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This thesis covers most of my work in the field of ultracold atoms loaded in optical lattices. It makes
a route through the physics of cold atoms in periodic potentials starting from the simple noninteracting
system and going into the many-body physics that describes the strongly correlated Mott insulator regime.
Even though this thesis is a theoretical work all the chapters are linked either with experiments already done
or with ongoing experimental efforts.

This thesis can be divided into four different parts. The first part comprises chapters 1 to 3. In these
chapters, after a brief introduction to the field of optical lattices | review the fundamental aspects pertaining
to the physics of systems in periodic potentials.

The second part deals with the superfluid weakly interacting regime where standard mean field
techniques can be applied. This is covered in chapters 4 and 5. Specifically, chapter 4 introduces the
discrete nonlinear Sctdinger equation (DNLSE) and uses it to model some experiments. In chapter 51 go
one step further and include the small quantum fluctuations neglected in the DNLSE by studying quadratic
approximations of the Bose-Hubbard Hamiltonian.

Chapters 6 to 8 can be grouped as the third part of the thesis. In them | adopt an effective action
formalism, the so called two particle irreducible effective action (2P1) together with the closed time path
(CTP) formalism to study far-from-equilibrium dynamics. The many-body techniques discussed in these
chapters systematically include higher order quantum corrections, not included in the quadratic approxi-
mations of the Hamiltonian, which we show are crucial for a correct description of the quantum dynamics

outside the very weakly interacting regime.



Finally, chapter 9 to 11 are devoted to study the Mott insulator phase. In these chapters using
perturbation theory | study the Mott insulator ground state and its excitation spectrum, the response of the
system to Bragg spectroscopy, and propose a mechanism to correct for the residual quantum coherences
inherent to the Mott insulator ground state. Even though small these are not ideal for the use of neutral

atoms in optical lattice as a tool for quantum computation.
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There are men who fight one day and are good.
There are men who fight one year and are better.
There are some who fight many years and they are better still.
But there are some that fight their whole lives,
these are the ones that are indispensable.
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Chapter 1

Introduction

Bose Einstein condensation (BEC) in bosonic gases was predicted by Einstein in 1925 [1] based on the
guantum statistics ideas developed by Bose for photons [2]. The basic idea of BEC is that below a critical
temperature a macroscopic number of particles occupy the lowest energy state: as the temperature, T,
is decreased the de-Broglie wave length, which scalesTiik&’?, increases and at the critical point it
becomes comparable to the inter-particle mean separation. At this point the wave functions of the particles
are sufficiently smeared out so that there is always some overlap and a Bose Einstein condensate is formed.
Although Einstein’s prediction applied to a gas of noninteracting atoms, London suggested that, BEC could
be the mechanism underlying the phenomenon of superfluidityfin[3], despite the strong interactions

in this system. Further evidence for this point of view came from neutron scattering experiments [4].

Experimental efforts to create a BEC in dilute gases date back to the 1980’s [5]. The first experiments
concentrated on using atomic Hydrogen but mainly the large rates of inelastic collision prevented these ex-
periments from succeeding. It was not until 1995, using the advances made in laser cooling techniques[9],
that BEC in dilute alkali atomic gases was achieved. The first series of experiments were done with Ru-
bidium [6], sodium [7] and lithium [8] vapors. In these experiments atoms are typically collected in a
magneto-optical trap (MOT) and compressed and cooled to micro-Kelvin temperatures using laser cool-
ing techniques. They are then transferred to a magnetic trap where evaporative cooling allows the system
to be cooled to nano-Kelvin temperatures. At a critical phase space density BEC takes place. In such a
condensate a macroscopic number of atoms, generally tptocollectively occupy the lowest energy
state.

The experimental realization of BEC in alkali gases opened unique opportunities for exploring quan-
tum phenomena on a macroscopic scale. In contrast to experiments with liquid helium, where the strong
interactions between particles wash out the effects due to the BEC, the relatively weak two-particle interac-
tion in dilute alkali atoms allows these systems to be used as a theoretical and experimental arena to study
coherent matter wave properties. Theoretically, the weakly interacting regime has the advantage that all the

atoms can be described by a single macroscopic wave function. This allows a very intuitive understanding



of the system based on the so called Gross-Pitaevskii equation (GPE) [10]. Experimentally, the macro-
scopic wave packet can be probed by interference experiments, where by turning off the trapping fields the
atoms are allowed to expand and the wave packets to interfere with each other.

The GPE assumes that all the atoms are in the condensate and neglects completely quantum corre-
lations. In the weakly interacting regime, a description beyond the simplest mean field theory can be made
by treating the small quantum fluctuations as perturbations. This treatment was proposed by Bogoliubov in
1947 [11]. The fluctuations lead to a small depletion of the condensate mode since other excited states dif-
ferent from the condensate get populated. Since in most of the experiments with dilute gases the condensate
depletion is at most%, the GPE together with Bogoliubov analysis have been in general very successful
describing these experiments. Much theoretical and experiment work has been done studying condensate
properties such as condensate collective excitations, phonon modes, sound velocity and superfluid flow
phenomena [12]-[19].

However, weakly interacting dilute gases described by a mean field picture are the simplest many
body systems one can possible found. In order to be in the weakly interacting regime, the ratio between the
interaction energy of uncorrelated atoms at a given densjty, and the quantum kinetic energy needed to
correlate particles by localizing them within a distance of order of the mean inter-particle diskange,
must be small. For three dimensional systefhs, ~ n% (as Is the scattering length, which fully
characterizes the low energy scattering processes, n is the mean particle density and m is the atomic mass)
and By, ~ %nm’. Thus, the ratio between these two energies is proportionaltéu,. In dilute
alkali vapors this ratio is generally of ordei02. To enter the strongly correlated regime, an obvious way
to proceed is either to raise the density or to raise the scattering length. It is indeed possible to tune the
scattering length to large values by using a Feshbach resonance. This has recently been realized for example
in 8° Rb where the scattering length was tuned over several orders of magnitude [20, 21]. The problem of
this approach is, however, that the lifetime of the condensate strongly decreases due to three-body losses
[22]. An entirely different way to reach the strongly correlated regime is by using optical lattices. By
increasing the depth of the optical lattice the ratio between kinetic energy and potential energy can be

changed without affecting the density or the scattering length. The beauty of this approach is that the lattice



depth can be used as an experimental knob to change the kinetic to interaction energy ratio allowing us to

reach different many-body regimes.

« Optical lattices

Optical lattices are periodic Stark shift potentials created by the interference of two or more laser
beams. They have been widely used in atomic physics in the context of atom diffraction [23, 24] with
applications to atom optics and atom interferometry [25]. They have also been used as a way to trap
and cool atoms. The first experiment where atoms were cooled to the micro-kelvin regime in a multi-
dimensional optical lattice was carried out by Hemmesthl. [26]-[28] followed by Grynberget al. [29].

There have been various attempts to cool atoms directly in an optical lattice. Among them we can mention
Raman cooling techniques, by which atoms have recently been partially cooled to the ground sate with
filling factors of order one [30, 31, 32]. However, one of the most successful techniques to load ultracold

atoms in the ground state, with almost no discernible thermal component, is by first forming a Bose Einsten
condensate in a weak magnetic trap and then adiabatically turning on the lattice by slowly ramping up the
intensity of the laser beams.

Atom dynamics in optical lattices is closely related to electron dynamics in solid state crystals, but
optical lattice have favorable attributes such as the absence of defects and the high degree of experimental
control [33, 34]. When ultracold bosonic atoms are loaded in shallow lattices, the system is in the weakly
interacting regime and most of the atoms are Bose condensed. Combined with BEC, the ultimate source
of coherent atom , optical lattices provide a way of exploring a quantum system analogous to electrons in
crystals but with complete control over the lattice and the atoms. Beautiful experiments have been done
in this regime and have provided an elegant demonstration of band structure [35, 36, 37], Bragg scattering
and Bloch oscillations [38], as well as coherent matter wave interferometry [39, 40], superfluidity [41] and
guantum chaos [42].

There has also been spectacular recent experimental progress in the strongly correlated regime.
It was first realized by Jaksocét al. [43], that a BEC loaded in a lattice potential is a nearly perfect
experimental realization of the Bose-Hubbard Hamiltonian, which describes bosons with local repulsive

interactions in a periodic potential. M.P.A. Fishedral. [44] predicted that a system modeled by the Bose-



Hubbard Hamiltonian exhibits a quantum phase transition from a superfluid to an insulator state (superfluid-
Mott insulator transition) as the interactions are increased. In fact, the Mott insulator transition in a 3D
lattice starting from a BEC has experimentally observed by M. Greiner and coworkers [46]. Moreover, in
recent years there have been many impressive experiments which have demonstrated the loss of quantum
coherence as the system approaches the strongly correlated regime, for example by measuring number
squeezing [45] or by studying the collapse and revival of coherence in a matter wave field [47].

One of the most important potential applications of the Mott insulator transition is to use it as a
mean to initialize a quantum computer register. Deep in the Mott insulator regime the kinetic energy is very
small with respect to the interaction energy and it is energetically favorable for the atoms to remain local-
ized without tunneling. The negligible number fluctuations makes it possible to prepare the fiducial state
with exactly one atom per site needed to initialize a quantum computer register [43, 48, 50]. Besides the
possibility of high fidelity initialization, the easy scalability, low noise and high experimental control make
ultracold neutral atoms loaded in an optical lattice one of the most attractive candidates for implementations
of quantum computation.

The overall goal of this thesis is to study equilibrium and non equilibrium properties of cold bosons
loaded in optical lattices starting from the superfluid regime, where mean field techniques can be applied,
and going into the rich and complex strongly correlated regime where the standard GPE and Bogoliubov
treatments fail to describe the system and a more general framework is required. Most of the work is done
in the context of ongoing experimental efforts, especially the ones trying to achieve lattice based quantum

information processing.

e Overview

In chapter 2, | start by reviewing the theory of optical potentials, the single particle band structure
and the tight binding approximation. In chapter 3, | go one step further and consider the many-body
properties of the system by introducing the Bose-Hubbard Hamiltonian. | give a review of the generic
issues that characterize the superfluid to Mott insulator transition.

In chapter 4, | describe the equilibrium properties of lattice systems in the superfluid regime, where

a mean field treatment is valid. | study the mean field Discrete Nonlineab&idiger equation (DNLSE),



and use it to model two experiments done by the laser-cooling and trapping group at NIST. In the first one,
an optical lattice was moved and the average displacement of the atoms was used as a means to probe the
band structure of the system. In the second experiment,to which | refer as the patterned loading experiment
[33],the atoms were loaded into every third site of an optical lattice, with the aim of having large enough
spatial separation to address individual atoms. This patterned loading method may be a useful technique
for the implementation of lattice based quantum computing proposals.

The DNLSE completely neglects quantum fluctuations. However, if the system is weakly inter-
acting, the small quantum corrections can be included by using the Bogoliubov approximation. In the
Bogoliubov approximation the complicated many-body quartic Hamiltonian is reduced to a quadratic one,
which can be diagonalized exactly. Using the Bogoliubov approximation, in chapter 5 | study different stan-
dard quadratic approximations in two different lattice systems, a translationally invariant one with periodic
boundary conditions which in general allows analytic solutions, and a system closer to real experimental
situations where, besides the lattice potential, there is a superimposed harmonic confinement potential. |
discuss the Bogoliubov de Genes equations (BdG), the Hartree-Fock-Bogoliubov (HFB) approximation and
the HFB-Popov approximation. To test the validity of the different approximations and their departure from
the exact solution as the interactions are increased | compare them with the exact numerical diagonalization
of the Bose-Hubbard Hamiltonian. Because of the exponential scaling of the dimensionality of the Hilbert
space with respect to system size, the exact solution (for a systenatoms and\/ wells the number
of states scales likeV + M — 1!)/(N!M!)), the numerical comparisons are restricted to systems with a
moderate number of atoms and wells.

In chapter 5, | also report on our idea of using the superfluid fraction to study the approach to the
Mott insulator transition. By deriving an expression for the superfluid density based on the rigidity of the
system under phase variations we were able to explore the connection between the quantum depletion of
the condensate and the quasi-momentum distribution on one hand and the superfluid fraction on the other.

At the end of the chapter, | present my attempt to approach the strongly correlated regime by using
the improved Popov approximation [52, 53, 55]. The idea presented here is to upgrade the bare potential,

which is the one that explicitly appears in the many-body Hamiltonian, to the many-body scattering matrix.



By upgrading the bare potential, we are properly taking into account the effect of the surrounding atoms in
the properties of binary collisions.

In chapter 6 and 7, motivated by the patterned loading experiment, we adopt a functional effective
action approach capable of dealing with non equilibrium situations that require a treatment beyond mean
field theory. Even though a description of the dynamics of the patterned loading system using the DNLSE
was derived in chapter 4, it is shown by comparisons with the exact quantal solution calculated by time
propagating the initial configuration with the Bose-Hubbard Hamiltonian that a mean field solution is valid
only for short times and in the very weakly interacting regime. To deal with the dynamics far from equi-
librium, we adopt a closed time path (CTP) [56] functional-integral formalism together with a two-particle
irreducible (2P1) [57] effective action approach and derive equations of motion. We retain terms of up
to second-order in the interaction strength when solving these equations. Under the 2PI-CTP scheme we
consider three different approximations : a) the time dependent Hartree-Fock-Bogoliubov (HFB) approx-
imation, b) the next-to-leading orderAl/expansion and c) a full second-order perturbative expansion in
the interaction strength. We derive mathematical expressions for the equations of motion in chapter 6 and
apply them to the particular case of the patterned loaded lattice in chapter 7. We use this system to illustrate
many basic issues in nonequilibrium quantum field theory, such as non-local and non-Markovian effects,
pertaining to the dynamics of quantum correlation and fluctuations. We show that because the second-order
2P| approximations include multi-particle scattering in a systematic way, they are able to capture damping
effects exhibited in the exact solution, which a collisionless approach fails to produce. While the second-
order approximations show a clear improvement over the HFB approximation, they fail at late times, when
interaction effects are significant.

The 2PI effective action formalism provides a useful framework where the mean field and the cor-
relation functions are treated on the same self-consistent footing. However, it yields dynamical equation
of motion that are non local in time and hard to estimate analytically. The idea in chapter 8 is to simplify
the 2Pl equations and to obtain near equilibrium solutions where, kinetic theories that describe excita-
tions in systems close to thermal equilibrium are valid. In particular, we show in this chapter how the full

second-order 2P| equations are in agreement with current kinetic theories [15],[58]-[62] and reproduce in



equilibrium the higher order perturbative corrections well known in the literature since Beliaev’s work [63].

In chapter 9, | jump into the Mott insulator phase and | study the physical properties of the system
deep in the Mott insulator regime, which is the other regime where an analytic treatment based on perturba-
tion theory is possible. A perturbative analysis should be applicable to study current experiments [64] that
reach the strong Mott regime. | derive expressions for the excitation spectrum of the Mott state for both
homogeneous and trapped systems and compare them with the solutions obtained by exact diagonaliza-
tion of the Bose-Hubbard Hamiltonian. The main purpose of this chapter is to understand the many-body
properties of the Mott insulator ground state and the nature of its many-body excitations which will be
crucially important as more elaborate experiments with optical lattices in the strongly correlated regime are
undertaken.

One key piece of evidence for the Mott insulator phase transition is the loss of global phase coher-
ence of the matter wavefunction when the lattice depth increases beyond a critical value [46]. However,
there are many possible sources of phase decoherence in these systems. Itis known that substantial decoher-
ence can be induced by quantum or thermal depletion of the condensate during the loading process, so loss
of coherence is not a proof that the system resides in the Mott insulator ground state. Indeed, for this reason,
in the experiments by Greiner et al. [46] a potential gradient was applied to the lattice to show the presence
of a gap in the excitation spectrum. In chapter 10, we show that another common experimental technique,
Bragg spectroscopy [65, 66], not only can identify the excitation gap that opens up in the Mott regime, but
also can be used to map out the excitation spectrum and to determine the temperature of the system when
it is deep in the Mott regime. Specifically, we study the total momentum and total energy deposited in the
system by the Bragg perturbation calculated under a linear response analysis and obtain analytical solutions
in the superfluid and deep Mott insulator regimes. We test the accuracy of the approximations and their
deviation from the full quantal behavior as usual by comparing them with numerical solutions obtained by
diagonalizing the Bose-Hubbard Hamiltonian for a moderate number of atoms and wells.

All of the proposals for quantum computation which utilize a lattice-type architecture have the Mott
insulator transition as the initialization scheme to load exactly one atom per lattice site. Such architecture

requires a lattice commensurately filled with atoms, which does not correspond exactly to the ground Mott



insulator state. The ground state has a remaining coherence proportional to the tunneling matrix element.
This degrades the initialization of the quantum computer register and can introduce errors during error
correction. | finish this thesis with chapter 11, where | report on our proposal to solve this problem by using
the spatial inhomogeneity created by a quadratic magnetic trapping potential together with a continuous
measurement procedure which projects out the components of the wave function with more than one atom
in any well.
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Chapter 2
Optical lattices
Optical lattices are periodic potentials created by light-matter interactions. When an atom interacts with an
electromagnetic field, the energy of its internal states depends on the light intensity. Therefore, a spatially
dependent intensity induces a spatially dependent potential energy. If such a modulation is obtained by
the interference of several laser beams, the resultant optical potential felt by the atoms will have different
potential wells separated by a distance of the order of the laser wavelength. The depths of the optical
potential wells that can be obtained in an experiment are in the microKelvin range. Nevertheless, atoms can
be trapped in this potentials when cooled at low temperatures, by laser and evaporative cooling techniques.

Cold atoms interacting with a spatially modulated optical potential resemble in many respects elec-
trons in ion-lattice potential of a solid crystals . However, optical lattices have several advantages with
respect to solid state systems. They can be made to be largely free from defects, such defects for example
prevented the observation of Bloch oscillations in crystalline solids. Optical lattices also can be controlled
very easily by changing the laser field properties. For example the lattice depth can be changed by modi-
fying the laser intensity, the lattice can be moved by changing the polarization of the light or chirping the
laser frequency and the lattice geometry can be modified by changing the laser configuration. Moreover, in
contrast to solids, where the lattice spacings are generally of order of Angstrom units, the lattice constants
in optical lattices are typically three order of magnitude larger.

The idea of this chapter is to introduce the basic theory of optical lattices and to review the single

particle properties of atoms loaded in such periodic potentials.

2.1 Basic theory of optical lattices

Neutral atoms interact with light in both dissipative and conservative ways. The conservative interaction
comes from the interaction of the light field with the induced dipole moment of the atom which causes
a shift in the potential energy called ac-Stark shift. On the other hand, the dissipation comes due to the
absorption of photons followed by spontaneous emission. Because of conservation of momentum, the net

effect is a dissipative force on the atoms caused by the momentum transfer to the atom by the absorbed and
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spontaneously emitted photons. Laser cooling techniques make use of this light forces.
For large detunings spontaneous emission processes can be neglected and the energy shift can be

used to create a conservative trapping potential. This is the physics that describes optical lattices.

2.1.1 AC Stark Shift

Consider a two level atom, with internal ground stgteand excited statk) and energy differenckw,
in a lossless cavity of volum¥, interacting with a monochromatic electromagnetic field with frequency
w = 27v as schematically shown in Fig.2.1. Assume also that the experiment is performed within a time

smaller than the spontaneous emission rate so that spontaneous emission can be neglected.

Figure 2.1: AC Stark shift induced by atom-light interaction. The laser frequency=s2xv which is

detuned from the atomic resonance/y

The uncoupled Hamiltonian describing the atoms and the electromagnetic field is given by

H, = hw, |e) (€| + hw(a'a + 1/2), (2.1)

wherea is the photon annihilation operator. If the detuning of the laser from the atomic trangkien,
w — w,, is small|A| < w,, then the state with the atom in the ground state Anghotons in the field,
|0) = |g, N) has similar energy to the state with the atom in an excited statéVandl photons|1) =

le, N —1),E; — Ey = —hA. The effect of the interactions is to couple these states. Under the dipole
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approximation which assumes that the spatial variation of the electromagnetic field is small compared with

the atomic wave function, the coupling Hamiltonian denoted&sin the interaction picture is given by:

H = —-d-E (2.2)

hQ2(x) afeiwt 4 hQ2(1:) de_i“’t) .

(Ie) (gl &t + |g) (e] e=%) (

hw(N)

ey U(T)e" d, with £the unit polarization vector

HereQ(x) is the Rabi frequency given By2(Z) = —2

of the field,d the dipole moment of the atom and7) the field mode evaluated at the atomic positiofior
plane waves, for example(z) = e*i’g'f). In the rotating wave approximation, valid in the limit| < w,,
the type of processes with a rapidly oscillating phase,+i(w, + w)t), are neglected and only the near

resonant frequency processes are considered. The interaction Hamiltonian is then reduced to

il ~ (mf) ) tolac® + L gy g a*ei“) . (2.3)

Physically, the resonant process correspond to either the excitation of the atom along with the emission of
a photon or the relaxation of the atom with the absorbtion of a photon. In the previous line we also assume
a large number of photons and neglect the variation in the coupling constant Aué ti,e N ~ N — 1.

If the detuning is large compared to the Rabi frequepsy,>> €2, the effect of the interactions on
the states|0) and|1), can be determined with second order perturbation theory. In this case, the energy

shift ) is given by

W Hw 0) P Q@)
1= A = +h AN

(2.4)

with the plus and minus sign for tHe) and|1) states respectively. This energy shift is the so called ac-
Stark shift. Since the atoms are practically always in the ground state, the energy of the atoms is changed

according to the stark shift X2 which defines the optical potential.

1@ *
4A

Furthermore, if instead of interacting with a monochromatic electromagnetic field, the atoms are
illuminated with superimposed counter-propagating laser beams, the beams interfere and the interference

pattern results in a periodic landscape potential or optical lattice.
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2.1.2 Dissipative interaction

In the above discussion we implicitly assumed that the excited state has an infinite lifetime. However, in
reality it will decay by spontaneous emission of photons. This effect can be taken into account phenomeno-
logically by attributing to the excited state an energy with both real an imaginary parts. If the excited
state has a life timé&/T", corresponding to a-folding time for the occupation probability of the state, the
corresponding life time for the amplitude will be twice this time. The energy of the perturbed ground state

becomes a complex quantity which we can write as

@ _ h 1Q@®F _
Ey” = IA—iT, 3 V(Z) + ise(2), (2.5)
L @A 19@)P
V@) = hyar e Shga (2.6)
. Q)T Q(2)|°I.
Vse(Z) = 7| (@) zh' (@)] . (2.7)

24A2 — T2 8A2
The real part of the energy corresponds to the optical potential whereas the imaginary part represents the
the rate of loss of atoms from the ground state. The sign of the optical potential seen by the atoms depends
on the sign of the detuning. For blue detuning\, > 0, the sign is positive resulting in a repulsive
potential, and the potential minima correspond to the points with zero light intensity. On the other hand, in
a red detuned light field)\ < 0, the potential is attractive and the minima correspond to the places with
maximum light intensity. Because the effective spontaneous emission rate of the atoms increases with the
light intensity, the spontaneous emission in a red detuned optical lattice will always be more significant
than in a blue detuned one.

The proper detuning for an optical lattice depends on the available laser p¢BEf « I) and the
maximum dissipative scattering rate that can be tolerated. On one hand, with small detuning it is possible
to create larger trap depths for a given laser intensity since the optical potential scéles BSA. On the
other, the inelastic scattering rate is inversely proportional to the detuning squared and scile&Aike.
Therefore, the laser detuning should be chosen as large as possible within the available laser power in order

to minimize inelastic scattering processes and create a conservative potential.

13



2.1.3 Lattice geometry

The simplest possible lattice is a one dimensional(1D) lattice lattice. It can be created by retroreflecting
a laser beam, such that a standing wave interference pattern is created. This results in a Rabi frequency
Q(x) = 20, sin(kx) which yields a periodic trapping potential given by

2 R o
Viat(z) = V,sin®(kz) = A sin (kx), (2.8)

wherek = 27 /) is the absolute value of the wave vector of the laser light¥dnib four times times the

depth of a single laser beam without retro-reflection, due to the constructive interference of the lasers.
Periodic potentials in higher dimensions can be created by superimposing more laser beams. To

create a two dimensional lattice potential for example, two orthogonal sets of counter propagating laser

beams can be used. In this case the lattice potential has the form

Viat(z,y) = V, (cos® (ky) + cos®(kx) + 2¢1 - €5 cos ¢ cos(ky) cos(kz)) . (2.9)

Here k is the magnitude of the wave vector of the lattice light,ande, are polarization vectors of the
counter propagating set ands relative phase between them. If the polarization vectors are not orthogonal
and the laser frequencies are the same, they interfere and the potential is changed depending on the relative
phase of the two beams. This leads to a variation of the geometry of the lattice in a chequerboard like
pattern. A simple square lattice with one atomic basis can be created by choosing orthogonal polarizations
between the standing waves. In this case the interference term vanishes and the resulting potential is just
the sum of two superimposed 1D lattice potentials. Even if the polarization of the two pair of beams is the
same, they can be made independent by detuning the common frequency of one pair of beams from that
the other. Typically a negligible frequency difference compared with the optical frequency is required to
achieve independence, thus even in this case to a good approximation the wave vectors can be considered
equal.

A more general class of two 2D lattices can be created from the interference of three laser beams
[34, 33] which in general yields non separable lattices. Such lattices can provide tighter on-site confine-

ment, better control over the number of nearest neighbors and significantly reduced tunneling between sites
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compared with the counter propagating four beam square lattice. In Fig. 3 we show a variety of possible
2D optical lattice geometries that can be made by three and four interfering laser beams. Similarly a 3D

lattice can be created by the interference of at least 6 orthogonal sets of counter propagating laser beams.

-10 -5 0 5

Figure 2.2: Optical lattice potential.(a)-(e) potentials for different configurations of 3 beams, (f) potential
for the 4 counter-propagating laser beam configuration (The two pair of light fields are made independent
by detuning the common frequency of one pair of beams from the offigiis the atomic recoil energy,

Er = h?k?/2m. This figure is a courtesy of P. Blair Blakie [34] )

2.2 Single particle physics

In this section for simplicity we are going to restrict the analysis to a one dimensional lattice. Generalization
to higher dimensions can be done straightforwardly, especially if the lattice geometry is separable. The main
purpose of this section is to review the basic aspects that describe the behavior of noninteracting particle

subject to a periodic potential.
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2.2.1 Bloch functions

One of the most important characteristics of a periodic potential is the emergence of a band structure.
Consider a one dimensional particle described by the HamiltoHian % + Viat(x), whereVj ) =
Viat(z + a). Bloch’s theorem [67, 68] states that the eigenstag&(x) can be chosen to have the form of

a plane wave times a function with the periodicity of the potential:

(b((ln)(m) — eiqwué”)(l‘), (2.10)

ug")(:r—l—a) = ug")(x). (2.11)

Using this ansatz into the Saditinger equationf ¢\ (z) = E\™ ¢{" (x), yields an equation for{™ (z)

given by:

(p+hq)”

2m + Wat (l>

ug") () = EMul™(x) (2.12)

Bloch'’s theorem introduces a wave vectoiThe quantityy should be viewed as a quantum number charac-
teristic of the translational symmetry of the periodic potential, just as the momentum is a quantum number
characteristic of the full translational symmetry of the free space. Even though it is not the same, it turns out
thathg plays the same fundamental role in the dynamics in a periodic potential as the momentum does in the
absence of the lattice. To emphasize this similaiitys called thequasimomenturar crystal momentum
In general the wave vectaris confined to the first Brilloiun zone, i.e7/a < g < 7/a.

The indexn appears in Bloch's theorem because for a giyethhere are many solutions to the
Schiddinger equation. Eq. (2.12) can be seen as a set of eigenvalue problems in a fixed htervad; a,
one eigenvalue problem for eagh Therefore, each of them, on general grounds has an infinite family of
solutions with a discretely spaced spectrum of modes labelled by the band index n. On the other hand,
because the wave vectpappears only as a parameter in Eq. (2.12), for an infinite lattice, the energy levels
for a fixedn has to vary continuously agvaries. The description of energy levels in a periodic potentials
in terms of a family of continuous functiorEé") each with the periodicity of a reciprocal lattice vector,

27 /a, is referred to as the band structure.
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In the simple case of a sinusoidal potential, which is the one used in experimieni(s;) =

Vo sin?(kx), the band structure can be solved analytically. In this case thé@ager Equation is given

by
2

B B
dy?

o) + 1 (2 2eos(2)) 67(5) = o

(n)
ik o) (2.13)
where Er = h%k?/2m is the atomic recoil energy ang = kxz. For convenience, lattice depths are
generally specified in recoil units. Equation (2.13) is just the Mathieu equation ([69])
d?y

proias (a+2scos(2z))y = 0. (2.14)

Solutions of the Mathieu equation are generally written in the Floquet é3tfP(x) wherev is known as
the characteristic exponent and= a(v, s) is the characteristic parameter which is a complicated function

of s andv. In the lattice language correspond to the quasimomentum= V;/4ER anda = Eé”)/ER —

Vo/2ER.
Vo=0Egr Vo=0.5Er
8 8
x 6 x 6
S 4 L4
2 2
0 o
-1-050 05 1 -1-050 05 1
qa/n qa/m
Vo=4Egr Vo=20Egr
5~ ——
8 v
56 Jwo
2
O 0
-1-050 05 1 -1-050 05 1
qa/x qa/m

Figure 2.3: Band structure of an optical lattice

Fig. 2.3 shows the band structure of a sinusoidal potential for different potential depthi$, £dr,
the particles are free so the spectrum is quadratig. iAs the potential is increased the band structure

appears. For smally the discontinuity occurs only at the edge of the first Brillouin zgae+ = and the
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gap is proportional td} /2. As the depth increases, the band gap increases and the band width decreases.

For very deep lattices the spectrum is almost degeneratama exhibits a dependence orsimilar to the

one of a particle in a fixed finite interval(determined by the period of the potential).

In the absence of a lattice the eigenfunctions of the free system are plane waves. As the lattice depth

is increased the barrier height between adjacent lattices sites increases and the eigenstates of the system

tend to get localized at each lattice site (regions around the potential minima). In Fig. 2.4 the probability

density of the Bloch wave functiaﬁéfoo) is plotted for different lattice depths. It can be observed how the

amplitude of the wave function in between adjacent lattice sites decreases with increasinglattice depth.
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Figure 2.4: Probability density of the Bloch wave functig jl) for different lattice depths. It can be

observed the localization of the wave function increases with the lattice increases.

2.2.2 Wannier orbitals

Wannier orbitals are a set of orthonormal wave functions that fully describe particles in a band and are

localized at the lattice sites. They are defined as:

wp(z —x;) = \/LM Z e~ iaTi ¢én)(:1:),
q
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where the sum is over the first Brillouin zonk is the total number of lattice sites ang is the position

of the i*” lattice site. Wannier orbitals are thus a unitary transformation of the Bloch functions and are
formally an equivalent representation to describe the periodic system. They constitute a more appropriate
representation as the lattice depth is increased and particles get localized at individual lattices sites. The
actual form of a Wannier function may be seen if we assume the periodic fum‘qﬁb@v) in equation

2.10 to be approximately the same for all Bloch states in a band. Under this approximation the Wannier

function centered at the origin can be shown to be

sin(kx)
kx

wp(x) ~ u(")(:v)

(2.16)

0
x [A] x [A] X [A]

-15 -10 -5 0

Figure 2.5: Wannier state log-density distribution corresponding to the lattice configurations shown in Fig.
2.2. Dotted white lines indicate the potential energy contours. The numbers labels the near neighbor sites:

1 the nearest neighbors, and so on. This figure is a courtesy of P. Blair Blakie [34] )

This looks likeu(™ () at the site center, but spread out with oscillations of gradually decreasing amplitude.
The oscillations are needed to ensure orhogonality between Wannier functions. In Fig. 2.5 we show the
Wannier orbital centered at the origin site for each of the lattice configurations shown in Fig.2.2. The lattice
depth in this pictures in deep enough that the Wannier orbitals are well localized. To observe the small

oscillatory tails at the neighboring sites, the plots use a log-scale for the density color map.
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2.2.3 Tight-binding approximation

The tight-binding approximation deals with the case in which the overlap between Wannier orbitals at dif-
ferent sites is enough to require corrections to the picture of isolated particles but not too much as to render
the picture of localized wave functions completely irrelevant. Sometimes a very good approximation is
only to take into account overlap between nearest neighbor orbitals. This tight-binding model is commonly
used to solve the problem of a particle in a periodic potential when also an external potential is applied and
it is going to be fundamental when considering particle interactions.

By expanding the wave function in Wannier orbitals,

W(z,t) =3 2 (twn (@ — ), (2.17)

and using it in the Sclidinger equation that describes a particle moving in the potential of a 1D lattice plus

a perturbative external potenti&l(z), we get the following equations of motion

) 0 n n' n' n,n’) _(n’
fzh&zi( ) — Z 7‘]1’(]’ )§n,n/2§ )(t) + ‘/zg )Z]( )(t), (218)
gn’
with
Ji(;L) = —/dxw:‘l(m —x;)How, (v — z;)dx, (2.19)
R / dowt (z — 2)U(x)w, (¢ — 2;)dz. (2.20)

If we assume that the external perturbation is not strong enough or sharp enough to induce interband
transitions, we may represent the moving particle quite satisfactory by using Wannier functions of only

the first band. Moreover, if the lattice is deep enough such that tunneling to next to nearest neighbors can
be ignored, and the external perturbation is a slowly varying function such that it can be assumed constant

inside each individual lattice site, i.égg."’"/) = V(x;)d:6, n, the equations of motion reduce to

—ih%%(t) = —J (241 (t) + zi-1(8)) + V(@:)2:(t) + €02i(t), (2.21)

with

20



J

f/dxwg(a:,;)Howo(x — xy1)dx, (2.22)

€o /dxwé (z)Howo(x)dx (2.23)

where/J is the tunneling matrix element between nearest neighboring latticessjtisgthe unperturbed on
site energy shift and ang the first band coefficients;(t) = zfo) (t). Eq. (2.21) is known as the discrete
Schibdinger equation (DSE) or tight-binding Sédinger equation.

For deep lattices the localized Wannier orbitals can be approximated by a Gaussian function. How-
ever, because the Gaussian ansatz neglects the small oscillations characteristic in the tail of the Wannier
function, the tunneling matrix elemedtis then underestimated by almost an order of magnitude. For
the special case of a sinusoidal potentig) () = V, sin(kz) for which Mathieu functions are the exact
solutions an analytic expression fdrcan be obtained by using tabulated Mathieu functions in Eq. (2.22)
and fitting the data. The best fit we get is:

J/ER = a (f/o)w e VYo (2.24)

with a« =1.39666,3 =1.051 andy =2.12104 and/, = V,/Ex.

2.2.4 Semiclassical dynamics
Formalism

Solving Eqg. (2.21) is presumably not possible for arbitr&iiz;). However, we get general insight to the
nature of solutions by an application of the correspondence principle. It is well known that wave-packet
solutions of the Sclidinger equation behave like classical particles obeying the equations of motion
derived from the same classical Hamiltonian. The classical Hamilton equations are

. OH . OH

Using the correspondence principle and the resemblance of the crystal momentum or quasimomentum to

real momentum, the semiclassical equations of a wave packet in the first band of a lattice can be written as

([67], [68])
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_1dEY . dV(a)

i=0v0(q) = e hg = — ) (2.26)

The semiclassical equations of motion describe how the position and wave vector of a particle evolve
in the presence of an external potential entirely in terms of the band structure of the lattice. If we compare
the acceleration predicted by the model with the conventional newtonian equatios,—dV (z)/dx, we

can associate an effective mass induced by the presence of the fatticEhis is given by

(2.27)

Translationally invariant lattice

If no external potential is applied;(x) = 0, plane waves are the solutions of DSEt) = f;q)e*“(’f«“o)/h,
fj@ = ﬁeiq"j with M is the total number of lattice sites. If also periodic boundary conditions are
assumed, the quasimomentunis restricted to be an integer multiple g{% The lowest energy band

dispersion relation in this case is given by
E, = —2J cos(qa). (2.28)
From the above equation it is possible to see the connection betivaed the band width

J = (Byez — Byeo) /4. (2.29)

Linear external potential and Bloch oscillations

If V(x) is assumed to be a linear potentiglz) = %x it can be shown (see for example [70],[71],[72]),

that in this case the energy spectrum of Eq. (2.21) is discrete and evenly spaced

(Es — FEp)=Js s=0,1,2,3.... (2.30)
The corresponding eigenfunctions are spatially localized and the amplitu@degiven by :
z(t) = fiVe BN (2.31)

Joj(=2/€) 5=10,1,2,3,.... (2.32)

Sh
IV}
=

I
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With J, the s*” order Bessel function of the first kind. Because the quantfﬁ@sarejust displaced Bessel
functions, thes*" eigenstate of the system tends to be exponentially localized aroundtisée as¢ is
increased. The localization is almost complete whesa 4, i.e. when the potential energy drop over a
lattice period is equal to the zero field band width. The localization can be observed in Fig.2.6 where the

ground state amplitud@éo) are plotted for different values gf
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Figure 2.6: Ground state amplitudﬁ@) as a function of the lattice sitefor different values of

An insight on the dynamics of a particle in this linear potential is obtained by calculating the time
dependent probability of finding it at the sitet time t ,|z;(¢)|?, if it was in the state localized at the origin

at time zeroz;(0) = dy;. After some algebra it can be shown to be given by

Py = (0 = 7 (22,

£

with 7 = t.J/h. The dynamical evolution aP; ., for a given; consists of an initial period of growth until

(2.33)

a maximum is reached followed by an oscillatory decay. The sequence is repeated again backwards until a
time 7= 27 /¢ at which P, vanishes and a new cycle starts.

In Fig. 2.7, the diffusion of a square wave packet occupying-at0 the central 20 sites is plotted.
It can be seen that the center of mass of the wave function accelerates and then returns to its initial position
after a periodr= 27 /€.

A simplified picture of the dynamics of a wave packet in this linear potential can also be obtained
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Figure 2.7: Diffusion of a square wave packet in the presence of a linear potential. The parameters for the

plot are¢ = 0.1.

if we use the semiclassical model. If we assume a packet initially centerdd at0) = 0, with average
initial quasimomentung(t = 0) = ¢,, the semiclassical model predicts periodic oscillations of the center

of mass with frequency and amplitude2 /€.
2
x(t) = g(l — cos(éT + goa)). (2.34)

This periodic motion, known as Bloch oscillations, has been observed in systems of cold atoms [73] and
Bose-Einstein condensates in optical lattices [38, 36]. On the other hand, if the external potential is strong
enough to cause interband transitions, the tight-binding model does not apply anymore. In this case the
atoms may gain enough energy from the external field to tunnel out through the energy gap into a second
band when they reach the Brillioun zone boundary. This phenomenon is known as of Landau-Zener

tunneling and it also has been observed in experiments [40].

24



Harmonic potential

A case of experimental interest is when, besides the periodic potential, the system is subject to a harmonic
confinementV (z) = $mw?.a*(z/a)* = Q(z/a)?, with wy the trapping frequency (note th@tis unre-
lated to the Rabi frequency discussed in section 2.1). The energy spectrum in this case is determined by the

equation

B = —J(f&) + 1) + Q2. (2.35)

It is possible to show that the solutiogilés) of Eq. 2.35 are the Fourier coefficients of the periodic
Mathiue function with periodr and the eigenvalues are the characteristic value of these periodic Mathiue

functions [69]. The symmetric and antisymmetric solutions and eigenvalues are given respectively by

(s=2r) 1 o 4J
i = f/ ceay (x, ) cos(2ix)dxr r=0,1,2..., (2.36)
™ 0 Q
_ 1 2 4
fi(S*QTH) = 7/ seay (x, J) sin(2ix)dz,
™ 0 Q
Q 4J Q 4J
Es:2r = ZCLZT (Q) Es:2r+1 = ZbQT (Q) ’ (237)

with ceq, (x,4.J/Q) andses,-(z,4J/82) the even and odd periodic solution (with periopof the Mathieu
equation with characteristic parametey,.(4.J/Q) andb.,.(4J/) respectively. The eigenvaluds, are

complicated functions o%’ and therefore we are only going to consider expressions for certain limits:

e Case/J > ) This is the case where most experiments have been developed, for example fera 5 E
lattice the parameter = % varies between 1.7xtGor a magnetic trap of 9 Hz to 35 for a trap of

200 Hz. In this regime the excitation spectrum is given by:

E, = —2J+ViQJ(s+ %) o) <(2‘9+312)2H> (2.38)

Q\/f <(2s + 1)3;03(25 + 1)> .

which to a first approximation is just the harmonic potential found if no lattice were present but with
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an effective frequency* and effective mass:* given by

hot = VAQT = hwyy | —, (2.39)
m
h2
o= 2.40
m 5722 (2.40)

It is worth it to emphasize that this result was derived under the tight-binding approximation and
therefore it is not valid for very shallow lattices. The harmonic character of the spectrum can be
easily checked if we take the continuous limit of Eq. (2.35). The differential equation obtained is just

the harmonic oscillator equation,

R of(x) 1 2,2
— — * * (S)
Gy - + M W & 4 (z). (2.41)

(Bs +2J)f) (z) =

h

m*w* *

The average width of the wave function is jugt=

e CaseJ « : The single particle spectrum in this case is given by

Es—on = FEs—on—
= 4<<2”)2+<4§z] @ o (W) ) net
By, =~ E3_2<16+(g 2310+..>,
B, = Z<4+<45)2152+..>, (2.42)
o= §(-(¥) %)
- 3((9)'5)

It can be appreciated that the spectrum is nearly twofold degenerate and it go@sike first order in
(J/€2) . In this regime then, the trapping potential is what mostly determines the energy spacing. In Fig.

2.8 the spectrum is shown for different valuesfglf.
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Figure 2.8: Harmonic confinement plus lattice spectrum: The indiabels the eigenvalues in increasing

energy order.
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Chapter 3

The Bose-Hubbard Hamiltonian and the superfluid to Mott insulator transition

In chapter 2 we studied the physics of non interacting particles in a periodic system. In this chapter we go
one step ahead and describe the basic properties of a bosonic many body system with repulsive interactions
in a periodic lattice potential.

