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Abstract

State engineering in one-dimensional quantum gases

The development of quantum technologies requires the understanding, controlling and
engineering of quantum states of interacting systems, a challenge currently driven by
experimental progress. In this work I study, both analytically and numerically, two
specific models of one-dimensional ultracold atomic systems to determine their states
and accessible dynamical behaviour. The first part of the work deals with the creation
of a bosonic atom dispenser, a tool which would allow to deterministically separate
any number of atoms from an interacting ultracold gas or create a many-particle NOON
state. By engineering an effectively three-level system, I show that a robust adiabatic
process exists that connects the initial and target Fock states. Moreover, I demonstrate
its potential to be experimentally implemented using radio-frequency traps.

In the second part, I derive an analytical single-particle solution for the arbitrary
finite Kronig—Penney model. In this model the atoms are trapped in an infinite square
well which contains an arbitrary number of arbitrarily positioned point-like barriers of
arbitrary heights. I also demonstrate that using certain parameters in the model as
extra (virtual) dimensions one can observe the emergence of higher-dimensional physics
in this one-dimensional system. In particular, I show the appearance of edge states and
the emergence of a Hofstadter butterfly-like momentum spectrum in various configu-
rations of the model. Finally, using the single-particle solutions, I study many-body
correlations in a gas of either infinitely repulsive bosons or non-interacting fermions.
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Introduction

Zero Kelvin was first defined classically as a temperature when the molecules of an ideal
gas stop moving, but understanding of what this limit actually represents came later,
with the advent of quantum mechanics in the beginning of 20th century. The limit
turned out to be unreachable due to the Heisenberg uncertainty principle. However,
the region of the temperature scale near zero Kelvin promised exciting new physics of
ultra-cold matter.

In the early 1920s Bose introduced a new way of deriving Planck’s law for the en-
ergy spectrum of black-body radiation [2], and in 1925 Einstein used his results, which
were valid for photons, to study the behaviour of a dilute gas of indistinguishable non-
interacting particles near absolute zero [3]. He predicted that after being cooled to
a threshold temperature, a gas of non-interacting bosonic particles exhibits quantum
mechanical behaviour on a macroscopic scale, defining a new state of matter - the
Bose-Einstein Condensate (BEC). However, long before reaching the Bose-Einstein
condensation temperature, normal matter would undergo a more conventional transi-
tion to a liquid or a solid state. Only in extrememly diluted gases it is posible to avoid
such an undesirable transition. Experimental challenges such as cooling of a gas to
sufficiently low temperatures and its confinement delayed experimental realisation of
Bose-Einstein condensation in gases for 70 years. Advanced cooling techniques, such
as Doppler [4], evaporative [5], and sideband cooling [6], and trapping methods, such
as magneto-optical [7] and purely optical [8, 9] trapping, had to be developed first, and
in 1995 Ketterle, Cornell and Wieman |10, [11] succeeded in producing a BEC in dilute
atomic gases. They were awarded with the Nobel Prize in Physics in 2001 for this
achievement. New experimental techniques became available later [12] 13|, allowing
for great flexibility and detailed control in BEC experiments. Ultracold gases became
a widespread model to study quantum mechanical effects in clean and controllable
situations.

The connection of superfluidity, a phenomenon where a fluid flows without viscosity,
and Bose-Einstein condensation of delocalised particle pairs was already suspected in
1938 by London [14] and further developed by Landau and Tisza [I5],[16]. The discovery
of superfluidity in liquid Helium by Kapitza, Allen and Misener in 1938 [I7, 18] can
be considered as first evidence for the BEC. Landau’s criteria of superfluidity was first
confirmed in a BEC by Raman et al. in 1999 [19].

Theoretical description of many-body quantum systems, cooled down to ultra-cold
regimes, is a big challenge because of the inherent difficulty of solving the many-body
Schrodinger equation. In general, a mean-field approach has to be applied in order to
simplify the problem, but some models, especially in lower dimensions, can still be stud-
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ied exactly. Despite their apparent simplicity, low-dimensional systems offer complex
physics usually attributed to higher dimensions, such as non-trivial topological [20, 21]
and thermodynamical [22H24] properties.

In this work I treat one-dimensional ultracold atomic models both analytically and
numerically to investigate interesting states of one-dimensional system with multiple
traps and develop theoretical tools of engineering of such states. The structure of this
thesis is as follows.

In chapter [T]I introduce the field of one-dimensional quantum gases, and talk about
integrability and integrable systems in section [[.4. In chapter [2| section I review
one of the quantum state engineering techniques, the spatial adiabatic passage, and
in section [2.4] I present a new protocol which allows to separate an arbitrary number
of particles from a gas of interacting bosons (the boson dispenser). I also propose a
possible experimental realisation of this protocol using radio frequency traps and show
its robustness (section . I investigate the entropy dynamics during the particle
separation protocol in section [2.6|

In chapter |3 I introduce the Bethe ansatz technique and examine the example of
the Lieb—Liniger model in a box in detail in section [3.2] In sections [3.3]and [3.4] I show
the violation of the Yang—Baxter equations in the case of two particles and multiple
barriers. I then introduce and solve the arbitrary finite Kronig—Penney model for a
single particle in section (3.5

I discuss topological phenomena in one- and two-dimensional systems in sections
.1 and [£.2) and apply the obtained solution to investigate the existence of the edge
states in the single-particle and Tonks—Girardeau limit of many-body AFKP model
and the appearance of the Hofstadter butterfly-like momentum spectrum in section
4.3] Finally, in chapter 5] I review numerical methods which were used in my work and
conclude in chapter [6]



