h
= —. D.14
O T 2mJVE, (D-14)

Now, working U, a bit further, and using also g = 4wh?ay,/m

0o \/E Way, \/§ kapy By
“ T 2Mo 0,0, T k30,040,

g TR AR AT
— \/j]mngru (D.15)
m

completing the list of parameters that we wanted to calculate.
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