The simplest non trivial model that describes interacting bosons in a periodic potential is the Bose
Hubbard Hamiltonian. It includes the main physics that describe strongly interacting bosons, which is the
competition between kinetic and interaction energy. This model has been used to describe many different
systems in solid state physics, like short correlation length superconductors, Josephson arrays, critical be-
havior of* He and, recently, cold atoms in optical lattices [43]. It has been studied analytically with many
different techniques such as mean field approximations [74, 75, 77], renormalization group theories [44]
and strong coupling expansions [78]. Numerically most of the studies are based on quantum Monte Carlo
methods and density matrix renormalization techniques [79]. The Bose Hubbard Hamiltonian predicts a
guantum phase transition from a superfluid to a Mott insulator state. This transition has been observed
experimentally in atoms confined in a 3D optical lattice [46]. In this chapter we start by reviewing the basic
properties of the Bose Hubbard Hamiltonian and outline the most important aspects that characterize the

superfluid to Mott insulator transition.

3.1 Bose-Hubbard Hamiltonian

We begin the analysis by considering the second quantized Hamiltonian that describes interacting bosonic

atoms in an external trapping potential plus lattice. In the grand canonical ensembile it is given by:

2

=[x 00 (~ o9+ Vi) ) 800+ (100 — ) 00800 (3.1)
+% /dxdx’é*(x)@(x’)vat(x — XD (x)D(X'),

whered(x) is the bosonic field operator which creates an atom at the positibf (x) is the periodic

lattice potential}/ (x) denotes any additional slowly- varying external potential that might be present (such

as a magnetic trap), is the chemical potential and acts as a lagrange multiplier to fix the mean number of
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atoms in the grand canonical ensemble &pdx) is the interatomic scattering potential, which is in general

a complicated function. However, since for cold gases the thermal de Broglie wavelength is much larger
than the effective extension of the interaction potential, the only relevant scattering process-\igathe
scattering, and the actual inter-particle potential plays a minor role. Therefore, to a good approximation,

the interatomic potential can be replaced by an effective contact interaction:

dra h?

Vat (X) =~ m

5(x), (3.2)

with a; is the scattering length and the mass of an atom. In this thesis we are going to assume that the
scattering length is positive so the interactions are repulsive.

Similar to the noninteracting situation, where we used Wannier orbitals to expand the single particle
wave function, it is convenient to expand the field operator in a Wannier orbital basis. If the chemical
potential of the system is less than the single particle excitation energy to the second band, only the first

band has to be considered and the field operator can be written as:

() =D anwo(X —Xn), (3.3)
n
wherewy(x) is the Wannier orbital of the lowest vibrational band localized at the origin,aani$ the
annihilation operator at site which obeys bosonic canonical commutation relations. The sum is taken
over the total number of lattice sites. If Eq. (3.3) is inserteddirand only tunneling between nearest

neighbors is considered, we obtain the Bose Hubbard Hamiltonian

. 1
_ ata 41 atal _ata
Hpy = J<n§;> al G + QU;anananan + %:(Vn w)al (3.4)
with
b2
J = */dwa(X - Xn) <27n + ‘/lat(x)) wO(X+Xn+1)7 (35)
4 2
v o= T [, (3.6)
m
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The first term in the Hamiltonian proportional #ois a measure of the kinetic energy of the system.
J is the hopping matrix element between nearest neighbors (see also 2.24). Here the rotation>
restricts the sum to nearest-neighbors sites. Next-to-nearest neighbor tunneling amplitudes are typically
two orders of magnitude smaller than nearest-neighbor tunneling amplitudes, and to a good approximation
they can be neglected.

The second term determines the interaction energy of the system. The par&inmeéasures the
strength of the repulsion of two atoms at lattice sit&he integral (3.6) is not as sensitive as Eq. (3.5)
to the oscillatory tails characteristic of the Wannier orbitals, and a Gaussian approximation can be used
to estimate it [43]. Under the Gaussian approximation, the ground state wave function centered at the

origin of a separable sinusoidal lattice, with lattice depth in the j* direction, has the fornuw,(0) ~

2
[1, exp— (ﬁ);]h ) , With ay,,; = mf} - andwy,,; = % Using this ansatz in the integral (3.6)
4 o \/ Mo

yields an onsite interaction given by

has Who
U = , 3.8
vV 27 Qho ( )

with the bar indicating the geometric mean. To guarantee the validity of the one band approximation,

the mean interaction energy per parti€léV must be smaller than the energy gap to the first vibrational
excitation, i.eUN < hiy,. N is the mean number of atoms. This inequality is readily satisfied in practice.
The third term in the Hamiltonian takes into account the energy offset at Sitiee to a slowly
varying external potentidl (x).
The realization of the Bose-Hubbard Hamiltonian using optical lattices has the advantage that the
interaction matrix elemerif and the tunneling matrix elemesitcan be controlled by adjusting the intensity
of the laser beams. As the intensity of the lattice is increased the tunneling rate decreases exponentially and

the onside interaction increases as a powerl%%f‘, (d is the dimensionality of the lattice).

3.2 Superfluid-Mott insulator transition

At zero temperature the physics described by the Bose-Hubbard Hamiltonian can be divided into two dif-

ferent regimes. One is the interaction dominated regime whisrmuch smaller thaty, and the system is
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in the Mott insulator phase. The other is the kinetic energy dominated regime, where tunneling overwhelms
the repulsion and the system exhibits superfluid properties. The onset of superfluidity is a consequence
of the competition between the kinetic energy, which tries to delocalize the particles, and the interaction

energy, which tries to localize them and make the number fluctuations small.

In the superfluid regime, the kinetic energy term dominates the Hamiltonian. In this regime, quantum
correlations can be neglected and the system can be described by a macroscopic wave function since the
many body state is almost a product over identical single particle wave functions. There is a macroscopic
well-defined phase and the system is a superfluid. Because atoms are delocalized over the lattice with equal
relative phases between adjacent sites, they exhibit an interference pattern when the lattice is turned off, as
expected from an array of phase coherent matter wave sources. As interaction increases the average kinetic
energy required for an atom to hop from one site to the next becomes insufficient to overcome the potential
energy cost. Atoms tend to get localized at individual lattice sites and number fluctuations are reduced. In
the Mott insulator phase the ground state of the system instead consists of localized atomic wave functions
with a fixed number of atoms per site. The lowest lying excitations that conserve particle number are
particle-hole excitations (adding plus removing a particle from the system). This phase is characterized by
the existence of an energy gap. The gap is determined by the energy necessary to create one particle-hole
pair.

The phase diagram [44],[74]-[76] that describes the Mott insulator transition of a translational in-
variant system with/;, = 0 exhibits lobe-like Mott insulating phases in theu plane, see Fig. 3.1. Each
Mott lobe is characterized by having a fixed integer density. Inside these lobes the compres3iliifity,
with p the average density of the system, vanishes. The physics behind this diagram can be understood as
follows: If we start at some point in the Mott insulating phase and incre&sepingJ fixed, there is going
to be a point at which the kinetic energy of adding an extra particle and letting it hop around will balance the
interaction energy cost. With an extra particle free to move around the lattice phase coherence is recovered
and the system enters the superfluid regime. Similarly, by decreadiogn a point in the Mott phase, at
some point eventually it will be energetically favorable to remove one particle from the system. The extra

mobile hole will induce also phase coherence and the system will condense in a superfluid state. Since
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the kinetic energy of the system increases witthe width of the lobes decreases with The distance in

the u direction at fixedJ between the upper and lower part of the lobe is the energy gap. At0 the

gap is just equal td/. Also atJ = 0 the intersection points between the lobes with density n and

the ones with density = n + 1 are degenerate. Because there is no energy barrier to the addition of an
extra particle at these degenerated points the system remain superfluid. Mott insulator phases occur only at
integer densities; non-integer density contours lie entirely in the superfluid phase because there is always
an extra particle that can hop without energy cost.

The phase diagram includes two different types of phase transition. One type takes place at any
generic point of the phase boundary, and it is driven by the energy cost to add or subtract small numbers
of particles to the incompressible Mott state as explained above. On the other hand, the other type only
occurs at fixed integer density and takes place at the tip of the lobes. This transition is driven at fixed
density by decreasingf/.J and enabling the bosons to overcome the on site repulsion. The two kinds of
phase transition belong to different universality classes. In the generic one, the parameter equivalent to
the reduced temperatuse= T — T for finite temperature transitions that measures the distance from the
transition isd ~ u — e, With 1. the chemical potential at the phase boundary. For the special fixed density
on the other hand one must take~ (J/U) — (J/U).. As shown in ([44]) provided ~ u — p., the
compressibility has a singular part scaling near the transitiagit&sa > 0. This scaling does not apply
at the special fixed density Mott-Superfluid transition for whick (J/U) — (J/U). and differentiation
with respect to delta becomes inequivalent to differentiation with respect to the chemical potential. Most of
the features of the phase diagram discussed above can be verified by simple calculations done using a mean
field approximation. The solution of the mean field model [74]- [76] predicts that the critical value at the

tip of the Mott lobe depends on the density and dimensionality of the lattice as

U)J). = t(2n+1+\/(2n+1)2—1>, (3.9)

wheren is the integer density of the lobethe number of nearest neighbots= 2d, with d the dimen-
sionality of the system. The parabolic phase boundary of the lobes in the plesé&J/U) vs is given
by
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((2n 1) = Jt/U £ +/(JtJU2 — 2(Jt)U)(2n + 1) + 1) . (3.10)

N | =

Phase Diagram

Figure 3.1: Zero-temperature phase diagram. The vertical lines indicate critical values for different filling

factors

Up to this point we have discussed the basic aspects of the superfluid-Mott insulator transition in a
translationally invariant system. The situation is fundamentally different for a inhomogeneous system with
a fixed total number of atoms and external confinement. This is the case realized in experiments, where
besides the lattice there is a harmonic trap that collects the atoms at the center. In this case the density of
atoms is not fixed since the atoms can redistribute over the lattice and change the local filling factor.

To deal with the inhomogeneous case, it is possible to define an effective local chemical potential,
un = 1 — V,,, at each lattice site [43]. If the change in the mean number of atoms between neighboring
sites is small, the system can be treated locally as an homogeneous system. Because in the inhomogeneous
case, the local chemical potential is fixed by the density, as theligtias changed the system can locally
cross the boundary between the superfluid and Mott insulator phases. Therefore even for the situation
when the local density was not commensurate at the beginning, as th&atiis changed a local phase
transition can take place. For the inhomogeneous case, the gradient in the local chemical potential leads to

a shell structure with Mott insulator regions and superfluid regions in between. In [79], the authors used
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guantum Monte Carlo simulations to study the ground state of the one dimensional Bose Hubbard model in
a trap. They found that Mott phases exist in extended domains above a threshold interaction strength, even

without the commensurate filling required in the translationally invariant case.
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Chapter 4

Mean field theory

In this chapter we introduce the mean field Discrete Nonlinear&ihger equations and use it first to
investigate the behavior of a BEC adiabatically loaded into an optical lattice moving at constant velocity,
and second to model the dynamical evolution of a BEC initially loaded into every third site of an optical

lattice.

4.1 Discrete nonlinear Sabalinger equation (DNLSE)

In the weakly interacting regime, quantum fluctuations can be neglected to a good approximation. In this

regime most of the atoms occupy the same condensate wave function. The macroscopic occupation of a
single mode implies that the commutator of the annihilation and creation operators that create and destroy
a particle in the condensate mode can be neglected with respect to the total number of atoms in the mode.

Therefore, to a good approximation the field operator can be replaced by a c-number,

B(x) — p(x). (4.1)

This procedure can be interpreted as giving to the field operator a non zero avérage,= o(x), and

thus a well defined phase to system. Because the original Hamiltonian is invariant under global phase
transformation, this definition of BEC corresponds to an spontaneous symmetry breaking [11, 12, 80].
The functionp(x) is a classical field having the meaning of an order parameter and is often called the
"condensate wave function”. It characterizes the off-diagonal long range order present in the one particle

density matrix [81].

lim (®F(x)D(x)) = " (X)p(X). (4.2)

X/ —x| =00
Strictly speaking, neither the concept of broken symmetry, nor the one of off-diagonal long range order
can be applied to finite size systems with well defined number of particles. However the condensate wave
function can still be determined by diagonalization of the one particle density matrix. The eigenstate with

larger eigenvalue corresponds#(x).

35



If we use the approximation (4.1) in the many-body Hamiltonian (3.1) we get a classical Hamiltonian

given by:

= [axelex ( 2 92 Vi >) o) + (V) — 1ot (00(x) @.3)

j% % / dzpt (X)o" (X)o(X)(X),

The time dependent equations of motion for the condensate wave function can be obtained from the varia-

tional principle by minimizing the quantit@ha% — H. The minimization yields

dragh?

mag(tx) = ( %V2+mt()+‘/(><)+

001 ) (0 @4)
This equation is known as the Gross-Pitaevskii equation (GPE). It was derived by independently by Gross
and Pitaevskii [10].

If the chemical potential is small compared to the vibrational level spacing and the lattice depth

is deep enough that a tight binding picture is valid, the condensate order parameter can be expanded in a

Wannier basis keeping only the lowest band orbitals:

= zZn(Hwo(X — Xp). (4.5)

Using this ansatz in Eq. (4.4), the Gross-Pitaevskii equation reduces to the discrete nonlinear

Schroedinger equation (DNLSE), where theamplitudes satisfy:

a n
“ =—J Z Zm + WL+UN|Zn| )va (46)

<n,m>

where< n,m > restricts the sum over nearest neighbors, the paramétanslU are the ones defined in
Eqg. (3.5) and (3.6) and/ is the total number of particles. The normalization condition for the amplitudes
is given by:

S el =1. (4.7)

n
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Notice the DNLSE can also be derived by assuming the field operators present in the Bose-Hubbard Hamil-
tonian to be c-numbers,i.€,, = z,(t). This assumption leads to a tight-binding classical Hamiltonian,

which can be minimized using the variational principle.

U
H=-J Y zzm+Yy. (Vn|zn|2 + 2|Zn4> : (4.8)

<n,m>

The DNLSE is similar to its linear counterpart, the DSE or tight-binding 8dimger equation (see
2.21), but with an extra cubic term, which takes into account mean field interaction effects. To see the
modification that the nonlinear term introduces in the dispersion relation, we consider a one dimensional
optical lattice withM sites and periodic boundary conditions.

In the translational invariant case with no other external potential prelggnt, 0, the solutions of
the DNLSE that are similar to those of the noninteracting casezare, |/n, exp(—ing) exp (—iE4t/h),
with n, = N/M the condensate density. Using this plane wave ansatz in the DNLSE we get a dispersion
relation given by:

E, = —-2Jcos(qa) + Un, (4.9

In the tight-binding approximation, mean field interactions do not modify the shape of the lowest band: it
has still a cosine dependence with bandwith equal.fto The only difference with respect to the single
particle case is an energy shift in the dispersion relation which takes into account the average mean field
energyUn,,.

It is important to mention though, that outside the range of validity of a tight-binding model, nonlin-
ear effects does not necessarily change the dispersion relation in a simple way, especially at the edge of the
Brillouin zone. It has been shown in the literature [82, 83] that if the chemical potential is bigger than the
gap vibrational excitation energy to higher bands, the lowest band becomes triple valued near the Brilloiun
zone edge and a loop appears at this point. This loop reflects the existence of new solutions, which only
exist when the tight-binding approximation is not valid. These new solutions have a non zero velocity at the
edge of the Brillouin zone, as opposed to the linear case. The nonzero velocity carried by the Bloch waves
is a manifestation of the superfluidity of the system. For free particles the flow is stopped completely by
Bragg scattering from the periodic potential, but if interactions are strong enough the superfluid flow can

no longer be stopped.
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4.2 Dragging experiment

In this section we investigate an experiment done at NIST where a Bose-Einstein condensate was prepared
in a harmonic trap and adiabatically loaded into a one dimensional optical lattice moving at constant velocity
Ref. [37]. We first study the dynamics in a translationally invariant lattice using a simple single particle
picture, and show how the center-of-mass motion of the condensate can be used as a probe of the lattice
band structure. Then we discuss the effects of the trapping potential and interaction effects on the dynamics.
When mean field effects are included, they cause the effective mass of the Bloch state to depend on time,
influencing the condensate dynamics in the lattice. As a consequence, characteristic nonlinear effects such

as solitons, self focusing effects and dynamical stabilities might be observed.

4.2.1 Experiment

In the experiment, a condensate prepared in the ground state of a harmonic trap is loaded in an optical lattice,
which is moved at constant velocity. The loading of the condensate in the optical lattice is done by turning
on the lattice, linearly in time, up to some maximum height. The important part of this turning on is that it

is done sufficiently slow to be adiabatic with respect to band excitations. After the maximum is reached, at

t = t,, the lattice depth is held constant for a fixed period of time and the system is allowed to expand in the
lattice. Finally att = ¢ the condensate density distribution along the lattice axis is imaged. The temporal
dependence of the optical lattice depth is shown in Fig. 4.1. In the figure, experimental results obtained for
the final condensate density for different lattice depths are also shown. The general observation is that the
deeper the lattice, the greater the response of the condensate to the lattice motion. In this experiment, the

condensate has a very narrow momentum spread compared to the lattice recoil momentum.

4.2.2 Linear free particle model

In this section to a first approximation we are going to neglect interactions and apply a single particle picture
to understand the dynamics.
Because the momentum spread of the condensate is very narrow compared with the lattice recoil

momentum at = 0, the initial wave function can be approximated by a plane wave with zero momentum.
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| Image Density}
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Lattice Velocity

Figure 4.1: Condensate density in the x-direction at the observationt fimeight colors areas indicate
regions of high condensate density. The dashed line indicates the final location of a co-moving point with

the optical lattice.

This wave function, in the lattice frame, which is moving with veloaity,; with respect to the lab frame,

has the formp(z’) = e~ ko’ \With vy = hk,/m (we used primes to denote the coordinates and wave
functions in the moving frame). As increases, the optical potential is ramped up, the wave function
evolves, but due to the fact that the Hamiltonian is invariant under translation, the quasimomentum is
conserved (at least in this linear model with no other potential than the lattice) during the ramping time and
the average quasimomentum at the end of the loading should rerkgirFromt,. to ¢4 the lattice depth is

held constant. During this period of time the average velocity of the atom, as seen in the lattice frame, is:

B 1 dEtgn)

YT dg e—n

(4.10)

with Eé") the n*" band Bloch-like atomic dispersion relation evaluated at the final lattice depth. Trans-
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forming back to the lab frame, Eq. (4.10) implies that in the lab frame, duyitgt;, the average velocity

of the atoms is given by:
ko | 1 dES™

= : 4.11
Vatom m hodg lg=—r, ( )

Becausex(ty) is the observable of the experiment, we can calculate it as
dx = (x(ty)) — (x(tr)) = Vatom (ty — tr). (4.12)

Therefore, by measuring the average position of the atoms for affijxed; the experiment measures the
atom’s velocity, which is a determined by the band structure of the lattice.

In Fig. 4.2 we plot the atom’s average velocity in the lab frame vs. the lattice velocity. The velocity
in Eq.(4.11) is calculated using the Bloch dispersion relation for a three recoil lattice. The tight-binding
results (dotted) are also shown. Even though the tight-binding velocities do not exactly match the velocities
calculated using the Bloch dispersion relation, we can say that for a three recoil lattice the tight-binding

approximation is fair.

Vo=3 Er
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Figure 4.2: Atom’s average velocity in the lab frame vs. lattice velocity. Line: results from the Bloch
dispersion relation, dots: tight-binding approximation results= hr/am.
We emphasize the following points:

e Because the initial quasimomentum is determined by the lattice velogjty= hk,/m, to move the

lattice at different speeds corresponds to loading the condensate at a different Bloch state. How much
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the atoms are dragged depends on the derivative of the dispersion relation evaluated at the loaded

quasimonentum.

(n)
e At zero lattice depth the dispersion relation is quadr%i%‘ L= hk,/m and therefore Eq.
q=—FRo
(4.11) predicts no dragging. As the lattice depth increases the dispersion relation desviates more from
free-particle behavior and dragging ensues. This is consistent with the experimental results shown in

Fig. 4.1.

e For small lattice velocitiedk,a| < 1, a the lattice constant) the atoms are almost stationary because
then the dispersion relation is more free-particle like. On the other harigd, @gproaches thk of
the Brillouin zone edges, = —¢p, the atoms are dragged the most. At this point, as opposed to the

free free system, Bloch waves carry zero velocitydi@”)/dqh:_% =0.

4.2.3 Effect of the magnetic confinement

In the experiment a harmonic confinement was present in addition to the lattice potential. To model the
effect of the magnetic trap on the atoms dynamics we used a semiclassical model (see chapter 2). The
semiclassical model is a very good approximation whenever it is unnecessary to specify the position of the
atom on a scale comparable with the spread of the wave packet. The validity of the semiclassical model
requires that the external potential varies slowly over the dimension of the wave packet and ignores the
possibility of inter band transitions. In the experiment, the strength of the harmonic trap is less than one
percent of the potential depth and we expect the semiclassical model to be valid. Following this model, in
the lattice frame, the time evolution of the average position and wave vector of the atoms are given by Eq.

(2.26):
1 dE™

T = ’U(n) (q) 7 dq 3

hg = —mw?(z + viait), (4.13)

with w the magnetic trapping frequency. The initial conditions/ai® = —ko andz(0) = 0. We solved
these equations of motion, using the analytic dispersion relation for a sinusoidal lattice in terms of Mathieu
functions. We used the paramet&gs= 3Er and1/2mw?/Exr = 0.000025. The results are shown in Fig.

4.3.
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Figure 4.3: Atom’s average velocity in the lab frame vs. lattice velocity in the presence of a magnetic trap.

vg = hw/am.

We observe in the plot that when atoms are loaded in the first band, for a range of lattice velocities
below half the Brillouin velocity ¢;.:: < vg/2 with vg = hn/am), the motion of the atoms with and
without trap is almost the same. For larger velocities, as long as the atoms remain in the first band, trapped
atoms move faster than the un-trapped ones. However, if the lattice velocities exceeds the Brillouin velocity,
vp, the opposite behavior is observed and for an interval of velocities; vi.:: < 3vp/2, trapped atoms
slow down compared with the ones in the homogeneous lattice.

This behavior can be understood as follows: Because of the trap, the atoms feel a force opposite to
the direction of motion. The force not only increases with time but also with the lattice velocity (see Eq.
(4.13)). The average quasimomentum of the system evolves in the presence of the force, andif-at@ime
the atoms are loaded with quasimomenty{®) = —Fko, then att; the final quasimomentum igt;) =
—ko+A(ko, ty). HereA(k,, tf) is a negative quantity because the force is a restoring force. Therefore, the
final velocity of the atoms in the trap , is less or greater than the velocity of the atoms without the external
trap depending on the sign of the effective mass (sign of the curvature of the dispersion relation) evaluated at
the final momentum. If the effective mass is positi@%@—q >0,0<gqg<m/2a,7/a < q< 37/2a,..), the
group velocity is an increasing function @and the velocity of the trapped atoms is less than the untrapped

atoms’ velocity. On the other hand, when the effective mass is negatie,(< ¢ < 7/a,...), the group
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velocity is a decreasing function gfand the trapped atoms speed up with respect to the untrapped ones.
The more pronounced difference between trapped and un-trapped atom velocities observed in the second
band with respect to the first one, is not only becafisacreases with the lattice velocity but also because

of the discontinuous change of the band structure when crossing the Brillouin zone edge. Besides the sign

difference in the curvature the second band has a larger band width than the first one.

4.2.4 Interaction effects

To model the effect of the interatomic interactions on the dynamics we used the tight-binding variational

method proposed in Ref. ([84, 85]). In these reference the authors assume a Gaussian profile wave packet

an(t) = ¢ %e[—(n—£)2/72+ik(n—£)+i5(n—6)2/2]’ (4.14)
o

and used, v, k, ¢ as variational parameters. The equations of motion they found are:

. ov

k= 5 (4.15)

£ = 2Jsin(k)e™", (4.16)

. 4 2NU 40V

0 = 2Jcos(k)e" 52) B 4.17
(k) <74 Vryd oy Oy (“17)

4 = 2Jcos(k)e 79, (4.18)

with = (ﬁ - 52872), V = /2/77%x [ daV (z) exp[—2(z — €)2/4?] and the time scaled as— tE, /h.
Notice that the variablé is just the average quasimomentum of the wave packet. We can also associate an
inverse effective mass given by*~1 = 2.J cos(k)e~".

We numerically integrated the equations of motion assuming no other external trapping potential
besides the latticel” = 0. In this case the Hamiltonian is invariant under translations and we expect
conservation of the quasimomentum. This is seen in the above equations, betause thendk /dt = 0.

The parameters were chosen according to the experiméa): = 10, §(0) = 0 and NU = 2ER. The
bandwidthJ, was found using Mathieu functions assumingig, lattice. We plot Fig. 4.4),:0:m VS Vit
evaluated at = 50. The curve found is plotted in

When mean field effects are included, the dynamics of the system becomes very rich. Depending

on the the initial quasimomentum and width of the packet, a variety of dynamical regimes can be observed.
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Figure 4.4: Velocity of the atoms predicted by the variational model in the case when interactions are

taken into account (dotted line). The single particle case is shown in red. The parameters used were

~(0) =10,6(0) =0andNU = 2Ej.

Physically, the different regimes can be understood by realizing that the nonlinear term makes the effective
mass time dependent. The effective mas$, = €”/(2J cos k), not only depends on the initial quasi-
momentum but also on the width of the wave packet, and when the nonlinearity is pyéserd longer

constant. The different dynamical behaviors include effects such as self-trapping, diffusion, and for special

cases solitons or breathers [84].

The self-focusings a genuine nonlinear effect, characterized by a diverging effective mass. In
particular the self-trapped wave packet cannot translate along the array. The final valpeféora packet

in the self-focusing regime predicted by the variational model is,

UN~o
= 4.19
TTUN- 4.J/meos(k)y,’ (4.19)

With v, = +(0) the initial width of the packet, which is assumed big compared to one.
The diffusive regimeon the other hand, is characterized by the unbounded growth of the width of

the packet. This is the behavior expected in regular linear quantum mechanics. The model predicts that the

transition between the two regimes occurs, again assuming 1, at
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(UN). = 4Jy/mcos(k)v, |k| <m/2

(UN). = W k| > /2 (4.20)
Using a potential depth &f£'r and~, = 10, the predicted dynamical phase diagram as a functidh/ef
vs vq¢ 1S Shown in Fig. 4.5. It can be seen that {6V = 2ER, the self-focusing regime is expected for

lattice velocities greater than,, = 0.4vg. At v;,; = 0.5vp the noninteracting effective mass becomes

negative.

Phase Diagram Vo= 3 Er
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Figure 4.5: Phase diagralthN vs v for V, = 3E, and~, = 10.

Consistently, in Fig. 4.4 we see that for lattice velocities approximately greatepthas 0.4vz,
the velocity of the interacting system becomes greater than the noninteracting one, and approximately at
v = 0.7vg the velocity of the atoms is just the velocity of the lattice so, the atoms stop moving in
the lattice frame. This regime is a self-trapping regime and nonlinear effects tend to localize the atoms
in the lattice frame. On the other hand, far:;; < 0.4vp the dynamics of the system is similar to the
non interacting case. To appreciate the different behaviors exhibited by the system below angsaBove

we plot in Figs. 4.6 and 4.7, the evolution of the wave packet, for two different initial velocities. For

viate = —0.7vp the wave packet localizes, whereasdgy,, = —0.15vp the wave packet diffuses.
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Figure 4.6: Localization of the wave packet in the self-focusing regige = —0.7vp. Notice the change

in the vertical scale in the last row
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Figure 4.7: Evolution of the wave packet in the diffusive regimg; = —0.15vp3.

4.3 Dynamics of a period-three pattern-loaded Bose-Einstein condensate in an optical lattice

In this section we discuss the dynamics of a Bose-Einstein condensate initially loaded into every third site
of a one dimensional optical lattice, motivated by the recent experimental realization of this system by
the NIST group [33]. A condensate loaded in this way is not an eigenstate of the final pdatite,
and the condensate will continue to evolve in the final system. Outside the strongly correlated regime,
the GPE equation is expected to give a good description of the condensate dynamics. In our system we
assume the lattice is sufficiently deep that a tight-binding description is applicable, and the DNLSE is

valid. For the periodic initial condition of equal wavefunction amplitude at every third site and zero at
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all others, symmetry arguments can be used to reduce the wavefunction evolution to a two mode problem
(analogous to a double well system with an energy offset) for which an analytic solution of the dynamics
can be given. We show that for large ratios of the interatomic interaction strength to tunneling energy the
condensate evolves with self-maintained population imbalance, whereby the condensate population tends
to remain localized in the initially occupied lattice sites. A similar phenomenon has been studied in double-
well systems [87, 88, 89, 90, 91]. We show that the momentum distribution of an interacting condensate
changes in time in a manner which can be related to the spatial tunneling of condensate, and would be a
suitable experimental observable.

Under the influence of an external force a Bloch state will exhibit Bloch oscillations, as described
in chapter 2. To illustrate how a linear potential affects the motion of a pattern loaded condensate we find
analytic solutions for the noninteracting case with periodic initial conditions and show how the dynamics
for this system can be interpreted in terms of the interference of three Bloch states of the lowest band
undergoing Bloch in unison. We present numerical results for more general (non-periodic) initial conditions

and consider characteristic properties of the momentum distribution.

4.3.1 Experiment

In the experiment, a combination of two independently controlled lattices was used to load the condensate
into every third site of a single lattice. Briefly the procedure consists, as shown in Fig. 4.8, of loading a
condensate into the ground band of lattice with periodidityso that the condensate is well localized in

the potential minima of this lattice. A second lattice of periodieityhich is parallel to the first lattice, is

then ramped up so that the superimposed light potentials fasapar-latticeof period3a. For the ideal

case both lattice potentials are inphase, and the addition of the second lattice will not shift the locations of
the potential minima from those of the first lattice alone, and the condensate will remain localized at these
positions. Finally, by removing the first peridd-lattice on a time scale long compared to band excitations,

but short compared to the characteristic time of transport within the lattice, the condensate will be left in

every third site of the period-lattice.
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Figure 4.8: Patterned loading experiment.
4.3.2 Case of no external potential

The major interest of this section is in the tunneling properties of the condensate in the lattice, and in the
noninteracting case the time scale for tunneling is determined by the hopping matrix eléntémt this

reason it is convenient to define a new dimensionless scale ofrtimeJ¢/h, and dimensionless energy

E, =V, /J and coupling constart = NU/J. In terms of these new variables the tight-binding evolution

equation (4.6) takes the form

Oz,

i = = (a1 + 2np1) + (Bn + Alzal*) 20, (4.21)

e The case of periodic initial conditions: reduction to a two mode system

We treat first a model case in which no external potential is presépt,= 0), and in which the

initial occupancies of each third site are the same, and in which the condensate initially has a uniform
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phase. At- = 0, the amplitudes,,(7) are given by

23n+1(0) = 23n+2(0):07 (423)

wherep = 3/M with M the total number of lattice sitedVp represents the initial number of atoms

per occupied site. This initial condition is homogeneous in the sense that each occupied site has the
same amplitude and phase along the length of the lattice. For an infinite lattice, or one with periodic
boundary conditions, the amplitudes for all initially occupied sitgg X evolve identically in time,

and the amplitudes for the initially unoccupied sites satigfy; 1 (7) = z3,42(7) for all  and alln.

This allows us to reduce the full set of equations (4.21) to a set of two coupled equations

Z% = 7221 —+ A|Zo|22’0, (424)
or

.321 2

“or T —(21 + 20) + Alz1]"2, (4.25)

wherezs,, = zg andzs, 11 = 23,42 = 2z for all n. The normalization condition is
2 2
20| + 2|21]" = p. (4.26)

The Hamiltonian functionf, of this system is (from Eq. 4.8)

J . ) A
H = E( — 2(2521 + 2027) - 2|z + §|20‘4

+A|z1\4) (4.27)

JAp
—

By writing zo=10/p andz1=11+/p/2, we can transform Egs. (4.24)-(4.25) to the form

o | %o ¥]tbo|? -2 o
ZE = ) s (428)
Py -2 77‘% -1 1

wherey = Ap is the ratio of on-site repulsion to tunneling energies, and the normalization condition
(4.26) is now|vo|? + |11 |> = 1. The factor ofy/2 difference in the definition ofy, and+; arises

because); represents the amplitude of the two initially unoccupied sites. With this factor incorpo-
rated, the matrix appearing in Eq. (4.28) is explicitly Hermitian. We note that this equation of motion

is identical to that for a condensate in a double well trap in the two mode approximation [92, 93].
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We note in passing that a similar reduction, to a systerfmof2] 4+ 1 equations, exists for lattice

systems that are loaded such that only everth site is initially occupied.

Solution of the equations of motion

It is convenient to write the lattice site amplitudes appearing in Egs. (4.24) and (4.25)fas’ VP
andz;= ge'™ /P, Wheref, g, andd are real. By introducing the phase differenge- ¢, — 0., Egs.

(4.24), (4.25) and (4.27) can be recast as

f = 2gsind, (4.29)
g = —fsing, (4.30)
% = —4fgcosp+ — (f4+29) 292, (4.31)

The analytic solutions of Eqs. (4.29)-(4.31), found using a procedure similar to that presented by
Raghavaret al. [87], can be expressed in terms of Weierstrassian elliptic functignsgs, gs) [69].

The analytic solutions are

24
1- 4.32
\/ 12¢p(; gz,gs) O+2y+7%) *.92)

g(r) = \/1_ (4.33)

where the parameters @nd g are given by

g2 = (81—147% +49° +7%) /12, (4.34)

(729 + 243~? — 46+° — 15+* +4°) /216. (4.35)

gs

The solutionsf(7) andg(r) are oscillatory functions whose amplitudes and common pefiéd),
are determined by the parameter(see Figs. 4.9 and 4.10). It is useful to qualitatively divide
this behavior into two regimes, separatedby= 2. Analysis of Egs. (4.29) - (4.31) shows that

f(10) = g(70) for some value ofy, wheny < 2, and fory > 2, f(7) > g(7) for all 7.
Tunneling dominated regime

Forv < 2, we find that the oscillation period is essentially constant (see Fig. (4.9).
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Figure 4.9: Oscillation period (in units &f/.J) as a function of the interaction strength

In this case the role of interactions is relatively small, and the behavior can be approximately under-
stood by takingy = 0, in which case the matrix of Eq. (4.28) is constant in time. The equations of
motion in this case are equivalent to those of a two-state Rabi problem [94], where the two levels are
coupled by a Rabi frequency of strengtf2, which is detuned from resonance byl. This system

will undergo Rabi oscillations whereby atoms periodically tunnel from the initially occupied site into
the two neighboring sites. Because the coupling is detuned from resonance the transfer of populations
between wells is incomplete, witk;|? attaining a maximum value @f/9. The Rabi model predicts

that the cycling frequency between the levels is equal to the difference between the eigenvalues of
the matrix of matrix of Eq. (4.28), which gives the period of oscillatio¥as,; = 27 /3 in units of

h/J (see Fig. 4.9).
Interaction dominated regime

The effect of interactions on the mean-field dynamics is to cause the energies of the initially occupied
sites to shift relative to those of the unoccupied sitesyAscreases and this energy shift increases
relative to the strength of coupling between sites, the tunneling between sites occurs at a higher
frequency, but with reduced amplitude. The population of the initially occupied sites becomes self
trapped by the purely repulsive pair interaction, which in the context of a double well system has been
called “macroscopic quantum self trapping” [93]. This is demonstrated quantitatively in Fig. 4.10

where we plot the minimum value g# occurring during the oscillation as a function-af In con-
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trast to the tunneling dominated regime, where tunneling periodically populates all sites equally, the

condensate tends to be localized on the initially occupied sites in the interaction-dominated regime.

1.0

0.8

e
o

(fz) min
<
~

Figure 4.10: Minimum value of? during an oscillation period as a function 9f As ~ increases the

population imbalance between wells increases (see text).

e Momentum space dynamics

Typically the spacing between individual wells in an optical lattice is too small to resolve the localized

density distributions of atoms in neighboring sites using standard imaging techniques.

The momentum distribution is a more convenient observable which approximately corresponds to the
expanded spatial distribution of the released condensate. Here we calculate the momentum dynamics
of the condensate loaded into every third site of an optical lattice, and show how this relates to the

evolution of the spatial amplitudes given in Egs. (4.32) and (4.33).

In the tight-binding approximation the condensate order paraméier) (4.4) is expressed as a sum
over the lattice sites . Because of the periodicity of the system, the momentum space wavefunction,

which we denote ag(k, 7), is expressible as the Fourier series

ok, 1) = Z 2 (T)e" Ry (), (4.36)
where
x(k) = \/% /fo e kg (z)dz. (4.37)

To compute the momentum distribution, we invoke the ideﬁ@y:_o1 etkna — Mo, 27m/a, Where
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M is the number of lattice sites, amd an integer. Since there are only two independent amplitudes

in the set{z,, }, we find that

@(kfr) = V 3/pcm(T)Xm5k,qm/3a

Xm = x(gm/3), (4.38)
1 —igm/3 —12qm/3
Cm(T) = 37 (ZO + z1€ 1 + z2e K ) 3
P

wheregq is the reciprocal lattice vectar = 27 /a. The momentum distribution of the system has
very sharp peaks of relative amplitudtg,|?> at momentumk = ¢m/3, arising from the3-lattice
site spatial periodicity of the condensate wavefunction. In additigndescribes a slowly varying

envelope determined by the localization of the Wannier states at each lattice site.

Using the analytic solutions fof andg, and Eq. (4.31), we obtain only two independent Fourier

amplitudes
e = 3 (1+ 262+ (7 - 1), (4.39)
(P = 5 (1= 262+ 1002 - 1) (4.40)
= Jesnea(T)%. (4.41)

In the reduced zone scheme, where we only consider momenta in thekande-q/2, ¢/2], the
momentum wavefunction then consists of three peaks corresponding to Bloch states of quasimomenta
0, +¢/3. The identical behavior dts,,+1|? and|cs,+2|> means that the-q/3 peaks always have the

same intensity. Ifinteractions between the atoms are ignored (i-€0), the momentum components

are constant in time (see Eqgs. (4.39) and (4.40)), even though tunneling occurs between the lattice
sites. However, when interactions are considered, the momentum intensities explicitly depend on the
occupations of each site and will vary in time when tunneling occurs. The magnitude of the time
variation of the|c, |? is proportional toy, but will reduce for sufficiently large values of where

the self-trapping effect causes the tunneling between lattice sites to stogi.1 at all times).

In Fig. 4.11 we show the maximum contrast between the intensity of the Fourier peaks, defined as

Anax = (Je1)? — |co|?)max, Where the value is maximized by evaluating thg? at the time when
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f takes its minimum value (we note thAfr) is given by Eq. (4.32)). We note that the maximum
contrast occurs fofy = 3.9; in this case, the zero quasimomentum compongft) vanishes once
during each period of oscillatiof(). For values ofy greater tharg.9 the contrast between the
intensities starts to decrease due to the reduction in tunneling caused by the nonlinearity- induced

self-trapping.
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Figure 4.11: Maximum contrast of the Fourier components as a function ®he maximum contrast is

defined as\ jax = (|e1]? — |co]?)max With the maximum value occurring wheft is at its minima.

e Application to an inhomogeneous condensate

Here we wish to consider the dynamics for an inhomogeneous condensate, applicable to a condensate
initially prepared in a harmonic trap. For the pattern loaded condensate, we use inhomogeneous to
refer to the overall spatial envelope of the period three initial condition. The previous homogeneous
theory we have presented is expected to accurately describe inhomogeneous cases when the initial
pattern of population in every third site extends over many lattice sites\i.e> 1 so that mean-

field energy associated with each triplet of sitég:) = %Zle |z3n44|* varies slowly across the
system. Taking a particular example we choose a Gaussian envelope to the periodic arrangement of

atoms into every third site, so that the initial state is

Z3n+1(0) = Z3n+2(0)20’ (4.42)
9 1/4
23,(0) = 3LM2] exp(—(9n/M)?). (4.43)

For the simulations shown here, the parameters used Merel0°, M = 76, U = 2.11 x 107°Eg
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and.J = 0.075 Eg; these correspond to a condensateé®fatoms of*”Rb produced in a magnetic

trap with axial and radial frequencies #fand 12 Hz respectively, and loaded into a lattice with a
depth of 4.9z, with Er = 2.2kHz. These parameters are typical of the experimental regime, but
also lie in a range in which the homogeneous model is expected to give a fair description. The total
number of occupied wells and the strength of the on site interatomic interaction were calculated by
preserving the value of the chemical potential of the system upon reduction to one spatial dimension
and by assuming that each of the localized orbitals in the tight-binding description are Gaussian. The
hopping rate/ was estimated by using Mathieu functions. In Fig. 4.12 we show the evolution of the
population of the central wells (normalized to one) compared with the homogeneous model with

taken to be the local mean field energy: = A\/g (9/M).

Fig. 4.12 shows the results of numerical integration of the equations of motion and the approximate
analytical solution given by the quasi-homogeneous model described above. We see that the numer-
ical and analytical results agree well at short times, but differ more as time progresses due to the

different mean-field seen by different wells.
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0.8 R * >

0.6 % » A N
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Figure 4.12: Comparison between the population evolution of the central three wells for the inhomogeneous
condensate and the homogeneous model. Inhomogeneous condensate: stars for the initially populated well
and boxes for the initially empty wells. Homogeneous model: dashed line represents the initially populated
wells, and the solid line represented the initially unpopulated wells. We ygeds the local mean field

energy (see text). The parameters used for the simulation iver®.075 Er and~.g = 2.64.

To understand the disagreement as time evolves, we show in Fig. 4.13 the numerical Fourier spectrum
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for the inhomogeneous case evaluated at several different times. The variation of the intensities of the
peaks, which, as shown below, is related to the spatial tunneling between lattice sites in the presence
of the mean field, can be seen in the plot. Initially all occupied sites are in phase and the three
distinctive momentum peaks have a narrow width determined by the intrinsic momentum uncertainty
of the condensate envelope. That is the reason why the homogeneous model fits very well. However,
as time progresses the mean field variation across the lattice causes the tunneling rates to vary with
position and leads to momentum peak broadening. This effect eventually causes the homogeneous

model to become an inaccurate description of the inhomogeneous system.

t — Oms t = O.8mS
=]
£
g
2
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Q
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momentum momentum
t=1.7ms t=2.6ms

density (arb. units)
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0 qg/3 2973 0 qg/3 2q/3
momentum momentum

Figure 4.13: Momentum distribution of the inhomogeneous condensate evaluated at various times for the

same parameters as used in Fig.4.12.