Chapter 1

One-dimensional Bose gases

1.1 Introduction

Many-body systems in dimensions lower than three often exhibit drastically differ-
ent behaviour in comparison to higher dimensions. In one dimension both macro-
scopic processes, such as phase transitions |25 26] and thermalisation |22 27|, and
microscopic properties, such as interaction between particles, are vastly different from
the the 3D and 2D counterparts. Unlike most higher dimensional cases, some one-
dimensional models can be solved exactly. Such integrable systems have enjoyed both
great attention due to their immense usefullness in understanding basic low-dimensional
physics [28] and, in some sense, dismissal due to their simplicity. System which are
simple enough to be integrable are perceived as too boring for anything exciting to
happen within them since they cannot even thermalize [29, [30], and there is seem-
ingly no room for anything topologically non-trivial. However, a closer look reveals
that integrable systems can still exhibit non-trivial thermodynamical [22-24, 27, [31]
and topological behaviour |20, 2], 32, B33]. For example, it was shown that integrable
1D systems exhibit a special type of thermalisation behaviour called prethermalisa-
tion which can be described by a generalised Gibbs ensemble, but they cannot achieve
normal equilibrium [24].

The models of many-body systems in one dimension may seem to be of purely
theoretical interest, but they became very attractive from an experimental point of
view after a theoretical study conducted by M. Olshanii in 1998, which showed that
one-dimensional interaction strengths can be manipulated by changing the external
potential shape. In this study Olshanii derived a mathematical expression for the
effective scattering length of transversally confined atoms which are free to move along

one axis [34], given by
o= -2 (1-c2) (1.1)
2a a|

Here a is the original 3D s-wave scattering length, a; = , /W%i is the ground state size

of the harmonic oscillator potential in the transverse direction, w, is the frequency of
the harmonic transverse trapping potential, m is the particle mass and C' = 1.4603...
is a constant.

One can immediately see the dependence of the 1D scattering length on a, , which
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in turn inversely depends on y/w; . The inverse dependence of a;p on a is even more
surprising, leading to weaker 1D interactions for stronger 3D interactions. The result
in is very important because it allows flexible tuning of the interaction strength
gip = —nfffD in 1D systems by tuning the transverse confinement w .

The interaction strength g;p increases with decreasing effective 1D scattering length,
which in turn decreases when the transverse confinement frequency is increased, so it
is possible to approach the Tonks-Girardeau limit ¢ — oo by squeezing the transverse
confinement. Direct observations of a Bose gas in the TG limit was done by Paredes
et al. in 2004 [35] and Kinoshita et al. in 2005 [36]. Experimental studies of one
dimensional systems have been very active for about fifteen years now, realising both
non-trivial external potential shapes [37-39] and various interaction regimes [40-45)].

There are several models which can describe ultra-cold Bose gases in one dimension.
In this section I will review some of them.

1.2 One-dimensional gases in a continuum space

Let us consider a Bose gas in a potential Vi (7) with very strong confinement in the
Y and Z directions. This confinement leads to an energy spectrum, where excitation
energies in Y and Z directions are larger than the chemical potential. Thus we can
approximate the YZ ground state by a stationary solution and focus on the wave-
function dynamics in the X direction ¢ (xy, ..., zy).

The most general many-body one-dimensional Hamiltonian with identical particles
interacting through Viy(z; — z;) is

H= zN: —h—za—Q Z Vi (1.2)
- . m 8.1'2 ext mt :

1<j=1

This Hamiltonian can in general not be solved exactly, so various approximations have
to be used.

An approximation assuming the absence of the external potential Vo, = 0 and the
presence of the contact interaction Viy(xz) = ¢gd(x) (the Lieb—Liniger model) was
introduced and solved by Lieb and Liniger in 1963 [46]. If ¢ = 0, it becomes a system
of non-interacting bosons, while for g — oo, it becomes a hard-core or Tonks—Girardeau
gas. This model will be discussed in great detail in chapter [3| as a case study of the
Bethe ansatz method.

The Calogero model [47] assumes the external potential to be harmonic, Vi (z) =
%mwsz or absent, V. = 0, and the interaction potential to be of the form of
Vint (T3, 25) = m The Hamiltonian of the Calogero model is

N

The interaction term, Z has a singularity at x; = z;. At g = 0 it

9
i<j=1 (z;—w;)?’
represents a gas with no interaction between the particles, unless x; = x;. This implies
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that the interaction potential in this case is 0(z; —x;) with infinite interaction strength
(Tonks—Girardeau limit).

Besides inverse squared and point-like interactions there are other types of interac-
tion potentials which have relevant physical applications. For example, an interaction
term of the form Vi (z) = # approximates a system of polarized dipoles in one dimen-
sion, such as dipolar bosonic molecules [48]. The integral of the inverse cubic potential
converges in 1D, thus resulting in essentially short-range physics.

Another example is the unscreened Coulomb potential Vi (z) = ﬁ, which describes
systems with charged particles, such as in ion traps [49].

Various shapes of the external potential, such as shallow periodic [50] or disor-
dered [511, 52] potentials, are also important models in solid-state physics. One special
case is the Tonks-Girardeau limit of interactions, which can be solved analytically in
many trap geometries by using the Bose-Fermi mapping [53].

1.3 One-dimensional gases in lattice models

In addition to continuum models, there are models which describe bosons in a discrete
periodic limit.

Let us consider a deep periodic external potential, for example Vi (x) = V4 cos( 27rx)
For low energies this configuration can be regarded as a discrete lattice with a lattice
parameter a and amplitude Vj.

Creation and annihilation of a particle in such an environment can be simplified to
creation and annihilation of a particle at the lattice sites. The corresponding creation
and annihilation operators are denoted as l;j and lA)j.

If there are n; particles at the site j and |n;) is the corresponding state, then
bjln;) = \/njln; — 1) and b;|nj) = /n;+1n; +1).

The eigenstate wave function of a particle in one isolated node is called a Wannier
orbital, while the eigenstates of one particle delocalised over the whole lattice (all nodes
are included in the calculations) are called Bloch orbitals for this external potential.
In other words, Bloch orbitals are the exact delocalised representation of the particles
in a lattice, and Wannier orbitals are the approximated localised representation. The
Wannier approximation becomes more accurate with increasing lattice depth, and in
this so-called tight-binding regime we can write the creation and annihilation operators
in the basis of Wannier orbitals wy(x) which belong to the lowest Bloch band (ground
state) for Vex, = Vj cos(22%). The Hamiltonian of the system can then be written as [47]

L
=) [ b0y, + Z Vit biolbyby, | - (1.4)

7,k=1 l,m=1

Here
tig = — /wg(x — ja)Ho(z)wo(x — ka)da (1.5)

is the kinetic energy term which corresponds to the particle tunnelling, and

jl,km

Vint /wS(x — ja)wy(x' — la)Vig(z — 2" )wo (2" — ka)wo(z — ma) (1.6)
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is the potential energy term which corresponds to the scattering of two interacting
particles, and Hy = —%8% + Vext ().

This Hamiltonian can also not be solved exactly unless an approximation is applied.
There are many theoretical models for different regimes, and in the following I will
discuss some of them.

The Bose-Hubbard model approximates the Hamiltonian by assuming that
the interaction range is small compared to the lattice parameter, so we can neglect
nearest-neighbour interaction terms [54] while including the on-site interaction term
with strength U

L
Hpy = Z {_t@%iﬂ + Z;jﬂi%) +

i=1

Yt (1.7)
2

The Bose-Hubbard model is not exactly solvable for finite values of = U , but in the limit
U 5 o it becomes a lattice analogue of the Tonks-Girardeau gas.

One of the most remarkable predictions of the Bose-Hubbard model is the exis-
tence of a phase transition from a superfluid (where particles can move freely across
the lattice) to an insulating state (where particles are essentially pinned to one lattice
site), known as the Mott insulator phase [55], 56]. With the number of particles kept
constant, the ratio U/t between the on-site interaction and the nearest-neighbour tun-
neling strength controls the transition, with the Mott insulator phase taking over at
U/t 2 1. This phase transition was observed experimentally in [57H59].

The Extended Bose-Hubbard model also describes a deep lattice, with the
particles localised around one node. In contrast to the Bose-Hubbard model, it includes
diagonal and nearest-neighbour terms [47], and the Hamiltonian becomes

L

i=1

where n; = IA)IZA)Z is the site occupation operator and V' is the nearest-neighbour interac-
tion strength. This model approximates particles with long-range interaction trapped
in a deep lattice, such as dipoles or Rydberg atoms [60]. The EBH model predicts
the existence of yet another phase where superfluidity coexists with the long-range
crystalline order more characterstic to solids [61H63]. This novel phase is called the
supersolid phase, and recently its existence was supported experimentally [64] [65].

The t-V model, also called the quantum lattice gas model [66], can be used if the
interactions are long-range (e.g. dipolar ultra-cold atoms) and the on-site interaction
strength U is very large (so one can assume it to be infinitely large). In this case a
state with two particles in one site will be energetically unfavourable, and therefore the
on-site interaction term can be neglected. However, the nearest-neighbour interaction
term, Vn;n;y 1, cannot be neglected and the Hamiltonian becomes

L
Hov =3 [—t(éjéiﬂ 40, b)) + Vﬁmm] . (1.9)
i=1
This model is equivalent to an anisotropic spin—% model [66] and can be solved using
the Bethe ansatz.
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1.4 Integrable systems

Some of the models of quantum systems can be solved exactly, but a priori there is no
easy way to determine if a system is integrable. The notion of complete integrability is
different for classical and quantum physics. There is a clear definition of complete in-
tegrability for classical systems, while for quantum systems there is no useful necessary
and sufficient condition of integrability 28] [67].

In what follows I will briefly discuss the notion of complete integrability in classical
physics and compare it to the quantum physics case, while discussing the latter in more
detail.

Let us consider a classical system described by the Hamiltonian H and the constants
of motion L = (Ly, ..., Lx). The necessary and sufficient condition of integrability of

such a system is

Li,H}=0 .

{ } i,j=1.K, (1.10)
{Li,L]‘} = 0

where {A, B} denotes the Poisson brackets [28].

The analogous definition of integrability for quantum systems, derived from the
classical one by substituting the Poisson brackets with commutators, although techni-
cally valid, does not hint on how to actually obtain the solution [28] [68], so it makes
more sense to talk about more constructive conditions of quantum integrability.

To simplify the description, let us restrict ourselves to one-dimensional quantum
systems of N identical particles, which interact with the repulsive potential V' (r). We
assume this interaction potential to be short-ranged (the interaction between the parti-
cles vanishes sufficiently quickly with the distance between the particles) and symmet-
rical. An examples of such a potential is the point interaction potential 6(r). Also, we
assume the total number of the particles N, ordered such that x1 < x5 < ... < zy and
the energy E and total asymptotic momentum P to be conserved. The wave function
for all other orderings of the particles are given by the quantum statistics (Bose or
Fermi). The Hamiltonian of the system is

A R N g2 N
H=— — + Ve — ;). 1.11
Y gt Y Vi - ) (111)

j=1 J 1=j<k

There are N — 1 kinds of scattering processes possible in this system: two-body
scattering, three-body scattering and so on. For short-range interaction potentials in
1D the conservation of total asymptotic momentum implies that two-body scattering
can only swap the momenta of the scattering particles and add a phase to the wave
function. If N = 2, where no three-body scattering is possible, the asymptotic wave
function is thus

qj(.ﬁ?l,l’?) N ei(klxri-klxg) o e—ie(kl—k2)+i(k2w1+k1$2)‘ (112)