We note that momentum space signature for spatially tunneling in the interacting system is still
present in the inhomogeneous case. This is shown in Fig. 4.14, where we plot the evolution of
the quantitiescs,, (7)|?, |eant1(7)|?, |cani2(7)[? (calculated from the numerical simulation by parti-

tioning the numerical Fourier spectrum in three equal non overlapping sections, each centered around
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the respective peak and adding the square of the norm of the Fourier components within each section)
vs.the ones calculated with the homogeneous model, but using an averageghvateer Y |z, |*

instead ofy = Ap. It can be observed that the predictions of the simple model are in very good agree-
ment with the numerical results when the three peaks of the spectrum are well defined. For longer
times, the width of the Fourier peaks increases, until a point when they split. At this point the quan-
tities |c3,, (7)), |cana1(7)|%, |eansa(7)|? are not meaningful anymore. Because the parameters used
for the numerical calculations were chosen to be experimentally achievable, and as shown in the
plots the model predictions are fair at least for one period of oscillation, we conclude that the Fourier

distribution can be used as a signature of the mean-field quantum tunneling inhibition.
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Figure 4.14: Evolution of momentum peak populations. Upper curves: population qf thet27/3
momentum states. Lower curves: population of ghe 0 momentum state. Inhomogeneous condensate
(dotted), homogeneous result (solid line), where the comparison is made by replégimg average mean

field energyy..e = A", |z, |* = 1.85. Parameters are the same as in Fig. 4.12.

4.3.3 Dynamics with a constant external force

e Homogeneous three state model

In this section we consider the dynamics of a periodically loaded condensate in the presence of a
linear external potential, corresponding to a uniform force parallel to the lattice. In what follows we
assume that the force is sufficiently weak that band excitations due to Landau-Zener tunneling are

negligible, so that a tight-binding picture of the lowest band is sufficient to describe the dynamics. In
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this case the evolution equation differs from what we considered in the previous section by the term
E, in Eq. (4.21) taking the fornk,, = n¢&, wheret is the potential difference between lattice sites (in
units of the hopping matrix elemeui). Taking the initial conditions (4.22)-(4.23), and transforming

the Wannier amplitudes as,, (1) = Ws,4;(7)e "€ (j = 0,1,2), we obtain the evolution

equations
a\il?)n W i3 ]
= —(Ugy 1€ 4 0y,
i 5 ( 3n—1€ + 3 /-‘rl)
+A[ U3, [>T, (4.44)
03, i b D
Z% = _(\I/3n+2 + \I/3n) + qu?’”"'l
T
FA D541 > Tapp1, (449
003, ; U,y 5e”557) 4 260
z% = —(Usng1 + Wsnpse ) + 2605, 4

FA[ 3041 P Ts41. (4.46)

Assuming periodic boundary conditions, the periodicity of the initial conditions and equations of
evolution allow considerable simplification from the full set/af coupled equations. In particular,
these assumptions mean that every third Wannier amplitude evolves identically {i.e: ¥, 3)

and so the evolution of the system can hence be reduced to the three independent equations

L0

oy — (W™ + W) + A[To [>Ty, (4.47)
00, - - o

i = (Y2 Vo) + &0 + ANy, (4.48)
v - -

¢ 37.2 = —(Uy 4+ Voe 7) + 2¢0,

+A| T, |20, (4.49)

where the new amplitudes map onto the original set accordirviggte» {\ifg,n}, U, < {‘i’gn+1},

and¥, — {Us,,,}, and obey the normalization condition

& 3
W . 2 e —
Z 052 = 77+ (4.50)
7=0
The equations of motion (4.47)-(4.49) are more difficult to treat analytically than the case considered

in the last section due to the presence of a linear potential. In this section we derive an analytic solu-

tion for a noninteracting condensate (ife=0), which provides valuable insight into the complicated
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tunneling dynamics the system exhibits in the absence of nonlinearity, yet should furnish a good de-
scription for dilute condensates satisfying< 1. For the nonlinear regime we present numerical

results to illustrate the typical behavior.

Analytic solution for linear dynamics

Defining the vectok(t) = (Uo(7), ¥1(7), ¥2(7)), and using the transformation(r) = P(7)x(7),

whereP(7) is the unitary matrix

1 1 1
P(r)=| e-ier  -iter-3)  ier+EE) | (4.51)

67i2£‘r 67i(257+2§) efi(2§7'f%r

the linear version of Egs. (4.47)-(4.49) can be decoupled, directly yielding the solutions

~ —inéT . o
U, (1) = ‘i/m (efle(T) 4 ei(BE-am)
el (Fm ), (4.52)

where we have defined the phase terms

An(r) = —% {sin({r — %Tﬂ) + Sin(Zgﬂ')} , (4.53)

forn=0,1,2.

These solutions for the spatial amplitudés(~) can be most easily understood by considering a
Bloch state decomposition of the condensate wavefunction. The nature of our system allows us to
construct an analytic form for the initial wavefunction. Because the system has a three lattice site
period and is assumed to be in the lowest band, the wavefunction can be expressed as a superposition
of three Bloch waves (of the lowest band) which are symmetrically spaced in quasimomentum. As-
suming the condensate initially has a total crystal momentum of zero, at this time the wavefunction

must be of the form

@(x,0) = apdo(x) + g ¢g/3(x) + a_P_g/3(x), (4.54)
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whereg¢y (x) is a Bloch state with quasimomentuimand thea are complex constants determined

by the lattice depth, with | = |a—]|.

The action of an external force on a Bloch state causes it to linearly change its quasimomentum in
time according to

k()= —%T + k(0). (4.55)
The periodicity of the Bloch dispersion relation iy and hence of the group velocity of the Bloch
wave, gives rise to the well-known phenomenon of Bloch oscillations (see chapter 2). For the case
we are considering here, the system consists of three Bloch states whose quasimomenta will translate

in unison under the action of the external force. During this evolution each state accumulates phase

at a rate determined by the instantaneous Bloch energy, i.e.

Anlr) = [ B (). (4.56)

wherek, (1) = —£7/a+k,(0) is the quasimomentum of Bloch statet timet. In the tight-binding

approximation the dispersion relation for the Bloch states has the analytic form
E(k) = —2cos(ka), (4.57)
for which A, (7) can be evaluated, and yields the results given in Egs. (4.53)). The wavefunction

evolution in the Bloch basis is

(P(-T77-) = O‘OQS,%t(x)eiiAO(T) +O‘+¢7§t+%(‘r)eiiAl(T)

+&_¢7§t7%($)6_iA2(T). (4.58)

From this solution we can obtain solutions for the evolution of the spatial amplitudes Eqgs. (4.52). To
do this we expand the Bloch states in terms of Wannier functions accordipg(to, = >, e?*"*wq(z—
na) (see chapter 2) and make use of Eq. (4.5). Note: we take &all as determined by the initial

conditions, Egs.(4.22) and (4.23).

Bloch Oscillations

The evolution of the spatial amplitudes, and in particular the population in each well is then

determined by the interference of the Bloch pha&gs These functions are all periodic in time
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with periodrz = 27/ (in units ofr = ¢t.J/R). This is the normal Bloch oscillation period, and
gives the time scale over which the quasimomenta of the Bloch states increases by exactly one

reciprocal lattice vector.

Small¢ solution - Non classical transport

To understand the dynamics, we first start by considering the case §isesmall. For this

case, the population in the wells is given by

To(r)]2 = ﬁ (5 + 4cos(3r) + £2h(r)) (4.59)
TR = (@361 — eos(3r) - S h(r) (4.60)
T = (23901 - con(3r) — S () (4.61)
where
hr) = T (67 + 3 cos(37) — 4sin(37)) (4.62)

The above solution shows that when the force is applied, the degeneracy in the population of
the wells represented by, and ¥, is lifted. For¢ > 0, atoms in¥, start to tunnel to¥,

more rapidly than taP'». This should be compared with the results in the absence of the force,
where¥; and ¥, behave identically. Thus, in this weak limit, the effect of a linear potential

is to enhance the tunneling from the initial populasedwells to their3n + 1 neighbors ones,
making the system closer to resonance, in the sense of Eq. (4.28), where the resonance condition
results in the initially populated wells becoming empty at some later time. It is interesting to
note that the system exhibits "nonclassical” dynamics whereby the atoms start to tunnel in the
direction opposite the direction of the force (this statement applies even when the external field

is not weak).

Resonances

In Fig. 4.15 we show the temporal evolution of the spatial amplitudesr a range of values of
¢. For certain choices @fthe initially occupied¥, amplitude periodically disappears - we refer

to these as resonances. By requirihg = 0 in Eq. (4.52) we obtain the following conditions
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Figure 4.15: Evolution of the normalized population for different values. @dne Bloch period is shown
in the plots excep§ = 0 where the period is infinite. Solid linéWs, |2, dotted line:|¥s,,, |2, dash-dot
line: |¥s,,42|?. The "nonclassical” motion can be seen wherezhe-1-well populations initially increase
more rapidly that the populations of tBe +2-wells. It can also be seen in the plots that &5 /2 and

&= ¢ are resonant values.

max

on the phases for these resonances

Ay(T) = Aolr) = =+ (g n 27rs) : (4.63)

Ap(7) — Ay(7)

+ (% + 27rm) , (4.64)

wheres andm are integers and the same sign choice on the right hand side must be made for
both equations. When these conditions are satisfied the population is not shared between the
adjacent sites, but preferentially tunnels to one of the neighbors. In particularsitie choice

in Egs. (4.63) and (4.64) gives the phase condition for complete tunneling’int&imilarly

the —sign case gives the condition for complete tunneling iito Solving for the values of
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Figure 4.16: The spectrum of values of external force, ordered in decreasing magnitude, for which a popu-

lation resonance occurs i.e. the valueg &r which ¥, periodically disappears.

for which Egs. (4.63) and (4.64) hold, one obtains the spectrum

6v/3 (1+3s)
=+ 4.
Sn=(a.m) T (1+38)2+3(s+2m +1)2’ (4.65)

which is shown in Fig. 4.16. For larde| or |m| the resonant values gfare close together, and

become spaced further apart as the magnitudedecreases.

In the absence of an applied force (i.6.= 0) the phase terms are time-independent with
Ag = =2, A1 = —1 andA, = —1 so that the resonance conditions can never be achieved.
When the external force is applied the phases oscillate at a rate that increasésanittan
amplitude that decreases with The largest value of for which a resonance can be found is
res — 64/3/2m, since for values of greater than this the amplitudes of the phase oscillations
A; are so small that they cannot satisfy the condition for population resonance. In the regime
&> &% |\i/0| exhibits only one (nonzero) minima per Bloch period and the dynamics of the

max?

system is dominated by the Bloch oscillations.

Large Force Limit
For¢& > &85 the system exhibits a population imbalance as the Bloch oscillation suppresses

max

the ability of the system to tunnel between sites. In the Ignit- £ the population in the
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wells is described by rapid, small amplitude oscillations around its initial value,

il — o (1 G ().

The case of = 3£.55, depicted in Fig.4.15 shows an approach to this behavior.

e Numerical results for the non-linear case
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Figure 4.17: Effects of interactions on generalized Bloch oscillations for the pattern loaded system. Evo-
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Because of the difficulty of solving analytically the equations of motion the nonlinear equations were
solved numerically. Although the dynamics in this situation is considerably more complicated than in
the linear case, the resonance picture still gives us useful guidance concerning the expected behavior.
In general, there exist critical valuesoand A above which no resonances occur. Furthermore, non-
linearity tends to destroy the periodicity of the Bloch oscillations that is present in the noninteracting
case. For example, in Fig. 4.17, we see thatfer 2£:<5. , the introduction of interactions brings the
system into resonance, but that for large interaction strength, nonresonant behavior is restored. For
&€ = 2¢Les /7, on the other hand, the introduction of interactions eventually draws the system out of
resonance.

Concerning the momentum distribution, similarly to the untilted case, interatomic interactions induce
time variation of the momentum intensities. The contrast between momentum components vanishes
at A = 0. As A increases, the contrast increases to a maximum value, then eventually decreases
towards zero when macroscopic imbalance is achieved, analogous to what is seen in Fig. 4.11 for the

untilted case. Because the external field together with the nonlinearity breaks down the periodicity

of time evolution, the dynamics of the momentum distribution is quite complex.

To compare the predictions of the homogeneous model in the presence of a linear external potential
to a more realistic case, we again solved numerically the discrete nonlineéd®gar equation for

a condensate loaded into every third lattice site but, instead of being homogeneous, initially with a
Gaussian profile. Very good agreement between the model and the numerical results was found for
short times and modest mean-field energies, if, as in the untilted case, we use an effective mean field
energy. In Figs. 4.18 and 4.19 we present a comparison between the evolution of the normalized
population at the central wells found numerically and the prediction of the model for the parameters:
NU =4.8FEg, M = 290, J = 0.075 Eg and¢ = 2. For longer times, the model predictions start

to disagree with numerical simulation due to the spread of the three Fourier peaks. We observe that
the dynamics are much more sensitive to inhomogeneous effects in the presence of an external force,
and for the more inhomogeneous initial state used in Figs. (4.12 - 4.14) (which extendd evéi6

sites), the inhomogeneous result much more rapidly departs from the homogeneous prediction than
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the example presented here.
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Figure 4.18: Comparison between the evolution of a inhomogeneous condensate with the homogeneous
result. Inhomogeneous condensal®; |2 (boxes),| ¥, |? (stars), and¥,|? (diamonds). Homogeneous
case:| Vs, |? (dash-dot line)| ¥, 1|? (solid line), and|¥s,,,»|? (dotted line), where we have takeras

the local mean field energy. The parameters used Wwete).075ER, £ = 2 and~y.g = 1.59
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Figure 4.19: Evolution of the momentum peak populatigns. 0 (dashed line, squareg)—= —2x /3 (dash-

dotline, stars)g = 27/3 (solid line, diamonds). Inhomogeneous condensate (dotted curves), homogeneous
model (lines) using the same parameters as those in Fig. 4.18, but repjdnyran average valug,,. =

1.11 for the homogeneous model.
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Chapter 5

Quadratic approximations

As discussed in chapter 3, the Bose-Hubbard Hamiltonian is an appropriate model, when the loading pro-
cess produces atoms in the lowest vibrational state of each well, with a chemical potential smaller than
the energy gap to the first vibrationally excited state. The quartic form of the Hamiltonian makes it very
difficult to deal with it in all the different regimes. The aim of this chapter is to rewrite it so that a sys-
tematic approach can be developed in the weakly interacting regime, when a condensate is present. The
basic idea, which was first proposed by Bogoliubov in 1947 [11], is to treat the field operator as a c-number
plus a fluctuating term. The c-number describes the condensate or the coherent part of the matter field.
In the weakly interacting regime, quantum fluctuations are small, and therefore the dominant terms in the
Hamiltonian are quadratic in the fluctuating field. The non-quadratic terms should be of higher order and
can be treated perturbatively.

In this chapter, we apply the Bogoliubov approximation to the Bose- Hubbard Hamiltonian and
derive the correspondent Bogoliubov-de Genes(BdG) equations as developed in Refs. [77, 95]. We also
deal with the higher order terms by considering different approximations. Among them we discuss the
Hartree-Fock-Bogoliubov (HFB) approximation, the HFB-Popov approximation and the improved Popov
approximation where the bare potential is upgraded to the many-body scattering matrix. All of these ap-
proximate approaches are valid only in the weakly interacting regime when quantum fluctuations are small.
They will fail to give a good description as interactions become important and the system approaches the
Mott insulator transition. To test the validity of the approximations we compared them with numerical
solutions obtained by diagonalizing the Bose-Hubbard Hamiltonian.

In this chapter we also derive an explicit expression for the superfluid density based on the rigidity
of the system under phase variations. We show how the superfluid fraction can be thought of as a natural
order parameter to describe the superfluid to Mott insulator transition.

Because we are interested in the quantum effects caused by interactions that drive the quantum
phase transition instead of thermal quantum fluctuations, the analysis in the present chapter is going to be

restricted to the zero temperature case.
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5.1 The characteristic Hamiltonian

In the very weakly interacting regime, to a good approximation, the creation and annihilation operators on
each site can be replaced by-aumber(see chapter 4). To include the small quantum fluctuations in the
description of the system we assume that the field operator can be written in termsafreer plus a
fluctuation operator:

Gn = Zn + Pn. (5.1)

Replacing this expression fér, in the Bose-Hubbard Hamiltonian Eq. (3.4) leads to :

H = Hy+ Hy + Hy + Hs + Hy, (5.2)

with

Hy = o 3 st S [0amllt Gl 53)

<n,m>
o= 7Y ¢uz, +Z w— 1+ Ulzal?) 250 + hec, (5.4)
<n,m>
Hy = —J ) sansom+z n t
<n,m>
OB+ B+ (Bl pupllenl?), (5.5)
i = UZ@L@Lsanznm.c., (5.6)
H = Z@stn@n@n (5.7)

Where< n, m > restricts the sum over m to nearest neighborsfandstands for the hermitian conjugate.
The terms of the Hamiltonian have been grouped in equations according to the number of non condensate

operators which they contain.

5.2 Bogoliubov-de Gennes (BdG) equations

In this section we neglect higher order terms and focus only on the quadratic Hamiltonian. The first step in
the diagonalization is the minimization of the energy functiolal. This requires the condensate ampli-

tudesz,, to be a stationary solution of the DNLSE (4.6), which in turn means that the linear Hamiltonian
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H, vanishes. For the time independent situation the DNLSE can be written as

HUZn = —J Z Zm + (V:n + U‘Z'n,|2)zn (58)

<m,n>

The HamiltonianH gives a description which includes only the contribution from the condensate. The
guadratic Hamiltoniari, allows the leading order effects of the non condensate to be taken into account.

By including second order terms in the Hamiltonian two classes of interactions are included besides the
condensate-condensate ones: a) Interactions between one excited atom and one condensate atom leading to
transitions of the form0;) — |0¢) (direct and exchange excitations)and b) interactions between two con-
densate atoms which cause the atoms to be excited to non condensat@®tatesij) (pair excitations).

Schematically they are shown in fig.5.1.

0G) i(0) j

3

Figure 5.1: Scattering processes included in the quadratic hamiltonian: a) Direct and exchange excitations,

b) Pair excitations

The quadratic Hamiltonian can be diagonalized by finding a basis of so-called quasiparticle states
which do not interact which each other. Mathematically this involves a linear canonical transformation of
the single-particle creation and annihilation operatgrsanda,, into quasiparticle operatog!, a,. The

transformation is known as Bogoliubov transformation and is given by

On = Z (u;ds - U;kzqdl) : (59)
s#0
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In general the spectrum of fluctuations includes a zero mode. This mode is the Goldstone boson associated
with the breaking of global phase invariance by the condensate. The zero mode is essentially non perturba-
tive and it introduces an artificial infrared divergence in low dimensional models. For this reason quadratic
approximations are actually improved if the contribution from this mode is neglected all together [96]. A
different way to deal with the zero mode has been proposed by Castin and Dum [98], Gardiner [97] and
Morgan [16]. Here the theory is written in terms of operators which exchange particles between zero and
nonzero modes, conserving the total particle number, and one further operator which changes total particle
number. As shown by [16] both the latter and the former approaches lead to the same physical predictions,
so for simplicity we are going to ignore zero mode fluctuations and restrict the fluctuation operators to act
only on the excited states.

The Bogoliubov transformation Eq. (5.9) is required to be canonical, which means that it preserves
the commutation relations and leads to bosonic quasiparticles. To satisfy this, the amglitfide’s} are
constrained by the conditions:

o (upull —vpted) = b, (5.10)

n

Z (upvy) —vur®)y = 0. (5.11)

n

The necessary and sufficient conditions that the quasiparticle amplitudes have to fulfill to diagonalize the

Hamiltonian are provided by the so called Bogoliubov-de Gennes (BdG) equations

L M u’ u’ A
=uwB + ¢q , (5.12)

M* L v —vs —z*

with u® = (uf,u$,...), v® = (v§,v5,...) andz = (zy, 22, ...). The matrice< and M are given by

Enm = —J Z 5nl5lm + 5nm (QU‘ZnF + Vn - N) (513)
<n,l>
Mnm = *UZ/L‘Q(Snm- (514)

with §,,; the Kronecker delta which is onesif = [ and zero otherwise. The parameterensure that the

solutions withw? # 0 are orthogonal to the condensate [16]. These parameters are given by
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2( %8 _ s
Cs = Uzjnlzngznun|2 Zn'Un) (5.15)
n Zn

The BdG equations without the parameters have the same quasiparticle energies as Eq.(5.12), neverthe-
less the solutions are orthogonal to the condensate only in the general sensg, (i65;, — z,v;;) = 0.
Eachofthe termsy ., z:usand), z,v} are not necessarily zero. To obtain the desired orthogonal modes
one way to proceed is to solve the BdG equations setting tie zero and then to remove from the so-
lutions their projection onto the condensate. If the BdG equations are satisfied, the quadratic Hamiltonian

takes the form

Hy=>" [wfagas + % (WB — L] (5.16)

If the HamiltonianH-, is positive definite, which is the case when the condensate amplitudes correspond
to a stable state of the system, the eigenvalues of the system are real. The seffitmorae in pairs with
positive and negative energiesif’is a solution for the amplitudear®, v*) then—w?Zis also a solution
for the amplitudegv**, u**). There is always a solution wita® = 0 and in this case the amplitudes
must be proportional to the condensétéd, u’) x (z,z). We explicitly exclude the zero mode solution to
guarantee that the excitations are orthogonal to the condensate.

To have a complete description of the quadratic Hamiltonian, we define the one body density fluc-

tuation matrix,p,,, and the anomalous average matrix,,,, as:

Pom = {aham) — (a])(am) = (B]Pm), (5.17)

Mpm = <dn&m> - <&n><am> = <‘Pn@m>- (5.18)

The averages denotes an ordinary quantum expectation value. At zero temperature, the average is over the
ground quasiparticle state given fy|0) = 0 and thep,,,,, andm.,,,,, can be written in terms of quasiparticle

amplitudes as:
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Pom = YUYV, (5.19)

s#0
Mpm = —Zu;v;’: (5.20)
s#0

Physically, the quantity,,,, represents the non -condensate population (or depletion) at pasitomle-
pletion at positiom. If the average number of atomsg, the depletion and condensate atoms are related

by the equation:

N = > {alan) =Y (|zal* + pun) - (5.21)

n

The interpretation to the physical meaning of the anomalous term is postponed to section 5.7.2.

5.3 Higher order terms

In the preceding section we described the diagonalization of the Hamiltonian containing only terms up
to quadratic order in the field operators. We now want to go beyond this approximation and consider the
corrections introduced by the cubic and quartic terms. Taking into account higher order terms we are mainly

introducing many-body effects on the scattering.

5.3.1 Hartree-Fock-Bogoliubov equations

Third and quartic terms in the Hamiltonian can be included by treating them in a self-consistent mean
field approximation, which relies upon the factorization approximation: products of many operators are
approximated by paring the operators in all possible ways and replacing these pairs by their expectation
value [15]. Using the factorization approximation, one can reduce third and quartic products of fluctuation

field operators to:
@L%pn@n —  2ppn@n + 2mnn801” (522)
@L@L@n@n - 4pnn<p;rz%0n + mnn@L@L + My PnPn — (Qpin + |mnn|2) (5.23)

Eq.(5.23) is justified by Wick’s theorem [51], which gives!, ! v, 0,) = 202, +|mnn|?, while Eq.(5.22)

is justified by analogy [16].
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Therefore, using Eq.(5.23) and Eq.(5.22)AR and H, ( Egs. (5.6) and (5.7)) one can reduce them to
guadratic forms in terms of the functiops,, andm,,,,. The c-number term in Eq.(5.23) introduces also a

energy shift inHy :

Ally = (2 + mu) (5.24)

Hy = U (200n$n + Man@))zn + hoc., (5.25)

H, = QZ(zpm@f@ + My PrPn) + hec.. (5.26)
2 n¥n nn¥ny¥n

The corrections from higher order terms yield a modified quadratic Hamiltonian which can be also diago-

nalized. The diagonalization leads to the following equations

pifB, = —J Z Zm + (Vi + Ul zn]? + 2U prn + Ui 2, (5.27)

<m,n>

ACHFB MHFB

u’ u® cHFB g

= WP + : (5.28)

M*HFB  p+HFB v S _C{{FB+ z*
‘Can{:B = —J Z 6n15lm + 5nm(2U|Zn‘2 + Vn - MHFB + 2Upnn)7 (529)

<n,l>
MIFE = (U2} + Umpn)dnm, (5.30)
HFBE U, |zl (zhus — znvi)iF |UX|:2,L (m, znus — mmz;vg). (5.31)
n Zn

The parameters! "5+ are there again to enforce the orthogonality of the quasiparticle modes with the
condensate [16].

The above set of equations (5.27) to (5.30) are known as Hartree-Fock-Bogoliubov (HFB) equa-
tions. Even though they take into account higher order corrections, they have the problem that violate the
Hugenholtz and Pines theorem [99] which states that the energy spectrum of a Bose gas is gapless, i.e, there

exists an excitation with an energy which tends to zero as the momentum tends to zero.
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5.3.2 HFB-Popov approximation

One way to solve the gap problem is to set the anomalous #efmto zero in HFB equations. This
procedure is known as HFB-Popov approximation. The HFB-Popov equations were first introduced by
Popov [52], and they are considered to be a better approximation than the HFB equations because they
yield a gapless spectrum.

The HFB-Popov equations have the form:

pfz, = —J Z Zm + (Vi + Ul znl? + 2U prn ) 2n, (5.32)
<m,n>
£t mP u’ u’ z
=whP + ¢ , (5.33)
M*P E*P ve —vS —z*
Ll = =T Suibim + 0um(2U |z |* + Vi — 1 4+ 2Uppn). (5.34)
<n,l>
M, —(Uz})0nm, (5.35)
2( %, 85 _ s
¢, = yZalmlGatn =z (5.36)
2o |2l

5.4 The Bose-Hubbard model and superfluidity

The concept of superfluidity is closely related to the existence of a condensate in the interacting many-
body system. Formally, the one-body density mai¥ (Z, #') has to have exactly one macroscopic
eigenvalue which defines the number of particles in the condensate; the corresponding eigenvector describes
the condensate wave functign () = ¢*©@ |¢, (¥)|. A spatially varying condensate phasg(), is

associated with a velocity field for the condensate by

T () = —VO (7). (5.37)

This irrotational velocity field is identified with the velocity of teaperfluid flowd, (Z) = v, (Z) ([100],[101])

and enables us to derive an expression for the superfluid fragtio@onsider a system with a finite linear
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dimension,L, in thee;—direction and a ground-state enerfly, calculated with periodic boundary condi-
tions. Now we impose a linear phase variation(z) = 0z, /L with a total twist angl& over the length of
the system in thé;—direction. The resulting ground-state enety,will depend on the phase twist. For
very small twist angles] < =, the energy differencdyy — Ey, can be attributed to the kinetic enerdy,

of the superflow generated by the phase gradient. Thus,
1 o
Ey—FEy=Ts = 5m]\ffsvs, (5.38)

wherem is the mass of a single particle ald s the total number of particles so that\V f, is the total
mass of the superfluid component. Replacing the superfluid velagityith the phase gradient according

to Eq. (5.37) leads to a fundamental relation for the superfluid fraction.

2m L? By — Ey 1 By — Ey
\ _ — Lo 5.39
fs N 62 N J(A6)? (5.39)

where the second equality applies to a one dimensional lattice system on which a linear phase variation has
been imposed. Here the distance between sitestise phase variation over this distanceN8, and the
number of sites i9/. In this caseJ = h%/(2ma?).

Technically the phase variation can be imposed through so-called twisted boundary conditions [102].
In the context of the discrete Bose-Hubbard model it is, however, more convenient to map the phase varia-
tion by means of a unitary transformation onto the Hamiltonian [103]. For simplicity we are going to focus

in a one dimensional lattice. The resulting “twisted” Hamiltonian in this case

M M M
Hy = ; i Vi — J;(e*i”a; il + €% ) + % ; Pin (g — 1) . (5.40)

exhibits additional phase factorg'A? — the so-called Peierls phase factors — in the hopping term [104,
105]. These phase factors show that the twist is equivalent to the imposition of an acceleration on the lattice
for afinite time. It is interesting to note that the present experiments enable us to make a specific connection
between the formal and operational aspects of the system.

We calculate the change in enerBy — E, under the assumption that the phase chahgés small
so that we can write:

eI~ 1 —iAG — %(AH)Q . (5.41)
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Using this expansion the twisted Hamiltonian (5.40) takes the following form:
. . .1 PN .
Hy~ Hy+ AOJ — 5(A9)2T = Ho + Hpert , (5.42)

where we retain terms up to second orde/if. The current operatof (Note that the physical current is

given by this expression multiplied t%/) and the hopping operatdt are given by:

M

Jo= ATy (ah a0 —afanta) (5.43)
n=1
M

T = —JY (ah 1an+d)ang) - (5.44)
n=1

The change in the energyy — E, due to the imposed phase twist can now be evaluated in second order
perturbation theory

Ey— Ey=AE® + AE®) | (5.45)

The first order contribution to the energy change is proportional to the expectation value of the hopping
operator

~ 1 ~
AB®D = (W Fper W) = —5(20)* (W] ) . (5.46)

Here|¥y) is the ground state of the original Bose-Hubbard Hamiltonian (4.27). The second order term is
related to the matrix elements of the current operator involving the excited slate6’ = 1,2, ...) of the

original Hamiltonian

K u|Hpert|\I’O (P, \J|\IJO
== —(A0)? )y B (5.47)
~ B L ~ B -E

Thus we obtain for the energy change up to second ord&din

_ _ of 1 N e P A 5
Ey—Ey = (A0) ( 5 (WolT%o) ;EEO) = M(A0)?D,
M 2 v#£0 El/ - EO

The quantityD, defined above, is formally equivalent to the Drude weight used to specify the DC conduc-

tivity of charged fermionic systems [106]. The superfluid fraction is then given by the contribution of both
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the first and second order term:

fs = -2,

1O = o= (WelT1wo)), (549)
_ | V|J|lI/0 |2
1Y = NJ(Z E, — Ey )

HereN is the number of atoms in the lattice. In general both the first and the second order term contribute.
For a translationally invariant lattice the second term vanishes (as is going to be shown latter) if one uses a
guadratic approximation. However, in exact calculations the second order term plays a role.

We can further understand this approach to the superfluid density by calculating the flow that is
produced by the application of the phase twist. To do this we work out the expectation value of the current

operator expressed in terms of the twisted variables:
=1iJ Z —18% }:L—H&n - 8 Tdn-i—l) (550)
We expand this to find the lowest order contributions, i.e.:

Jo =~ J + JAG Z al an +alan) = J - TAG. (5.51)

n=1

We use first order perturbation theory on the wave function to obtain the following expression:

(U(A6)]Jg| ¥ (A6))

B (W, ]| W) >
QAG( ,\I,qu, ; - ) (5.52)

= 2NJfA8. (5.53)

Thus, the physical currenf,, Eq. (5.53) multiplied by};, can be expressed as:

1
This is the total flux,js, and we need to divide by/ to get the flux density, i.e.
. 1 hAO\ [N fs
i = g o d ey = (520) ()
= vghs. (5.55)

So we see that the Drude formulation of the superfluid fraction (5.49) gives an intuitively satisfying expres-

sion for the amount of flowing superfluid.
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5.5 Expectation values

Using the quadratic approximations we can evaluate expectation values of meaningful physical quantities.
Useful quantities as the system approach the Mott insulator state are the number fluctuations and the quasi-
momentum distribution.

The number fluctuations at the sikeare given in the Bogoliubov approximation by

A 02
An, = \/ (ahanahan) — (ahan)

2> fup, — w3t (5.56)

The quasimomentum distribution of the atoms released from the lattice is important because it is
one of the most easily accessible quantities in the experiments. The quasimomentum distribution function

ng is defined as [103]

1 .
ng = ME elq-(xrxm)<a;rlam>
2
1 . )
_ ig-Xy, i9- (X —Xm)
= 17 gn Zn€ +ngmpnme , (5.57)

where the quasimomentugican assume discrete values which are integer muItipng%]{%{, wherea; and
M, are the lattice spacing and number of lattice sites irt tieection and\/ = [, M; is the total number
of lattice sites.

Neglecting interaction effects during the expansion, the quasimomentum distribution represents the
Fourier transform of the original spatial distribution in the lattice. In the superfluid regime because of the
phase coherence of the system, when it is released from the lattice the gas shows a nice interference pattern.
As the interactions are increased phase coherence is lost, and instead of interference peaks a incoherent
background is observed.

For a one dimensional optical lattice, the superfluid fraction in terms of quasiparticles amplitudes
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and energies can be written as:

foo = S92, (5.58)
M M
1 % % S, Sk s%,.8
fa(l) = Z 5711) = ﬁ Z |:(Zn+1zn =+ Z’n+12”) + Z(Unvn-‘rl =+ Un UTL+1):|7 (559)
n=1 n=1 s
2
J | Z (Us + Us)(zn,+1 - Zn—l)|
@ = = nin n 5.60
1 ¥ Z o + (5.60)

Ws + wgr 2wy

s,s’

(Z | Zn (quJrlvrSz/ - Ufzvleﬂ) |2 ) | Zn(uf1+1v7i - uflv’fl+1)‘2
ss’

5.6 Applications

5.6.1 Translationally invariant lattice

To understand many-body effects included in the quadratic approximations we start by studying the case
where no external confinement is presdnt,= 0. We assume & dimensional separable square optical
lattice with equal tunneling matrix elemeditin all directions and periodic boundary conditiorid. is the
total number of wells.

Due to the translational symmetry of the system the condensate amplitudes are constant over the
lattice, z, = \/n,. Also, the quasiparticle modes have a plane wave character and therefore can be related

to quasimomentum modes :

el g, (5.61)

a
U, =

Here the vectog denotes the quasimomentum whose components assume discrete values which are integer

multiples of ”

?i—\/“ﬁ with a is the lattice spacing. The amplitudeg and uq must satisfy the condition

lug|? — |vg|* = 1 and can all be chosen to be real and to depend only on the modulus of the wave vector
(Ug = U_q: Vg = V_q)-
The translationally invariant case has the advantage that the quasi-particle modes are always orthogonal to

the condensate and therefore the parametesise always zero.

e Bogoliubov-de Gennes (BdG) equations and HFB- Popov approximation
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In the simplest quadratic approximation the DNLSE reduces to

po o= —tJ+n,U, (5.62)

wheret is the number of nearest neighbors 2d.

The BdG equations in the translationally invariant case become the foll@wingjeigenvalue prob-

lem
L M U U
qq q—q q g q 7 (5.63)
Mg—q Laq Uq Uq
with
Laq = €q + 11U, Mg_q =n,U. (5.64)

Here we have introduced the definitiegg = 4.J Zle sinQ(kéa).

The quasiparticle energies, and modes are found by diagonalizing Eq.(5.64):

wé = qu — Mé_q = eq” + 2Un,eq, (5.65)

9 Lgqtwq €qtnoU+wq
- - b

5.66
Ya 2wg 2wg ( )
02— Laq — Wq _ €t noU — wq (5.67)
a 2wy 2wy ’
Mg—q noU
= — pr— 5-68
Yala 2wq 2wq ( )
and
1
n=n,+ i Z vé, (5.69)
q#0

with n the total densityp = N/M. The constrain that fixes the number of particles can be written as

1 €q+Un, 1
=n—-— - — - . 7
Mo =n— 7 Z ( 20q 2) (5.70)



In the homogeneous case, due to the cancellation optheterms in the quasiparticle equations
(5.34), the HFB-Popov approximation leads to the same quasiparticle energy spectrum and ampli-
tudes than the BAG equations. The only difference is in the chemical potential which has an extra

term2U p,,,

p) = —tJ 4+ Ung + 2U prpn. (5.71)

As opposed to the free particle system, where the single particle energy dominates at high momenta
(it grows asq?), the single particle excitations in the presence of the lattice are always bounded by
4Jd. Therefore, in the regim&n,/J > 1 the interaction term dominates for all quasimomentum

and sowq ~ \/m On the other hand, in the weakly interacting regime, the most important
contribution to the depletion comes from the low-lying modes. For these modes is also true that

wq ~ v/2Unqeq. Thus, to a good approximation the condensate fraction can be written as:

Ny /g — U;L“ , (5.72)
with
1 Nai
a = ald,M)=— , (5.73)
M (; 2.\/2¢q
n+M=L Un/J>1
g = M : (5.74)

n Un/J <1

In Eq.(5.74) the terr¥ZL is a finite size effect term which is important to keep for low density

systems.a is a dimensionless quantity which depends only on the dimensionality of the system. In
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the thermodynamics limit})/ — oo the sum can be replaced by an integral and we find

1
a(l,c0) — W In(cot(g,)) - (5.75)
a(2,00) = 0.227293, (5.76)
a(3,00) = 0.160287. (5.77)
(5.78)

The infrared divergence in the one dimensional thermodynamic limit is a consequence of the im-
portance of long wave length correlations in low dimensional systems. For finite one dimensional

systems howevex(1, M) has a finite value.

Because Eqs.(5.65)-(5.66) are completely determineg i known, by solving Eq.(5.72) we obtain

all necessary information. The solution of the algebraic equation is:

@?U 3 a?U N atlU?
2] I T

ne ~ g+ (5.79)

Eq.(5.79) tells us that for very weak interactions almost all the atoms are in the condensate. As
interaction increases the condensate fraction decreases, but under the BdG (and HFB-Popov) approx-
imation it only vanishes whety/J — oco. The BdG (and HFB-Popov) equations therefore do not

predict any superfluid to Mott insulator phase transition.

The calculated quasiparticle amplitudes can be used to get analytic expressions for the number fluc-
tuations, the momentum distribution and superfluid fraction. If we restrict our attention to the one

dimensional system we have
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An, = n, Z Zmino arctan(ni{]), (5.80)
q

ng = %%@+$ﬁﬂﬁm7 (5.81)
—nudgo+ 7 (o~ 3 ) b (5.82)

L= V=12, (5.83)
o = % {no + ﬁ Z [v?)? cos(qa)] , (5.84)

q
2 = o (5.85)

Eq. (5.80) has been studied in Ref. [95] to produce results for squeezing. There the authors show
that Eg. (5.80) is consistent with those of other approaches previously reported in the literature

[107, 108, 109, 110].

It is important to emphasize that due to the translational invariance of the lattice [see Eq. (5.60)], the

second order term vanishes in the Bogoliubov limit.

The expression for the superfluid fraction gives a direct insight into the behavior of the system as
atoms are pushed out of the condensate due to interactions. In Eq. (5.84) the sum involving the
Bogoliubov amplitudes)? characterizes the difference between the condensate fraction, which is
given by the first term, and the superfluid fraction. For weak interactions and small depletion, the
depletion of the condensate has initially little effect on superfluidity. As interactions are increased
the depleted population spreads into the central part of the band, (whetesthe) term has a
negative sign) and the superfluid fraction is reduced. Finally for even larger interaction strengths, the
population in the upper quarter of the band again produces a positive contribution to the superflow and
the contribution from the sum decreases. In a sense the interactions are playing a role akin to Fermi
exclusion "pressure” in the case of electron flow in a band. This, however can lead to perfect filling
and cancellation of the flow. In the case of our Bogoliubov description we can only see reduction of
the flow, not a perfect switching off of the superfluid. This happens in the Mott insulator state, which

cannot be described by the Bogoliubov approximation.
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Figure 5.2: Comparisons of the exact solution and BdG (and HFB-Popov) solutions as a funéfipp ef

U/J, for a system with\/ = 3 and filling factorsn = 5 and5.33. Left: number fluctuations (Exact:
solid line, BdG(and HFB-Popov): dotted line), middle: condensate fraction (Exact: solid line, BdG(and
HFB-Popov): dotted line,analytic (5.79:red line ), right: superfluid fracfip(Exact: solid line, BdG(and
HFB-Popov): dotted line). The exact second order term (dashed line) of the superfluid fra’{ﬁ?ois;

also shown in these plots. The vertical line shown in the plots is an estimatiéﬁ‘}'ﬁfwhen the system is

commensurate

In Figs. 5.2 and 5.3 we compare the number fluctuations per lattice site, the condensate fraction and
the total and second order superfluid fraction determined from the exact solution of the Bose-Hubbard
Hamiltonian to the solution obtained from the BdG (and HFB-Popov) equations as a function of the
ratio V.yy = U/J. The systems used for the comparisons are one dimensional lattices with three
wells, M = 3, and commensurate filling factors= 5 and5.33 andn = 50 and50.33. We were
restricted to consider only three wells due to computational limitations. The size of the matrix needed
in the exact solution foflvV atoms and\/ wells scales aéj%_’f){!. However, if the approximate

approach works well for these small systems we expect it to provide a good description of the larger

systems prepared in the laboratory.

Because the second order term of the superfluid fraction (second term of Eq.(5.49) vanishes in the
quadratic approximations (see Eq. (5.60)), we only expect them to give a good description of the
superfluid fraction in the region where the second order term is extremely small, provided it predicts

accurately the first order term. This is exactly what is observed in the plots. When the second order
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Figure 5.3: Comparisons of the exact solution and BdG(and HFB-Popov) solutions as a funéipp of

U/J, for a system with\/ = 3 and filling factorsn = 50 and50.33. Left: number fluctuations (Exact:

solid line, BdG(and HFB-Popov): dotted line), middle: condensate fraction (Exact: solid line, BdG(and
HFB-Popov): dotted line, analytic Eq.(5.79): red line ), right: superfluid fracfio(Exact: solid line,
BdG(and HFB-Popov): dotted line). The exact second order term (dashed line) of the superfluid fraction,

f§2) is also shown in these plots. In this case the agreement is much better.

term starts to grow, typically abov@5V%; ( with V;}'JE = (U/J)., see Eq.(3.9)), the BAG (and
HFB-Popov) equations starts to fail. An estimateL('eﬂf“]tc is shown by a vertical line in some of

the figures. With increasing filling factor the critical value is shifted towards larger values of the
interaction strength, and the region in which the BdG (and HFB-Popov) equations are accurate gets
larger. It is interesting to note that the number fluctuations predicted by the theory are accurate in a

greater range than the other physical quantities shown. Its predictions of squeezing agree very well

with the exact solutions right up to the point where the number fluctuations become less than unity.