For N > 2 the asymptotic wave function has to incorporate all other higher order
scattering events and therefore takes the form

U(z) = Y Aw)et=mitthexan) 4 §(p E] (1.13)
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Here A(w) are the scattering amplitudes, w is a permutation of the quasi-momenta k;
and S[P, E] is the higher order scattering term with total momentum P and energy
E fixed. The scattering amplitudes corresponding to two permutations, which differ
from each other by two exchanged indices, are related by the two-body phase shift,
A i0(k—k')

w:e
/

w

The sum constitutes the Bethe ansatz wave function, and the higher order scat-
tering term S|P, E] can be treated as a diffraction term. Models where the diffraction
term is absent are called nondiffractive and can be solved by the asymptotic Bethe
ansatz. In the case of contact interactions the asymptotic region is everywhere except
for the point where the particles coincide, and therefore such a solution becomes ex-
act. This is the original version of the Bethe ansatz, and I will discuss it in Chapter
Bl This fact implies that the models, where all scattering events can be viewed as a
sequence of two-body scattering, can be solved exactly in the asymptotic region. This
does not imply, however, that only nondiffractive models can be solved this way, but
the property of nondiffraction is clear and easy to define and can be used as a test of
integrability for quantum systems. The advantage of this approach lies also in the fact
that it is constructive, providing a clue of how to solve the problem rather than just
stating the existence of an analytical solution.

The Lieb-Liniger model [46] describes a system of N free bosons with contact
interaction, and has the Hamiltonian

. h2 N 62 N

i<j=1

where d(x) is the Dirac delta function, and ¢ is the interaction strength. In the 2-
particles case the Hamiltonian can be explicitly written as
~ h* 9?2 n? o2
H:—%a—ﬁ—%@+g5($l—$2). (115)
If ¢ < 0 (attractive interaction), then bound states will be created in free space
(molecules will be formed), and the solution will look more complicated. I will therefore
consider only repulsive interaction (g > 0).

One interesting limit of the Lieb—Liniger model is one-dimensional Bose gas in
Tonks—Girardeau gas with infinitely strong interactions, g — oo. This model is
exactly solvable by mapping it to a system of spinless fermions [53], which reveals the
equivalence of the density function of strongly interacting bosons and non-interacting
spinless fermions [69]. Due to strong repulsion the wave function must vanish where
the coordinates of the particles coincide (x; = z;), which imitates the Pauli exclusion
principle. The total fermionic wavefuction can then be constructed from the single-

particle wave-functions as the Slater determinant. If we define the sign function as
N
usual and define the function S(xq, xs,...,x5) = [] sign(x; —z;), we can rewrite the
i<j=1
bosonic wave function from the fermionic one as [70]

Up(z1,22,...,xN5) = S(21, T2, ..., n) Vp (21, o, ..., TN). (1.16)
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Here U p(z1, z9, ..., xy) is a many-body wave function of an ideal gas of spinless fermions,
and Vg obeys Bose statistics

\IIB(...,Z'Z', vy Ly ) = \I[B(...,Ij, ceey Lj,y ) (].].7)

In the absence of an external potential (V(z) = 0) on a ring of circumference L with
periodic boundary conditions the ground state is [53]

T
U (21, 29, ..., TN) ocHsinE|a:i—:cj\. (1.18)
i<j
The corresponding energy is Ey = hZé:rr—fs)z, where pg = % is a mean particle density.

The behaviour of the Tonks—Girardeau gas in various potentials, such as har-
monic [7I] and double-well potentials [72] has been studied as well.

The Bose—Fermi mapping approach was generalised for excited states and for any
value of interaction strength of the Lieb—Liniger model [73], as well as for time evolution
studies. Using the exact solution, in 2005 Minguzzi and Gangardt investigated the
time evolution of the harmonically trapped TG-gas with arbitrary time dependence
of the trapping frequency. In the case of the confinement being switched off, they
observed fermionisation of the momentum distribution, while in the case of a change
of the trapping frequency the momentum distribution exhibited oscillations between
fermion-like and boson-like structure [74]. The dynamical properties of the TG-gas
have attracted a lot of attention since then |75H77].

In 2002 Das, Girardeau and Wright proved that the TG regime can be achieved
for finite temperatures, allowing for experimental realisation [78]. The groups of Bloch
and Weiss were the first to achieve the Tonks—Girardeau limit for rubidium atoms in
an 2D optical lattice [35] and in a 1D horizontal crossed dipole trap [36], respectively,
in 2004.

An inverse approach of mapping a system of strongly interacting quasi-1D fermions
to weakly interacting one-dimensional bosonic system was employed by Granger and
Blume in 2004 [79].






Chapter 2

Spatial adiabatic passage

2.1 Introduction and motivation

For many applications in the field of quantum engineering, such as matter wave interfer-
ometry, quantum metrology and quantum computing, it is crucial to be able to control
the spatial degrees of freedom of the atoms [S0H86]. In case of particle transport, the
usual approach consists of trying to control the direct tunneling of particles between
adjacent traps by manipulating the potential barriers between them. The fidelity of
this approach depends strongly on the method and the timing of the potential barrier
manipulations, and usually results in a well-known Rabi-like oscillations between the
two coupled traps.

An alternative approach, spatial adiabatic passage (SAP), follows a specially
engineered eigenstate of the system to transfer a particle between two distant traps.
This ability to follow the eigenstate relies on the adiabatic theorem which states that
in the absense of level crossings the system will remain an eigenstate if it is driven
slowly enough as not to introduce any excitations [87, [88]. Unlike direct tunneling,
high-fidelity particle transfer using SAP processes is robust for a large range of system
parameters [89], and is thus a good quantum engineering tool for the aforementioned
applications. Various shortcuts which speed up adiabatic processes can be used to
rectify the major drawback of SAP, its time requirement [90H93].

Since its first appearance in the work by Eckert et al. [89], the SAP protocol has been
extensively studied [94-96] and extended to quantum dots [97], waveguides [98], mul-
tiple dimensions [99] and particles [I], TO0, 101]. Many new application were explored,
such as hole transport [85], vibrational state filtering [102] and particle separation [103].

2.2 The spatial adiabatic passage

The essense of the single-particle spatial adiabatic passage can be more easily under-
stood if we consider a model with three harmonic traps in 1D (see Fig. [89]

V(z) = %mwQ min [(z + di2)?, 2%, (z — das)?] . (2.1)

In this external potential dis and do3 are the distances between the centers of the left
and middle traps and the middle and right traps, m is the particle mass and w is the

11
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\&AA

Figure 2.1: Schematic of a SAP setup using a triple harmonic trap system. The
ground states of the left, middle and the right traps are given by |[1), |2), and |3),
respectively. The distances d;s and dy3 between the traps can be changed independently
to achieve a high fidelity transfer of a particle from the left trap to the right one.

frequency of the harmonic traps, identical for all three traps to ensure tunnelling reso-
nance. From here on I use natural units with energies measured in F, = hw, which is
proportional to the ground state energy of the harmonic oscillator, and lengths mea-
sured in L, = y/h/(mw), which corresponds to the ground state size of the harmonic
oscillator. We assume that the particle is initially in the ground state of the left trap.
Assuming adiabatic time evolution, we can describe this system using only the ground
states of the traps, [1),|2) and |3). Such a system is effectively three-level, and can be
desribed by the Hamiltonian

0 Qupit) 0
H(t)=h|Qut) 0 Q) ], (2.2)
0 Qu(t) 0

where the ;; are the coupling frequencies between the states |¢) and [j). The coupling
frequencies depend on the distance between the traps d;; for ¢,7 = 1,2,3. One of the
eigenstates of this Hamiltonian with zero eigenvalue, the so-called dark state, involves
only the left and the right traps

Q
|D(6)) = cos|1) —sinf|3), tand = Q—: (2.3)

If we follow the ground state by adiabatically changing the distances between the traps
in such a way that the mixing angle 6 changes from 0 to 7/2, a particle initially
trapped in the left trap will be transferred to the right trap. In terms of the tunneling
rates, § = 0 corresponds to the ratio of the tunneling rates g—z being very small. This
can be achieved if the distance between the left and the middle traps is much larger
than the distance between the middle and the right traps. The mixing angle 6 = /2
corresponds to the reversed ratio g—f;’ being very small, meaning that dsz > di5. The
way the traps have to be brought closer and then separated is rather counter-intuitive
because the empty right and the middle traps approach each other before the left trap
starts moving. This process for the three-level approximation is shown in Fig. (a),
with the top dot-dashed blue line corresponding to the center of the right trap and
the bottom red dashed line tracing the center of the left trap. First the right trap
adiabatically approaches the middle trap while the left trap is still far away, then the
left trap starts moving closer to the middle, passing the point when both traps are

equidistant from the middle (§ = 7 /4). Finally, the right trap moves back towards its
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Figure 2.2: (a) Positions of the three harmonic well minima for the SAP protocol [I]
(dashed red: d;, dotted green: ds, dot-dashed blue: d3). The initial (and final) distance
between wells is dp.x = 9, ensuring to tunneling occurs between the middle and the
outward traps on the timescales of the process. The minimum distance is dyy, = 3
and the time delay between the two approaches is 7/10, where T is the total time of
the process. (b) Energy eigenvalues of the single-particle Hamiltonian (2.2)), with the
one corresponding to |D) displayed in blue. (c) Coefficients of |D) in the {|j)} basis
(dashed red: |1), dotted green: |2), dot-dashed blue: |3)).

initial position while the left trap is still relatively close to the middle. The middle
trap stays stationary throughout the whole process.

The eigenenergies of the Hamiltonian at each step of the SAP process are shown
in Fig. (b), with the dark state energy highlighted as thick blue line. Initially all
eigenstates start as degenerate, split in the middle of the process due to non-zero
coupling, and finally revert back to degeneracy.

Fig. (c) demonstrates the occupation dynamics during the SAP process for the
left (dashed red), middle (dotted green) and right (dot-dashed blue) traps. It is easy
to see that initially the atom is entirely in the ground state of the left trap. The left
and the right traps then gradually swap population while the occupation of the middle
trap stays negligible.

The SAP process does not depend on the exact shape of the movement, but instead
depends only on the relative coupling strengths between the traps, making it robust
to experimental uncertainties. There are no peer-reviewed accounts of experiments
demostrating SAP with massive particles to date, but high fidelity transfer of light using
SAP has been achieved in wave guides [104], which is analogous to the single-particle
SAP. This analogy can be explained by considering a system where monochromatic
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light propagates in three thin coplanar waveguides with only the fundamental mode
considered [104]. In this case the direction of propagation plays a role of the temporal
component in the Schrédinger equation, and the movement of the traps is replaced
with the change of the coupling between adjacent waveguides.

2.3 Transfer of two interacting particles

In the non-interacting case, the SAP protocol can be readily generalized to arbitrary
number of particles, but the presence of finite interactions adds significant complica-
tions due to the loss of tunnelling resonances [I]. Below I will discuss the SAP protocol
for transfer of two particles that was investigated in [I], as it is essential to understand
a more general case with arbitrary number of particles.

In case of two particles the continuum space Hamiltionian is

. 102 10°?

H = _58_56% - 58_363 + V<5C1) + V(xQ) + 95(x1 - x2)' (2'4)

The interaction strength g can be calculated from the energy spectrum of two particles
in a harmonic trap [105]

C2V2r(1 - E,/2)
L((1—Eg)/2) °

(2.5)
where I'(E) is the gamma function. From this we can define interaction energy Uy, as
Uit = £y — 2Ey, (2.6)

Where Ej is the single-particle ground state energy and £, is the two-particle ground
state energy of the harmonic trap.