In the plots for the condensate fraction we also show the analytic approximation given by Eq.(5.79).
It can be observed that the analytic solution agrees well with the numerical solution of the BdG( and

HFB-Popov) equations.

For the cases with non-commensurate fillings the agreement is significantly better for all quantities.
This is not surprising because when the filling is not commensurate there is always a superfluid

fraction present and the Mott transition doesn’t occur. As can be seen in the plots for these cases the
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second order term is always very small.

HFB equantions

In the translationally invariant case the HFB Hamiltonian leads to the following equations:

L M- U U
qaq q—q qa = wg q : (586)
Mq-q  —Laqq Uq Uq
with
Lgq =€q+n.U—-Um, Mq_q=nU+Um. (5.87)
The diagonalization of them yields
pw = —tJ+Un,+2Un+Um, (5.88)
v? = ug?o1=fa e at ol UMzvg (5.89)
a qa
T Mag-q _ 10U + Um (5.90)
2wq 2wq
we? = eq? +2U(n, + m)eq — AU n,m, (5.91)
with
-~ 1 9
no= o > vl (5.92)
q7#0
1
m = i Z VqUq- (5.93)
q#0

From the above equation it can be seen that the quasiparticle energies predicted under the HFB
approximation don’t approach zero @goes to zero. As discussed in the previous section, the most
important contribution to the depletion of the condensate in the BdG equations comes from the low
lying modes, because of thg, ! dependence. The finite valuew§ has in the HFB approximation

asq goes to zero explains why the HFB equations are always going to predict smaller condensate

depletion than the gapless approximation.

In Fig. 5.4 we compare the condensate fraction predicted by the HFB equations with the condensate

fraction obtained from the BdG equations, for a system With= 3 and filling factorn = 10. It can
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be seen that the condensate fraction is always higher in the HFB solutions and remains constant at

higher values ot//.J which is not physically correct.

n=10, M=3
1 :

0.95

o 09 — BdG

— HFB
0.85
0.8

0 10 20 30 40
Vet

Figure 5.4: Comparisons of the condensate fraction given by the BdG solutions and the HFB equations as

afunction ofV. s, = U/J, for a system with\/ = 3 and filling factorn = 10.

5.6.2 One-dimensional harmonic trap plus lattice

In this section we consider the experimentally relevant case when there is an external harmonic magnetic
confinement in addition to the lattice potential. For simplicity we focus our attention on the one dimensional
case. We consider the two most relevant approximations which are the BdG equations and the HFB-Popov
approximation. Firstly we study the BdG equations in the weakly interacting regime and get some insight
on the solutions by deriving analytic results using the so called Thomas-Fermi approximation [12]. Sec-
ondly we study the HFB-Popov approximation and use it to explore the limits of validity of the quadratic

approximations as the interactions are increased.

e BdG equations

In the presence of the harmonic trap the BdG equations take the form:
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whup, + ez = =Ty +uh_y) + Uzal” — p 4 Qn®)us,

—Uz208, (5.94)
—wivn = oz = —J(vpgg +un_y) + (2U|2a]? — p+ Qn?)uy,
—Uz2us, (5.95)
pwen = —J(Zns1 + 2n-1) + (Ulza|* + Qn?) 2y, (5.96)
N = > (lzal® + ), (5.97)
fin = zn: [v2 )2, (5.98)
¢, = Ukn |Z"§i"|::2_ ), (5.99)

In the parameter regime whefé/.J < 1, but the number of atoms is large enough such that
NU/Jape > 1, Whel’ea;w:\/% (See Eq. (2.39)) the Bogoliubov approximation takes a rather
simple analytic form. The effect of increasing the ratléU/Jay, is to push the atoms outwards,
flattening the central density and increasing the width of the condensate wavefunction. The quantum
pressure, which is proportional to the kinetic energy, takes a significant contribution only near the
edges of the wavefunction, and to a good approximation it can be neglected. This is the so-called
Thomas-Fermi approximation (TF). This approximation has been very useful to derive analytic ex-
pressions in magnetic confined condensates without the lattice and proved to be in agreement with

experimental measurements [12, 18, 19].

Under the Thomas-Fermi approximation one gets a condensate density profile of the form of an

inverted parabola which vanishes at the turning poltits: = / /€

u—On?

n < Rrrp
2= {7 (5.100)

0 n > Rrp

The chemical potential is determined by fixing the total number of particles. To first order it is
possible to neglect the depletion of the condensate and assume thal® = N. Changing the sum

to an integral it can be solved farto get
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no= QR%"Fa

1/3
3NU
Rrp = <4 Q) . (5.101)

To solve for the excitation spectrum we use the Thomas-Fermi condensate amplitude, Eq.(5.100) into
Egs.(5.94)and (5.95) [18, 111] and use the paramk#eran expansion parameter in these equations.
We define the variableB? = ud + v andG;, = u;, — v;,. For simplicity we are going to set the
constants:; to zero and ignore the orthogonality constraint at the beginning. We correct this at the
end by removing from the modes their projection onto the condensate. To first otdlerdrget the

following set of equations:

n2

2
2120 ( o

I P \/1 n+1)2+\/1 (n 1)2

) GS =wBFs, (5.102)

=wlGs. (5.103)

These two equations can be combined to get a simple equation of the form

0 [ W m n
{\/1 (L (Fn+1 Fn) (5.104)

with Fs = Fs /. /1 — 2

> .
RTF

The above equation is just the discretized form of the Legendre equ%o(r(;l — :cg)%Pn) +

n(n + 1)P, = 0. Therefore the solutions of Eq. (5.104) are approximately given by :
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s(s+1)

wB = hw* 5 (5.105)
5= QRrp(2s +1) 1— n? p( (5.106)

no wf R%‘F s RTF ’ '

, wB(2s+1)

M 5.107
G =\, () 107

The larger the size of the condensate the closer are the approximate solutions, Eq.(5.107), to the exact

solutions of Egs. (5.104).

Finally, to make the solutions orthogonal to the condensate we have to remove their projection onto

the condensate mode:

ud = Ul — ez /wB, (5.108)

i = vd — ezt WP, (5.109)

If we calculate the constants using Eq. (5.99), and orthogonality properties of the Legendre poly-

nomial we find that the only mode that needs to be corrected is the quadrupolesmode,

4hw* R5Q)2
= - . A1
Cs 15U 63,2 (5 0)

From Egs. (5.110) it follows that the desirédandG amplitudes orthogonal to the condensate are

thus given by

F: — F5—2c,2,/wB, (5.111)

GS - Gl (5.112)

Once solved for the quasiparticle amplitudes, it is possible to calculate the depletion of the conden-

~ —1/2
sate, N =Y, . |vs|?. Itis important to point out that the ter 3"22 ) in the G amplitudes
’ TF

makes the sum divergent. The divergence however is nonphysical and only indicates the failure of
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the TF approximation nedrr. To perform the sum, we have to exclude the contribution from the

4
Aho

1/3
boundary layer of thickness = (2RTF) where the TF approximation starts failing [111]. Fi-

nally, to fix the number of particles t¥ it is necessary to renormalize the condensate wave function
and the chemical potential. This is done by renormalizing the Thomas Fermi radius and replacing
by N — N in Eq.(5.101).

In Fig. 5.5 we plot the condensate density profile found by numerically solving the BdG equations
and compare it with the TF condensate solution. The TF approximation reproduces the numerical
solution very accurately except at the edges where the kinetic energy can not be ignored with respect
to the potential energy. In the same plot we also show the condensate depletion which is small
for the chosen parameters. A small condensate depletion guarantees the validity of the quadratic

approximation to describe the many-body system.
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Figure 5.5: Comparisons of the condensate wave function found by numerically solving the BdG equations
with the Thomas-Fermi solution. The parameters used Wére= 0.2, Q/J = 9.5 x 10~* andN = 100.

The depletion is also shown in the plot.

In Fig. 5.6 we show comparisons between the quasiparticle energies found numerically, the TF

guasiparticle and excitation spectra of the noninteracting system (see Eq. (2.37)). It can be seen
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Figure 5.6: Comparisons of the quasiparticle spectrum found by numerically solving the BdG equa-

tions(BdG) with the Thomas-Fermi solution (TF) and the noninteracting energies (Free). The parameters

used werd//J = 0.2,Q/J = 9.5 x 10~* andN = 100.

in the plot that only the lowest lying modes are well described by the TF approximation. Higher
excitation energies are closer to the noninteracting ones. In the regime ¥kerteand the system’s

size is large enough that discretization effects, neglected in Egs. (5.105), are not important, the
first quasiparticle excitation energy coincide with the first noninteracting excitation energy . This
first excitation is known as the dipole mode and describes the oscillatory motion of the center of
mass when the system is displaced. The dipole quasiparticle amplitugies v:=1), calculated by
numerically solving the BdG equations are shown in Fig. 5.7. In the same graphic the quasiparticle
amplitudes for the = 2, 3, 4 excitation modes are also depicted. The: 2 mode is known as the
quadrupole mode and is related to the breathing of the condensate when shaken. Higher order modes
describe more complicated collective excitations. In general, quasiparticle excitations other than the
dipole are affected by interactions and they have different energy than the noninteracting excitations.

As shown in Fig. 5.6 TF quasiparticle energies lie below their noninteracting conterparts.

To test the accuracy with which the TF approximation describes the quasiparticle amplitudes, in Fig.
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5.8 we compare the produét;G;, as a function of the lattice site using the TF approximation
results (Egs. (5.112) and (5.111)) to the product found by numerically solving the BdG equations.
We observe good agreement between the two solutions except near the TF radius. This behavior is
consistent with the fact that near the edge of the atomic cloud, the kinetic energy becomes comparable

to the potential energy and therefore the TF approximation breaks down.
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Figure 5.7: Low-lying quasiparticle amplitudes found by numerically solving the BdG equations. The

parameters used wet&/.J = 0.2, Q/J = 9.5 x 10~*andN = 100.

e HFB-Popov approximation
In the translationally invariant system, both the BdG and the HFB-Popov approximations give the
same quasiparticle amplitudes and energies. However, when the harmonic confinement is present this
is no longer the case. The HFB-Popov approximation shifts the quasiparticle energies depending on
the spatial variation of the non condensate density in the region of the condensate. In this section we
investigate the limits of validity of the HFB-Popov approximation as the pararbgtéiis increased.
We use the HFB-Popov approximation instead of the BdG approximation because of the relevant

role of the noncondensate atoms into the condensate as the system is driven to the Mott insulator

transition.
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Figure 5.8: Comparisons between the prodl¢t:? calculated from the Thomas-Fermi approximation
and the exact numerical solution of the BdG equations. The parameters uset! iWere 0.2, Q/J =

9.5 x 10~* andN = 100.

In the presence of an harmonic confinement the HFB-Popov equations take the form:

woup, + ez = —J(up g +u_g) + (U (2] + ) — o+ Qn®)ug,
U208, (5.113)

—wsoy, = sz = —J(Uhg i) + QU(Jzal? + 7in) — o+ Qn?)o;,
Uz, (5.114)
pzy, = —J(zns1 +  zao1) + (U(Jza]? + 27) + Qn?) 2, (5.115)
o= > |l (5.116)
N = i:(|zn|2 + fin), (5.117)
e = UnZ“ l2nl’ (s, — 2nvn), (5.118)

2o l2nl?

The HFB-Popov are nonlinear equations and therefore it is more complicated to get analytic approxi-
mations. Instead, we solved the HFB-Popov equations numerically by an iterative procedure, similar

to the one followed in Ref. [19]. Each cycle of the iteration consists of two steps. In the first step we
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solve Eqg. (5.115) subject to the constraint Eq. (5.117) by using thebtained in the previous cycle.

This generates new values for the In the second step we solve fpe? , v} in Egs. (5.113) using

then,, from the previous cycle and the newly generatedThe{u?,v3} are used then to updais .
Because the HFB-Popov is gapless, it is possible to keep the orthogonality of the excitations to the
condensate by solving Egs. (5.113) with tlieset to zero but removing in each cycle the projection

of the calculatedu?, v$ } amplitudes onto the condensate. Convergence is reached when the change
in >~ |7,|? from one cycle to the next is smaller than a specified tolerance.

The parameters chosen for the numerical calculations Wer€).0015E R, with Er the one photon

recoil energy, which for the case of a rubidium condensate corresponds to a trap frequency of approx-
imately 90 Hz. We used a total number of 1000 atof¥is= 1000, and set/ N = 1.0Er. J was

varied to achieve a range df.;; = U/J between 0.01 and 312. The range was chosen based on

a local mean field approach [77], which for our parameters estimates the transition region between

Vers = 640 (at the center where the local filling factor is approximately 80) &nd ~ 12 (at the

wings).

The results of the numerical calculations are summarized in Figs. (5.9-5.13). In Fig. 5.9 we plot
the evolution of the density profile (black boxes), the condensate population (triangles) and the on-
site depletion (empty diamonds) &g s, is increased. In the plots we also show, for comparison
purposes, the ground state density profilefos 0 (empty boxes). This has the advantage that it can

be calculated exactly from the Hamiltonian. In general we observe the reduction of the condensate
population and thus the increment of the depletion with increasing interaction strength. When the
system is in the superfluid regime, most of the atoms are in the condensate Jbstdecreased the

depletion of the condensate becomes very important.

For the chosen parameters, the density profile has a parabolic shape reflecting the confining potential.
By comparing the evolution of the density dsis decreased with the exact solution.At= 0,
we can crudely estimate the validity of the HFB-Popov calculations. The density evolves from a

Gaussian type (see plots fot;s = 0.01 and0.09) with smooth edges towards a Thomas-Fermi
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Figure 5.9: Condensate density (triangles), total density (filled boxes) and local depletion (empty dia-
monds) as a function of the lattice sitéor different values o/ ¢; .The site indices are chosen such that
1 = 0 corresponds to the center of the trap. Although these quantities are defined only at the discrete lattice

sites we join them to help visualization. The empty boxes represent the exact solution for the case J=0.

profile with sharp edges adjusting its shape to fhe- 0 profile. We can appreciate that around

Vers = 3 both profiles are almost equal. For lower values/ahe HFB-Popov density starts to

differ from the J = 0 limit, even though the system is closer to tlie= 0 limit. We can say

that beyond this point higher order correlations, neglected by the theory, begin to be important. The
departure of the HFB-Popov density profile from the= 0 one as/ is decreased begins at the edges

(see the panels correspondingifo: s = 11 and100). This is expected if we consider the on-site
depletion. For such values &, the local depletion in the wings corresponds to a considerable
percentage of the condensate populations, and thus the validity of the HFB-Popov assumptions starts
to be dubious. The homogeneous results shown in the previous sections corroborate our present
statements for the confined system. For the smallest filling factor (see Fig. 5.2) the differences

between the homogeneous HFB-Popov calculations and the exact solutions become important for
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values of Vs, greater than 20. For higher valueslof; ¢, see plot folV, ;s = 312, the HFB-Popov
density predictions differs from th& = 0 solution even at the central wells. At this point the failure

of the method is clear and a fully quantal method is required.

T 1T 1T 1T 1T T T T T T 171 T T T T T T o]
0.6; <><>;
0'4; 0000000 ﬁi}g_g

| QOQQ sk{?éé B

: QOQO AL :
02 — <><><> s&ﬁ%%éé ]

- <><><> AL -

L 00 ﬁ*ﬁﬁ*ﬁ%%éé -

L iiﬁﬁ*ﬁi}*ﬁﬁ*ﬁ éé B
oﬁ%gm‘mgqﬁgﬁﬁﬁﬁﬁﬁﬁéé A A RN R A A

0 2 4 6

q

Figure 5.10: Quasiparticle spectrum predicted by the HFB-Popov theory for different valdgs obEmpty
diamonds(V,ys = 0.01), stars {.sy = 0.09), crossegV.sy = 3), filled diamonds(V.;; = 11), empty
boxes(V.rs = 100) and pentagon§/. sy = 312). The letterg labels the quasiparticle energies in increas-

ing order. The quasiparticle energies are in recoil units.

The HFB-Popov quasiparticle spectrum is shown in Fig. 5.10. It can be observed how the lower
energy eigenvalues evolve from a linear non degenerated spectrum to an almost degenerated one as
J is decreased. It is worth mentioning that the small energy difference between the ground and first
excited states for high values oV, ;s makes the numerical solution very unstable in the sense

that it is very easy to jump to an excited state when solving for the condensate wave function. The
decrement in the energy spacing predicted by the HFB-Popov theory as the system approaches the
transition is very useful to keep in mind for the experimental realization of the Mott transition. As

the optical lattice depth is ramped up the adiabaticity criteria is harder to fulfill.

In Fig. 5.11 we plot the results for the number fluctuations found numerically using the inhomoge-
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Figure 5.11: Number fluctuations in the self consistent HFB-Popov approach as a function of lattice site
for Vegr = 0.01 (boxes),Verr = 0.09 (crosses)Vers = 3 (circles)Vers = 11 (triangles),V. ¢y = 100

(stars) andV. sy = 312 (diamonds). The maximum value reached by the profile decreasgs asis
increased. The empty boxes shown for each of the curves correspond to the number fluctuations predicted

by the homogeneous HFB-Popov model using a local density approximation.

neous HFB-Popov approach. The number fluctuations profile reflects the condensate profile. We also
show the number fluctuations evaluated by using a local density approximation (empty boxes). The
latter was calculated by substituting in the number fluctuations expression (Eq. (5.56)fthé}
amplitudes found for the homogeneous system (Egs. (5.66) and (5.67)), but replacing the condensate
density in each lattice site by the one found numerically for the trapped system (see Fig. 5.9). The
complete agreement between the two approaches justifies the validity of the local density approxi-
mation for the estimations of local quantities in confined systems. Based on this agreement and the
results for the homogeneous system shown in the previous section, we expect that the inhomogeneous

HFB-Popov results for squeezing also agree with the exact solutions right up to the transition.

In Fig. 5.12 we present the quasimomentum distribution for the same parameters used in the previous
plots. The distribution for the two lowest values Wf;; corresponds to the one that characterizes

an uncorrelated superfluid phase with a narrow peak at small quasimomenta. As the hopping rate
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Figure 5.12: Quasimomentum distribution as a functiogafa the lattice spacing; the quasimomentum,

for different values ol .

is decreased we observe that the sharpness of the central peak decreases and the distribution ex-
tends towards large quasi-momenta. It is interesting to note the appearance of a small peak between
g = 0.5 and1 which is most noticeable for thé.;; = 3 case. This agrees with numerical solutions

of the Bose-Hubbard Hamiltonian using Monte Carlo simulations [112]. We attribute the origin of

the small peak to the depletion of the condensate at the wings. For the parameters when the small
peak is present, the most important contribution to the quasimomentum distribution still comes from
the condensate atoms. The step function like shape of the condensate profile causes an oscillatory
| sin(z)/x| shape of the quasimomentum distribution. As the lattice depth is increased the hopping
becomes energetically costly, the long-range order starts to decrease and the Fourier spectrum be-

comes broader.

In Fig. 5.13 we plot the first order on site superfluid fractiﬁﬁé) which was defined in Eq.(5.60).
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Figure 5.13: First order on-site superfluid fraction as a function of the lattice &itedifferent values of
Very..The site indices are chosen such that= 0 corresponds to the center of the trap. Filled boXés;.
=0.01, empty boxesV, ¢ = 0.09, empty diamondsV, ¢ = 3, stars:V.s; = 11, crosses¥, s = 100

and triangles¥V.;; = 312.

The curves corresponding i@ = 0.01 — 11, which are in the regime where the HFB-Popov is
expected to be valid, depict how dg ¢ is increased the superfluid profile decreases faster at the
wings and at the center but no major change is observed in the middle section. The evolution of the
on-site superfluidity as the interaction strength is increased, exhibiting a domain localized decrement
instead of a global one, is in agreement with the development of uncompressible regions surrounded

by superfluid rings predicted for trapped systems [79] as the transition is approached.

The Mott transition is a quantum phase transition and as for all critical phenomena, its behavior
depends strongly on the dimensionality of the system. In the present analysis, due to computational
limitations, we considered one dimensional systems. Experimentally, the Mott transition has been
achieved [46] in a 3 dimensional lattice with filling factors between 1 and 3. Even though the HFB-
Popov approach fails to describe the strong coupling regime for the one dimensional systems we
considered, we showed how the method is incredibly powerful in describing most of its characteristic

features as they are driven from the superfluid regime towards the transition. We expect the HFB-
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Popov method to give a better description of the transition as the dimensionality of the system is

increased and therefore to be a good model in an experimental situation.

As shown in previous studies [44], [79] the Mott transition id-dimensional homogeneous system

has two different critical behaviors: ond+1) XY- like, for systems with fixed integer density as

the interaction strength is changed, and one mean field-like exhibited when the transition is induced
by changing the density. Different from the homogeneous case where the Mott transition is charac-
terized by the global offset of the superfluidity, for confined systems, commensuration is only well
defined locally. The inhomogeneity introduced by the confining potential allows the existence of
extended Mott domains (above a critical interaction strength) surrounded by superfluid ones [79],
thus the total superfluid fraction doesn’t vanishes in the Mott regime. This issue, together with the
fact that the finite length scale introduced by the trap suppresses the long wave fluctuations which
are responsible for destroying the mean field {16)ake us believe the critical behavior in confined
systems to be more mean-field like. Because the critical dimension for the latter type of transition is
two [44], [79], we expect that for trapped systemslig= 3, the range of validity of the HFB-Popov

extends closer to the transition.

5.7 Improved HFB-Popov approximation

The corrections to the quadratic Hamiltonian from higher order terms have essentially two major effects.
Firstly, they include the effect of the interactions between condensate and noncondensate atoms on the
behavior of the condensate. Secondly, they take into account the effect of the surrounding atoms on the
nature of the interatomic collisions. We mentioned previously that although the HFB treatment should
represent an advance over the BdG theory it is not useful in practice because it is not gapless. In the first
part of this section we show, how, by taking into account the anomalous averégg. (5.18)) we actually
upgrade the bare interaction potentiato the many body scattering matrix which gives a better description

of interparticle collisions. The problem with the HFB equations is that not all the interactions are upgraded

10ne obvious consequence of this is that BEC is possible in one and two dimensions in a trap whereas in the homogeneous,

thermodynamic limit it can not occur in fewer than three dimensions
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and the diagonal elements still contain bare interaction terms. The different treatment of the off diagonal
and diagonal terms is caused by the factorization approximation on which the HFB approximation is based.
The factorization is appropriate for the quartic term in the Hamiltonian (as it is justified by Wick’s theorem
[16]) but not for the cubic terms.

To solve the problem the first approximation that one might think of is to upgrade by hand the bare
interactions in the diagonal terms and replace them by the many-body scattering matrix. This procedure
is known as the improved Popov approximation [53, 16]. In this section, we discuss the improved Popov
approximation and apply it to a translationally invariant system. We explicitly show that the improved
Popov approximation gives a better description of the many-body physics as the Mott insulator transition is

approached in comparison with the regular HFB-Popov approximation.

5.7.1 The two-body and many-body scattering matrices

The two-body scattering matrifo;,, describes the scattering of two particles in vacuum. It is defined as a

function of a complex parameterby the Lippmann-Schwinger equation:[51]

1
Tap(z) =V + VWT%(Z% (5.119)

5 —
HereV is the interatomic potential anH " is the single particle Hamiltonian. Althoughy, is defined
for a general complex parameterthis is physically interpreted as the energy of the scattering process.

Inserting a complete set of eigenstates in Eq. (5.119) one obtains:

Taw(2) =V + Z V|PQ>W<PQ|T%(Z)’ (5.120)
o ptEq

wheree, andeq are single particle energies (eigenvaluegicP), and the ket$pq) are the corresponding
two particle eigenstates and describe the intermediate states in the collision of two atoms. A diagrammatic
representation df'y, is shown in Fig. 5.14. Because of the ladder shape of the diagrams included in the
scattering matrix, they are usually referred as ladder diagrams.

To, describes the interaction between two particles in vacuum. In the interacting Bose system,

binary collisions do not occur in vacuum but in the presence of other atoms. To describe their influence
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Figure 5.14: Diagrammatic representation of the two-bdgdyscattering matrix. In this figurgkl) desig-

nates the initial statedj) the final states anphp) a set of intermediate states

on the scattering the concept of the many-body scattering matrix is introduced. The many-body scattering
matrix, T,,,;, plays the same role as its two-body counterpart, but describes scattering occurring in many-
body systems. For a bosonic gas there are two major effects which need to be accounted for as compared
to scattering in vacuum. First of all, the relevant states which enter in the matrix elements should be
many-body states rather than single particle ones. Sedgpgdshould account for Bose enhancement of a
scattering process. Various forms for thg,, have been been proposed in the literature [16, 53, 54, 113]
depending upon the approximations made. The one that we are going to use is a simplest generalization of
the two-body matrix given by [16, 113]:

1+np+n
Top(2) =V 4+ V\p(ﬁﬁ@qwmb(@? (5.121)
Pa

wherez is again a complex parameter, andw, are quasiparticle energies, andn,, are thermal quasi-
particle occupation factors which vanishZat= 0, and|pq) correspond to single-particle wave functions.

The full quasiparticle character of the intermediate states is not taken into account in this simple definition.
A more general many-body scattering matrix which includes the full quasiparticle wave functions has been
discussed by Bijlsma and Stoof [53]. However this simfley, matrix is the one that naturally appears in

the many-body theory, at least at lowest order.
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At this point it is important to highlight that the zero energy of the many-body scattering matrix is
not the same as the zero energy in its two-body counterpart. Because the two-body matrix is written in
terms of single particle energies, in this caseli®measured relative to the energy of a stationary particle.

In the many-body casg,,,; is defined in terms of quasiparticle energies and therefasaneasured with
respect to the condensate chemical potential. In the dilute gas limit, where the inter-particle distance is
large compared with the s-wave scattering length, the ladder diagrams includedlin tluytve the largest

contribution to the modification of the bare potential due to interactions.

5.7.2 The anomalous average and the many-body scattering matrix

In this section we are going to follow [16, 53] to show how by including the anomalous average the many-
body scattering matrix is introduced into the theory. For interpretation purposes we are going to restrict the
analysis to the translationally invariant system.

The anomalous averageis defined in terms of the quasiparticle amplitudgsndv, according to
Eq.(5.93). The produet,v,, on the other hand, is related to the off diagonal matrix elements, see Eq.(5.90).

If we combine the two equations we get an expression for the off diagonal matrix eldrhgng given by

Maza _p;, U= — L Maq (5.122)

No M . wp +w_p) Mo
To make the connection with the many-body scattering matrix, let us take the inner product of Eq. (5.121),

with the statesq — q| and|00) and evaluate it at = 0. At zero temperature, the thermal occupation

factors vanishp, = 0 and we get:

(@ — a|T,5(0)[00) = (q — q|V[00) + > (qa— a|V|pk)— (k| Tms(0)[00).  (5.123)

ok (wp + wk)
The quantity(k; ks| V' |ksky) is the momentum representation of the two-body interaction potential
V. In the Bose-Hubbard Hamiltonian we assume a contact potential with amplitudhich yields a

potential in the momentum representation given by

U
(kika| V |ksky) = Mdkﬁk%kﬁkél. (5.124)
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Using Eq. (5.124) into (Eqg. 5.123) we obtain

Ty = U+—=> U—-——To, 5.125
b M Z _(Wp +w_p) b ( )
with
1
(P = p|Tmp(0)[00) = T (5.126)

Egs. (5.125) and (5.122) imply thalq_q = n,7Zms, and therefore that by including the anomalous
average in the equations, the off diagonal matrix element givelirhyin the BdG equations is upgraded
to 7,.pm, in the HFB equations.

The many-body scattering matrix also appears in the DNLSE since Eq. (5.89) contains

= —tJ + Uny + 2U7 + Ui = —tJ + Tppno + 2UT. (5.127)

Finally, to conclude this section we just rewrite the HFB equations in terrig,pbbtaining:

€q + 102U — Thup) —16Tmp U, U
B Tl=ug| | (5.128)
NoTmb —eq — No(2U — Tpp) Vg Vg
This allow us to explicitly see the different treatment that the theory gives to the diagonal and off diagonal

terms: The bare potential is completely upgrade®,tg in the off diagonal terms but is not in the diagonal

ones, and in the chemical potential.

5.7.3 Improved Popov approximation

The appearance of a gap in the HFB equations is because of the different treatment of the off diagonal
and diagonal terms. We will show in chapter 8 that as we go beyond the quadratic approximation of the
Hamiltonian and include higher order corrections we start to incorporate the many-body scattering in the
diagonal terms. However, a naive way to correct for the gap problem in the HFB equations is simple to

upgrade by hand the interactions in the diagonal terms and replace them by the many-body scattering
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matrix. This way to proceed is known as the improved Popov approximation [16, 53]. The matrix we have

to diagonalize under the improved Popov approximation is:

€q + noTmp —no T U U
4 o ° = wWq 4 (5.129)
o Tmb —(eq + 1o Zmp) Vg Vg
1= —tJ + Topno + 2T,70 (5.130)

Egs. (5.129) and (5.130) together with Eq. (5.125) and Eq. (5.69) form a closed set of equations. They
are exactly the same than the HFB-Popov equationsig replaced by7,,,. The reason why there are
two different coupling constant in the equation for the chemical pote‘m@Iandfmb, is because they
describe two different scattering processes. The second term in the right hand side of Eq. (5.130) describes
the scattering between two atoms in the condensate colliding at zero momeqtung T,,,;,(0)|00), and
that is why the coupling constant®,; (see Eg. 5.126). On the other hand, the third term describes the
collision between one condensate atom and one atom out of the condensate and the coupling constant in
this case should be evaluated at different endrgy o > (PO[Trp(wp)|0P).

The extra difficulty that the improved Popov equations have compare with the HFB-Popov equations
is that7,,,;, depends on the quasiparticle energies and all equations must be solved in a self consistent way.

To get simple analytic expressions we start by analyzing limiting regimes.

e Casen, T,y > J

In this regime the quasiparticle energy can be approximatedpy~ /2n,7Tnpeq. Using this

approximation in the expression for the many-body scattering matrix we obtain

U
)
U2a2
L+ V nod Tonb

with « defined in Eq. (5.73). Solving the algebraic equation we get two possible solutions

T = (5.131)

2 2
Ty = U + <a2 /ot + 4‘]’5’0‘ ) : (5.132)



Because we want the root which increase&/ascreases we choose the solution with positive sign.

e Casen,Z,p < J

In general one can show that the conditios7,,, < J is only satisfied if the quantit{,,,/J is
small. This also implies that the parametéfJ must be small. In this regime, therefore, we can

perturbativelly expand Eq.(5.131) in powerslofJ to get:

ﬂme<1+O<g)>. (5.133)

The fact that Eq. (5.134) has the correct asymptotic behavior in thedigfit,, < J (it approaches téd/
asU goes to zero) even though it was derived under the assumpgidn, > J, allow us to extend the
validity of Eqg. (5.132) to all regimes. Therefore, to a good approximation, we get a general formula for

Tmp given by:

U? 9 4, 4dn.a?
T = U + 5T (a +4/a* + i . (5.134)

We have checked numerically that in fact, Eq. (5.134) is a very good approximatiy, afh all regimes.

Having an analytic expression f@F,,;, we can solve for the condensate density to get:

1 eqt+tUn, 1
S Dk S
M g 2
Ty,
Rg—a Tbno. (5.135)

In the above equation we used the same approximations that lead to Eq.(5.72), which was explicitly showed
to be good in Figs. 5.2 and 5.3 and the definitiory gfiven in Eq. (5.74).
If we solve Eq. (5.135), we finally obtain an analytic expressiomfor
Ug

Ne X g — = (5.136)

Surprisingly, the expression for the condensate density that we get after including the many-body scattering
matrix is exactly the same, as the one we get if in the BdG equations for the condensate, Eq. (5.72), we

replacen, by g in the right hand side. Except for the terﬁg]\%, this corresponds to the lowest order
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solution we can get of Eq. (5.72), where instead of solving self consistently the algebraic equation we

replacen, by n. The term% is very small at high densities whernt 1/2 = n, regime where in fact we

only expect a mean field treatment to be valid and it might be interpreted as a finite size effect. Hereafter we

are going to refer to the non self consistent solution of the BdG equations as the test field approximation.
Finally, if we use the expression for the condensate density Eq. (5.136) in Eq. (5.134), and assume

again that: + 1/2 ~ n, after some algebraic manipulations the final result we get is

NoTmp = Un. (5.137)

For us this a striking result. The net effect of including the many-body scattering matrix in the theory
reduces to replacingn, in the BdG equations witlVn. This result is hard to understand because what
it implies is that the lowest order approximation beyond the simple DNLSE, is the one that reproduces the

best the exact solution as the interactions in the system are increased.

n=5 M=3 n=5.33 M=3

fc

0O 5 10 15 20 25 30 0O 5 10 15 20 25 30
u/ad U/

Figure 5.15: Comparisons of the condensate fraction predicted from the exact diagonalization of the BHH
(red), the improved Popov approximation (yellow), the BdG (and HFB-Popov) equations (blue) and the test
field approximation (green) as a function 6f;y = U/J, for a system with\/ = 3 and filling factors

n = 5 and5.33.

To check the improvement that we get by including the many-body scattering matrix in the theory,
in Figs 5.15 and 5.16 we show comparisons of the condensate fragtios, n,/n, as a function of
U/J calculated from the exact diagonalization of the many-body Hamiltonian (red) with the improved

Popov(yellow) and the regular BAG (and HFB-Popov)(blue) approximations. We also plot the test field
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Figure 5.16: Comparisons of the condensate fraction predicted from the exact diagonalization of the BHH
(red), the improved Popov approximation (yellow), the BdG (and HFB-Popov) equations (blue) and the test
field approximation (green) as a functiondf;; = U/J, for a system with)/ = 3 and filling factors

n = 50 and50.33.

approximation results (green). In the plots we used a one dimensional latticé4vith3 and densities
n = 5 andn = 5.33 in Fig. 5.15 anch = 50 andn = 50.33 in Fig. 5.16.

It is clear in the plots that the improved Popov is a better approximation than the regular BdG
(and HFB-Popov) approximation. In particular in the non commensurate, high density case the agreement
between the improved Popov and the exact solution is very good. It also can be seen in the plots how
the improved Popov reduces to the simple test field approximation. The small differences seen in the low
density case disappear as the density is increased. To corroborate the validity of Eq. (5.137), we plotin Fig.
5.177,. fc, calculated from Egs. (5.136) and (5.134),0¥s The curves just overlap in the high density

regimen = 50 and in the low density case= 5 the disagreement is very small.

Phase Transition

One of the signatures of the entrance to the Mott insulator phase is a zero condensate density. As we
mentioned below, the BAG (and HFB-Popov) approximation does not predict the Mott insulator transition
because the condensate density only vanishes in the limit When— oo. On the other hand, the im-
proved Popov approximation, does predict the existence of a critical vale — (U/J),, at which the

condensate density vanishes:
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Figure 5.17: Comparisons betweey/n7,., = f.Tn» andU as a function ol for a system with\/ = 3

and filling factorsn = 5 and50.

C

_nthy n
eff —

— S (5.138)

If we compare the above expression with the equation of the critical point calculated from a mean field

model starting in the Mott insulator phase (see chapter 3) giveriby,= ¢ ((2n +1)+ ( (2n+1)2 — 1))

we see that in the high density limit, the only regime where mean field theories are expected to be valid,

both equations describe a critical point which scales linearwihd with a proportionality constant which

depends only on the dimensionality of the system. In the improved Popov approximation the proportional-

ity constant isl /a2, in the mean field theory starting from the Mott phase #igremembet is the number

of nearest neighbors). For a one dimensional lattice in the thermodynamic limit the improved Popov ap-

proximation has the infrared divergency problems- oo and the critical point approaches zero. However,

this is consistent with the calculations done in Ref. [44] where the authors showed using renormalization

group techniques that the upper critical dimension for the transition at constant integer dedsityds
Nevertheless, the phase transition predicted by the improved Popov approximation does not have a

clear connection to the real Mott insulator phase transition. A specific problem is the fact that the improved

Popov approximation does not distinguish between commensurate and incommensurate fillings. This dis-

tinction is crucial to reproduce the characteristic superfluid to Mott insulator phase diagram. Furthermore,

there is not clear signature that the system becomes incompressible in the Mott phase, and no gap in the

excitation spectrum opens up as the transition is reached.
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5.8 Conclusions

In summary, in this chapter we have developed quadratic approximations for describing the approach of
a superfluid system towards the Mott insulator transition. We have shown that this method can be used
to predict the relevant physical quantities over a useful range. However, the quadratic approximations are
developed assuming small fluctuations and therefore as soon as quantum correlations become important it

is clear that a fully quantal method is required.
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Chapter 6

The two particle irreducible effective action (2PI) and the closed time path (CTP) formalism

In the last section we focused our attention on quadratic approximations of the many body Hamiltonian and
we used them to describe equilibrium properties of ultra cold atoms loaded in optical lattices. In this chapter
extend our analysis to non equilibrium systems. The description of the evolution of condensates far from
equilibrium has gained considerable importance in matter-wave physics, motivated by recent experimental
achievements such as the colliding and collapsing condensates [20, 21, 115, 114], collapses and revivals of
the coherent matter field [47] and the NIST patterned loading experiment described in chapter 4. To date
most theoretical descriptions of nonequilibrium dynamics of BEC'’s have been based on the time dependent
Gross-Pitaevskii equation, coupled with extended kinetic theories that describe excitations in dilute weakly
interacting systems close to thermal equilibrium ([15],[58]-[62],[116]). However, experiments such as
those mentioned above have been able to achieve regimes where the standard mean field description is
inapplicable, so new methods are required.

To treat far-from-equilibrium dynamics, in this chapter we adopt a closed time path (CTP) [56]
functional-integral formalism together with a two-particle irreducible (2PI) [57] effective action approach.
We retain terms of up to second-order in the interaction strength when solving these equations. This method
has been generalized for and applied to the establishment of a quantum kinetic field theory [117, 118, 119]
with applications to problems in gravitation and cosmology [120, 121], particles and fields [122, 123],
BEC [54, 125] and condensed matter systems [124] as well as addressing the issues of thermalization and
guantum phase transitions [126, 127, 128].

In this chapter we consider under the 2PI-CTP scheme different approximations: the Hartree-Fock-
Bogoliubov (HFB) approximation, the next-to-leading orde¥lé¢xpansion of the 2PI effective action up
to second-order in the interaction strength and a second-order perturbative expansion in the interaction
strength. In chapter 7 we apply the 2PI-CTP approximations derived here to describe the the patterned

loading experiment [33] previously discussed in chapter 4.
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Figure 6.1: Two-loop (upper row) and three-loop diagrams (lower row) contributing to the effective action.

Explicitly, the diagram a) is what we call tiiuble-bubble b) thesetting-surand c) thebasketball

6.1 2Pl effective actioi'(z, G)

The first requirement for the study of nonequilibrium processes is a general initial-value formulation depict-
ing the dynamics of interacting quantum fields. The CTP or Schwinger-Keldysh effective action formalism
[56] serves this purpose. The second requirement is to describe the evolution of the correlation functions
and the mean field on an equal footing. The two particle irreducible (2P1) formalism [57] where the cor-
relation functions appear also as independent variables, serves this purpose. By requiring the generalized
(master) CTP effective action [118] to be stationary with respect to variations of the correlation functions
we obtain an infinite set of coupled (Schwinger-Dyson) equations for the correlation functions which is a
guantum analog of the BBGKY hierarchy. The 2PI effective action produces two such functions in this
hierarchy. In this section we shall focus on the 2PI formalism, and then upgrade it to the CTP version in the
next section.

Our starting point is the one dimensional Bose-Hubbard Hamiltonian (see chapter 3).

1 ,
_ o ot ata ot
H = —Jzi:(ai Qi1 +aiy, ai)+§Uzi:ai a, a; a; —|—Z:Viagai (6.1)

whered; anda; are the bosonic operators that annihilate and create an atom on thie siere, the

parametetl/ denotes the strength of the on-site repulsion of two atoms on thée; dite parametei/;
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denotes the energy offset of each lattice site due to an additional slowly- varying external potential that
might be present (such as a magnetic trap),.Adénotes the hopping rate between adjacent sites. Because
the next-to-nearest neighbor amplitudes are typically two orders of magnitude smaller, tunneling to next-to-
nearest neighbor sites can be neglected. The Bose -Hubbard Hamiltonian should be an appropriate model
when the loading process produces atoms in the lowest vibrational state of each well, with a chemical
potential smaller than the distance of the first vibrationally excited state.

Hereafter we consider for simplicity only a homogeneous lattice with periodic boundary conditions
and no other external potentidl;(= 0). Once the equations of motion are derived, it is straightforward to
generalize them to higher dimensions or to include additional external potentials. As usual, we denote the
total number of atoms bV and the number of lattice sites By .

The classical action associated with the Bose-Hubbard Hamiltonian (6.1), is given in terms of the

complex fields:; anda; by

Slal,a;] = / dtZihaf(t)@tai(t)
+ [ @Y7 (@ Oass () + ot (1) (6.2)

- [ @Y Saiwa ata)

a; =a}, af =a?. (6.3)
In terms of these fields the classical action takes the form
1
Sla] = / dt;ihabaﬁ(t)hataf(t (6.4)

vf "y (Jouata)ak(0) - Fptomatat0)?).

where N is the number of fields,which is two in this case, and summation over repeated field indices

a,b = (1,2) is implied andh,; ando,;, are matrices defined as
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0 -1 0 1
hap =i > Oab = . (6.5)

1 0 1 0

In terms of the familiar Pauli matrices,, = o, andhq, = —oy,.

After second quantization the field$ are promoted to operators. We denote the expectation value
of the field operator, i.e. the mean field, b§(t) and the expectation value of the composite field by
G;?;’(t, t'). Physically,|z¢(t)|? is the condensate population and the composite fields determine the fluctua-

tions around the mean field:

2 (t) = (ai(®)), (6.6)
Gt = (Teaf()ai(t) — {af (1) (ai(t))) - (6.7)
The brackets denote the expectation value with respect to the density matfik atehotes time ordering
along a contou€’ in the complex plane.
All correlation functions of the quantum theory can be obtained from the effective dctior],
the two particle irreducible generating functional for Green’s functions parameterizef(byand the

composite fieIdG?f(t,t’). To get an expression for the effective action we first define the functional

Z[J,K] [567] as

Z[3, K] = W K]/h 6.8)
@ ‘ a 1 a b
- IZI/D“ Py 7 Slal +/dt§i:Jm(t)ai (t) + 2/dtdt’%:ai (t)al(t)Kijan(t, 1) | ¢,
where we have introduced the following index lowering convention
Xo=oaX". (6.9)

The functional integral (6.8) is a sum over classical histories of the digldn the presence of the local
source J;, and the non local sourds; ;.. The coherent state measure is include®in The addition of

the two-particle source term is what characterizes the 2PI formalism.
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We definel'[z, G| as the double Legendre transformi&fJ, K] such that

WK,
Siaw - AW (6.10)
SW[JI,K] 1, o

K (6,1 Sl (D)2 (') + G5} (¢, ). (6.11)

Expressingl andK in terms ofz andG yields

TG = WIK] - / dtZJm(t)zf(t)—% / drdt’ 3 22 (02 (VK gy (1, 1)
—% / dtdt’ZG?Jb(t,t’)Kijab(t,t’). (6.12)

From this equation the following identity can be derived:

1) G
;i;’(t)] — _Jia (t) - /dt/ ;(Kljad(t, t/))zj(t/>7 (613)
o[z, G] 7 71 . )
SGR(t ) 5 Kija(t,1). (6.14)

In order to get an expression fBfz, G| notice that by using Eq.(6.8) fé¥[J, K] and placing itin Eq.(6.12)

for I'[z, G}, it can be written as

1;[ / Da® exp {; (S [a] + / dt; Jia(t) [af (t) — 2 (1)] (6.15)

1 1
+5 /dtidt; (al (1)K jqp (8, 1)al(t) — 28 (1)K i (t, 1) 22(1)) — 2TrGK>}

II / Da* exp{; (S[a] - / dt; w la%(t) — 22(2)]

- [t fat0) = =200 g s [ob(e) =20 + TrGéF([SZG]> } ,

exp (;F[27G])

whereT'r means taking the trace. For simplicity we have dengtéd . by [ dt;. Defining the fluctuation

field, p¢ = af — ¢, we have
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Iz, G] fTrGM = —ihlnH/Dg@"eXp (;S[Z’,G; (,0}), (6.16)

oG
o[z, G
S Gigl = S+l [an e -
!/ a 51—‘[27(;} byl
dt;dt oF (0) s ap 7 @i () (6.17)
/ ! G (L, 1)

By introducing the classical inverse propagatbr-(z) given by

05[7]

iDijay(t,t") 7 YTy Sy (6.18)
’ 02 (t)dz;?(t’)
— (6ij}Labat —+ J(5i+1j =+ 5i71j)0ab) 5(t — t/)
U c !
7N (QZla(t)Zlb(t) + Oab”; (t)Zw(t)) 5’Lj6(t —t ),
the solution of the functional integro-differential equation (6.16) can be expressed as
Iz, G] = S[z] + %T’I‘ InG~ !+ %T’I‘D_l(Z)G + T's[z, G] + const. (6.19)

The quantityl's [z, G] is conveniently described in terms of the diagrams generated by the interac-

tion terms inS[z + ] which are of cubic and higher ordersgn

Suilz+¢l =~ [ duloutiel)

—% / dt i (1) zia (DL (E)pin(E). (6.20)

It consists of all two-particle irreducible vacuum graphs (the diagrams representing these interactions do
not become disconnected by cutting two propagator lines) in the theory with propagators set éqaiadito
vertices determined by the interaction termsia + ] .

Since physical processes correspond to vanishing sodreesl K, the dynamical equations of
motion for the mean field and the propagators are found by using the expression (6.19) in equations (6.13)

and (6.14) , and setting the right hand side equal to zero. This procedure leads to the following equations:
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haph@:22(t) = —J(zis1a(t) + 2i—14(t)) (6.21)
U

7 (72 () + G (8, 1)) zialt)
43 (Guiaalts1) + Gt )220
VIERe
626 (t)
and
Gap(t) = Dijap(t,t) ™" = Tijan(t,t), (6.22)

. 6F2[2’,G]

Sia(tt) = 222
SGE (L, 1)

(6.23)

Equation (6.22) can be rewritten as a partial differential equation suitable for initial value problems by

convolution withG. This differential equation reads explicitly

U
hehoG S (t 1) = —J(Ggilj(t,t’)+G$E1j(t,t’))+N(zid(t)zg(t))ggf(mf)+ (6.24)

2U

sz(t)ng-’(t,t’)zic(t) +i / AN (NG (7 ) + 670656t — ).

The evolution oz andG*? is determined by Egs. (6.22) and (6.24) oiiéz, 7] is specified.

6.2 Perturbative expansion B(z, G) and approximation schemes

The diagrammatic expansion df; is illustrated in Fig. 6.1, where two and three-loop vacuum diagrams
are shown. The dots where four lines meet represent interaction vertices. The expression corresponding
to each vacuum diagram should be multiplied by a fa¢te)!(i)*—2 wherel is the number of solid lines
and s the number of loops the diagram contains.

The actionT" including the full diagrammatic series fb% gives the full dynamics. It is of course
not feasible to obtain an exact expressionlfgtin a closed form. Various approximations for the full 2PI
effective action can be obtained by truncating the diagrammatic expansidr,.fé/hich approximation

is most appropriate depends on the physical problem under consideration.

118



6.2.1 The standard approaches

1. Mean-field approximation:

If, in Eq. (6.19), we discard all terms to the right 8fz], we recover the DNLSE. This gives us the

usual mean-field description, in which the system remains a pure condensate.

2. One-loop Approximation:

The next approximation consists of discardingaltogether. This yields the so-called one-loop ap-
proximation. The one-loop approximation has an equation for the fluctuations identical to the BdG
equations (See chapter 5), however the equation of motion for the condensate does include the deple-
tion and anomalous terms. The presence of this terms is necessary for the time dependent evolution
because they guarantee the conservation of particle number and energy. The unequal treatment of
the condensate and fluctuations present in this approximation introduces limitations and makes this

approach not very attractive for studying the non equilibrium dynamics.

3. Time-dependent Hartree-Fock-Bogoliubov (HFB) approximation:

A truncation ofT’; retaining only the first order diagram in U, i.e., keeping only doeible-bubble
diagram, Fig. 6.1, yields equations of motion foand G which correspond to the time dependent
Hartree-Fock-Bogoliubov (HFB) approximation. This approximation violates Goldstone’s theorem,
but conserves energy and particle number [132, 15, 133]. It is important to point out that between
all the quadratic approximations discussed in chapter 5 only the HFB approximation is suitable for
describing non equilibrium dynamics because it is the only one that obeys conservation laws. The
HFB equations can also be obtained by using cumulant expansions up to the second-order [136] in
which all cumulants containing three or four field operators are neglected. The HFB approximation
neglects multiple scattering. It can be interpreted as an expansion in tertng 8f (wheret is

the time of evolution) and is good for the description of short time dynamics or weak interaction

strengths. It will be described in more detail in section 6.4.
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6.2.2 Higher order expansions

We make a few remarks on the general properties of higher order expansions and then specialize to two

approximations.

e 2Pl and Ladder Diagrams

Since the work of Beliaev [63] and Popov [52] it is well known in the literature that including higher
order terms in a diagrammatic expansion corresponds to renormalizing the bare interaction potential
to the four-point vertex (see for example Ref. [53, 54]), thus accounting for the repeated scattering
of the bosons. In particular, in chapter 5 we explicitly showed how by including the anomalous
average in the equations the bare potential was upgraded in the off diagonal elements to the many
body scattering matrix. In chapter 8 we will also show that by taking into account the two-loop
contribution of the 2P1 effective action, the bare potential in the diagonal terms is also upgraded to the
many body scattering matrix up to second-order in the ladder expansion. The two-loop contribution
includes diagrams topologically identical to those found by Beliaev, but with the exact propagator
instead of the one-loop propagator. In the dilute gas limit, where the inter-particle distance is large
compared with the s-wave scattering length, the ladder diagrams give the largest contribution to the
four-point vertex. To lowest order in the diluteness parametefTth&atrix can be approximated by

a constant proportional to the scattering length (the pseudopotential approximation). However this
approximation is only valid in the weak interaction limit and neglects all momentum dependencies
which appears in the problem as higher order terms. In that sense the 2P| effective action approach
allows us to go beyond the weakly interacting limit in a systematic way and to treat collisions more

accurately.

e Nonlocal Dissipation and Non-Markovian Dynamics

Higher order terms lead to nonlocal equations and dissipation. The presence of nonlocal terms in the
equations of motion is a consequence of the fact that the 2PI effective action really corresponds to
a further approximation of the master effective equation [118]. Though strict dissipation can never

be observed in an energy conserving closed system, characteristic features of dissipative systems
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like exponential damping of correlations can be exhibited once interactions are properly taken into

account.

Non-Markovian dynamics is a generic feature of the 2PI formalism which yields integro-differential
equations of motion. This makes numerical solution difficult, but is a necessary price to pay for a
fuller account of the quantum dynamics. Many well acknowledged approaches to the quantum ki-
netics of such systems adopt either explicitly or implicitly a Markovian approximation [62]. The
Markovian approximation assumes that only the current configuration of the system, but not its his-
tory, determines its future evolution. Markovian approximations are made if one assumes instanta-
neous interactions, or in the kinetic theory context that the time scales between the duration of binary
collisionst, and the inverse collision rate are well-separated. In the low kinetic energy, weakly
interacting regime the time between collisions (or mean free path) is long compared to the reaction
time (or scattering length¥. >> 7. The long separation between collisions and the presence of in-
termediate weak fluctuations, allow for a rapid decay of the temporal and spatial correlations created
between collision partners, which one can use to justify the Markovian approximation. However,non-
Markovian dynamics needs to be confronted squarely in systems such as the patterned loaded lattice,
in which the lattice which confines the atoms to the bottom of the wells with enhanced interaction
effects, accompanied by the low dimensionality of the system and far-from-equilibrium initial condi-

tions. That is the rationale for our adoption of the CTP 2PI scheme. Now, for the specifics:

. Second-order expansion:

A truncation retaining diagrams of second-ordet/irtonsists of thalouble-bubblethe setting-sun
and thebasketbal(see Fig.6.1). By including theetting-surand thebasketbalin the approximations
we are taking into account two particle scattering processes [121, 119]. Second-order terms lead to

integro- differential equations which depend on the time history of the system.

. Large:\ approximation

The 1V expansion is a controlled non-perturbative approximation scheme which can be used to

study non-equilibrium quantum field dynamics in the regime of strong interactions[127, 126]. In
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the largeN\" approach the field is modelled by fields and the quantum field generating functional

is expanded in powers of Al. In this sense the method is a controlled expansion in a small pa-
rameter, but unlike perturbation theory in the coupling constant, which corresponds to an expansion
around the vacuum, the largé expansion corresponds to an expansion of the theory about a strong

quasiclassical field.

6.2.3 Zero mode fluctuactions

In chapter 5 we neglected zero mode fluctuations due to the non perturbative character of the zero mode.
In the linearized theory, this approach introduces an artificial infrared divergence in low dimensional mod-
els thus the theory is actually improved if the contribution from this mode is neglected all together [96].
However, from a physical point of view the zero mode exists and is quantum in nature. There are both
fundamental and practical reasons why isolating and subtracting the zero mode is not as compelling in the
dynamical evolution we want to describe in this chapter. Firstly, because the 2PI formalism goes beyond the
linearized approximation, the zero mode does not have the impact it has in the linearized formalism and it
is not clear that subtracting it necessarily leads to a better approximation. Secondly, the initial state that we
are going to assume for our analysis is a coherent state rather than a proper state of the total particle number
as will be described in chapter 7. Moreover, as the total particle number is not very high, quantum fluctua-
tions in the total particle number are real, and non-negligible. Discarding these fluctuations would spoil the
integrity of the formalism. Therefore, in this chapter we shall not attempt to isolate the contributions from

the zero mode. A full non-perturbative treatment in the future is certainly desirable.

6.3 CTP formalism

In order to describe the nonequilibrium dynamics we will now specify the contour of integration in Eqgs.
(6.22) and (6.24) to be the Schwinger-Keldysh contour [56] along the real-time agiesad time path

(CTP) contour. The Schwinger-Keldysh formalism is a powerful method for deriving real and causal
evolution equations for the expectation values of quantum operators for nonequilibrium fields. The basic

idea of the CTP formalism relies on the fact that a diagonal matrix element of a system at a given time,
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t = 0, can be expressed as a product of transition matrix elementstfeerd to ¢’ and the time-reverse
(complex conjugate) matrix element frothto 0 by inserting a complete set of states into this matrix
element at the later tim#. Since each term in the product is a transition matrix element of the usual or
time reversed kind, the standard path integral representation for each one can be introduced. However, to
get the generating functional we seek, we have to require that the forward time evolution takes place in the
presence of a sourcE"™ but the reversed time evolution takes place in the presence of a different source
J~, otherwise all the dependence on the source drops out.

The doubling of sources, the fields and integration contours suggest introducing a 2 x 2 matrix
notation. This notation has been discussed extensively in the literature [117, 119]. However we are going
to follow Refs. [126] and [127] and introduce the CTP formalism in our equation of motion by using
the composition rule for transition amplitudes along the time contour in the complex plane. This way is
cleaner notationally and has the advantage that all the functional formalism of the previous section may be
taken with the only difference of path ordering according to the complex time cotigpiin the time
integrations.

The two-point functions are decomposed as

G (t,1") = Ocp (1, 8)GEY™ (1) + Oeap (8, )G (8, 1), (6.25)

where
WGP (1) = (p(e(H), (6.26)
RGE<(t1) = (P ()@} (1)) (6.27)

with ¢; being the fluctuation field defined prior Eq. (17) ahel,(t — t') being the CTP complex contour

ordered theta function defined by
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6(t,t’)for t and ¢ Dboth on CT
Ot t)for t and ¢ both on C~
Ocrp(t,t') = ) (6.28)
lfor ¢ on C- and ¢ on CT

0 for ¢t on Ct and t on C™

With these definitions the matrix indices are not required. When integrating over the secoad halé
have to multiply by a negative sign to take into account the opposite direction of integration.

To show explicitly that the prescription for the CTP integration explained above does lead to a
well-posed initial value problem with causal equations, let us explicitly consider the integral in Eq. (6.24).

The integrand has the CTP ordered form

S(t, G, ) = (6.29)
Octp(t, 1) 0ctp (8", 857 (8, 8)G™ (" ) + Octp(t, 1) Oerp (', 8" )27 (1, )G (1", 1)
Octp(t", )0t (8", VS (8, 8V GZ (") 4 Octp (8", ) Oetp (¢, VS (2, )G (", 1),

where we have omitted the indices because they are not relevant for the discussion. Using the rule for CTP

contour integration we get

t
/dt”E(t,t”)G(t”,t’) = /dt” (0", ¢S (¢, 8")G™ (", ) + 0(¢' , t")5~ (¢, t")G< (", 1)]
0

+/ dt” [0(t" )< (¢, ¢")GZ (", t) + 0(t', ") 2= (¢, t")G=(t", )]

t

—/ dt"S<(t, "G~ (t",1). (6.30)
0

If t > ¢, we have

t

/dt”E(t,t”)G(t”,t’) dt" (37 (t,t") = <(t, ") G~ (", 1)

¢

dt"S” (4, "NGT () — G, t)). (6.31)

o— S

On the other hand, if < ¢/

124



t
/dt”Z(t,t”)G(t”,t’) = /dt”(2>(t,t”)—2<(t,t”))G<(t”,t’)
0

t/
— /dt”2<(t,t”)(G>(t”,t’)—G<(t”,t’)). (6.32)
0

The above equations are explicitly causal.
It is convenient to express the evolution equations in terms of two independent two-point functions which
can be associated to the expectation values of the commutator and the anti-commutator of the fields. We

define, following Ref. [127] the functions

G ) = S (G () + GRS (L, 1)) (6.33)

N =

GOty = i (G (1) - GEE(t,1), (6.34)

where the(F') functions are usually called statistical propagators andhare called spectral functions

[137]. With these definitions Eq.(6.24) can be rewritten as:

he G (8, 1) - (Ggf}‘;”(t, #) + GFab, t’)) + j\]/ (zic(t)zg(t))c;gf Jab(y, t')) +

i—1j

t
(Z;l(t)GEJF)Cb(t,t/)zw(t)) +A dt%zgz)ac(t,t//)G](:;)Cb(t/,,tl)

t/
- /0 S (GO A ), (6.35)
C a a U
hghatGig‘p) ‘) = - (Ggi)lf(t7t/) + Gz(‘z)lf(t7t/)) v

t
v (EOE ) + [ agsPeeeichle ). 630
t/

J
20
N

J (s )G 1) +
20

In particular, we define the normal, and anomalousin, spectral and statistical functions as

Gty = Pt = % <<p1 (t)p; (') + @j(t’)wj(t)>, (6.37)
GEPr) = pft) =i {elWe;t) eyl 1) (6.38)
GO = m(0) = 5 (et t) + i), (6.:39)
GLPwE) = mP ) =ileiet) - e (E)eilt). (6.40)
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With these relations in place, we now proceed to derive the time evolution equations for the mean
field and the two-point functions from the 2PI-CTP effective action for the Bose-Hubbard model under

the three approximations described before.

6.4 HFB approximation

6.4.1 Equations of motion

The HFB equations include the leading order contributioi'ef They describe the coupled dynamics of
condensate and non-condensate atoms which arise from the most important scattering processes which are
direct, exchange and pair excitations. The basic damping mechanisms present in the HFB approximation are
Landau and Beliaev damping associated with the decay of an elementary excitation into a pair of excitations
in the presence of condensate atoms[133, 134]. However, these kinds of danfpimgl in the HFB
approximation (due to phase mixing, as in the Vlasov equation citeBalescu) are different in nature from the
collisional dissipation (as in the Boltzmann equation) responsible for thermalization processes. Multiple
scattering processes are neglected in this approximation. We expect the HFB equations to give a good
description of the dynamics in the collisionless regime when interparticle collisions play a minor role.

The leading order contribution df 5 is represented by thdouble-bubbleliagram. Its contribution

toI'y is z independent and has an analytic expression of the form

rP[G] = (6.41)

U [ty (GG (1 1) + 2G s (G (1, 1)

the factor of two arises because the direct and exchange terms are identical.
Using the first order expression fb in Eqs. (.22) and (6.24) yields the following equations of

motion.

lwe make a distinction between the meaning of the words ‘damping’ and ‘dissipation’, the former referring simply to the phe-

nomenological decay of some function, the latter with theoretical meaning, e.g., in the Boltzmann sense.
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hihdzl(t) = Chps, (6.42)

Girn = 7 (a0 + 51 (0) + 17 (aal020) + Glla(t,0) 200
+ % (2G5 (t,1)) (6.43)
h(clhathJb tt) = C(Hra (6.44)
rn = ~J(G (01 + G4 (68) + il 0) + Gl alt )G 1, 1)
PP GED5OGE (68) + G (L OG(1,) +i8500(t — ).

In terms of the spectral and statistical functions, Eqgs. (6.37) to (6.40), and s§iting, the above

equations take the form

ih0zi(t) = —J(z1(t) + z1(0) + Uz + 205 (1)) z:(2)
+Um{P 1)z (1), (6.45)
SO = Lal) (1) + M (miE) 1,1, (6.46)

0
—ihsep (1) = La(®)pif) (41) + Mi(Om) (¢,1), (6.47)
om0 = LalmiE (1) + Mol (1.0), (6.48)
(1) = LalmiE) (0, 1) + Ma(p)(1,0), (6.49)
with

Lij(t) = —J(it1j + i—15) +2Udy; <|Zi(t)|2+/)§f)( ))7 (6.50)
Mi(t) = Usy (202 +m@0). (6.51)

The time dependent HFB equations are a closed set of self-consistent equations that describe the

coupled dynamics of the condensate and non-condensate components of a Bose gas. It can be checked that
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they preserve important conservation laws such as the number of particles and energy. The conservation
properties of the HFB equations can also be understood by the fact that these equations can also be derived
using Gaussian variational methods [15]. These methods always yield a classical Hamiltonian dynamics

which guarantees probability conservation. Because they are local in time they can be decoupled by a mode

decomposition.

6.4.2 Mode expansion of the HFB equations

To decouple the HFB equations we apply the well known Bogoliubov transformation to the fluctuation field

(see chapter 5)

= [ulWa, — v (t)al], (6.52)

q

where(é,g, djl) are time independent creation and annihilation quasiparticle operators and all the time de-
pendence is absorbed in the amplitudes (¢), v;?(¢)}. To ensure that the quasiparticle transformation is

canonical, the amplitudes must fulfill the relations

3 [l () — (et )] = S, (6.53)
ST [l )k ) — vl tub®)] = o (6.54)

In the zero temperature limit, where the quasiparticle occupation number van(ié@é@ = 0, the statis-

tical and spectral functions take the form

oy (1) = fZ v +ud(t)u;?(t)), (6.55)

POt t) = ZZ VI (UT(E) — ud (¢ (1)) (6.56)
7

Pty = —%Z(ug(t)v;q(t’)+u§(t’)qu(t)), (6.57)

m? () = ii(ug(t)v;q(t')ug(t')v;‘q(t)). (6.58)

Notice that at equal time and position due to Egs.(6.53) and (605’2)) t,t) andm (t t) satisfy

128



1
P8 = DRI+ (6.59)
q

mi () = =Y ul (). (6.60)

Replacing Egs. (6.59)-(6.60) into Egs. (6.45)-(6.49) and using the constraints (6.53) -(6.54) we

recover the standard time dependent equations for the quasiparticle amplitudes

ihgzi(t) (6.61)

= —J(zir1(t) + zim1 () + U(1z:(0)2 + 2087 (£,0))2i(8) + UmiE (8, 4) 27 (1),

L0 4
Zhaui (t) (6.62)

= —J(udyy () +ud_y (1) + 20 (|2 + plf ) (&, 1) ud (1) — Umd (8, 8) + 2,(H) )0l (b),
. a q —
—zhévi (t) = (6.63)

(WL () + 0l () + 20 (|2(0)2 + o5 (8, 6) 0l (t) — U (mi ™ (8, 8) + 2(1)*2)ud (t).

%

If we compare Egs. (6.61)-(6.63) with their time independent version, Egs. (5.27) to (5.87), we notice

that the equations are identical as they should be if we repiage. — w5y

79

ihgvl — wHFBy!
andihd,z; — pfFBz;. The factor ofi /2 difference betweep!!” andp;; (see Eq. (5.19)) just leads to

a trivial renormalization of the chemical potential. In the time dependent equations we have included the
zero mode fluctuations, which were neglected in Egs. (5.27) to (5.87). Hence we do not neﬁﬁlfﬁe
variables, which simply keep the orthogonality between of the condensate and the excitations. Eqs. (6.61)
-(6.63) correspond to a set 8f (2M + 1) coupled ordinary differential equations, whevg is the total
number of lattice sites. They can be solved using standard time propagation algorithms. Once the time

dependent quasiparticle amplitudes are calculated we can derive the dynamics of physical observables

constructed from them as a function of time, such as the average number of particles img#yedtc.
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6.5 Second-order expansion

6.5.1 Equations of motion
Full second-order

The second-order contribution 1% is described in terms of theetting-surFig. 6.1b and thdasketball
Fig. 6.1c diagrams. Thbasketballdiagram is independent of the mean-field and is constructed with
only quartic vertices. Thseetting-surdiagram depends onand contains only three-point vertices. The

second-ordeFéQ) effective action can be written as

I{%[2,G) = (6.64)

U 2
Z(N> /dtidtjzib(t)zjb’(t/) x

(G (1.4)Gijaar (4 )G (88) 4+ 2G4 (4.)Gijaa (12)GE (1,1 ) +
. U 2 / /
z<2N> /dtidt; (Gijbb/(m’)G?J’? (t,t)Gjaar (E)GIE (8, 8))+

2G (£, )G (£,4))G g (1,1 G (t,t’)) :

To simplify the notation, let us introduce the following definitions [127]:

IL;(t, ') = —%Gijab(u G (L, 1), (6.65)
Eijap(t,t’) = —=D(t,t)Gyu(t, 1), (6.66)
D(t.t) = zu(t)za(t)GL (t,1) —T0;(t, 1), (6.67)
Ki’; W) = =GO )G et 1), (6.68)
AS ) = —GE(t )G (1), (6.69)
O (t,t) = —(zia)zp(t)) + Gijan(t, V)G (1, )G (8, 1) + E5 (L, 1), (6.70)

With the above definitions we find from Egs. (6.22) and (6.24) the following equations of motion:
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heho 2 (t) = Chrp + (6.71)
2
z(%{) /dt; zip(t") (Hij(t,t )Gb“ t',t) +A” (¢, t’)Gg;(t,t’)),
hehdG3y (1) = Cipp + (6.72)
( ) /dtkzkc I (¢, )G (") + Ay d(t,t//)Ggg@",w)
. 2U " " " 1 db "4l
+i W dt" (0% a(t,t") + Afp (6,17) 2. () zea(t”)) Gigy (7, 1),
where(} 5 and(§ . are defined in Egs. (6.43) and (6.45).

To get explicit expressions of the equations of motion in termg6f) andm(F*) we introduce

the functions

1
ol g = fz.(f)(ti,tj)ggf)(ti,tj)—1(fi(;))(ti,t)ggj)(ti,tj)), (6.73)
QP [f.g] = £ (b t)gl? (tit) + £ (8.l (ti.1)). (6.74)

)

Using the spectral and statistical functions and setting the number of fielgigual to 2, the equations of

motion derived under the full second-order approximation can be written as:

thoy, 2z = —J(zip1(ts) + zi—1(t:)) + U(J |2+2p“ )zi—kUmz(f)zf (6.75)

—2U2Z/ dti (2925 10, 9] + 20 Imom*) + 90 [m, o] ) ol
* * * * * % F
—2U2Z/O Zsz('Z) [0, 0] + 230 [m,m*] + 2, Q) [m*, p ]) mi)
k
t;
1202 3 [t (90 10, p7) + 200 )+ 5 9E ) )
k: 0

t;
+2U? Z/o (z,jﬁg,f) P+ sz( ) [m, m*] + szE,f) [m*, p*]) m,(c’z),
2
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=Tt 13) AT (00 )) 20 (=2 + 7)ol + Ui+ 2ymi)
—2U? Z /ti dty, (ziz};QZ(.i) [0, p] + 2zisz§.£) [p,m™] + 2zszQ§Z) [m, ,0]) p,(c?)
72UZZ / ati (2 [p. A+ 2272 (24 [, '] + Q) m]) ) ol
—2U2Z/ dty, (2 22 Qgg) Pl —hzzzkﬂz,C [m*, m*] + 2z szfz) [p*,m ])
—207 Z/ dty, (Qgg) m*, Y] + z; 2, (29%) [0, "] + 20 [m,m*])) m,(f;)
+2U2 Z/ dty | zi21; F) pl + 2z1sz£k) [p,m*] + szz;ng) [m, p]) pgc?)

w2 Z/ dt Qg’I: [0y A + 227 2k (ng) (o, p"] + Q( ) [mmﬁ])) P;(f;)

55) [m*, Y] + 2z} 2] (ng)[p, ]+Q( )[m m ]))mg),

F F *
—J (P, (i t) + pP (i) + 20 (|23 + o)) + U 4 2:2)m

t;
20 Z / dty, (2220 1o, p] + 22050 [o,m*] + 220 [ o)) plf)

—oU? Z/ dty, ( Al + 22 2k (ng) (o, p"] + Qgﬁ) [m,m*})) P;(C?)

—2U? Z/ dty, (2 20 (m*, p] + zlsz [m*, m*] + 222‘2,6(252) [p*,m*]) m;’]’.)

_QUQZ/ dtk< (o m T +2Z*Z;; (QEZ) [p7 ]_,'_Q(P) [m,m*]))m;ﬂ";%
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+2U22/ dty (2 2 [ o)+ 22, O [ m*] + 227 2,000 [, m})
(2

(6.76)
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with

ihoy,m;) = (6.78)
—J(mi (tty) + mi (t, ) + 20 (|2 + o5 ymis + Ul + 22)p)

—2U? Z/ dty, (22’ 2 Q) [m, p*] + 2525 Im, m] + 22,2591 [p, ]) (1;)

Y / dt () . )+ 22,2 (4 [, )+ 24 fmom*]) ) i)
—2U? Z/ dty, (z sz(p) P+ 222‘22952) [p", m] + 2z, sz(”) [m*, p*]) mg)
—oU? Z / dt (Qﬁz) Al + 22,2 (QEZ) [0, "] + Q%) [m, m])) m{)

+20° Z/ dty, (Zz sz [m, p*] + 2} zZQEk) [m,m] + 2ziz,’§Q§5) [p, m]) pgg)
2 F) (F) (F) * ()
+2U Z dtk Qi [, YT+ 22,25 (R, [ p7] + Qg [mym™]) ) o)l
+2U2 Z/ dty, (z sz p p*]+ 2z*zZQEk) [p*,m] + 2z, sz( ) [m *,p*]) mé’;)

F F *
( ) Al + 22,25 (Qik)[p, ]+Q§k)[m,m ]))m;’;),

ihdy,m?) = (6.79)
—J(mﬁiljm, tj) +mi?h (ki 5)) + 20 (12l + o )yml) + Um + 2207
2 (») NG (0) (p)
+2U Z dt;C 227 2,1 [m, p*] 4 27 2 Q0 [mym] + 22,25 [0, m] ) oy
2 (P) (p) * (p) * (p)
+2U Z/ dti (24 [, X1+ 2.2 (200 [p, 9] + 2048 [m,m]) ) ol

Y / ty (5290 10", ) + 2505000 [0 m] + 22,290 ) m)

+20U2 Z/ dts, (ng) A] + 2z,7] (QEZ) [, p*] + QEZ) [m7m*]>> WL](:]’)7
ASP = P [p, p] + 200 [m,m*], (6.80)
T = 207 [p, p*] + Q) [m,m*]. (6.81)
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In the above equations we adopted the notatipmeaningzy (¢ ) for the condensate angd,; and
pr; meaningmy;(ty,t;) andpy;(tx, t;) respectively for the two point functions. These notation is also

going to be used in the equations for th&/1éxpansion.

2PI-1/\ expansion

The 2PI effective action is a singlet under/0) rotations. It can be shown that all graphs contained in
an O(\V) expansion can be built from the irreducible invariants[127); Tr(G™) andTr(z2G"™) , with

n < N. The factors of\V in a single graph contributing to the samg/1éxpansion then have two origins:

a factor of V' from each irreducible invariant and a factor aM.from each vertex. The leading order large

N approximation scales proportional Ao, the next to leading order (NLO) contributions are of order 1
and so on. At leading order only the first term of Eq. (6.42) contributes. At the next to leading order level,
if we truncate up to second-order in the coupling strengthdthele-bubblés totally included but only
certain parts of theetting-surand basketballdiagrams are: the first term in both of the integrals of Eq.

(6.64),

2
YNz, G) = Z(j{/) /dtidtjzib(t)zjb/(t/) (nyb (t,t)Gijaa (8, )G (tat/)) +
U\’ , :
Z(zyv) / dt;dt; (Gijbb/(t,t’)Ggg (t,t")Gjqa ()G (t,t’)). (6.82)

The equations of motion under this approximation are the ones obtained for the full second-order expansion
butwithA = A =0, and® = E.

In terms of the spectral and statistical functions the equation of motion can be written as:

ihoy, zi = —J (zip1(t) + zim1 () + U (2> + 2p(F))z7 + Um(F) 2! (6.83)

U2Z/ dtkH(p) kakl —|—zkm(F) +UQZ/ dt, 115 zkp,(cp)Jrz m,&?)
k 0
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—ihdy,py) ) = (6.84)

F F F *x(F * F
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t;
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F F « F .
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(
(
(s
(
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(2"

tj
+U? Z/ dty,
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[m*, 10 + 2 2 (Qfg) [p, p*] + 2(21(.,1:) [m, m*])) mi&?%

—ihdy, ) = (6.85)

F *F *
— It ty) + p s (i t)) + 20 (|2l + pi ) + U™ + 212)yml?)

ij
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with

ihdy,m) = (6.86)

—J(m) (i ty) +mi (b)) + 20 (12 + ol + Ul + 22)p”

)

—UQZ/ dty (27200 [, p*] + 2 2008 Tmom] + 2200 [p,m]) ol
—UQZ/ dty, (%) Im, 1] + 2,21 (Q§g>[ p*] + 29 [m, ]))p,g?

—UQZ/ dty | 2 szlk PPt + z*zZQEk) [p*,m] + 2 sz £) [m*,p*}) mg)

+U? Z/ dty, (252,94 [m, p*] + zz*z,jﬂg,f) [m,m] + 2,220 [p, m]) p,(f;)
+U? Z/ dt}, Q [m, II] + z; 2, (2955) [p, p*] + Qg) [m,m*])) p,(g)
+U* Z / dty (25200 0% 7]+ 2726000 [0 m) + 2,208 [m*,p°]) mif)
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(5=
(04
(5
(

UQZ/ dty, Q(F) [p*, 1] + 2,2}, (QQZ(k)[p, T+ ngj) [m,m*]))mé’;),

iy, m?) = (6.87)
— I (i) +m? () + 2U (1202 4 ol )m? + Uml + 22)p0)

0y / dte (25208 [m, 0*] + 25 2404 [, m] 4 2,229 [p, m]) o)
PR
t;
+U% Y / dty (Q(") m, T + 2,2 (Qgg) 0. p*] + 20 [m, ])) e
PERAZ
t;
+U? Z/ dty, (z sz(p) ", p ]+z*z,’:sz [p*,m] + z szEZ)[ *,p*]) mgj’)

+U? Z /ti dtr (QEZ) p" I + 2,2, (2Q§Z) (o, p*] + QZ(_];;) [m,m*])) m}(g)7

i) = ng’p) [p, p*] + ng’p) [m, m*]. (6.88)

)

We end this section by emphasizing that the only approximation introduced in the derivation of the
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equations of motion presented here is the truncation up to second-order in the interaction strength. These
equations depict the nonlinear and non-Markovian quantum dynamics, which we consider as the primary
distinguishing features of this work. It supersedes what the second-order kinetic theories currently presented
can do, their going beyond the HFB approximation notwithstanding. For example Ref. [62] presents a
kinetic theory approach that includes binary interactions to second-order in the interaction potential but
uses the Markovian approximation. In Ref. [61] the authors gave a non-Markovian generalization to the
guantum kinetic theory derived by Walset: al[58] by including memory effects. However in that work

symmetry breaking fields, and anomalous fluctuations,, are neglected.

6.5.2 Conservation laws

For a closed (isolated) system the mean total number of parficlaisd energy are conserved quantities as
they are the constants of motion for the dynamical equations.
Particle number conservation is a consequence of the invariance of the Hamiltonian under a global

phase change. The mean total number of particles is given by

%

N) = ala;) = s+ L (6.89)
(#) = S (ala) =5 (I 40l - 5)
N

The kinetic equation fol is then

S ome (aigi0) (6.90)

. 0 (Fy,, 0 w(F), .
lim [ =p'; —
+ 1 (atpu (t7t)+8t/pu (t7t)

=
S
2)
—~
N
~——
I

t—t’

All three approximations we have considered, namely, HFB/ &kxpansion and full second-order
expansion, conserve the particle number. This can be shown by plugging in the kinetic equéﬂb@)o>
(Eq. 6.90) the equation of motion for the mean field and the normal statistical propagator Egs. (45),(46),

Eqgs.(6.76),(6.77) and Egs (6.85),(6.86)), and cancelling terms. It is important to note that even though
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total population is always conserved there is always a transfer of population between condensate and non
condensate atoms.

While number conservation can be proved explicitly, to prove total energy conservation is not obvi-
ous as the Hamiltonian cannot be represented as a linear combination of the relevant operators. It is clear
that the exact solution of a closed system is unitary in time and hence disallows any dissipation. However,
the introduction of approximation schemes that truncate the infinite hierarchy of correlation functions at
some finite order with causal boundary conditions may introduce dissipation [118].

To discuss energy conservation we can use the phi-derivable criteria [138] which states that nonequi-
librium approximations in which the self ener)is of the formd® /6G, with ® a functional ofG, conserve
particle number, energy and momentum. All the approximations we consider in this paper are phi deriv-
able and thus they obey energy, particle number and momentum conservation laws. Fdr H:FBgl),
for the full second-order expansiof, = Fél) + Ff) and for the second-order next to leading ortigh/
expansion® = 'Y + TPV See Egs. (6.23), (6.42), (6.64) and (6.82). For a detailed discussion of the

complete next to leading ordéy " expansion see Refs. [126, 127] and references therein.

6.6 Conclusions

In summary, we have presented a new approach for the description of the nonequilibrium dynamics of a
Bose-Einstein condensate and fluctuations in a closed quantum field system. The formalism allows one
to go beyond the well known HFB approximation and to incorporate the nonlinear and non-Markovian
aspects of the quantum dynamics as manifest in the dissipation and fluctuations phenomena. The 2PI
effective action formalism provides a useful framework, where the mean field and the correlation functions
are treated on the same footing self-consistently and which respects conservations of particle number and
energy. The CTP formalism ensures that the dynamical equations of motion are also causal. In their current
form the scattering terms are nonlocal in time and thus hard to estimate analytically, and their calculation
is numerically demanding. However, this systematic approach can be used as a quantitative means to
obtain solutions in different regimes and make comparisons with kinetic theory results where a Markovian

approximation is assumed. We postpone these discussions to chapter 8.
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Chapter 7

Nonequilibrium dynamics of a patterned loaded optical lattice: Beyond the mean field approximation

In this chapter the two-particle irreducible (2P1) closed-time-path (CTP) effective action formalism de-
rived in chapter 6 is used to describe the nonequilibrium dynamics of a Bose Einstein condensate (BEC)
selectively loaded into every third site of a one-dimensional optical lattice.

In chapter 4 we used a mean field approach to describe the dynamics of this system. However, we
show here that even in the case when the kinetic energy is comparable to the interaction energy, interatomic
collisions play a crucial role in determining the quantum dynamics of the system, and therefore a mean field
approach is only accurate for short times. This result is demonstrated by comparison between the mean field
solutions and the exact numerical time evolution of the initial state using the Bose Hubbard Hamiltonian
for systems with small numbers of atorfi§ ~ 10) and lattice site§M = 2 or 3). The exact numerical
solution is also used to test the validity of the various methods derived under the 2PI-CTP approximation.

We show that because the second-order 2P| approximations include multi-particle scattering in a
systematic way, they are able to capture damping effects exhibited in the exact solution, which the mean
field and the HFB approximations fail to reproduce. However, our numerical results also show that all of

the approximations fail at late times, when interaction effects become significant.

7.1 Mean field dynamics

In this section we review the basic features of the mean field results obtained in chapter 4, in order to

provide the context for the subsequent discussion of the dynamics in the 2PI-CTP formalism.

7.1.1 Dynamical evolution

By making the mean field ansatz in the Bose-Hubbard Hamiltonian, we replace the field opetata
c-numberz;(t). The amplitudes;(t) satisfy the DNLSE (Eq. (4.6)).

In section 4.3.2, we treated a model case in which the initial occupancies of each third site are the
same, and in which the condensate initially has a uniform phase. Thus &, (r = ££), the amplitudes

h

z;(1) are given byzs; (0) = \/3/M, z3;41(0) = 23:12(0) = 0, where)M is the total number of lattice sites.
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For an infinite lattice, or one with periodic boundary conditions, the amplitudes for all initially occupied
siteszs; (7) = zo(7) evolve identically in time, and the amplitudes for the initially unoccupied sites satisfy
z3i+1(T) = z3:42(7) = for all 7. This allows us to reduce the full set of equations to a set of two coupled
equations foeq(7) andz; (7).

The solutiongzy(7)| and|z1 (7)| are oscillatory functions whose amplitudes and common period,
T(v), are determined by the parameter= 3% = 3A. The mean field dynamical behavior can be

qualitatively divided into two regimes:

The tunneling dominated reginfe < 1): In this regime the oscillation period is essentially constant, the
role of interactions is relatively small, and the equations of motion are equivalent to those of a two-state
Rabi problem. This system will undergo Rabi oscillations whereby atoms periodically tunnel from the

initially occupied site into the two neighboring sites. Ro& 0 the period of oscillation is?gﬂ.

Interaction dominated regime:The effect of interactions on the mean field dynamics is to cause the en-
ergies of the initially occupied sites to shift relative to those of the unoccupied sites.ifseases the
tunneling between sites occurs at a higher frequency, but with reduced amplitude. The population of the
initially occupied sites becomes effectively self-trapped by the purely repulsive pair interaction.

7.1.2 Comparisons with the exact solution

To check the validity of the mean field approximation, we made comparisons with the exact many body
solution for N = 6 atoms andV/ = 3 wells. We use a modest number of atoms and lattice sites for the
comparisons, due to the fact that the Hilbert space needed for the calculations increases rapidly with the
number of atoms and wells.

Exact solution

For the exact solution we used an initial state given by

|(0)) = (e~ N2V Ve 10)) © 10) ® [0) . (7.)
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The initial state represents a coherent state with an averalyeaddms in the initially populated well and
zero atoms in the others. We chose this state because in the experiment the loading of the atoms was done
slow enough with respect to band excitations but fast with respect to many body excitations that at time
t = 0 most of the atoms in the initially populated wells were condensed.

The fully quantal solution was found by evolving the initial state in time with the Bose-Hubbard
Hamiltonian, so thafp(t)) = e*%f“|<p(0)>. To do the numerical calculations we partitioned the Hilbert
space in subspaces with a fixed number of atoms and propagated independently the projections of the ini-

tial state on the respective subspaces. A subspaceNyjthumber of atoms and/ wells is spanned by

(Np+M—1)!