We are interested in the transfer of both particles from the left trap into the right
trap, meaning that initially both particles are in the ground state of the left trap
|init) = |2 0 0), and in the target state both particles are in the ground state of the right
trap [¢¢) = |0 02). By numerically simulating the two-particle SAP process for different
interaction strengths g and plotting the fidelity of the two-particle process against g [1],
one finds the existence of a range of intermediate interaction strengths where the fidelity
remains high (see Fig. . The non-interacting case g = 0 predictably results in high
fidelity transport due to independent tunneling of the two particles, and the Tonks—
Girardeau limit case g = oo can be mapped onto a system of non-interacting fermions,
resulting in essentially single particle tunnelling and giving similarly high fidelity.

In order to understand what is happening in the high fidelity plateau, we need
to look closer at how the band structure of the energy spectrum of the Hamiltonian
evolves during the SAP process [I] (see Figs. 2.4 and [2.5)).

The states where the particles are separated into different traps have an energy
around E;, = 1 and are contained in the lowest energy band shown in Figs. [2.4] (a-b)
and (a-b). The energy boundaries of the next band depend on the interaction
strength, and this band contains the states where both particles are in the same trap.
The two-particle dark state, similar to the one discussed in Eq. (2.3)), is also within
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Figure 2.3: Final population in state |0 0 2) as a function of E, after the two-particle
SAP protocol is carried out over a total time 7" = 4000 (blue) or 7" = 12000 (orange).
Dotted vertical lines indicate energies for which the spectrum is shown in Figs. and

[1].

this band, and is shown in blue in plots (c-d) of both figures. Higher bands contain
higher excited states of the particles.

The dynamics of the Fock state composition of the dark state are shown in Figs.
and [2.5] (e-f). It is easy to see that within the high fidelity plateau the dark state bands
(Ey =~ 1.25 and E, ~ 1.6) remain isolated from other bands, and the dynamics of the
Fock states are simpler and closer to the single particle behaviour than for the states
from the low-fidelity regions. For these values it is therefore possible to adiabatically
follow the dark state using the SAP protocol, resulting in high-fidelity transport of
both particles [I]. For values of interaction energies outside of the plateau the dark
state has many crossings and is hard to follow adiabatically, resulting in low fidelity
transfer.

Due to the effective single-particle behaviour of the repulsively bound pair in the
intermediate regime [106], all single particle protocols can be used, particularly one
can engineer a two particle NOONstate by tuning ¢ from 0 to 7. The final state of the
system after the 7-SAP is \%(]2 00)—1002)), with |20 0) and |0 0 2) denoting states
with two particles in the left and in the right trap respectively. Such NOONstates are
maximally entangled, and are considered an important resourse in quantum engineering
and metrology [I0T], T07], as they allow for phase measurements that can reach the
fundamental Heisenberg limit [108)].

2.4 Particle separation

The existence of the dark state in SAP systems ensures that there is a way of high-
fidelity transfer of a particle between spatially separated traps. Another question one
might ask is if the SAP process can be generalized to degenerate states other than
spatially localized ones. One posibility is to develop a SAP-like protocol to transfer
multiple particles between different Fock states, essentially realizing coherent determin-
istic high-fidelity splitting or merger of clouds of interacting bosons. In the following
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Figure 2.4: (ab) Lowest 12 instanteneous eigenvalues of H in Eq. for the
SAP scheme with two weakly interacting particles and the trap moving sequence of
Fig. 2.2(a) for (a) E, = 1.05 and (b) E, = 1.25. In (b) the energy of the dark
state (asymptotically |2 0 0) and [0 0 2)) and the state with which it couples the
most are marked in blue and orange, respectively. The inset shows a zoom-in of the
marked crossing between these two states (marked with a circle). (c,d) Instanteneous
eigenvalues of the Bose-Hubbard Hamiltonian for the same parameters as (a,b), with
the energy of the dark state drawn in blue. (e,f) Coefficients in the Fock basis of the
dark states in (c,d) (dashed red corresponds to |0 0 2), dotted green to |0 2 0), dot-
dashed blue to |0 0 2), and the solid lines to states where the two atoms are in different
traps) [1].
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Figure 2.5: (a,b) Lowest 12 instanteneous eigenvalues of H in Eq. for the
SAP scheme with two strongly interacting particles and the trap moving sequence
of Fig. 2.2(a) for (a) E, = 1.6 and (b) E, = 1.85. In (a) the energy of the dark
state (asymptotically |2 0 0) and |0 0 2)) and the state with which it couples the
most are marked in blue and orange, respectively. The inset shows a zoom-in of the
marked crossing between these two states (marked with a circle). (c,d) Instanteneous
eigenvalues of the Fermi—-Hubbard Hamiltonian for the same parameters as (a,b), with
the energy of the dark state drawn in blue. (e,f) Coefficients of the dark state in (c,d)
the Fock basis (color coding is the same as in Figs. (e,f)) 1.



18 Spatial adiabatic passage

|2 0 0) [110) [101)

Figure 2.6: Schematic of the three-level model for particle separation. Simultaneous
lift of the right and the middle harmonic traps by Vi = Uy makes the three states
depicted resonant.

I will discuss a process based on SAP which is not a straightforward generalization of
a single particle protocol, but which allows to split an initial many-particle state in a
controlled manner.