Nor—Tyr States. This procedure could be done because the Hamiltonian commutes with the number op-

eratory _, d;'d;, and therefore during the dynamics the different subspaces never get mixed. The number of
subspaces used for the numerical evolution were such that no change in plots of the dynamical observables
was detected by adding another subspace. Generallly fatoms in the initial state, this condition was

achieved by including the subspaces betw#&en 4v/N andN + 4/N atoms.

Numerical comparisons

In Fig. 7.1 we plot the average population per V\<&1|1L (t)a; (t)> and the condensate population per well
[{a; (t))|* and compare them with the mean field predictions, j£(t)|2, for three different values of.

The salient features observed in these comparisons are:

1. Weakly interacting regimey(= 0.2):
In this regime the DNLSE gives a good description of the early time dynamics. We observe in Fig. 7.1
that the total population per well predicted by the mean field solution agrees with the exact solution
and also that the condensate population remains large for the time under consideration. We expect
the semiclassical approach to be valid for time scales less than the inverse energy level spacing. In
Ref. [129] the authors show the validity of the semiclassical approach whenr,; ~ le in the
case of two lattice sites. This time scale is in good agreement with the numerical results shown in in

Fig.7.1. Afterr,; quantum effects become important.
2. Intermediate regimey(= 2):
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Quantum fluctuations lead to a non-trivial modulation of the classical oscillations. In this regime the
ratio between interaction and kinetic energy is small enough to allow the atoms to tunnel but not too
small to make interaction effects negligible. Mean field results are accurate only for a short time.
In this regime, the exact solution exhibits damped oscillations of the atomic population. Quantum

scattering effects are crucial, even for rather early times.

To understand the dynamics in the weak and intermediate regimes, we have to focus on the coherent
properties of the system. Even though interactions can be strong, the ground state is indeed super-
fluid. If we look at the initial coherence of the system, determineé&j;(O)dj (0)>i¢j, it can be seen

to be zero due to the patterned loading. However, this is no longer the case for, and non-zero
correlations are developed in the dynamics. The dynamical restoration of the phase coherence which
tends to distribute atoms uniformly among the lattice sites and to damp the oscillations characterizes
the dynamics in the superfluid regime. In Ref. [129], the authors show, not for a patterned loaded ini-

tial state but for an initial Mott state also with zero initial phase coherence, how the phase coherence

is restored dynamically.

. Strongly correlated regimey (= 12):

The system exhibits macroscopic quantum self-trapping of the population. Qualitatively, both the
mean field and the exact solutions agree, in the sense that both predict self-trapping of atoms in the
initially populated wells, due to interactions. However, the fast decrease of the condensate population
and its subsequent revivals (as found in the exact solutions) give us an idea of the importance of
correlation effects beyond mean field. For a uniform loaded lattice, the collapse and revivals of
the condensate in this strong interacting regime and the importance of quantum effects have been

experimentally observed[47].

Even though there is minimal initial coherence between adjacent sites due to the patterned loading
procedure we are still preparing the system in a superfluid state in the initially populated well. At

timet = 0 we have a condensate fraction of order one. However, the ground state of the system is not
superfluid. Itis expected then that, after some time, the phase is going to randomize and this will lead

to the collapse of the condensate population. After the collapse, the system will remain for a while
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with zero condensate population. However, it can not remain zero forever because we are dealing
with a closed quantum system, with finite recurrence time. Therefore at some,timee expect

the condensate to revive again. The collapses and revivals of the condensate population in the strong
interacting regime can be easily estimated by considering the energy spectrum. In this regime the
energy eigenstates of the system are almost number (Fock) states and the energy spectrum is almost
quadratic,F,, =~ n(n — 1)U/2. The dynamics of the system is described by the interference of the
differentn-particle Fock states that span the coherent state of the initially populated well. At integer
values of t,., = (U/h)~!, the phase factors add to an integer valu@nf leading to a revival

of the initial state. This time scale agrees with the one estimated in Ref.[130] for a more general
situation. That reference, also shows how the collapse tipg, depends on the variance of the

initial atomic distribution; it is given byz..; ~ t..,/(27c). If the initial state is a coherent state,

the initial distribution is Poissonian arg,;; is given byt..;; ~ 1/(v/NU). For the parameters used

in the strongly correlated regime,= 12 and N = 6, we observe that the estimated collapses and

revival times are in agreement with what is shown in Fig. 7.1.

7.2 2PI-CTP approximations

It was shown in the previous section that to describe the dynamics of the patterned loaded optical lattice,

approximations beyond the standard mean field theory are required. In this section we proceed to test

the validity of the different 2PI-CTP approximations derived in chapter 6, explicitly, the time dependent

HFB approximation, the full second-order approximation andl{h® expansion up to second-order in the

interaction strength. Because in all these approximations wé&/vdeas an expansion parameter we will

focus our calculations on the intermediate regime, where the Fatibis small enough that truncation up

to second-order makes sense but not too small so that interaction effects still have to be taken into account.
We start by describing the initial conditions chosen for the numerical calculations, then we outline

the numerical algorithms used, and finally we discuss the results.
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7.2.1 Initial conditions and parameters

To model the patterned loading, the initial conditions assumed for the numerical solutions; @¢re:

Néwo, pi(0,0) = 38,5, pi(0,0) = —id;; andm(:(0,0)) = m(0,0) = 0. Herez(t) are the

(F)
ij

condensate amplitudes arp{;f) (ti, t5), p,E;) (ti,t;), my; ' (t;,t;) and mgg’)(ti,tj) are the statistical and
spectral normal and anomalous propagators as defined in chapter 6. The initial conditions correspond to an
initial coherent state witlv atoms in the initially populated well.

To study the kinetic energy dominated regime we chose for the simulations three different sets of
parameters:. The first set is chosen to be in the very weak interacting regime3, N = 6,J = 1 and
U/J = 1/30. With this choice we wanted to show the validity of a mean field approach to describe this
regime and the corrections introduced by the higher order approximations. The second set of parameters is
M =3,N =8,J =1andU/J = 1/3. In this regime the kinetic energy is big enough to allow tunneling
but the effect of the interactions is crucial in the dynamics.

At the mean field level (using the DNLSE) for a given number of wells, the only relevant parameter
for describing the dynamics of the system is the r&tig/J. This is not the case in the exact solution where
bothUN/J and N are important. The larger the initial populatid@, the larger the initial population in
the coherent matter field, and therefore we expect better agreement of the truncated theories with the exact
solution with largerN. To study the dependence of the dynamics on the total number of atoms, the third
set of parameters in our solutions is chosen ta\be= 2,J = 1/2 and NU/J was fixed to4, but the
number of atoms was changed fr@t to 80. To increase the number of atoms in the exact calculations

we had to reduce the number of wells to two due to the fact that the dimension of the Hilbert space scales

exponentially withNV and M.

7.2.2 Numerical algorithm for the approximate solution

The time evolution equations obtained in chapter 6 are nonlinear integro-differential equations. Though the
equations are very complicated, they can be solved on a computer. The important point to note is that all
equations are causal in time, and all quantities at some latet fiwen be obtained by integration over the

explicitly known functions for times < ¢;.
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For the numerical solution we employed a time discretizatiea na;, t' = mag, with n andm
integers and took the advantage that, due to the presence of the lattice, the spatial dimension is discrete

(indicesi and j). The discretized equations for the time evolution of the matrig&%) . m\"") andz;,

ijnm
advance time stepwise in thedirection for fixedm. Due to the symmetries of the matrices only half of

the (n, m) matrices have to be computed and the vajpfes, = —i, m7;,,,, = 0 are fixed for all time due

jnn
to the bosonic commutation relations. As initial conditions one spem’j‘fgg), mgj;;g) andz;o.
To ensure that the discretized equations retain the conservation properties present in the continuous

ones one has to be very careful in the evolution of the diagonal termﬁiﬁfand take the limitn — n in

a proper way:

P s — Ot = (7.2)
(Pt = 50 ) £ (ot = i)

M s — M) = (7.3)
({5l = migat)) & (mliats, = miie))

with the positive sign for the statistical propagatatB;)’s, and negative sign for the spectral functions,
(p)'s. We used the fourth order Runge-Kutta algorithm to propagate the local part of the equations and
a regular one step Euler method to iterate the non local parts. For the integrals we used the standard
trapezoidal rule. Starting with = 1, for the time step: 4+ 1 one computes successively all entries with
m = 0......,n,n + 1 from known functions evaluated at previous times.

The time ste; was chosen small enough so that convergence was observed, that is, further decreas-
ing it did not change the results. The greater the paramgiét.J, the smaller is the time step required. The
main numerical limitation of the 2Pl approximation is set by the time integrals, which make the numerical
calculations time and memory consuming. However, within a typical numerical precision it was usually
not necessary to keep all past values of the two point functions in the memory. A characteristic time, after
which the influence of the early time in the late time behavior is negligible, is given by the inverse damping

rate. This time is described by the exponential damping of the two-point correlator atwiitiethe initial
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time[127]. In our numerics we extended the length of the employed time interval until the results did not
depend on it. In general, it was less than the inverse damping rate. We used for the calculations a single
PII 400 MHz workstation with 260 Mb of memory. For a typical run 1-2 days of computational time were

required.

7.2.3 Results and discussions

In Figs. 7.2 to 7.6 we show our numerical results. We focus our attention on the evolution of the condensate

population per well|z;(¢)|?, the total atomic population per welk; | + p(-F)

(23

(t,t) — 3, the depletion per
well or atoms out of the condensaﬁéf) (t,t) — %, and the total condensate populatl),z;(t)|2. The
total population is also explicitly shown in the figures to emphasize number conservation.

The guasi-momentum distribution of the atoms released from the lattice is important because it
is one of the most easily accessible quantities from an experiment. (see sec.5.5) The quasi-momentum
distribution functionn;, is defined as

ne(®) = 57 30 (al(ay(0). 74
2,]
where the gquasi-momentuincan assume discrete values which are integral muItipIq@}quwith M the
total number of lattice sites andthe lattice spacing. The basic features of the plots can be summarized as

follows:

The very weakly interacting regime:In Fig. 7.2 the dynamics of the atomic population per well resem-
bles the Rabi oscillation phenomenon. Notice that even though there are three wells, periodic boundary
conditions enforce equal evolution of the initially empty ones. In this regime damping effects remain very
small for the time depicted in the plots. The numerical simulations show a general agreement between the
different approaches and the exact solution. The effect of including higher order terms in the equations
of motion is to introduce small corrections which improve the agreement with the exact dynamics. This
shows up in the plots of the condensate population and depletion, where the small differences can be bet-
ter appreciated. The second-ordei1éxpansion gives an improvement over the HFB and the complete

second-order perturbative expansion almost matches the exact solution perfectly. In the duration depicted in
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the plots of Fig. 7.2 the total condensate constitutes an important fraction of the total population. Regarding
the quasimomentum distribution, we observe that similarly to the spatial distribution where the initial con-
figuration and periodic boundary conditions reduce the three well system to a double well one, they enforce
equal evolution of tha:%’r guasimomentum intensities. The= 0 andj:%’T intensities oscillate with the

same frequency as the atomic population per well, both are also well described by the approximations in

consideration.

The intermediate regime:We can see the effect of the interactions in the dynamics. They modulate the

oscillations in the population per well and scatter the atoms out of the condensate.

1. In Figs. 7.3 we plot the numerical solution for the parametdrs- 3, N =8, J = 1andU/J = 1/3.

In contrast to the case of the very weak interacting regime, it is only at early times that any of these
approximations is close to the exact solution. Even though none of them are satisfactory after the
first oscillation the HFB approximation is the only one that fails to capture the exponential decrease
of the condensate population. This is expected, because even though this approximation goes beyond
mean field theory and takes into account the most important scattering effects, it includes the effects
of collisions only indirectly through energy shifts, and breaks down outside the collisionless regime
where multiple-scattering effects are important. In contrast, the exponential decay of the condensate
is present in the second-order approximations. Non local parts of the self-energy included in them
encode scattering effects responsible for damping. It is important to point out that, even though we
observe the collapse of the condensate population, the total population is always conserved: as the

condensate population decreases, the noncondensate population increases.

2. Comparing the two second-order approaches we observe that the full second-order expansion gives
a better description of the dynamics than th& Kolution only in the regime when the perturbative
solutions are close to the exact dynamics. As soon as the third order terms start to be important the
large 1V expansion gives a better qualitative description. This behavior is better appreciated in figs.

7.4 to 7.6 as the number of atoms is increased (see discussion below).

We observe as a general issue in this regime that, regardless of the fact that the second-order solutions
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capture the damping effects, as soon as the condensate population decreases to a small percentage of
the total population, they depart from the exact dynamics: the second-order approaches predict faster
damping rates. The overdamping is more severe in the dynamics of the population per well than in
the condensate dynamics. The failure can be understood under the following lines of reasoning. At
zero temperature condensate atoms represent the most "classical” form of a matter wave. When they
decay, the role of quantum correlations becomes more important. At this point the higher order terms
neglected in the second-order approximations are the ones that lead the dynamical behavior. Thus,
to have a more accurate description of the dynamics after the coherent matter field has decayed one

needs a better treatment of correlations.

Damping effects are also quite noticeable in the quantum evolution of the quasi-momentum intensi-
ties. Similarly to what happens to the spatial observables, the HFB approximation fails completely
to capture the damping effects present in the evolution of the Fourier intensities whereas the second-

order approaches overestimate them.

. In Figs. 7.4 to 7.6 we explore the effect of the total number of atoms on the dynamics. In the plots
we show the numerical solutions found for a double well system with fix faf\y/.J = 4 and three
different values ofN : N = 20,40 and80. We present the results obtained for the evolution of
the atomic population per well in Fig. 7.4, the condensate population per well and total condensate
population in Fig. 7.5 and the quasi-momentum intensities in Fig. 7.6. To make the comparisons
easier we scaled the numerical results obtained for the three different valiebytlividing them

by the total number of atoms. In this way for all the cases we start with an atomic population of

magnitude one in the initially populated well.

In the exact dynamics we see that as the number of atoms is increased the damping effects occur at
slower rates. This feature can be noticed in the quantum dynamics of all of the observables depicted

in the plots 7.4 to 7.6. The decrease of the damping rates as the number of atoms is increased is
not surprising because by changing the number of atoms we affect the quantum coherence properties

of the system. As discussed above the collapse time of the condensate population is approximately

given byt ,; ~ Q;ﬁ The revival time is proportional t& ! and varies withV for fixed UN/.J
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AaSt, ey X % , thust..;; o< v N increases withV as observed in the numerical calculations. Besides
damping rates, the qualitative behavior of the exact quantum dynamics is not much affected as the

number of atoms is increased for a fix&d/.J.

The improvement of the 2P1 approximationséss increased, as a result of the increase in the initial
number of coherent atoms is in fact observed in the plots. Even though the problem of underdamping
in the HFB approximation and the overdamping in the second-order approaches are not cured, as the
number of atoms is increased, we do observe a better matching with the full quantal solution. The
1/N expansion shows the fastest convergence. Perhaps this issue can be more easily observed in the
guasi-momentum distribution plots, Fig. 7.6. The better agreement of Megpansion relies on

the fact that even though the number of fields is only two in our calculations tMegpansion is an

expansion about a strong quasiclassical field configuration.

7.3 Conclusions

In this work we have used the CTP functional formalism for 2PI Green'’s functions to describe the nonequi-
librium dynamics of a condensate loaded in an optical lattice on every third lattice site. We have carried out
the analysis up to second-order in the interaction strength.This approximation is introduced so as to make
the numerical solution manageable, but it is sufficient to account for dissipative effects due to multiparticle
scattering that are crucial even at early times. Our formulation is capable of capturing the salient features
of the system dynamics in the regime under consideration, such as the decay of the condensate population
and the damping of the oscillations of the quasi-momentum and population per well unaccounted for in
the HFB approximation. However, at the point where an important fraction of the condensate population
has been scattered out, the second-order approximations used here predict an overdamped dynamics. To
improve on this a better treatment of higher correlations is required. One might try to include the full next

to leading order largeV” expansion without the truncation to second-order as done in Ref. [127] but it is

not obvious that this will lead to the required improvement. Alternatively, one may try to adopt a stochastic
approach, but the challenge will be shifted to the derivation of a noise term (which is likely to be both

colored and multiplicative) which contains the effects of these higher correlations and the solution of the
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stochastic equations.

Even though, as is clear that the second-order 2P| approximations fail to capture the fully corre-
lated dynamics in the system, it has been proved to work at intermediate times when correlations are not
negligible and standard mean field techniques fail poorly. Because of their success in describing moder-
ately correlated regimes, the second-order approximations could become a useful tool for describing other

experimental situations.
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Figure 7.1: Comparisons between the exact and the DNLSE solutions for six atoms and three wells. The
time is given in units ofi/J. Top panel, strongly correlated regime £ 12); middle panel, intermediate
regime ¢ = 2); bottom panel, weakly interacting regime £ 0.2). The solid line is the DNLSE prediction

for the population per wellzo(¢)[? and|z1 2(¢)|?, the triangles are used to represent the exact solution for
the population per well calculated using the Bose Hubbard Hamilto(ﬁéﬁb), <d§12d172>. The pentagons

show the condensate population per well calculated from the exact solitigih> and|{a; »)|>. Due to

the symmetry of the initial periodic conditions the curves for the 1 and2 wells are the same in all

depicted curves .
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Figure 7.2: Comparisons between the exact solution(solid line), the HFB approximation (boxes), the
second-order largd/” approximation (pentagons) and the full 2PI second-order approximation(crosses)
for the very weak interacting regime. The parameters used ere 3, N = 6,J = 1 andU/J = 1/30.

The time is given in units ofi/.J. In the plots where the population, condensate and depletion per well
are depicted the top curves correspond to the initially populated well solutions and the lower to the initially
empty wells. Notice the different scale used in the depletion plot. In the momentum distribution plot the
upper curve corresponds to the= +27/3 intensities and the lower one to the= 0 quasi-momentum

intensity.
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Chapter 8

From the 2PI-CTP approximations to kinetic theories and local equilibrium solutions

In chapter 6 we used the CTP functional formalism for 2Pl Green’s functions to derive dynamical equations
of motion. We have carried out the analysis up to second-order in the interaction strength. In chapter 7 we
used the formalism to investigate the nonequilibrium dynamics of a condensate loaded on every third site
of an optical lattice. We showed that the formalism allowed us to go beyond the HFB approximation and
to incorporate the nonlinear and non-Markovian aspects of the quantum dynamics as manifested in the
dissipation and fluctuation phenomena.

However, in the present form the equations of motion are complicated nonlocal nonlinear equations
from which we can hardly get any physical information regarding the system behavior except by numerical
solution. Moreover, the numerical solutions are complicated enough that application to real system with
many lattice sites are presently beyond the scope of standard computation capabilities. Nevertheless, when
the perturbation induces disturbances in the system of wave length longer than thermal wave lengths and
frequencies much smaller than characteristic particle energies then the system is in a regime where standard
kinetic theories give a good description of the dynamics. The purpose of this chapter is then to simplify
the complicated 2PI-CTP equations and show that they in fact reproduce, in the slowly varying regime,
standard kinetic theories and equilibrium solutions for weakly interacting gases well known in the literature

since the late 1950’s.

8.1 Rewriting the 2PI-CTP second-order equations

In order to make the comparisons with standard approaches we will start by getting rid of the matrix in-
dices that were useful to derive the equations of motion but which complicate the notation. We define the

guantities
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2(t:) z (1),

G(ti,t;) = —iGy",(t,1),
H(ti, ;) = —izf(t)z;,(t),
G”(tit)) = —iG5" (1),
G=(ti, 1)) = —iG5" (t,t') = —iG3, "(t',1).

Here we used the notation introduced in Eqgs. (6.26) and (6.27). With these definitions we now explicitly
separate the single particle, the HFB and the second-order contributions in the equations of motion for the

condensate and the propagators (Eqg. (6.22) and Eq. (6.24)).

S [ (0 ) - 7P ) 2 1)~
k

$ / dt" (D5 (1, 1) — SHFB (b, 60) G ) =
k

Z/dt”S(t“f%)Z(tg)7
k
Z/dt”z(ti,tg)G(t’k’,t;)
k

—8;;0c(t —t'),

whereD; (t;,t.) is the inverse free particle propagator given by:

J
DYt th) =

o J

with ¢ being the Pauli matrices:

(i6ij026‘t + J(6i+1j + 51',_1j) - J,JVZ) 5(t — t/),

1

0

(8.1)
(8.2)
(8.3)
(8.4)

(8.5)

(8.6)

(8.7)

(8.8)

(8.9)

In D;1(t;,t) we have allowed the presence of an external potelitial he label HFB stands for the HFB

J

contribution. Using the definition (8.1)-(8.5) in Egs. (6.43) and (6.45) they can then be rewritten as:

HFB
»nHE (ti,t})

J

N

SHFB(ti, t;)

J

N
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v (Tr (H(ti, t}) + G(ti, ) I +2 (H(t;, ) + G(ts, 1)) 6(t —

v (Tr (H(ti, t))] + G(ts, 1)) 4+ 2G(t4, 1)) 6(t —

J

)05

(8.10)

t")dij.,

(8.11)



wherel is the identity matrix. To evaluate the second-order contribution, we use Egs. (6.31) and (6.32) but
instead of setting the initial time to zero we choose it to-h® and in this way we recover the standard

Kadanoff and Baym integration contours [137]:

Z/ dt” (D (ta, 1) — STFB(t,,4)) H(ty, 1)) / dt"~y(t;, ) H(ty, t})
=0

~o, (8.12)
o7} t

> / dt" H(t;, ty) (D, ' (t, t;) — S"FB(t, 1)) + / dt" H (t;, t))y(t],, 1)

g Yoo e

=0, (8.13)
Z/ dt” (D (ta, 1) — SHIB (4, 4])) GR) (#],t)) = (8.14)
Z/ dt"T(t;, 1) G2 (1], ) Z/ dt" SR (t;, ) Aty 1)),
Z / dt" G2 (1, 4]) (D (17, £5) — SHEB (1)) = (8.15)

Z/ dt” A(t;, t]) SR (¢, 1) Z/ dt" G2 (t;, )L (1, 1))
k —0o0

In the above equations, Eq. (8.15) is the hermitian conjugate of Eq. (8.14), Eq. (8.13) is the hermitian

conjugate of Eq. (8.12) and we have introduced the spectral functions

v(ti, ty) = (S7(ti, 1)) — S=(ti, t})), (8.16)
Dt t]) = (37t 1)) — 25, 17)), (8.17)
Altst]) = (G7(ti,t]) — G=(t:,1})). (8.18)

Notice thatA(t;, t}) is just the spectral function defined in Eq.(6.34) multiplied by a minus sign, however,
we adopted the notation I and A to be consistent with standard Kadanoff and Baym notation [137].
If we use the full second-order expansion, Eqs.(6.71 and 6.72), it can be shown that the matrices

S(2) andx(2) are given by

2
s900) = —3 (5) [69 00T (69066 0 0)

I 263 (1, )G (), 1) G2 (¢, t)}’ (8.19)

]
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2
2(2)(ti,t;)z—% > X (8.20)

t'.)ag,?(t;,ti)) F2H (1, ) GE) (1, 1) G (1, 1))

J J
iy Vg J

+2GR) (8, %) (H(t, ti)G(z)(ti,t;)+G(§)(t3,ti)H(ti,t;)+G(§)(t;,ti)G(2)(ti,t’»))

J

G (13, ) Tr (H(t), )G D) (b3, 1)) + GO (1), 1) H(ti, £)) + G (1), 1) G2 (83,1 ) |

It is convenient to decompose the above equations in their matrix components. To do that we intro-

duce the definitions

Dii M

ity = —i| T, (8.21)
mi; Py
Pij My

a<nty) = —i| | (8.22)
mi o Pji

Using Egs. (8.21) and (8.22) into the self-energy equations we get

2 2|zil* + pii + pis 27+ mi;
SHEB (1)) = WU ' St — 15,4, (8.23)
2 +ms; 2|2l + pii + P
or [ 12 + pii + pii M;
SHEB(t;,1h) = V 5(t — )45, (8.24)
mg; |2i* + pii + Pis
—i8U? _ .~
Stitity) = Wﬂia‘@mzjmji + Pijpji), (8.25)
—i8U2 e e
Sta(ti,ty) = Wmij(mijmji +2pijpji)s (8.26)
—i8U2 .~
St t;) = W,%‘@mjimij + Djipij), (8.27)
—isU? .
Sh(ti,ty) = iji(mijmji + 2pjipij), (8.28)
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—i8U? ~ . ~ *
St t)) = W(pjiﬁ?j"'zmijpijmji + 2pimyi" Zizg + (8.29)

~2 * ~ * * ok ~ * %
Pijzi%i" + 2pjiPizizi" + 2migmy; 2" 2 + 2my i 2t 25",

—i8U? - - "
Nt t)) = vz (2piimaipig + 2p4ipigzizi + mijtmyi* + (8.30)
2mijZiijji* + 2mij,5ijzjzi* + 2pjimijzizj* + mijZZi*Zj*),
< ’ _7’8U2 2~ * * 2 *
Ehti.t;) = N (pij~Pji + 2pigmgimi;™ + 2pijzizyma; " + piizizt +
2pijﬁjizizj* + ijizimij*zj* + Qpijmjizi*zj*), (831)
< ! _Z8U2 ~ ~ 2 *
Ih(tit;) = W@Pijmjiﬂji +2pijpjiziz; +mji ma;T + (8.32)

* * ~ * 2 % *
2mjiZiij7;j +2pijmjizjzi +2mjipjizizj +mji Zi Zj ),

and
> > ~
St ty) = S t) {pig — P} (8.33)
> > «
Séf)(tmt;') = S£2<)(ti7t;) {mj; — my;*}, (8.34)
> > ~
=55 (tint) = St th) {2 2jspij = B} s (8.35)

The above expressions for the self-energy exactly agree with the ones used in Refs. [59, 60, 62]. In Refs.
[59, 62] the authors used these equations as their starting point before applying the Markovian approxima-

tion.

8.2 Boltzmann equations

From previous sections it can be observed that the equations of motion at second-order are quite involved:
they are nonlinear and nonlocal integro differential equations, not readily solvable in closed form. To
progress further we need to introduce approximations based on physical considerations. One of them is to
recognize two time scales in the system, one related to quantum processes (microscopic) which determines
the degree of quantum-mechanical entanglement of the system and one related to the statistical and kinetic
behavior (macroscopic) determined by the range of the interactions among particles. In a classical point

of view the two different scales in the system can be understood as the time (or length) scale separation

161



between the duration of a collision event (or scattering length) and the inverse collision rate (or the mean
free path). Close to equilibrium (when the external potential induces disturbances much longer than the
lattice spacing and frequencies much smaller than the characteristic particle energies) and in the weakly
interacting regime, we expect that a reasonable assumption would be to consider the kinetic scale larger
than the quantum one, which in a classical picture corresponds to assume that be the time between collisions
(or mean free path) is long compared to the reaction time (or scattering length).

Using this approximation it is possible to recast the quantum dynamics into the much simpler forms
of kinetic theory. In contrast to normal systems were there is not a condensate, in condensed systems
making the scale separation requires first to do a gauge transformation which makes it easier to identify
(and coarse-grain away) the fast variations induced by the rapid change of the condensate phase. Following

Ref. [139] we introduce the gauge transformation

Zz(t) = ew%(t)\/no(ti)’ (837)

G(%)(t“t/) _ ei@q‘,(t)azé(g)(ti’t;)e—193(t’)027 (838)

J
where/n,(t;) and6;(t) are real. In equilibriumAf; = (6,412 — 0;_1/2)/a is related to the superfluid

velocity and the time derivative of the phase to the chemical potential. Extending these identifications to

the nonequilibrium system we define the chemical potential and superfluid velocity as

2
h US2

4Ja2 b Vi

hvg 2JA6;a?. (8.40)

After the gauge transformation the variables G , v* andu are expected to be slowly varying functions
of

R=(i+j)/2, T=(@t+1t)/2, (8.41)

and peaked about the zeros of

r=(0@{—-j), T=({t-1t), (8.42)

necessary conditions to derive Boltzmann-type kinetic equations.

The equations of motion are invariant under the phase transformation if we répjacey D;lz
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D (t t ) = (héij(z'azat — 8t9i) — (SUV;—F (843)

© Yy
J(ei=AVir1/zg, g0 4 e‘i‘TZAQi*l/?éi,lj)) 5t —1t).
Since hereafter we will use the gauge-transformed functions exclusively, in the following the tildes
will be dropped to simplify the notation. To obtain the kinetic equations we Fourier transform the functions

G andn, with respect to- andr . The Fourier transform reads

G t)) = G <(T+;)R+r/2’ <T_ %) ”2)

_ (igr—iwT) ~(2)
= 27TM E /dwe G<(Rq;T,w), (8.44)
N T _T
H(t;, ;) = H((T+2)R+r/27<T 2)R—T/2>
—_ (igr—iwT) .
=~ 'onM Zq / dwe™ T H(Rq; T, w), (8.45)

Neglecting second-order variationsmaf( Rq; T, w) we can approximate it as

H(Rq;T,w) =2rM (I 4+ 05)no(R,T)5(w)dqo. (8.46)
In Eq.(8.46), the quantity, (R, T) is just related to the condensate density of atoms at the space time point
(Ra,T). In Eq.(8.44), the two-point functio@ﬁf)(Rq; T, w) corresponds to the well known Wigner distri-
bution function [140]. It can be interpreted as the density of noncondensed particles with quasimomentum
q and energyiw at the lattice siteR and time7". On the other hancG(>)(Rq;T,w) is essentially the
density of states available to a particle that is added to the systéRuaf’) with quasimomentung and
energyhw. As opposed to a normal system, the presence of the condensate gives non zero values to the
off diagonal terms of the functlorG(<)(Rq; T,w). We refer to them as the anomalous contributions to the
respective two point functions.

The generalized Boltzmann equations can be obtained as the Fourier transform of the equations
of motion for the case in which the variations fhandT are very slow. In particular when the inverse
propagatorD; ! and the self energies vary very little & is changed by a characteristic excitation wave-
length orT is changed by an inverse excitation energy. Following Ref.[139] and assunfing aR, T')

dependence of the variables, which is not explicitly written for simplicity, we get the following equations:
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(Dol — RS+ ;7> H = —5[D;'H]+ 3 [RS. H] + 7 [y, H), (8.47)
1 w5 ) = _‘rigpysl 1
H (DO RS 5 > = 3 [H,D;'] + 5 [H, RS 1 [H,7], (8.48)
Dl_wr4ir)a® — u® (wa+ia)=_" {D—l G(%)} 4t {3%2 G(%)} n
o 2 2 2 [T 2 [
Ly 1 @] _ 1>
2[2<,%G}+4[F,G<] 4[2< A], (8.49)
e (p1_wx_'p) _ (po_'a)s®-_" {G@) D—l} I {G(a %2} n
o 2 2 o [T ’
i @] _ o= 1 )
2[%G,z<} [G<7F}+4[AE<} (8.50)
with
D, N(Rgq; T,w) = (0, (hw — vs2J sin(qa)) + (2J cos(qa) + ur(T)) I). (8.51)

Because all the quantities are slowly varying functionsRadnd 7", in Eqs (8.47-8.50) we approximated
the discretized equation to continuous differential equations. The brackets denote the generalized Poisson

brackets defined as:

0A0B 0AOB

In the equations we have also introduced the following functions:

RS(Rq;T,w) = SHY(Rq;T,w)+RSP(Rq; T, w), (8.53)

RE(Rq; T,w) = XHF(Rq;T,w) +REP(Rq; T, w), (8.54)
dw’ ;T

RSE(Rq; T,w) = p/iw (8.55)
2 w—uw’
/ /

RYB(Rg; T,w) = P / ' T(al, ) (8.56)
2 w—w’

2 w—w’

/ .
RG = P/d“’ AlRg;T,w) (8.57)

with P denoting the Cauchy principal value and?q; T, w), I'(Rq; T, w), STF (Rq; T, w), ¥ (Rq; T, w)

HF

andA(Rg; T, w) understood as Fourier transforms of the functiofis, t/), [(;, t}), S~ (t:,t;), 277 (t;, 1))

andA(t;, t}) respectively.

164



If we define the statistical variables as:

> <

F o= % (8.58)
> <

m - ¥ (8.59)

Eq. (8.49)and Eqg. (8.50), can be rewritten in term of statistical and spectral functions as:

<D01m+;r>F - H<§RG+;A)_ (8.60)
L _D‘1—§RZ+£FF - HERG+£A
2\ |7° 2 ’ 2| [
F(D;l—m—;r> - (%G—éA)H: (8.61)

g pr e ip] _[je_ L
[ror-as- o] - [ro- fan])

(D' —RE)A-TRG = —% {[D;" — R%, 4] — [I, RG]}, (8.62)

A (Do—l — RY) — RGT _% {[A,DO_1 - RX] — [RG, T} . (8.63)

Egs. (8.47), (8.48) and (8.60)- (8.63) are our passage to the Boltzmann equations. They describe the state
of the gas at a given time. In contrast to the HFB equations, they include collisional integrals to describe
binary interactions.

To progress further we can introduce even more simplifications based on physical assumptions. The
ordinary Boltzmann equation emerges from the approximation in which the self energies that appear on
the left side of Egs.(8.47), (8.48) and (8.60)- (8.63) are handled differently from those which appear on
the right. These two appearances of the self-energy play a different physical role in the description of the
dynamics [137]. The self energies on the right hand side describe the dynamical effects of collisions, i.e.,
how the collisions transfer particles from one energy-momenta configuration to another. On the other hand,
the self energies on the left describe the quantum kinetic effects due to interactions, i.e. how interaction
effects change the energy momentum dispersion relations from that of free particles to a more complicated
spectrum. Because these two effects are physically so different, we can treat the left and the right hand

sides in different ways.
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In the derivation of the ordinary Boltzmann equations, one completely neglects all the kinetic effects
in the second-order self energies (the dependend amd R in the second-order self energy terms on the
right hand side) and retain dynamical effectsgnd R dependence on the left hand side). In this way, we
get the familiar Boltzmann equations which describe the particles as free particles in between collisions.
This is a reasonable assumption in dilute weakly interacting gases in which the duration of a collision is
very short compared to the essentially interaction-free dynamics between isolated collisions. Neglecting
kinetic effects in the second-order self energies, Egs.(8.47), (8.48) and (8.60)-(8.63) can be approximated

to

" (po—l R ;’y) = 2 [HD; -5, (8.65)
<D;1 —%z+;r> F—T1I (mG+;A> = —% (Dt =" F, (8.66)
DL —RY)A-TRG = _Lipr »HE Al (8.67)

o 2 o
F (Dol —RY — ;r) - (aceG - ;A) n = —% [F,D;t = %77, (8.68)
A(D;T - RY) - RGT = 7%' [A, D)t — £HF]. (8.69)

If we take the trace of the sum and the difference of each one of the above equations with its hermitian

conjugate, they can be simplified to :

Tr{(D;' —RS)H} = 0, (8.70)
Tr{(D,' = RE) F —IIRG} = 0, (8.71)
Tr{(D,' —RS) A-TRG} = 0, (8.72)

Tr[D;'—SHF H] = —Tr(yH), (8.73)

Tr[D;' —sHF F] = —Tr(TF—1IA). (8.74)
Tr[D;' —s"F Al = 0 (8.75)

Moreover, if we define the operatdrM = M5 + M3, and apply it again to the sum and the difference
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of each one of the equations (8.60) to (8.63) with its transpose we also get:

Re (Tr {(D;' —RS)H}) = %Im (e [ = ™ H] + T(vH)) , (8.76)
Re (e {(D;' = RY) F —IIRG}) = %Im (e [D; ' = =" F] 4+ Tr(IF — 11A)),  (8.77)
Re (T {(D;' —RE) A —TRG}) = %Im (e [D' =217 A, (8.78)
I (W {(D;* ~RS)H}) = —Re(Tw[D;! — 8" H] + T4H)) (8.79)
Im (Tr { (D, " = RY) F — IRG}) = —%Re (r [Dg' = 27, F] + (TF —I1A)), (8.80)
Im (e {(D;' = RZ) A —TRG}) = —%Re (Tr (D' — =HF A, (8.81)

with Re andIm denoting the real and imaginary parts. To close this set of equations we need an equation

of motion for the superfluid velocity which can be found from the definitions Eq.(8.39) and Eq.(8.40) to be:

h Ov, 0 h 9
oo 9 2. 82
272 0T ~ OR <(“+ VIt 7a2® ) (8.82)

Eqgs.(8.70-8.81) together with Eq.(8.82) form a closed set of equations that describe the state of the
gas at a given time. Equations (8.70-8.72) and (8.76-8.78) are usually called gap equations. They describe
the quantum properties of the gas which is evolving according to the Boltmaznn equations (8.73-8.75) and
(8.79-8.81). Under the derived formalism the Boltzmann and gap equations form a coupled set of equations

which replaces the original dynamics. The equations have to be solved self consistently for any analysis.

8.3 Equilibrium properties for a homogeneous system

In this section we will show how the nonequilibrium Boltzmann equations lead, in a special case, to the lin-

ear equilibrium solutions discussed in chapter 5 upgraded with second-order correctionstimcluded

in the quadratic approximations. There are two situations in which we expect an equilibrium solution to

come from the Boltzmann equations. Firstly, when the system has never been disturbed it remains in its

equilibrium state. Secondly, when the system has had sufficient time to relax after an applied perturbation.
At equilibrium, in the absence of any external potential, the functi@fisand H are completely

independent o andT'. In this case the generalized Poisson brakets terms are zero and EQs.(8.72, 8.75)
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and (8.78, 8.75) imply that:

A(D;' - RE) — (RG)T = 0. (8.83)

BecausérR(G(q, w) is determined byl (¢, w) as indicated in Eq. (8.57), Eq. (8.83) is satisfied whén, w)

is given by

. —1 . -1
Alqw) = i { [Dol RS+ ;r} - [Dol RS — ;r] } , (8.84)
and the functiolRG(q, w) given by

RG(q.w) — P/dw’ A(g,w")

2r w— W'

. oq—1 L o4-1
% { [Dol — RS + ;r} + [Dol — RS — ;r} } . (8.85)

From Egs.(8.73), (8.79),(8.74) and (8.80)) we also get that at equilibrium

v = 0, (8.86)

T'r—-T1IA

Il
e

(8.87)

Eqgs. (8.86) and (8.87) are just the mathematical statement of detailed balance. They just represent the

physical condition that at equilibrium the net rate of change of the density of particles with momentum q

and energyv is zero. Since it is always possible to write [137]

F(q,w) = (nq(w) + ;) A(q,w), (8.88)
then EQ.(8.87) can only be satisfied if
I(q,w) = <nq(w) + ;) I'(q,w), (8.89)

is satisfied. Detailed study of the structure of the self energy indicates {(ia} is related to the Bose-

Einstein distributionp,(w) = eﬁﬁiiil with 3 interpreted as the local inverse temperature in energy units

[137, 139].

168



SinceH contains delta functions in momentum and energy at equilibrium, we get from Eq. (8.70):

poo= —2J+RS511(0,0) + RNS12(0,0). (8.90)

8.3.1 Quasiparticle formalism

In the non interacting case the diagonal termsl¢f, w) are just delta functions with peaks at valuegiof

that matches the possible energy difference which results from adding a single particle with quasimomen-
tum ¢ to the system. In the many body system the energy spectrum is sufficiently complex so that the diag-
onal elements ofi(¢q,w) are not delta functions but instead continuous functions.dflowever, there are
always sharp peaks . These sharp peaks represent the coherent and long lived excitations, which behave
like weakly interacting particles. These excitations are called quasiparticles. From Eq. (8.84) it is possible
to see that the quasiparticle decay rate is determindd @he quasiparticle approximation is obtained by
consideringl” very small for small values af. This assumption implies thd?d—! = D! — RY — %F is
essentially real with only an infinitesimal imaginary part. The zera®ot about whichA is very sharply
peaked are identified with the quasiparticle energies

Using the assumption of a very sm&ll and the identityim. .o ;—r; = P25 — ind(w — &), itis

possible to write the matrix componentsf ! as:

10 Log(q:w)  Mg—q(q,w)
D™ (q,w) = hw - o , (8.91)
0 -1 Mz;fq((L w) ‘CZq(_qv —(.U)
with
dw' T1(gq,w")
= - — HFEB o e )
Logg(w) = —2Jcosqa—p+X77"7(q,w) + / o o — w4 ic (8.92)
dw' Ta(gq,w")
_ = xirs / i 8.93
Mg—q(w) 12 (g,w) + o W — ' T ic ( )
The quasiparticle amplitudes, andv, are the solutions to the eigenvalue problem
Lqq(q,wq) Mg—q(q,wq) Uq " 10 Uq ’ (8.94)
M (q,wq)  Lh,(—q, —wy) Vg 0 —1 Vg
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and satisfy the normalization condititm,|> — |v,|> = 1. In the absence of vortices it is always possible to
find an ensemble in which the amplitudes,, v,) are purely real and, = u_,, v, = v_4. Interms of

the quasiparticle amplitudes, the matrix elements of the spectral funttigq.(8.84), are given by:

u? v2
A11(q,w) = —2Im d — g
H w—wq+1i0T  w—wq+1i0~
= 27 [ugd(w — wy) — v30(w +wy)] | (8.95)
gV, Vol
A — 9] aVq _ allq
12((,],(.(.)) m|:w_wq+10+ w_wq+10_:|
= —2mugvq [0(w —wq) — d(w +wq)], (8.96)
A22(q7 UJ) = _All(_qa _w)) (897)
An(qw) = Af(qw). (8.98)

Finally, using the definitions of’ and 4, we can express the matrix componenmigw), p,(w) and
mq(w) defined as the Fourier transform pf;, p;; andm,; respectively (see Egs. (8.21) and (8.22)) in

terms of quasiparticle amplitudes:

pqw) = 27 [uing(w)d(w — we) + va(1 + ng(w))d(w + wy)] (8.99)
Paw) = 27 [uZ(1+ng)(w)d(w — wq) + v2ng(w)d(w + wy)] (8.100)
me(w) = 2mugug [ng(w)d(w —wq) — (1 + ng(w))d(w + wg)] - (8.101)

8.3.2 HFB approximation

Under the HFB approximation the matri®YX and®RS are just given byo# 58 and SHF B, In terms of

the quasiparticle amplitudes and settikig= 2, they can be written as:
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2(n,+n) ne+m
»HEB - U , (8.102)

ne+m  2(n,+n)

n, + 21 m
SHEB  — U ) (8.103)
m n, + 21
with
n o= M ( + ng(we))va + uing, (8.104)
m = Z 0 (2ng(wy) +1). (8.105)

q

In the HFB approximation, Eq.(8.94) and Eq. ( 8.90) then yield:

—2J cos(qa) — p + 2U(n, + 1) U (n, +m) Uq Ug
= hwq ,
U(n, +m) —2J cos(qa) — p+ 2U(n, + 1) Vg —g
(8.106)
= —2J + Uny + 2U + Un. (8.107)

As a final step, to fix the total density to n, the constraint

n=mn,+mn, (8.108)

has to be satisfied.
For a given density and temperature Egs. (8.106)- (8.108) form a closed set of equations. At zero

temperature, they reduce to the HFB equations derived in chapter 5 using the quadratic approximation.

8.3.3 Second-order and Beliaev approximations

When second-order terms are taking into account the matfixeandM,_, become energy dependent.
For simplicity we restrict the calculations to the zero temperature case whea 0. In terms of the

guasiparticle amplitudes the contributions to the self-energy at second-order are given by
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M,_,(¢,w) =Un, +Um +

2U? Z <2Ak6q_k +2C, Ay + 2C,By—i + 3CiCq—i;

= .
Mu° - W— Wi — We—k + 1€

_2BRAg— i + 2C A, + QCkBq_.k + Sckcq_k> (8.109)
W+ Wi + Wy — 1€
n 2U2 Z <2AkBqu_k_p + CkaCq_k'_p B QBkApcq_k_p + CkaCq_k._p> ’
M2h pape W — W — Wp — Wg—k—p + 1€ Wt wg +wp +wgg—p — L€
Lyy(q,w) = —2J cosqa — p + 2Un, + 2Un +
2U%n, (Ak.Aq_k + 2Ak8q_k + 4Ck¢4q_k + 2C1Cq—i
hM - W — W — We—k + i€
7 BiBg—r +2(BrAq—r) + 4Ck.Bq._k- + QCqu_k> (8.110)
W+ Wi + Wy — 1€
+§A(222 Z <AkAqukp + 2Akaqu.p> _ <BkBpAqkp + QBkaqu.p> ,
P W— Wk —Wp — Wy—k—p T 1€ W+ W +wp + wWg—k—p — 1€
w = —2J+Un,+2Un+Um (8.111)
_ 202 Z <2AkBka+p + 2B, ApCryp + QCkaCk+p>
hM? e Wk + Wp + Wktp
B 2U? Z <2AkaCk+p + AkAka+p + QBkaCk+p + BkBpAk+p)
hM?2 P Wk + wWp + Wtp ’
where the quantitiesl, 5 andC are defined as
Ay = ui, Br=vi Ci=—upv. (8.112)

The inclusion of second-order terms modifies the structure of the HFB equations. The matrix that
we need to diagonalize to find the quasiparticle energies depends now on the quasiparticle mode in consid-
eration. This means that a separate nonlinear problem must be solved for every quasiparticle state, whereas
the solution of the HFB equations yields the whole quasiparticle spectrum. The matrix which is to be diag-
onalized also become intrinsically non-local and to solve for a quasiparticle state with quasimomentum
we have to sum over all different quasimomenta. Finally, the diagonal elements are no longer equal as was
always the case in all the quadratic approximations considered in chapter 5.

If we omit the second-order terms containing no condensate amplitudes, the equations that we get

are the tight-binding version of the ones originally derived by Beliaev [63]:
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2U? Z (QAkqu + 2Cp Ap + 2C,By—1, + 3CkCqy—y;

quq(%W) = Uno +Um + W’no - W — W — Wer T ic

_ QBkAq,k + QCk.Ap + 2CpBy—1 + 3CrCq—i; (8.113)

W+ Wy + Wk — i€ ’ '
Ly (qw) = 4Jsin*(ga/2) +Un, — U + (8.114)

2U2n0 (Ak.Aq_k + QAkBq_k + 4Ck-Aq—k + 2Cqu_k
hM - W— Wy — We—k + 1€

_ ByBy—1 + Q(BkAq_k-) +4CBy—1 + 2C1Cq—; (8.115)

W+ wy + wy_, — i€ ’ '
w = —2J+Un,+2Un+ Um. (8.116)

As discussed in chapter 5, the HFB approximation has the problem that it is not gapless. It was
shown by Beliaev that when second-order Beliaev contributions are included the gap problem disappears.
The reason is that a& introduces the many-body scattering matrix in the off-diagonal terms, second-
order corrections introduce the many-body scattering matrix in the diagonal terms. This can be seen by
considering the second-order Beliaev corrections in the particle approximagion, 1,v, — 0. In this

case the second-order terms in Eq.(8.115) become

2U2%n, 1
L® = - ° . 8.117
qq (q,w) AM Ek:w—wk—wq_k—ie ( )

Comparison with Eq. (5.121) shows thhﬁ)(q,w) is the second order contribution to the many body
scattering matrix.

When both HFB and second-order corrections are included the quasiparticle energies not only are
shifted with respect to the BdG quasiparticle energies but they also become complex. The imaginary part
that the quasiparticle energies acquire comes from the poles of the second-order terms and it is associated
with a damping rate. The physical meaning is that when the energy denominator in the second-order terms
vanishes a real decay process is energetically allowed. The damping mechanism in which a quasiparticle
decay into two of lower energy is known as Beliaev damping and was calculated by Beliaev in the case of

a uniform Bose superfluid [63].
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8.4 Conclusions

In summary, we showed in this chapter that the complicated non local non Markovian second-order solu-
tions derived under the 2PI-CTP formalism, actually reduce to the standard kinetic theory solutions when
the scale separation assumption is made. We also showed that at equilibrium the full second-order 2PI

equations reproduce the second-order corrections to the self energy well known since Beliaev.
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Chapter 9

Characterizing the Mott Insulator Phase

Besides the superfluid regime, the other regime where analytic solutions become relatively simple is the
Mott insulator phase. Deep in the Mott insulator regime the kinetic energy term in the Hamiltonian, which
delocalizes the atoms, can be treated as a perturbation. In this chapter we use perturbation theory to describe
the basic properties of the Mott phase. We study both a translationally invariant system when no other
external potential is present and the case when there is an external harmonic confinement, as is the case
in real experimental situations. Specifically, the trapped system is studied assuming a parameter regime
where multi-occupancy in inhibited which is the relevant regime for the lattice based quantum computation

proposals.

9.1 Commensurate translationally invariant case

9.1.1 Perturbation theory

In this section we assume a commensurately filled one dimensional lattice with integer filling¥adto=
g, periodic boundary conditions and a parameter regime whi¢te > (U/J). with (U/.J). the critical
point, so that we are deep in the insulating phase. In this parameter regime, it is fair to consider the kinetic

term of Bose-Hubbard Hamiltonian as a perturbation:

H = HO9 150, (9.1)
N 1 ,
o _ 1 siata g
H = QUZLanaLanan, (9.2)
OH = —JY (@} ani1 + @l an ). 9.3)
n

The unperturbed Hamiltonian includes only the on-site interaction term, which is diagonal in a number
Fock state basis, and to zeroth order the ground $fgfeis the Fock state witly atoms in every lattice

site. We refer to this state as the target stdte The lowest lying excitations are described by the Fock
states|¥,,.,,), that havey + 1 particles at sitex, g — 1 particles at siten, and exactlyy particles in every

other site. We call these statese particle-hole (1-ph) excitationsThere arel (M — 1) 1-ph excitations
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and because of the translational symmetry of the system they are degenerate at zeroth order. All of them
have an energy/ above the ground state. This energy gap is one of the most important characteristics of

the Mott insulator phase.

“I’éo)> = IT)=19,9,-9:9) 54

W)yt 0= 1,..., M(M —1) (9.5)

o
o
S
-
Il

= 1¢,..,9g+1,...,9— 1,..,g>.
S~ S~

n m

U
By = 5 Mglg - 1), (9.6)

EQ = v+E® i=1,... M®M-1). (9.7)

At first order the kinetic energy term mixes the target state with 1-ph excitations with the particle

and the hole at adjacent sites. The first order ground state wave-function is

o) = <|T> + %\/ZMg(g m 1)|5>) , 9.8)

with |.S) the normalized translationally invariant state with a particle and hole at adjacent sites:

M
_ ‘\Ijnn+1> + |\Ijnn71>
15)=3" . (9.9)
ot vV2M

Notice the factorM that appears in the first order correction. It gives a restriction on the validity of a
perturbative treatment as the number of lattice sites increases. In order for perturbation theory to be valid,
the paramete% v M has to be small. The first order correction to the ground state energy vanishes. The

second order correction is given by

72J2M

2
EY = -

glg+1). (9.10)

Because of the degeneracy of the unperturbed states, in order to find first order corrections to the
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M (M — 1) low lying excited states we must diagonalize the kinetic energy Hamiltonian within the 1-ph

subspace. If we span the eigenstates as a linear combinations of 1-ph excitations,

M
)= 3 Ch W), (9.11)

n,m=1m#n

the necessary and sufficient conditions that the coefficiéfjts have to fulfill in order to diagonalize the

kinetic energy operator are given by the following equations

_(g + 1)(C;LL+1m + C'/rizflm) - g(C:Lm+1 + C'/riszl) = EZC'rLLm’ (912)

with Ei(l) = U — JE;. Besides Eqg. (9.12), the amplitudes have to fulfill two other equations:

ct. = 0, (9.13)

nn
n+Mm - nm+M — Cnm (914)

Eqg. (9.12) is analogous to the tight-binding Sidinger equation of a two dimensional square lattice in the
x — y plane, with ther direction associated with the position of the extra particle and) tiieection with
the position of the hole. The different weightst 1 andg can be understood in the 2D-lattice model as
different effective masses in the two directions. Eq. (9.14) imposes periodic boundary conditions, whereas
the constraintC? | = 0 takes into account the requirement that the extra particle and the hole at the same
site annihilate each other. It can be thought of as a hard wall ircthe y axis. The solutions are not
straightforward due to the fact that the effective mass difference breaks the lattice symmetry around the
x = y axis and makes the hard wall constraint hard to fulfill.

We now describe a procedure for solving the eigenvalue equations and evaluating limiting cases
where it is possible to find analytic solutions. Without any constraint, a general solution of Eq. (9.12) has

the form

Cnm x einzeim,t’ (915)

with

E;=-2((g+1)cos(z)+ gcos(t)). (9.16)
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To satisfy the constraint’,,, = 0 we use the linear character of the problem and look for a linear combi-
nation of solutions which have the same eigenvzﬁ]gé)ut which also fulfill the hard wall constraint. We

look then for a general solution of the form:

Chm o sin (7(n —m)) e™eins (9.17)

)

and determine the free parametérs, s by forcing the solution to satisfy Eq. (9.12). This procedure leads

to the following equation:
(g+1cos(r+s)+gcos(l—r)=(g+1)cos(s—r)+gcos(l+r). (9.18)

Eq. (9.18) is satisfied if we choosdo be given by:

s = Arcsin (g i 7 sin 1) . (9.19)

The tricky part is trying to satisfy also the periodic boundary conditions, Eq.(9.14), because in general

solutions of the form Eq. (9.17) are not necessarily compatible with the periodic boundary conditions in
the two variables: andm. However, there are some limiting cases in which both conditions are satisfied.

Such cases are discussed in the remainder of the section.

e Casd =0
If we choosel = 0 and use Eq. (9.19) and Eq. (9.17), we can fid- 1 solutions of Eq. (9.12)

which satisfy all the boundary conditions and are linearly independent. These are

%sin (%n —m]|), r odd

Crm = (9.20)
g sin (2-(n —m)), r even
n = - (I8 = —
E; U—2J(2g+1)cos (M) ,r=1,.M—-1 (9.21)

Inside the 1-ph subspace all the translationally invariant states are spanned by the states whose ampli-

tudesC?,,, are ther € odd solutions of Eq. (9.20). Because in the absence of an external confinement

the many body Hamiltonian is translationally invariant, the ground state must also be and it is only

coupled through the Hamiltonian to the subspace spanned by these translationally invariant states.
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The dispersion relation, Eq. (9.21), agrees to first ordef iw the mean-field solution found in
[77]. We want to point out that this dispersion relation only describes the spectrii-ofl of the

M (M — 1) low tying excitations.

When! # 0 the derivation of analytic solutions is more elaborate. However, in the limiting cases of

high filling factor,g > 1, it is still easy to find an analytic solution.

e Caseg > 1

In this limiting situations =~ [, (see Eq.(9.19)) and the periodic boundary conditions are satisfied if
s, [ andr are integer multiples of;. The eigenvalues and an orthonormal set of modes in the high

filling factor regime can be chosen to be:

ES%) = U-2J(2g+1)cos (%) cos <7]r\f) , (9.22)
orEso 2 sin(Z8n — m|) sin( T (n 4 m) + a,g),
2 sin(T2 (n — m)) sin(ZE" (n + m) + B,r),
V2 gin ™in —m|), r odd
V2 gin (5 (n—m)), reven

withr = 1,...M —1andR = 0,... M — 1. The notationR’ restricts the values oR to the
ones whereR + r is an odd number an®&” to the values wherd& + r is even. The constants
arp = w(r— R+ 1)/4andB,r = n(r + R — 1 + M)/4 guarantee the orthogonality of the

eigenmodes. In Fig. 9.1 we show a contour plot of the two dimensional 1-ph band.

To check the range of validity of our analytical solutions, in Fig.9.2 we plot comparisons between
the first order energy shifts calculated by the exact diagonalization of the Bose-Hubbard Hamiltonian but
restricting the Hilbert space to the 1-ph subspace and Eq. (9.22). We label the eigenvalues in ascending
order. The parameters used for the comparisons Were 11 and filling factorsg = 1 and4. We notice
that even though the analytic expression was calculated under the high filling factor assumption, for values
of g = 4, the agreement between the two solutions is very good. For the;casethe two spectra do not

agree perfectly, however, we can say that the analytic solution is fair even in this low density regime.

179



P.h. Band

T 3r bs
2 4
kx

NI

Figure 9.1: Contour plot of the two dimensional band of the 1-ph excitations to fist order in perturbation
theory. In the plot the brighter the color the higher the energy. The labelsyate 27 /MR andkz =

27 /MR.

In Fig. 9.2 we checked for the validity of the analytic solution Eq. (9.22) when the Hilbert space is
restricted to the 1-ph subspace. However, to restrict the low lying excitations to the 1-ph excitations is only
good as long as first order perturbation theory is valid. This implies that the para#a{é?f is small.

In Fig. 9.3, we explore the range of validity of perturbation theory by plotting the spectrum for different
values ofU/J and filling factors. The solutions presented in the plots are the eigenenergies found by the
exact diagonalization of the Hamiltonian (red), by diagonalization in the restricted 1-ph subspace (green)
and the analytic solution, Eq. (9.22) (blue).

We observe in the plots that for low filling factorg & 1) the analytic solution is not as good as
it is for high filling factors in reproducing the 1-ph subspace spectrum. Nevertheless, at low densities the
validity of perturbation theory holds for a larger rangelgfJ values. On the other hand, when the filling
is high the analytic solution gives a pretty good description of the 1-ph subspace but the pafafdeter

must be approximately times higher than the unit filled case to ensure that higher order corrections are
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Figure 9.2: Comparisons between the first order corrections to the 1-ph excitations calculated by diagonal-
izing the Bose-Hubbard Hamiltonian inside the 1-ph subspace and the analytic solution Eq. (9.22). The

number of sites used for the plot wa$ = 11. Energies are in units of J.

negligible. The number of wells chosen for the plots was small because of the exponentially scaling of the
Hilbert space. As the number of wells is increased, the ratid of required for perturbation theory to be
valid becomes larger.

Using the perturbation theory results, it is possible to calculate expectation values of physical ob-
servables that are relevant to the experiments. For example, the quasimomentum distribution (Eq. (5.57))

to first order in perturbation theory is given by:

4
ng =g+ Fg(g + 1) cos(qa). (9.24)

Hereq is the quasimomentuip = i%y =0,1,... M — 1 anda the lattice spacing.

The interference pattern after ballistic expansion is closely related to the quasimomentum distribu-
tion [103]. In the superfluid regime the intensity of the principal interference peak is proportional to the
occupation number of the = 0 quasimomentum component, which describes the number of particles in
the condensate. The washing out of the interference peaks in the Mott phase is linked to the redistribution
of the population from the condensate to states with higher quasimomenta. When the system is in the Mott
insulator regime, instead of a macroscopically occupied state, at zeroth otfér jthe momentum dis-
tribution is flat and all the quasimomentum states of the lowest band are uniformly occupied. This feature

is indicated in Eq. (9.24). At first order ii/U, we take into account the nearest neighbors’ remaining

181



g=1 K=6 U/J=45

50 %
48 ’ ’;\.’xx\'/
L||j> 46 ><><7.i?.i\.“./¥7,i>.<>.<.
uf 44
42 ;>.<>.<"" >.< ex
405" i
0O 5 10 15 20 25 30
nth
g=1 K=6 U/J=10
32 .
Lﬁ) 30 o8
|C 28 XK YHEXX
L L eee
26 U : exaglt
24 5% Sﬂ 4
O 5 10 15 20 25 30

nth

g=4 K=5 U/J=100

115
110 )
uT 105 b
1000
95 T . exgt
90 ;o
5 10 15 20
nth
=4 K=5 U/J=27
509 /
45
o 40
W5
uT 30
25 . el
201 5+ - 3
5 10 15 20

nth

Figure 9.3: Comparisons between the energy eigenvalues calculated by the exact diagonalization of the

Hamiltonian (red dots), the diagonalization of the Hamiltonian in the restricted 1-ph subspace (green trian-

gles) and the analytic solution (blue crosses), Eq. (9.22). The indaels the eigenvalues in increasing

order of energy. The filling factog, the number of wells\/ and the ratidJ/J is indicated in each plot.

Energies are in units of J.

coherence, always present in the Mott ground state, which creates a small cosinusoidal modulation of the

flat guasimomentum background.

In Fig. 9.4, we plot the quasimomentum distribution as a functioty 6f for a unit filled lattice

with six wells. The exact solution is depicted with solid lines and the first order perturbative results with

dots. The decrease of the zero momentum population and the tendency towards a flat distribution for large

U/ J ratios is observed in the plot.

Another characteristic feature of the Mott insulator phase is the reduction of the number fluctuations.

The first non vanishing number fluctuations (see Eq. (5.56)) are quadrati¢jirand given by:
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Figure 9.4: Quasimomentum distribution as a functio®/@f for a unit filled lattice with six well{ M/ =

6). The exact solutions are displayed with solid lines and the first order perturbative results with dotted

lines. Due to the lattice symmetny,. /3 = nar/3 andns. /3 = n./3.

J2
An = 4g(g+1)ﬁ. (9.25)

We omitted the site index iln because of the translational symmetry. Notice that due to the fact that the
true Mott ground state is not a Fock state, the number fluctuations decrease as thi¢ fatioreases, but

they are not exactly zero. This is a problem for the lattice based quantum computer proposals and we will
try to correct for it in chapter 11.

We conclude this section by using the first order perturbation theory results, to crudely estimate the
critical transition point. Quantum phase transitions such as the superfluid to Mott insulator transition can be
understood based on the phenomena of level crossing: as a characteristic parameter is changed (in this case
U/J), at some critical point a state that was an excited state becomes the new ground state of the system.

If we use this criteria to calculate the critical point and use Eq. (9.22) we get
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U/T)e =~ 2(29+1)~4yg (9.26)

This result only applies for the one dimensional case. It is a factor of two smaller than the calculated
value from mean field theory (Eq. 3.9) but it is in better agreement with numerical Monte Carlo simulations
and strong coupling expansions which predict a critical point for a unit filled lattiqg/¢f7). ~ 4.65

[78, 79].

9.2 Harmonic confinement plus lattice

In this section we consider a one dimensional optical lattice in the presence of a magnetic confinement with
oscillation frequencywr. We assume that the magnetic trap has its minimum at the lattice: site0.

The magnetic confinement introduces a characteristic energy@calea®wr /2, so thatV,, = Qn? (see
Eq.(6.1)). We first focus on the case in which the system has an odd number of atoms.

For the analysis we are also going to consider a parameter regime where

U > Q(Nf_w, (9.27)

QN > . (9.28)

The first condition expresses the requirements that the on site interaction éhargst be bigger than the
trapping energy of the most externally trapped atom, so multiple atom occupation in any well is inhibited.
The second states the requirement that the kinetic energy must be smaller than the potential energy cost for
an atom at the edge of the atomic cloud to tunnel to the next unoccupied site. Thus it is energetically costly
for the atoms to tunnel.

In this parameter regime the Bose-Hubbard Hamiltonian can be split into two parts: an unperturbed
part which includes the interaction and potential energy and which is diagonal in a Fock state representation,

and a kinetic energy part which is going to be treated as a perturbation.
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H = HOY 4450, (9.29)
N e 1 T
HO — Zn: n2al a, + §U Xn: al al dpan, (9.30)

OH = —J (a} g1+l an). (9.31)

With the constraints Eq. (9.27) and Eq. (9.28) we are guaranteed that to zeroth order in perturbation theory,
the ground state of the system consists of a unit filled central core compNsimglls in the central region

of the trap, surrounded by external empty sites, which in solid state language can be called a sea of holes.
If the number of atoms is odd, due to the the assumed trap symmetry, at zero order in perturbation theory

the ground state is unique and given by:

‘(I)SO)> - 0,..70,1,1,....,1,1,0,..,0>. (9.32)
——
N  sites

The unperturbed ground state energy is

Q
EY = F N ). (9.33)

The zeroth order low lying excitations consist of 1-ph excitations and another kind of excitations which we
refer as n-hh excitations. In the following we proceed to describe them in more detail:
e One particle hole excitation (1-ph)

The 1-ph excitations are described by the Fock staieg, ), with an extra particle at site» and a

hole at the siter, both inside the central core.

|
)
X

(9.34)

iph

)
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As opposed to the translationally invariant system, the presence of the trap breaks the degeneracy and
the 1-ph excitations are not degenerate at zero order. Their energy is given by the interaction energy

costU to create a 1-ph pair plus the potential energy cost due to the trap:

EPMO = EO L7 4 m? —n?). (9.35)

with n andm integersp, m = — &1 N=L

e Hole hopping excitations (n-hh)

These excitations are described by the states with a maximum of one particle per well and holes
inside the inner central core. They have to be included in the trapped system because of the reservoir
of holes surrounding the central core which brings an extra degree of delocalization. Because the
n-hh excitations are only due to the transfer of holes to the inner core, they don’t have the interaction
energy cost/ for having two particles at the same site and therefore they can be lower in energy than
the 1-ph excitations. We label the 1-hh, states with only one hole inside the central cdﬁe‘ﬁp}z

Explicitly they are given by:

‘¢>§-2)h> = |¥h) (9.36)

Il
<o
—
=
—
(@)
—
o
jan)
~

The zero order energy cost to create 1-hh excitations is:

EMO = B4 qim? - n?), (9.37)

with n andm integers such thak| > (N —1)/2 and|m| < (N —1)/2

At first order the kinetic energy term mixes the unperturbed ground state with the 1-ph excitation
which have the extra particle and the hole at adjacent sites and with the 1-hh excitations were the most
external trapped atom tunnels to the first available vacant site. The ground state wave function at first order

is then given by
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N-— ph ph
w o R R ey
]q>0> - ‘<I>O >+2J 3
e VR =01+ 20))

ﬁJ ‘\112}7§+1> + ‘\Iﬂi};—(n—kl)>
QN V2 '

(9.38)

The first order wave functions of the excitations directly coupled to the unperturbed ground state are

‘(I)(l) > _ ‘\I,;vh >_\/§JMO)> (9.39)
+nph - nnt1l (U — Q(]. ¥ 271)) ; .

(0)
‘(I)El:l})zh> = "P’i’li@+n> —J ’(ZON?, (9.40)

with L = (N —1)/2.

In Fig. 9.5 we plot comparisons between the analytic (blue) and exact (red) excitation spectra. The
indexn labels the eigenenergies in increasing energy order. The parameters used for the plbtsivere
40 and60, ©/J = 1.875, N = 9 andM = 11. The analytical spectrum was calculated to zeroth order in
perturbation theory. The convergence of perturbative results to the exact ones as the interaction parameter
U/J is increased can be seen in the plots. The lines indicate the energies of the states that are coupled
to the zero order ground state. The first two lines correspond to the two degenerate 1-hh excitation states
‘\I!’i’lLi(L+l)> with energyQ NV, the others correspond to 1-ph excitati#ﬂéiﬁi1> with energies(U —
Q1 £ 2n)).

When the number of atoms is even, the trap symmetry is broken and the ground state becomes

degenerate. In this case, at zeroth order, the degenerate ground states are:

0 1 0 0
o)) = ﬁ(\@yﬁ\@g», (9.41)
<I>(LO)> - 0,...,0,1,1,1,....,1,1,0,..,0>,
————
N—1 sites
<I>§§)> - 0,..,0,1,1,....,1,1,1,0,..,0>.
———

N—-1 sites

When the system has an even number of atoms, there are always going to be a nonzero number fluctuation
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Figure 9.5: Comparisons between the exact (red) and the perturbative (blue) spectra for a trapped system
with N =9, M = 11 andQ)/J = 1.875 deep in the Mott regime. The lines indicate the energies of the

states that are coupled directly to the ground state.

at the trap edge. Because the st%ﬁeg» and‘¢g)> are not coupled by the Bose-Hubbard Hamiltonian at
first order, the previous analysis we did for the system with an odd number of atoms can be straightforwardly
extended to the even case.

The constrainf2N > J used for the analysis above can be an important experimental restriction
if the total number of trapped atoms is large. In the regime wkeve< J, but still U > Q(N/2)2, the
energy splitting between 1-ph excitations induced by the trap is small and degenerate perturbation theory
must be used at first order. An analytic treatment becomes really difficult, nevertheless, it is possible to
have a qualitative analysis of the system. In this case, the system can be divided in two parts: a central unit
filled core comprising< < N wells at the center of the trap and a superfluid layer surrounding the central
core with maximum one atom per lattice site where the mobility of the holes is high. Th& ©izéhe unit

filled central core is determined by the strength of the magnetic confinefient,//2. The properties of
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the unit filled core can be described to a good approximation by the commensurate homogeneous results.
On the other hand, the atoms surrounding the central core are almost free to tunnel and they have superfluid

like properties.

9.3 Conclusions

In summary, in this chapter we have described the basic properties of the Mott insulating phase both in
translationally invariant and harmonically trapped systems. All the results derived here are going to be used

as the starting point for the calculations in the following chapters.
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Chapter 10

Bragg Spectroscopy

To date, the primary observable used to study ultra cold atoms in an optical lattice has been the momentum
distribution of the system, observed after ballistic expansion. In particular, this type of measurement has
been used to reveal the phase coherence between sites in the lattice and has been a really useful technique to
characterize the superfluid phase. However, the disappearance of the interference pattern is not a conclusive
diagnostic of the Mott phase. Recent analysis shows that this is more correctly related to the degree of
condensate depletion. Indeed, for this reason, the diagnostic tool used in the experiments byeGaginer

[46], to prove the achievement of the Mott phase, was to apply a potential gradient to the lattice and show
the presence of a gap in the excitation spectrum.

Moreover, because the usual procedure for producing the Mott insulator state is to begin with a
magnetically trapped Bose-Einstein condensate (with no discernible thermal component), and slowly load
it into an optical lattice, finite temperature effects or non-adiabatic ramping of the lattice may lead to the
production of an imperfect Mott phase. As more elaborate experiments are undertaken with optical lattices
in the strongly correlated regime it will be crucially important to diagnose the properties of the states
produced.

The results we present here suggest that Bragg spectroscopy can not only give information about
the excitation spectrum, which is a crucial diagnostic of the Mott insulator phase as characterized by the
opening of a gap, but that it can also be used in the Mott regime to estimate the temperature of the system.
Specifically, we study the linear response to Bragg spectroscopy of cold atoms loaded in a one dimensional
optical lattice based on a perturbative analysis. We obtain analytical expressions for the dynamical struc-
ture factor and use them to calculate the energy deposited into the system. We also test the accuracy of our
approximations by comparing them with numerical solutions obtained by diagonalizing the Bose-Hubbard
Hamiltonian for moderate number of atoms and wells. The calculations are done for translationally invari-
ant lattices and in the presence of an harmonic external potential. First we start by reviewing the basic

formalism that describes Bragg spectroscopy.
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10.1 Formalism

The application of Bragg spectroscopy to study cold atomic systems was first pioneered by the NIST and
MIT groups [65, 66]. Their scheme involved using a pair of interfering laser fields to Bragg scatter atoms
into a higher momentum state. Since those experiments Bragg spectroscopy has been established as a
versatile tool for probing Bose-Einstein condensates in a wide range of situations (e.g see [141, 142, 143,

144)).

Figure 10.1: Bragg spectroscopic scheme considered in this paper. The lattice potential with atoms loaded

into the ground band is perturbed by a shallow running wave perturbation (the Bragg potential).

Two-photon Bragg spectroscopy in a lattice is performed by superimposing a periodic travelling
wave potential on the lattice potential. This could be arranged by modulating the lattice amplitude, as done
by Sbferle et al. [145]. The more general situation arises when the Bragg potential is produced by an
additional pair of independent laser fields, chosen to produce a shallow potential that is not necessarily
commensurate with lattice potential (see Fig. 10.1). Specifically, the atomic sample is illuminated with
two additional laser beams with wave vectors of magnitugeand k- in the direction of the lattice and
frequency difference. The intersecting beams create a periodic potential parallel to the lattice with trav-
elling intensity modulation given by, cos(gx — wt). The difference in wave vectors of the beams defines
the Bragg momentum = k; — ko and the difference in frequency the Bragg eneligy Atoms exposed
to these beams can undergo stimulated light scattering by absorbing a photon from one of the beams and
emitting a photon into the other.

We consider a one dimensional optical lattice withlattice sites, sufficiently deep that the tight-
binding approximation is valid, and assume that we can restrict the dynamics of the atoms to the lowest

vibrational band. This is guaranteed if the loading is done slow enough to avoid band excitations,i.e. if the

191



energy of the Bragg perturbatidw is less than the energy gap to the second band and if the momentum
transferg is contained within the first Brillioun zone. A detailed analysis of the validity of the first band
approximation is found in Ref.[148]. There the authors, using a mean field approach combined with Bogoli-
ubov analysis, extended the existing theory of Bragg spectroscopy of magnetically trapped BEC [146, 147]
to lattice systems.

As shown in chapter 3, under the single-band approximation the system is described by the Bose-
Hubbard Hamiltonian, which we will denote &&,. Hereafter we assume, unless otherwise specified, a
harmonic magnetic confinement such that= On?2. In the tight-binding approximation, the Hamiltonian

describing the Bragg perturbation is given by

1 AT —iw AW
Hp = §Vo(p26 bt pge™t). (10.1)

The density fluctuation operat;ﬁg is defined as

M—1
ph=>_ Irmalan, (10.2)
m,n=0
with
= /dxei‘”wg (x — am)wy(z — an), (10.3)

wherewy(x) is the Wannier orbital centered at the origin of the lowest vibrational band. To calculate
I;>™ we approximate the Wannier orbitals by Gaussians localized at the bottom of the potential wells ,
¢o(x — an) ~ exp[—(z — an)?/2a3 ]/ (7'/*\/an,), where the widthu,, can be estimated by minimizing

the ground state energy. For a lattice potential of the fBlgl;,, sin?(7z/a), with Ex the recoil energy of

the atomsgy,, scales likea;,, ~ (Wat)_1/4a/7r. Neglecting the overlap between Wannier orbitals located

in different sites we get;""™ ~ 1,0, ,, exp(ia(n + m)q/2), whered, ., is the Kronecker delta function.

Then

1 qa\ 2
I, = 1 . 104
on (- (3)) @4
Notice that/, approaches one for smaii and deep lattices. Using the approximate expressiotfat

we can rewrite the density operator as:
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Pl =1, Z al Gy etime, (10.5)
=0

M-—1
m

To simplify the notation and to have a better physical understanding of the excitations induced by
the Bragg perturbation, it is convenient to introduce the quasimomentum field opﬂecrmﬂmch annihilates
an atom with quasimomentur, and is defined as the Fourier transform of the field oper@tori.e.,
by = ﬁ Zﬁil etknag, . The quasimomentumk can assume only discrete values which are integer
multiples of 2Z.

In the quasimomentum basis the operaig)can be written as

M

ph=1," bl br, (10.6)
k=0

—

where we have assumed thatan be also expressed as an integer muItipI(I%{gf By writing the Bragg
perturbation potential in the quasimomentum basis it can be seen that the two means by which momentum
is imparted to the atomic sample,is either by promoting an atom from quasimomeértmi + ¢ or by

demoting a particle with momentuinto & — ¢.

10.2 Observables

Useful experimental observables in Bragg spectroscopy are related to the density-density response function.
Here we focus our attention on the imparted momentum and energy, which can be measured by time-of-
flight techniques. In this section we elaborate on the form of these observables.

In the tight-binding approximations the total momentum is given by

P =" hkbfb. (10.7)
k
From the Heisenberg equations of motion we get

= lap| = ([as P + [, P]) (10.8)

= ——2(pleT™t — pee™t) — 20X. (10.9)
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where H is the total Hamiltoniand = H, + Hp, and X is the center of mass position given By =
>, (na)al a,. The second term in the momentum rate equation is just related to the force felt by atoms due
to the presence of an harmonic external confinement. On the other hand, the first term takes into account

the rate of change of the momentum due to the Bragg perturbation. If the perturbation is applied for a time

27

short compared to the oscillator peritgd.= the second term in the right-hand-side is small and can

V4JQa
be neglected in the calculations.
The energy change rate is
dH, i Ta on i A
=2 = 2 {HRHO} =z {HBH} , (10.10)
_ 1 A{wtdﬁg iwtdﬁq
- _2V"<e a T w )

Because the energy of a closed system is conserved, as opposed to the momentum rate equation, the energy

change rate is independent of the magnetic potential and only depends on the applied Bragg perturbation.

10.3 Linear response

The first order variation (OZt)} of the thermal average of an observat[?l%i) with respect to its mean value

due to a weak perturbatiafi ; applied to a system at= ¢, , is given by the Kubo formula [51]

; t
~ 7 ~ ~
5 <O(t)> = /f dr < [HB(T),O(t)] > , (10.11)
where the operator@(t) andH (7) are in the Heisenberg representation with respect to the time indepen-
dent hamiltoniarff,, and the expectation value is taken using the equilibrium state of the system.

For the particular case where the observables are the momentum and energy rates, we get after some

algebra :
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5 <C$> = hiq (2Vh) x (10.12)
[ ar (= 0]) = = ). 0]

o

e 0 ([h(r), p}(0)]) = 0 ([, (7), o (B)) ) — 2026 (
5<‘gj> _ f% (‘;) y (10.13)

[ (e G Al 0]) = 0 L () 0]

o)
Y

—iw(T d ~ ~ w(T d ~ PN
Fe 0 L (LA = 0L (), 50 )
We now introduce the function$(q, w) andR(q,w) given by
(Ph(T)bq(t)) = / e D 9(g, w)dw, (10.14)
(ph(m)py(t)) = / e R(g,w)dw. (10.15)

In terms of these functions it can be seen that siflgé(r), p! (t)]) = ([, (7). p,(t)]) = 0 Eq. (10.13)

and Eq. (10.14) reduce to:

~ 2
5<ng> - ;<V2> [ s (Sla.) = S(-a,-) % (10.16)

where we have sét, = 0. The quantityS(q,w), the Fourier transform of density correlations, is the so

calleddynamic structure factoand is given by
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S(gw) = %Ze-ﬁ&wmq )17 6w — wij) (10.17)

ij
> Sii ()3 (w — wij)- (10.18)
ij

where|i) and E; are eigenstates and eigenenergies of the unperturbed Hamilteni&®, is the usual
Boltzmann factor with3 = 1/kgT wherekp is Boltzmann's constant arifl the temperatureZ is the
canonical partition functiorfiw;; = E; — E; andS;;(q) = e |(i| py |3)]° -

Notice that because atoms could be scattered by absorbing a photon from either one of the laser
beams the response of the system is determined not onB(dyv) but by the combinatior$ (g, w’) —
S(—q,—w"). Ifthe perturbation is applied for a time long with respect to the frequency of the applied field
the momentum and energy rates approach the golden rule results.

Performing the frequency integration we get

2hg (QVFL) > (st () (10.19)

ij

—Sij(—q) <Sm((wMJ)t)>> — 200 <X(t)> :

w + wij

5 <‘f> = 2 (;2)2 ;fmij (Sij(q) (Sm((w_w])t)> (10.20)
+835(~0) (Si“ el

w—i—wij

[«
/\
Q
SIS
\/
I

The total momentum and energy transfer after applying the Bragg perturbation can be obtained by integrat-

ing the above equations. We get as a final result that

5<15> — hg (2’)22 (sij(q) (Sm((“’ _“”‘{)7/2)>2 (10.21)

ij

S.(—a) (sin((w+wij)7/2)>2> - 2Q/a/075<f((t)> dt

w—&—wij

6<H> - (‘;L)QZMJ <Sij(q) (Sin((“’_“’"j)T/Q))z (10.22)

w—wij

+5(a) <s1n<<w+wij>7/2>>2> |

w+wij
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wherer is the duration of the perturbation.

10.4 Zero-temperature regime

10.4.1 Bogoliubov approach

In this section we use the zero temperature Bogoliubov approximation for atoms in an optical lattice to study
the dynamical structure factor in the superfluid regime. Because quadratic approximations were discussed
in detail in in chapter 5, we refer the reader to this chapter for details.

Under the Bogoliubov approximation the field operator at lattice rsiie written as a complex
numberz,, plus small fluctuations = Z#O(u as —wvrsal), with {u?, v} the quasiparticle amplitudes.

Using this ansatz in EQ.(10.17) we get an expression for the dynamical structure factor given by

sT0%q,w) = +ZS 3w —wh), (10.23)
M 2
So(a) = > |zal?e™m (10.24)
n=1
2
Si(q) = Z(znu I o (10.25)

Translationally invariant system

To understand many-body effects included in the Bogoliubov approximation we start by studying the case
of a translationally invariant latticd{, = 0) with N atoms,M wells and periodic boundary conditions.
Using the results for the quasiparticle amplitudes and energies calculated using the improved Popov ap-

proximation, which was shown to be the best quadratic approximation we get:

S(q,w) = N?§(w )+Mnow §(w —w, /h) (10.26)

q

= N?6(w) + Mn,S(q)6(w — wl /h), (10.27)

with n, given by Eq. (5.136)¢;, = 4.Jsin*(ak/2) andw? = \/e? + 2nUe;. Heren is the total den-

sity n = N/M. Notice that due to the translational invariance of the system, the quasimomentum is a
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good quantum number and only quasiparticle states that have the same quasimomentum as the transferred
momentuny are excited.

For smallg, the structure factor behaves li ﬁq which is just the free particle expression with
the bare particle mass replaced by the effective mass; = h?/2.Ja? (a the lattice spacing). Suppression
of S(q) in the phonon regime is a direct consequence of the importance of quantum correlations in the long
wave-length limit. On the other hand, away from the phonon regime, the presence of the optical lattice
changes the behavior &¢f(q) in a drastic way. As opposed to the free case where at high transferred
momentauf ~ ¢* andS(q) approaches one, the periodic potential modifies the single particle dispersion
relation, which becomes always boundeddby The term proportional t@nUe; dominates even at high
momenta and many-body effects play a crucial role.

In Fig.10.2 we show the energwf[) imparted to the system as a function of the frequenayf
the Bragg probe, for different values of aby J and of the momentum. The blue curve corresponds
to the solution using the Bogoliubov approximation and the red one to the solution obtained by the exact
diagonalization of the Bose-Hubbard Hamiltonian. The number of lattice sites and wells used in the plots
wereM = N = 9. ForU/J = 0.001 the Bogoliubov and exact curves perfectly overlap. The agreement
is expected as the non-interacting Hamiltonian is quadratic and therefore exactly matches the Bogoliubov
Hamiltonian. The almost non interacting regime may be experimentally achieved by varying the onsite
interaction energy/ independently of/, by means of a Feshbach resonance that changes the scattering
length [20, 21]. FolU/J = 1 the agreement is good only for the low momentym 27/9. The agreement
for low momenta can be understood by the fact that for {atlve Bragg spectroscopy is probing the long
wave-length modes. These modes have a phonon-like dispersion relation and are almost not affected by the
presence of the lattice. In general Bogoliubov quasi-particle states correspond to solutions of the approxi-
mate Hamiltonian with a plane-wave character which are only valid in the weakly interacting regime. As
guantum correlations become important, the exact eigenstates of the interacting system do not necessarily
have the simple plane wave character,(see Ref. Lieb and Liniger [149]), especially in the commensurate
filling situation where for a critical value d¥/.J the system exhibits the superfluid-Mott insulator transi-

tion. However the unit filled commensurate case is the worse scenario, and as discussed in chapter 5, for
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non commensurate fillings or commensurate systems with larger filling factor we expect the validity of the
Bogoliubov approximation to extend over a larger rang& pf values.

As a final remark, it is important to point out that the small oscillations in Fig. 10.2 are due to
the square shape of the applied Bragg pulse. These oscillations would disappear if instead a pulse with

Gaussian profile is applied.

U/J=0.001 g=2r/9 U/J=0.001 g=8r/9
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Figure 10.2: Imparted energy: Comparisons between the the exact and Bogoliubov approximation for

N = M = 9. The horizontal axis is in units @f. For the plot we usedr /% = 10. See text Eq. (10.23).

10.4.2 Inhomogeneous system

Using the quasiparticle amplitudes derived under the T.F. approximation (see section 5.6.2), we get an

expression for the dynamical structure factor given by

3

Sa.w) = 9N2(sin(x)—xcos($)>2 5()

+Z§ D (i +1)(2i + 1) | Pi(2)]*0(w — w™V/i(i + 1)/2) (10.28)

%

wherez = gaRyp andP,(z) = [*, P, (u)e* du.
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An alternative way to calculate the dynamical structure factor is to use the so called local density
approximation (LDA). This approximation is valid for large condensates, where the density profile varies
in a smooth way and the system behaves locally as an uniform gas. Using a LDA the dynamical structure
factor can be written as

|2(m)?