2.4.1 Two-particle case

First I will demonstrate the process of separation of two particles initially trapped in
the left trap into the left and the right traps. The initial and the target states are thus

i) =[200) = o) =10 1). (2.7)

If we consider the unmodified SAP as in section [2.3] the initial and the final states are
in two different energy bands due to non-zero interaction. It is therefore necessary to
engineer the system in such a way as to compensate for the absence of the interaction
energy in the target state and match the energies of the two states. We can achieve
this by lifting the middle and the right traps by Vig = Uiw. In case of attractive
interaction the traps have to be lowered instead. This manipulation ensures the reso-
nance condition of the states |2 0 0), |1 0 1), and |1 1 0) and energetically separates
them from the rest of the energy spectrum. This isolation makes the system effectively
three-level, with a Hamiltonian analogous to Eq. (see Fig. . Consequently,
there exist a dark-like state which involves only the initial and the target states. The
usual SAP positioning sequence then leads to the separation of the two particles. In
order to confirm that this separation scheme works, below I will present the results of
simulations of the system in the continuum case. I simulate the time evolution of the
initial state with two particles being in the ground state of the left trap ¢; = |2 0 0)
into the final state ¢y = |1 0 1) obeing the full Hamiltonian Eq. and_calculate
the fidelity F' = |(1¢[¢)|* of the process. This fidelity is shown in Fig. (b) for
Uint € [—%, 1] as a solid blue line.

Even though in the weakly-interacting regime the fidelity drops to zero due to the
presence of several degeneracies, high fidelities can be seen for a large range of repul-
sive and attractive interactions. In the Tonks—Girardeau limit of infinitely repulsive
interaction (U, = 1) the success of the separation is easy to explain by regarding
the bosons as non-interacting fermions [71]. The system then forms a harmonically
trapped Fermi sea at zero temperature, and by lifting the middle and the right traps
by Viig = 1 we only allow the particle at the edge of the Fermi sea to tunnel. Therefore,
we expect a high fidelity of the particle separation in this case.

On the other hand, the drop of fidelity in the weakly interacting case can be ex-
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Figure 2.7: (a) Energy spectrum of the two-particle Fock states in the triple well
system with only the lowest two energy levels in each trap considered and Vi = Uy
The three degenerate states |2 0 0),|1 1 0) and |1 0 1) are in the band colored in
red and additional degeneracies can be seen to appear at Uy, = 0 and Uy, = —1/2.
(b) Fidelities of the particle separation process as a function of the interaction energy,
obtained using the full Hamiltonian time evolution (solid blue line) and BH model
(dashed red line). Degeneracies in the spectrum appear at points marked as vertical
dashed blue lines. The energies E and Uy, are given in units of hw.
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Figure 2.8: Evolution of the energy spectrum during the particle separation process
for (a) Uy = 0.1hw and (b) Uy, = 0.4hw. The dark-like state is highlighted in blue.
E is given in units of Aw. Total time of the process T = 1500%.

plained by looking at the energy spectrum of the separation process (Fig. for two
different values of Uy, shown as points in Fig. [2.7(b). In the weakly interacting case
(Ut = 0.1) the SAP triplet in the lowest band containing the dark state overlaps with
the higher lying band, leading to multiple level crossing and difficulties in following the
dark state. For stronger interactions (U = 0.4), the lowest band becomes isolated
again, leading to high fidelity particle separation. Another region of low fidelity is
visible around U = —% and will be discussed in section

In the next sections I will extend the separation protocol to the many particle
case. However, since the numerical complexity of diagonalization and integration of the
Schrédinger equation using the full Hamiltonian scale exponentially with the number
of particles, I introduce a Bose-Hubbard (BH) treatment of this system. I will first
compare the two-particle results obtained above with the BH model and then use the
BH model to simulate the three-particle case.

2.4.2 Bose—Hubbard treatment

Let us consider a system with three harmonic traps with their ground state energies
shifted by Vi, Vo and V3, counted from left to right. Each trap is assumed to have
myp, vibrational states, leading to 3my, available vibrational states in the system. Next
we distribute N interacting bosons among the traps and their vibrational states and
assume that if a pair of particles is located within the same trap, they interact with
energy U,.. The number of Fock states in this system can be calculated as the number
of ordered 3my-tuples of non-negative integers summing to N, and is equal to Q) =
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N -1 . . . .
( ;Tilnfl ) We associate each state with a matrix {n;}, where n;; is the number of

particles in the j-th energy level of the i-th trap

oy =| - > 23)

N(mp,—1)1 (mp,—1)2 M(my,—1)3

The sum over all elements of the matrix gives the total number of particles Z?:1 ZT:LOA nj; =
N. To simplify the notation, I will denote the states with only the lowest vibrational

levels of the traps occupied as

[{n0i}) = Ino1 noz nos). (2.9)

The Q-level Bose—-Hubbard Hamiltonian of this system can then be written as

mL—l 3
2 1 % (rtra
Hpy = Z (j+§) le'evel_i_z‘/iNit p
=1

=0

3
Uint \rtrap (rtrap
o2 ;_1 N (NZ. - 1) + Honnel. (2.10)

Here a;; is the bosonic annihilation operator in the j-th level of trap number 7, and
Nji = d}idﬁ is the associated particle number operator. We can obtain the total number
of particles in the i-th trap as

NP — i, (2.11)

with corresponding eigenvalues N; "P The total number of particles in the j-th vibra-
tional state is

3
Nt = i (2.12)
=1

with eigenvalues N Jl-evel.