Srpalq,w) = (Z Z(m)eiqam> S(w) + &5 Z W(%hw - wf(m)). (10.29)

m

Herewf(m) is the local homogeneous Bogoliubov dispersion relation witeplaced by the local density
in the trap. The LDA ignores the Doppler effect associated with the spreading of the momentum distribution
of the condensate and therefore it is not valid for large momentum transfers.

To test the validity of the HFB-Popov approximation to describe the energy imparted to the system
by Bragg spectroscopy in the trapped case we use a system with 11 lattice sites and 9 atoms. Unfortunately
for such a small number of atoms and wells the assumptions under which the analytic Thomas Fermi
expressions were developed, i.e. large number of atoms and smooth variations of the density profile, do
not apply. Therefore for the case witf = 11, N = 9 we restrict ourselves to comparisons between
numerical solutions of the HFB-Popov equations and solutions found by the exact diagonalization of the
many-body Hamiltonian. We solve numerically Egs.(5.113) -(5.117) to obtain the quasi-particle energy and
amplitudes. We then use them to calculate the imparted energy. In the presence of the trap, the number
of occupied wells for a fixed number of atoms depends on the trap frequency, particles are not necessarily
uniformly distributed throughout the lattice, and therefore commensurability is only meaningful locally.
This explains why in contrast to the commensurate homogeneous system, the agreement between the two
solutions is good up t&//J = 5 for the chosen parameters, as shown in Fig. 10.3. The failure of the
HFB-Popov approximation fa//J ~ 10 can also be observed in the density plots, as shown in Fig. 10.4.

The multiple peaks depicted in the plots are due to the external trapping potential, which not only dis-
cretizes the spectrum but also changes the plane wave character of the quasiparticle amplitudes. Therefore,
for a given transfer momentumdifferent quasiparticle modes can be excited. In Fig.10.3, we explicitly
show with a line the position of the quasiparticle energies.Similar to the homogeneous case, the lower the

transfer momentum, the better is the agreement between the HFB-Popov results and the exact solution.
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For small systems such as the one in consideration discretization effects can not be ignored. On the
other hand, if the inverse of the transfer momentum is bigger than the size of the condensate wave function,
then to first approximation the discretization in the excitation spectrum can be safely ignored and the system

can be treated as locally uniform. Instead of distinguishable peaks the response curve becomes smooth.
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Figure 10.3: Comparisons of the imparted energy vs. Bragg frequency curves calculated from the exact
diagonalization of the manybody Hamiltonian (red) and the from the HFB-Popov approximation(blue) for
a trapped system withh = 9, M = 11 and2/J = 1.875. The horizontal axis is in units df. The lines

depicted in the plot are located at the different quasiparticle energies excited by the Bragg perturbation.

To explore the validity of Eq.(10.28) derived under the Thomas-Fermi approximation we plot in
Fig. 10.55(¢,w) vs. w for different transfer momenta. The parameters used for the plot&iéie= 0.2,
Q/J = 9.5 x 107* and N = 100. For these parameters we believe the HFB-Popov should give a good
description of the system. In chapter 5 we showed that in the regime when the TF approximation is valid, it
gives a very good description of the low lying excitations. However it fails to describe high energy modes.
To illustrate this issue we compare in Fig. 10.6 the TF excitation spectrum with the one found by solving
the HFB-Popov Equations. The quasiparticle energies are labelled in increasing energy order. When the

Thomas-Fermi approximation is usedsfig, w), we expect then to obtain a fair description of it only if
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Figure 10.4: Density profile calculated from the exact diagonalization of the many-body Hamiltonian (red)
and from the HFB-Popov approximation (blue) for a trapped system Witk 9, M = 11 andQ)/J =

1.875. n labels the lattice site.

low-lying modes are probed. Low-lying modes are probed if the inverse of the transfer momgntum
is big compared to the size of the condensate wave function. This is explicitly shown in Fig. 10.5, where
only for small values of; the two solutions agree. For higher Bragg momeaqfag > 1, higher modes

contribute toS(¢/w) and the TF approximation gives a poor descriptioty ¢f, w).

10.5 Mott insulator regime

In this section we derive expressions for the zero temperature dynamical structure factor in the Mott regime
for both the homogeneous and trapped systems and compare them with the solutions obtained by exact

diagonalization of the Bose-Hubbard Hamiltonian.
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approximations. The horizontal axis is in units /of The system parameters ag'J = 0.2, Q/J =

9.5 x 10~* and N = 100.

10.5.1 Commensurate homogeneous system

In this section we assume a commensurately filled lattice with filling fatay/ = g, periodic boundary
conditions and a parameter regime whére> J. Using the eigenvalues and eigenstates calculated in
section 9.1 with first order perturbation theory in the high filling factor limit, we get an expression for the

dynamical structure factor given by

2
ST (g.0) = N25(w)bg + LU0 ED (10.30)
M 2
1 iqam T T T r

Z 5(77/(4) - E7(‘R)) Z e'l (lejn+1 + lef’nfl - Cm}ilm - Cm}ilm)
R m=1

32J%g(g+1) . qa 1T 2 1)
_ N2 2 1z — — o
= N*6(w)dq0 + B sin ( 5 ) ZT: sin (M) §(hw — E,7) (10.31)

with ga = 27g/M, and the prime in the sum meaning that it is constrained over'sheith g + r even.
Is important to emphasize that only the states witk= 0 have a dispersion relation which agrees to first

order inJ to the mean-field solution found in Ref. [151]. However, these states give zero contribution to
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the sum of Eq. (10.31).

In Fig. 10.7 we compare the imparted energy as a function of the Bragg frequency calculated using
the expression of the dynamical structure factor Eq. (10.31) to results obtained by the exact diagonalization
of the Bose-Hubbard Hamiltonian with paramet&fs= M = 9 andU/J = 45. We show the response
for two different Bragg momenta = 27 /9 and8x /9. In contrast to the superfluid regime, where Bragg
spectroscopy excites only the quasiparticle state with quasimomentimthe Mott regime we observe
M — 1 peaks centered arouid The different peaks are due to the two dimensional character of the 1-ph
dispersion relation. The Bragg momentytfixes one quantum numbét but the other can tak&/ — 1
different values. In the analytic solution due to the constraint in Eq. (1053%); even, only(M — 1)/2
of the possible\l — 1 peaks are present. The constraint is a consequence of the extra symmetry introduced
in the high filling factor solution where similar "effective masses” are assumed. Nevertheless, Fig. 10.7
shows that even in the situation wigh= 1, the peaks captured by the analytic solution are the most relevant
ones. Ay is increased, as long as the perturbation analysis is valid, we expect even better agreement. The
interval of frequencies over which the system responds has an approximate widi2gf+ 1) cos(ga/2).
Thecos(ga/2) dependence indicates thatgapproaches the response width is minimized. This behavior
can be observed in Fig. 10.7, when we plot the responseg foB7 /9. It is important to point out that the

presence of distinguishable peaks in Fig. 10.7 is a result of the finite system size. As the number of lattice
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sites is increased, more peaks are contained in the inte/al + 1) cos(ga/2). The separation between
one peak and the next decreases and instead of individual peaks a continuous envelope is approached.
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Figure 10.7: Transfer energy vs. Bragg frequency for a zero temperature homogeneous systeim=with
N = 9 and different transfer momenga The horizontal axis is in units df. The perturbation time was set

to J7/h = 10. Note the change of the vertical scale between the two panels.

10.5.2 Inhomogeneous system
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Figure 10.8: Transfer energy vs. Bragg frequency for a zero temperature trapped system with parameters
U/J=45,Q/J = 1.857, M = 11 and N = 9 and different transfer momenta The horizontal axis is in

units of 4. The perturbation time was set o/ = 10. Note the change of the vertical scale between the

two panels.
In this section we consider a one dimensional optical lattice in the presence of a magnetic confine-

ment. We assume that the magnetic trap has its minimum at the lattice sit®. In the regime where
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U> Q(Nf_ly andQN > J assuming an odd number of atoms, we can use the eigenvalues and eigenmodes
derived to first order in perturbation theory in section 9.2 in the expression for the dynamical structure factor

to get:

_ 8.J2 sin?(qa/2)
(T=0) _ 2 —
S (¢,w) = N=§(w)dqo RNQ)? O(hw — NQ)
L1
16.J%sin*(qa/2)
0(fuw — Q1 +2 10.32
= h U Q 1 + 2 )) ( U+ ( + m))? ( )

whereL = (N — 1)/2. In Fig. 10.8 we plot the imparted energy as a function of the Bragg frequency
and Bragg momenta = 2x/11, 10w/11. The system parameters dpe= 1.8.J, U/J = 45, M = 11
and N = 9. We observe nine peaks both in the perturbative and exact solutions. The peak at lower
frequency,NS2 =~ 18J, is described by the first term in Eq. (10.32) and corresponds to the two degenerated
1-hh excitations created when a hole tunnels into one of the most externally occupied sites. The other
N — 1 peaks, separated I8y, are described by the second term in Eqg. (10.32) and correspond to the 1-ph
excitations with the particle and hole at adjacent lattice sites. To explicitly shositthg:/2) dependence
of the response of the system, we plot the imparted energy for two different transfer magnameaclose
to zero the other close to. Even in the presence of the trafjq, w) tends to 0 agapproaches an integer
value of2x.

If the number of atoms is even, the trap symmetry is broken and the ground state becomes degener-

ated. To first order in perturbation theory the dynamical structure factor in this case is given by

§(hw — (N +1)Q)
h(N + 1)Q)2

ST=0(q,w) = 2N?§(w)dg0 + 8.J% sin’(q/2) (

(5(hw—(N )) NEhs (U — Q(1 + 2m))
+ N 477)2];/2 U SETTOIE ) (10.33)

In this case instead of a single excitation peakuat= N2 we have two almost degenerate peaks at
hw = (N £+ 1)Q. Apart from this, the response of the system is analogous to the odd number case.
All the previous analysis was done for the c&¥ > J. This can be a significant constraint if the

total number of atoms is large. In the opposite case whah < J but still U > Q(N/2)?, the energy
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splitting between one particle hole excitations is small and degenerate perturbation theory must be used at
first order. In this case the system can be divided in a central unit filled core, which to a good approxima-
tion has a response which can be described by the commensurate homogeneous results, surrounded by a
superfluid region whose excitations are mainly due hole hopping excitations. We expect that the response
to Bragg spectroscopy of the system in this parameter regime has peaks localizedlAradrich probes
the one particle hole excitation band analogous to the commensurate translationally invariant case. We also
expect lower frequency peaks aroufidv associated with hole hopping excitations inside the superfluid
region that surrounds the unit filled central core.

Be aware that the parameter regime chosen for all the plots in the Mott phase lies in the regime
where first order perturbation theory is valid and therefore peak¥ atue to higher order excitations are

suppressed even in the exact numerical results.

10.6 Finite temperature

In most of the experiments the way to load ultra-cold atoms in an optical lattice is by first forming a Bose-
Einstein condensate in a weak magnetic trap and then adiabatically turning on the lattice by slowly ramping
up the intensity of the laser beams. Ideally this kind of process should end up with the atoms in the many-
body ground state.However, that the Bose-Einstein condensate used as a starting point is not produced
exactly atT" = 0, and the final temperature is not trivially related to the initial one. It has been shown
[150] that even for an ideal non interacting gas there are different regimes where the atomic sample can be
significantly heated or cooled by adiabatically changing the lattice depth. The role of interactions is and
how many-body effects affect the final temperature of the sample are not yet well understood.

Besides this issue, there remains the point of how long one must wait to be truly adiabatic with
respect to many-body excitations. Interactions are essential for establishing equilibrium in the system, and
understanding them in detail will be really important to determine the time scales for adiabatic loading. For
a deep lattice the tunneling rate seems to be the most restrictive time scale for maintaining adiabaticity. If
adiabaticity were determined by the tunneling timé, it would be very hard to be satisfied experimentally

because/ decreases exponentially with the lattice depth.
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Because of these issues, it would be very interesting from an experimental point of view to have
a mechanism for determining the temperature of the system. What we show in this section is that Bragg
spectroscopy could give information about the temperature, at least deep in the Mott regime. As we did for
the zero temperature case, we start by describing the superfluid case, then the deep Mott insulator case, and

finally showing numerical calculations in the regime where the Mott transition takes place.

e Superfluid Regime

At finite temperature both quantum and thermal fluctuations contribute to the depletion of the con-
densate. We expect the Bogoliubov approach to be a good description of the many-body system for
moderate lattice depths and small thermal depletion. At finite temperature the occupation number

of a quasiparticle state is determined by Bose statistics: <dl&s> with n, the Bose distribution

functionng, = @wls o Taking into account thermal depletion, the expression for the dynamical
er*s —

structure factor is

S(g,w) = So(q)o(w)+ Z(n + 1)Si(q)d(w — wf)

+Zn7;5i(—q)5(w + w?) (10.34)

with Sy (¢) andS;(q) defined in Egs. (10.24) and (10.25).

Even though the finite temperature dynamic structure factor is in fact different from the zero tem-
perature one, observables such as the imparted momentum and imparted energy do not depend on
S(q,w) but onS(q,w) — S(—¢, —w). This difference is independent of the temperature, at least at

the order of approximation at which Eq.(10.34) was calculated [15, 147, 148].

Therefore, Bogoliubov analysis shows that, provided the temperature is sufficient low and the in-
teractions are weak enough that Eq.(10.34) is valid, Bragg spectroscopy is not a good method for

determining the temperature of the gas.

e Mott Regime

In the homogeneous Mott phase all the 1-ph excitations have an energy separation Gffoodethe
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ground state but splitting between them of ordeif the temperature of the systemigT > U/5,

1-ph excitations begin to contribute to the dynamical structure factor (Eq. (10.17)) and it starts to
develop frequency peaks at frequencies resonant with the energy difference between two 1-ph exci-
tations. These peaks survive even when the differesiggw) — S(—¢, —w), is taken and therefore

when Bragg spectroscopy is performed a small frequency response is observed. In the presence of
the trap the analysis is more complicated because also n-hh excitations have to be taken into account.
The relevant temperature scale in this cadesi® > Q2N /5 and the small frequency peaks probe the

energy difference between two n-hh, two 1-ph or one n-hh and one 1-ph excitations.

In Figs. 10.9 and 10.10 we plot the imparted energy as a function of the Bragg frequency calculated
from the exact diagonalization of the Bose-Hubbard Hamiltonian for different temperatures and different
ratios ofU/J. In Fig. 10.9 we use a homogeneous system Wite= M = 9 and in Fig. 10.10 a trapped
system withNV = 9, M = 11 at different temperatures. The response is consistent with the previous
analysis: a response almost independent of the temperature in the superfluid regime and the appearance
of low energy Bragg peaks in the Mott regime. We observe some dependence on the temperature in the

intermediate region but it is not as pronounced as the one observed deep in the Mott regime.

10.7 Conclusions

In recent experiments [145], Bragg spectroscopy was performed using a setup where the laser beams for
the Bragg perturbation were the same as those used to create the lattice potential, and the response was
observed. Previous linear response analysis done for translationally invariant systems [148, 151]) found no
scattering when the Bragg momentum equals the lattice momentum. In ref. [151], the authors attributed the
signal observed in the experiments to nonlinear response or to effects of inhomogeneity or finite system size.
Our linear response calculations considering small trapped systems still show no scattgriag?at/a

and therefore indicate nonlinear response as the most plausible explanation for the experimental results.
The validity of a linear response treatment can be checked by verifying the linear dependence of the Bragg
signal upon the intensity of the Bragg beams.

In summary, we have studied the linear response of cold atoms loaded in a one dimensional opti-
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Figure 10.9: Transfer energy as a function of the temperature for differéhtparameters. The plots are

for a homogeneous system with = M = 9. The horizontal axis in in units of.

cal lattice to Bragg spectroscopy and showed that it can be used to probe the excitation spectrum of the
system, with and without harmonic confinement. In the superfluid regime we showed the validity of the
Bogoliubov approximation to describe the very weakly interacting regime and its breakdown as quantum
correlations become important. A new theory beyond the simple Bogoliubov approximation is required

to describe regimes beyond the very weakly interacting one. In the Mott insulator phase we showed how
Bragg spectroscopy can be used to get information about the excitation spectrum: Bragg peaks are centered
around the characteristic Mott excitation gap, contained in an interval whose width is proportional to the
1-ph excitation band width and have an average height which is maximized when the Bragg momentum ap-
proachesr/a. In the trapped case, Bragg peaks at lower energy reveal information about 1-hh excitations.
Finally, we also discussed how Bragg spectroscopy can be an important experimental tool to determine the

temperature of the system in the Mott insulator phase.

210



U/J=0.1 g=6n/11 U/J=5.05 g=67r/11

SE(V 0%/ FP)
NN WW
([@]é) [@]é)[e]é)(e]d)]

0246 8101214
w/J

SE(V0%/P)
RPDNW>~O
oNoNoNoNeNe)

U/J=45. g=6n/11

~ ~6
5 4 S 5
~ 30 4
(@) o
> 20 >3
0 10 21 L gy
o 0 - 7 o v, -
0 10 20 30 40 50 60

w/J w/J

Figure 10.10: Transfer energy as a function of the temperature for differehparameters. The plots are

for an trapped system with/ = 11, N = 9 and)/J = 1.875. The horizontal axis in in units df.

211



Chapter 11

Scalable register initialization for quantum computing in an optical lattice

The goal of building a quantum computer has spurred tremendous progress in coherent control and mea-
surement of small quantum systems. Neutral atoms in optical lattices have been proposed as a suitable
candidate for quantum computing implementation. The appeal of this system stems from the defect-free
nature of the lattice potential, and the long coherence times of the constituent atoms. In order to fully realize
the promised computational speedup of a quantum device, the underlying system should be scalable to a
large number of information carriers or qubits. Indeed, the first two criteria delineated by DiVincenzo [152]

for scalable quantum computation are:
e A scalable physical system with well characterized qubits
e The ability to initialize the state of the qubits to a simple fiducial state.

In many systems, the first criterion can be met by increasing the number of storage components for
the qubits, e.g. in solid state systems the number of dopant qubits in the bulk material could be increased,
in optical lattices the number of trapped atoms could be increases and in ion systems large scale micro-trap
arrays have been proposed [153]. There are two main approaches to satisfy the second criterion [152]. One
is to allow the system to interact with the environment and “naturally” cool to its ground state and thereafter
use this state as the initial state. The other is to actively cool each qubit by projective measurement to a
fiducial statg0). A problem arises with these approaches when the ground state of the many body Hamil-
tonian is not a suitable initial state. This is the case for bosonic qubits embedded in systems with periodic
confinement, for example in Josephson junction arrays [154], neutral atoms trapped in electromagnetic mi-
crotraps [155] or optical lattices [46]. For these systems, the underlying dynamics is Bose-Hubbard-like
and the ground state contains residual coherences described by non-zero number fluctuations in each mode.
As shown in Eq.(9.8), these fluctuations scalg.&8/+/M, so if not corrected, the dynamics will impart a
constraint to scalability. In this chapter we show how this can be corrected in two steps, first by introducing
an inhomogeneity to the lattice using a quadratic trapping potential and second by projecting out compo-
nents of the many-body wavefunction with multiply occupied lattice sites by selective measurements on a

molecular photo-associative transition. Provided the measurement strength is sufficiently large, the system

212



does not evolve out of the restricted basis and the measurement can maintain a unit filled register for the
duration of quantum computation. This strategy allows the Mott insulator transition to become a robust

mechanism for register initialization.

11.1 Homogeneous dynamics

It was recognized early on that the Mott insulator transition might be an efficient way to initialize a register
of atomic qubits in an optical lattice for use in quantum information processing. A key advantage of
loading from a BEC is the availability of an initially high phase space density which can be frozen to the
Mott insulator state with atoms occupying most lattice sites. For the homogeneous systeri), only
commensurate fillings give rise to a Mott insulator transition. For the purposes of quantum computation,
one particle per well is desirable. In practice, this is difficult to achieve directly because the precise number
of atoms is unknown and the lattice strength is not perfectly uniform on the boundaries. There are proposals
to prepare unit filled lattices using dissipative techniques involving filling the lattice atom by atom [156] or
using Raman side-band cooling [157]. Additionally, it has been shown that one can repair imperfect filling
from a BEC via an adiabatic transfer mechanism between two sublevels of each atom [48]. While these
techniques can initialize the lattice, any mechanism used to prepare a register of qubits in the unit filled
state will suffer a degradation in fidelity, defined as the population in the unit filled state. The degradation
comes from the coupling between the desired unit filled state and undesired states that pertain to the exact
Mott ground state.

In this section we derive the time dependent fidelity in a homogeneous commensurately filled system
prepared at time = 0 in the unit filled Fock statél') (See Eq.(9.4)). While our results can be generalized to
higher dimensions, we consider only a one dimension system. We assume an idealized homogeneous lattice
with periodic boundaries and unit filling, = N/M = 1, whereN is the number of atoms antf is the
number of wells. The regime of interest is the strong coupling limit, where first order perturbation theory
is valid. This regime is experimentally achievable in an optical lattice because the tunneling decreases
exponentially with the trap depth.

To study the time dependent fidelity at first order in perturbation theory, in principle we have to
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consider all theéVf (M — 1) eigenmodes that span the one particle hole subspace. However, by translational
symmetry only the translationally invariant states are coupléd@tpand only they have to be considered

for the time evolution. As shown in chapter 9, the translationally invariant states inside the one particle hole

subspace are thel//2] states in the subspace, given by:

M
@5,1)> = Z C;m|q}nm>v
n,m#n
” V2 . (7(2r —1)n —m]
cl., = 7 Sin ( i ) , (11.2)
oI U — 6J cos (W) L or=1,...[(M))2). (11.2)
The state vector at any time can be written as:

LM/2]

() = co®)IT) + > elt) ‘<1>§.1>> with ¢(0) = 1. (11.3)
r=1

By solving the Schidinger equation to first order in perturbation theory, the time dependent fidelity

to be in the unit filled staté’(t) = |co(t)|? can be estimated to be:

|M/2]
Ft) = 1= Y lea®) (11.4)
r=0
2 (9 — 1)
le, ()] =~ 64 <E‘(71)> sin? (@;le)> sm2<ET2t/h>. (11.5)

If the number of wellsM > 1, the sum in Eq. (11.4) can be approximated by an integral. In this case we

get an expression for the fidelity of the form:

Ft) = 1_64J27M 7rclacsinz(yc)sim2 <(U—6Jcos(x))t>

U?n Jo 2h
B J\? cos(Ut/h)Jy(6t.J/h)
Cres () (1 A a1

where.J,, is then!" Bessel function of the first kind.

To test the validity of the approximations, we first compare in Fig.11.1 the percentage fidelity given
by the Eq. (11.4) (red) and the numerical solution calculated by the exact diagonalization of the Bose-

Hubbard Hamiltonian (dots). Due to the exponential scalability of the Hilbert space we restrict the calcula-
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Figure 11.1: Comparisons between the time evolution of the percentage fidelity calculated by diagonalizing

the Bose-Hubbard Hamiltonian (dots), the perturbative solution inside the one particle hole subspace (red)

and the analytic solution Eq. 11.6 (blue).

tions to only5 wells. We also show comparisons with the analytic solution, Eq. (11.6) (blue). The on site
interaction strength used was'J = 100.

We observe a very nice agreement between the perturbative and the exact solutions. The agreement
confirms the validity of restricting the evolution to the one particle hole subspace. On the other hand,
because of the small number of wells used for the simulations, we do not expect Eq. (11.6) to be a very
good approximation. Nevertheless, we observe that for short times the analytic solution is a fair description
of the dynamics.

In Fig.11.2 we compare the analytic solution, Eq. (11.6) (blue) with the perturbative solution given
by Eqg. (11.4) (red) for a larger system witli = 31. Even though for this large number of wells an exact
solution is not available, we ensure the validity of perturbation theory by choosing the\é&figU than
the onein Fig.11.1. In thi3/ = 31 case, which lies in a regime where we expect Eq. (11.6) to be valid, the
agreement between the blue and red curves is very good.

In general the behavior df(¢) consists of fast oscillations with frequency equalitdi, modulated
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Figure 11.2: Percentage fidelity as a function of time calculated using the perturbative solution 11.4 (red)

and the analytic solution Eq. 11.6 (blue).The number of sites used for the plbtis31

by longer oscillations with frequency determined by the zerof of-or short times/J¢/h < 1, the fidelity
is

F(t)~1-16 ((‘;)2 M sin? <Utz/h) , (11.7)
which corresponds to the Rabi oscillations of an effective two level system spani@&l agd|S), with
|S) the translationally invariant state directly coupled to the first order ground state (see Eq. (9.9)). For later
times the coupling to other states becomes important. Notice that the time average of the fidelity over many
oscillation periods i§F(t)) = 1 — 8(J/U)?M. Consequently, the deviation from a perfectly prepared
register, described by — (F'(t)), is twice as bad as if the system were prepared in the stationary ground
state of the Bose-Hubbard Hamiltonian (Eq. (9.8)). This indicates that a lattice filled with a commensurate

number of atoms in the Mott insulator state may create a more robust quantum computer register than one

prepared dissipatively.
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Figure 11.3: Schematic of an inhomogeneous lattice filled witqubits with an onsite interaction energy
U. An externally applied trapping potential of strength= 52, e.g. due to a magnetic field, acts to fill
gaps in the central region of the trap. The center subsfacéthe lattice defines the quantum computer

register containind< < N qubits.

11.2 Dynamics in presence of the external trap

As mentioned before, in practice it is difficult to prepare an optical lattice with exactly one atom per well. To
arrange the desired configuration, we propose to use an inhomogeneous lattice with open boundaries created
by a weak quadratic magnetic trap. We require fewer number of atoms than availablé&/site3/. The

addition of the trap acts to collect atoms near the potential minimum and leaves empty wells (holes) at the
edges. In experiments where the optical lattice is loaded from a BEC, the external trap is already present
to confine the condensate. For simplicity we assume a one dimensional trap with oscillation frequency
given bywr. The magnetic confinement introduces a characteristic energy@calen /2awr, so that

V, = Qn? (see Eq. (6.1)). To inhibit multiple atom occupation in any well in the ground state configuration,

we require the on site interaction energyto be larger than the trapping energy of the most externally
trapped atomd/ > M.

We define our register as the subsp@&e&omprising K < N wells in the center region of the
the trap (see Fig. 11.3). The barrier space flankihgvill act to suppress percolation of holes from the
edges to the center. The estimated probability for holé® iue to tunneling through the barrierjg ~
TIY D 2 (7/9(25 + 1))? = (J/22)N—K+4(I'[K /2]/T[N/2 + 1])2, which is negligible provided the

barrier region is sufficiently large any KQ < 1.
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Hereafter, we restrict our attention to the dynamics of the reduced state of the register obtained by
the tracing over spatial modes outside the register subspace of the entire many body wavefunction. The
degree of inhomogeneity is quantified by the r&di6J. For0 < /J < 1, the energy splitting between
Fock states describing particle-hole pairs is small and the model of homogeneous dynamics is valid.

ForQ/J = 1, to first order in perturbation theory, the state space is spanned by the unit filled state

in the register subspacl,), and the2 K nearest neighbor particle-hole pali&;ty

|T>R = |1a]~a1, ceey 717131>, (118)
K sites

+ _ . _

SR = e 2,0l < (K- D)2, (119)
J j+1

1SR = [1,..., 2, 0 ,....1). (11.10)
j—1 J

Here we have introduced coordinates with the gite 0 coincident with the trap minimum. For eaghthe
stateﬂSf)R are distinguished by the two energetically distinct orientations of a doubly occupied site and
its neighboring hole with energieE,(S;E) =U(lF %(Qj —1)). We define the zero of energy coincident
with the stateT)%.

With an eye to the projective measurement, it is important to understand the free dynamics when the
trap is present and the register is initialized in the pure s$ftg inside the registerg (T'|¥(0))r = 1.
Here|¥(0))% is the projection of the initial many body stat®(0)) in the register subspace, i|d@(0))z =
|P)(P|W¥(0)) with |P)(P| the projection operator that traces over spatial modes outside the register. We
proceed to estimate the fidelity to be in the unit filled state in the regiByeft) = |z (T|P)(|P|¥(t))*> =
[R(T[¥(t))=.

The quantityF’z (¢) is generally difficult to compute because atoms couple into and out of the reg-
ister. Instead, we will first solve the simpler problem of the fidelity to be in the target state of a com-
mensurately filled inhomogeneous lattice withsites. We will use this fidelity to estimatéz (¢). In the
commensurately filled inhomogeneous system, to first orddy i/, the dynamics can be restricted to the

Hilbert space spanned by the state vectd#®) x, |Sji>72}, and therefore the time dependent state can be
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written as :

. +
() com = ex(t)|T)r + D e FE g (1)|5F) . (11.11)
==

The evolution of the amplitude:r(t), c4= (t) } is dictated by the following equations of motion:

ihgc;r(t) = —JV2) eI he (1), (11.12)
ot 4 j
J,x
ih%csi(t) = —JV2e BN ey, (11.13)

Using the fact that/ /U < 1, for timesJ¢ < i we can set the value ef-(¢) in Eq. (11.13) to 1. Integrating

the equation we obtain

2 +
leg=(M)> = 8 (;) sin? <E(§;i )t> , (11.14)
2
e = 1-8 (;) Z‘csji(t)’z (11.15)
VE
After performing the sum, the fidelit§.o.,, (K, t) = |er(t)]* is :
N J? ) sin(Q(K — 1)t/h)
Feom (K, t) % 1= 87 (K — cos(Ut/h) <1 + (€2 F) )) . (11.16)

Notice that forQ2t — 0, we recover the short time fidelity in the homogeneous case, Eq. (11.7).
OonceF,., (K,t) is calculated, we can bound the fidelify; (¢) inside the register. Provided > K

the following inequalities on the time averaged fidelities hold:

(Feom(N, 1)) < (Fr(t)) < (Feom(K,1)). (11.17)

The lower bound arises because the probability to be in the unit filled state of a large commensurately filled
lattice, given an initial state which is unit filled, is always less than or equal to the probability to be unit
filled over a smaller subspace &f < N of a non commensurately filled lattice whose register is prepared

in the unit filled state. This inequality holds provided the probability for holes to tunnel into the register

R is small over relevant time scales. The upper bound is a consequence of the fact that unit filling in the
register state is degraded because particles can tunnel in and out of the register. Therefore its fidelity is less

than that of a commensurately filled lattice of the same Eiz@epared in the unit filled state.
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Figure 11.4: Comparisons between the time evolution of the percentage fiflglity X' = 5, ¢) calculated
by evolving the initial target state using the Bose-Hubbard Hamiltonian (dots), the restricted one particle
hole basis (red) and the analytic solution Eq. 11.16 (blue). In the plot we assumed a commensurate unit

filled lattice with five sites and infinitely high boundaries.

In Fig. 11.4 we compare this analytic solution, Eq. 11.16 (blue), with the solutions found by propagating
the initial state using the exact Bose-Hubbard Hamiltonian (dots) and by using a restricted basis set of
dimensionK (K — 1) + 1 consisting of the target state and all particle-hole pairs (red). Infinitely high
boundaries were assumed for the numerical solutions. The parameters used for the plby Were
100,2/J = 2.7and K = 5. We observe complete agreement between the exact points and the red curve,
which justifies the restriction of the dynamics to the one-particle hole subspace. On the other hand, the
analytic approximation accurately reproduces the exact dynamics only for #ie&5%/.J. This is not
unexpected because the analytic solution only takes into account the states with no separation between the
atomic pair and the hole which are the ones coupled to first ordértanthe ground state and sets(t)

in Eq. (11.13) to one. In Fig. 11.5 we plot the fidelity for a lattice with more siféss 31. Because the
Hilbert space is too large to have an exact solution, we decretsget the samég+/K /U ratio as the one

used in Fig. 11.4. In this way we can be sure of the validity of the solution constrained to the one-particle
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Figure 11.5: Percentage fidelity as a function time calculated using the approximated solution 11.16 (blue)
and the fidelity found numerically by restricting the dynamics to the one particle hole subspace. We assumed

infinity high boundaries an&™ = 31.

hole subspace which is plotted in red. We observe for this parameter regime that the analytic solution (blue)
gives a very good description of the quantum dynamics. This is consistent with the fact that as the ratio
J/U is decreased, the role in the dynamics of other modes different froﬂﬁfﬁ)@a modes becomes less

important.

11.3 Measurement

In Sec. 11.2 we showed that the system dynamics can be restricted to a set of two level cqliplirgs:

|Sji>}. We now sketch how to perform a continuous measurement to drive the register into the unit filled
“target” state|T')z. The full details are contained in [158]. The idea is to apply an external control field
that is resonant with a coupling between the “faulty” sta(tﬁﬁﬁ} and a set of excited statéWf}R}.

These states are describedBy- 2 atoms trapped in the lattice and a dipole-dipole molechilar P state

at sitej + (1 F 1)/2. The bound molecular state is chosen such that the catalysis laser is far off resonance

from other bound states and repulsive potentials, see Fig. 11.6. If the population in the excited states is
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Figure 11.6: Schematic of the relevant couplings in the problem. The unit filled |tatescribing a

target quantum register and the stahﬁ]%) having one doubly occupied lattice site and a neighboring hole
are coupled to first order id. A catalysis laser resonantly couples the ground sqﬁ‘ﬁs to the excited
statesJMf) describing a bound molecule at the doubly occupied site. The bound states quickly decay and

give the possibility of monitoring population in the “faulty” register stah&‘ﬁ}.

easily measurable, for instance by the emission of photons during decay, then the presence of population
in the particle-hole states can be monitored. It is vital that the coupling field be able to spectroscopically
resolve the measurement transition without exciting the target state. This is possible if the atoms in multiply
occupied wells see a shifted excited stzﬂ’eMji) = E(Sf) + E — U, where for examplé is the energy

of a dipole-dipole molecular state. The “bare” energy Hamiltonian of the system is:

Ho+Hpn = Y ;. E(S7)IS))rr(S) |+ E(M;")|M;")rr (M|
(11.18)
_ﬂJZj,i(|Sji>RR<T| + ‘T>RR<S;[|)'
When the catalysis laser is turned on, for the bound states of interest, such as the long range
bound states of the_ (P;,,) potential [159], the detuning froratomicresonances is several thousands
of linewidths, meaning the atomic saturation is low. In this case, the excited atomic states can be adiabat-

ically eliminated and each atom in a singly occupied well experiences a light shift equal ®ecause

there are singly occupied wells in thél") state its total single atom light shift is equal&dV.. The|5f>
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Figure 11.7: Population in the unit filled register st@tér during continuous measurement of the register
beginning in the Bose-Hubbard ground stglg). The plots show dynamics appropriate to tunneling in
one dimension witl//J = 500. (a) Quantum trajectories corresponding to a null measurement result for
three different register sizds. The time scale to saturate the target state is independent of the number of
qubits: t,,; ~ x~!. (b) Long time dynamics fof{ = 501, N = 551 and finite detector efficiencies

The population inT")% for n = 1 is indistinguishable from one. Also shown is the oscillatory dynamics at
fundamental frequendy described by Eq. (11.16) if the measurement is turned off after the target state is

reached. The arrow indicatgs 1 (0).

states havé{ — 2 singly occupied wells giving a corresponding light shift(@ — 2)V... The differential
single atomlight shift between these states is th&i.|. Therefore, when the control Hamiltonian with

Rabi frequency,, is turned on resonant, the total Hamiltonian in the rotating frame is:

Hr = 32,2V + E(Sf))|5f>727a<5f\ + (12Ve] + E(Sf) - U)\Mji>RR<MJi| (11.19)
—V2J(IS7)RRAT| +T)RR (ST 1) + B /2| M) R R (ST | + |57 )mRAMS))),
Any population in the bound molecular states will decay at avate~ 2I", wherel is the single
atom decay rate. For molecular photo-association by red detuned light, the decay products are typically

ground state molecular species or “hot” atoms meaning the atoms escape the trapped ground states described

by Eqg. (11.10). Itis possible then to model the system according to a trace non-preserving master equation:
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p=—i/B[Hr, p] = yar /2 (1M )rr (M |p+ p| M ) rm (M;7]). (11.20)
it

Assuming low saturation of the excited states, the dynamics in the ground state is

psjij = _ipsj_i,T(E(ng‘[) + |Vel)/h+ i(pr,r _/Osji,ks'ji)\/i']/h_l)sji,:/“’i
prr = i(pst g — prsE)V2I/h (11.21)
ps},sf = _i(/’sji,T - pT,sji)\/iJ/h - 2/’5},3}“-

These equations describe the Bose-Hubbard coupled states with a decay in population of each state
with an atomic pair at a rats = Qarvar/(4(U/h)? + (var/2)?), and decay of coherences between each
of these states and staf€) at a rates.

This type of evolution characterized by measurement induced phase damping was studied exten-
sively by Gagen and Milburn [160]. We now show that our system can satisfy the conditions for this effect
and in particular can be driven to thE) state by monitoring the environment for a signature of decay from
the molecular bound state.

For the inhomogeneous system, the st&tecouples tR2 K distinguishable statd§f). However,
we can define an effective Rabi frequency between the gfatand the subspace spanned\Bjt). This
frequency is close to the coupling matrix element between the|$tagnd the stateS) in the homogeneous
system, namely/K.J. The coherences between the two subspaces decay at+q eate the population

in the subspacg| Sjﬂ} decays at a ratex. The “good” measurement regime as derived in [160] is then:

Qur/ym < 1 < his/2VE J. (11.22)

The left side inequality ensures that the excited st|aMé]§> are weakly populated (equivalent to the
condition for adiabatic elimination of these states). The right side inequality ensures that measurement is
sufficiently strong to damp coherences on the time scale that they develop due to tunneling.

When the environment is monitored, for instance by looking for photon scattering from the bound
molecular state, the evolution of ground states can be modelled using quantum trajectories. The success or
failure of the preparation is conclusive with failure probability,;; = 1 — p77(0). Real experiments will

be constrained to finite detector efficiencied-orn = 0, corresponding to nonselective measurement, the

224



system dynamics evolve according to Eq. (11.21). In the case of finite detector efficiencies, we can express
the approximate fidelity to be in the target statéig), t) = prr(t) = n+ (1 — n)p}j?(t). Simulations
of successful register preparation and maintenance by measurement with different efficiencies are shown in
Fig. 11.7.

It is necessary to keep the measurement on during a computation to maintain high fidelity in the unit
filled state. If instead the catalysis field is turned off after the target state is reached, the system will freely
evolve as shown in Sec. 11.2. To illustrate this we show in Fig. 11.7 the evolution of the fidelity described

by Eg. (11.16) if the measurement is turned off after the target state is reached.

11.4 Conclusions

In summary, we have shown that efforts to prepare a register of atomic qubits in an optical lattice suffer
from errors inherent in the underlying many body dynamics. By considering the free dynamics in both
homogeneous and trapped systems we have shown that there is a loss of fidelity of initialization of the
unit filled register which scales with the number of qubits because it is not a stationary state. Because our
analysis is based on first order perturbation theory we established the parameter regime where our analytic
approach is valid by comparing it with exact numerical results for moderate numbers of atoms and wells. To
make the Mott insulator transition a robust mechanism for initialization, we have suggested one approach
to correct for the mentioned problems by performing a continuous measurement on the system. While our
discussion has focused on one dimensional dynamics, the method is also applicable to higher dimensions,

which is the relevant regime for scalability.
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Chapter 12

Conlusions

This thesis gives a global understanding of the basic physics that describes bosonic cold atoms in optical
lattices, starting from the superfluid regime and going into the strongly correlated Mott insulator regime. In

the following | am going to summarize what | consider are the most relevant contributions of this work.

e The equilibrium properties of lattice systems in the superfluid regime were studied by using standard

mean field techniques and quadratic approximations.

e An explicit expression for the superfluid density based on the rigidity of the system under phase
variations was derived. This expression enabled us to explore the connection between the quantum
depletion of the condensate and the quasimomentum distribution on the one hand, and the superfluid
fraction on the other. Also, the superfluid fraction was shown to be a natural order parameter to

describe the superfluid to Mott insulator transition.

e A functional effective action approach, the 2PI-CTP formalism, capable of dealing with nonequilib-
rium situations that require a treatment beyond mean field theory, was studied. Using the patterned
loading system, this formalism was shown to be a powerful tool to go beyond the HFB approximation

and to incorporate the nonlocal and non-Markovian aspects characteristic of the quantum dynamics.

¢ |t was shown that the complicated nonlocal and non-Markovian solutions derived using the 2PI-CTP
formalism reduce to the standard kinetic theory equations when the system dynamics admits two-time

separation.

e Bragg spectroscopy was shown to be a suitable experimental tool to characterizing the Mott insulator

phase and to estimate the temperature of the system deep in the Mott insulator regime.

¢ It was shown that the use of a lattice with a spatial inhomogeneity created by a quadratic magnetic
trapping potential, together with a selective measurement of atomic pairs allow for the Mott insulator

transition to become a robust mechanism for quantum register initialization.

In the recent years there has been spectacular progress in experimental and theoretical studies of atoms

loaded into an optical lattice. However, there are still many ideas and possible experiments that could help
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us to address fundamental questions in solid state physics, atomic physics, quantum optics and quantum
information. | want to finish this work by mentioning some of them.

One can use for example multi-component ultracold atoms in optical lattices together with Feshbach
resonances to realize Hamiltonians other than the pure Bose-Hubbard one. Also by loading fermionic atoms
into an optical lattice the Hubbard Hamiltonian could be realized. This could help to answer many theoreti-
cal questions still open in fermionic systems, such as the BEC-BCS crossover and the basic physics behind
high temperature superconductivity. From the perspective of atomic and molecular physics an interesting
experiment could be the use of the Mott insulator state with two atoms per site as a mean to create a molec-
ular condensate. The creation of vortices in individual lattice sites could also allow the study of the integer
and fractional quantum Hall effects in ultracold gases. By introducing noise in a controlled way in opti-
cal lattice, one can also study disordered periodic systems, which are very important in condensed matter
physics. And finally and perhaps one of the most challenging tasks is to develop the necessary techniques

and protocols that allow neutral atoms in optical lattices as a mean to implement a quantum computer.
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