Eq. (2.10) has four terms. The first two term, Z;":Lo_l (G+13) N}evel + Z§:1 VNP,
correspond to the single particle energies in each trap and vibrational state. The
third term, Yue 372 NP (N: P — 1), describes the interparticles interactions. The

last term Hyynne accounts for all tunneling events. Calculating the coupling strengths
between all possible states of the system is a computationally difficult task, so I use
an approximation where the tunneling events are expressed in terms of n-particle co-
tunneling terms, which are expressed in terms of two-particle tunneling. The details
of these calculations are presented in the methods section [5.2]

When the traps are widely separated such that no tunneling is occuring on the time
scales of interest, the last term of the Hamiltian ﬁBH can be ignored. The first three
terms have the Fock states |[{n;; }) as their eigenstates. The corresponding eigenenergies
Eiotai({n;i}) then depend only on the interaction Ui, and the shift of the potential
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energy V;. If we consider the states with only the lowest vibrational states occupied
|no1 mo2 nos), we can further simplify the expression for Eyo as

3 3
N Uint
Ewua({noi}) = o + Zl Vinoi + =, Z_; noi(noi — 1). (2.13)
The resonance condition between two Fock states, [{n;;}) and [{n);}), can be written
as

Erota({nyi}) = Etotal({n;i})v (2.14)

and it can be used to find the necessary potential energy shifts to engineer the SAP
triplet of resonant states (|2 0 0), |1 1 0), and |1 0 1)) for the particle separation
protocol

Vi=0; Vig =V2=V3 = Upn. (2.15)

The predicted fidelities of the separation process using this discreet model can be
seen in Fig. (b) as dashed red line and are very similar to the ones obtained using
the full Hamiltonian. Both methods have high fidelity plateaus and drop to zero around
Ut = 0 and —%. These drops can be explained by examining the spectrum of the two-
particle Fock states, shown in Fig. [2.7(a), of the BH model with only the lowest two
Bloch bands (my, = 2) considered. The red line shows the energy of the degenerate SAP
triplet and the black lines highlight energies of other relevant Fock states. The SAP
triplet band crosses other Fock states exactly at Uy, = 0 and Uy, = —1/2, explaining
the drops in fidelity around these values. For example, at U;,; = —1/2, the SAP triplet
crosses the band containing states where one particle is in the ground state of the
middle or the right trap and the other is in the first excited state of the same trap.

Having demonstrated that the proposed BH-like model captures the main features
of the full model, I will use it in the following to simulate particle separation processes
for larger numbers of particles.

2.4.3 N-particle case

In this section I will show that it is possible to separate exactly M particles out of a
cloud of N particles trapped in the left trap. Although the preparation of a state of
exactly N particles in the ground state of a trap is a challenging problem, a recent
experiment has shown the possibilty of doing this for a wide range of particle num-
bers [I09]. There are two ways of separating M particle out of N in a three traps
setting: to have exactly M particle remain in the left trap or to have excatly M par-
ticles transferred into the right trap. I will first consider the former case, followed by
the latter, and explain the differences between the two cases.

For the first case of M particles remaining in the left trap the initial and the target
states are given by

i) =|N00) — |¢) =|MO (N - M)). (2.16)
The degeneracy conditions in Egs.([2.13)—(2.14]) give the formula for the trap lift

Vi=0; Vi = Vo= Vs = MU, (2.17)
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Figure 2.9: (a) Energy spectrum of three-particle Fock states in the BH model for
my, = 2 for the target state |1 0 2) (and Vi, = Uiye). The energy of the SAP triplet is
highlighted in red. (c) Corresponding particle separation fidelities. (b,d) are the same
as (a,c) but for |20 1) (and Vi = 2Uing). The circles in the top row and vertical dashed
lines in the bottom row indicate the positions where level crossings between the SAP
triplet and other bands exist. The energies ' and Uy, are given in units of Aw.
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Figure 2.10: Fock energies versus two-particle interaction energy for the separation
of one particle from a cloud of four. (a) Separation of one particle into the left trap
|ty) = |1 0 3). (b) Separation of one particle into the right trap [¢) = [3 0 1).

An important note is that the value of the lift does not depend on the initial number of
particles N. This means that it is not necessary to know the initial number of particles
in order to keep exactly M particles in the left trap after the separation process. This
fact makes it much easier to prepare the initial state in experiments.

To prove that the protocol results in a high-fidelity separation of the particles, let
us first consider the case of N = 3 for which we want to leave one particle in the
left trap. The target state is then |¢;) = |1 0 2), and only two vibrational states are
necessary to consider in the Fock state energy claculation in the Bose-Hubbard model
described before. The Fock state energies are shown in Fig. [2.9(a). It is apparent from
the figure that degeneracies appear at Uy, = {—%, 0,1}, which lead to fidelity drops
around these interaction energy values, see Fig. [2.9(c). As we increase the number
of particles, the energy spectrum will contain more and more bands, leading to more
degeneracies (see Fig. . This leads to fragmentation of the region of high fidelity
separation for [N 0 0) — |1 0 (N —1)).

Let us now consider a process where we separate M particles into the right trap

[¥) = [N 00) — [¢h) = [(N = M) 0 M). (2.18)
From the Egs.(2.13)—(2.14)) we know that the traps have to be lifted according to
Vi=0; Vig=Va="V3=(N— M)Up. (2.19)

The number of separated particles N — M matters in this case, meaning that we
have to know their initial number N as well as M. This additional requirement does
indeed make the protocol more demanding, but if we only want to separate one particle
(M = 1), the lift ensures that the SAP triplet is isolated from other Fock states for
any N in the repulsive regime. While for attractive interactions there are multiple
level crossings visible in Fig. [2.9(b), the energy of the SAP triplet is the lowest for any
repulsive value of Uj,. This isolation of the SAP triplet results in a broad plateau of
high fidelity particle separation. If we increase the number of particles N further while
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keeping M = 1, the spectrum becomes denser (see Fig. [2.10(b)), but the SAP band
remains the lowest over the whole repulsive range.

During the SAP process the traps have to be brought close to each other, and thus
the tunneling term cannot be ignored anymore. The changes in coupling strength be-
tween the traps in the SAP process lead to non-zero band widths, which will result
in additional level crossings and shrinking of the high fidelity plateau around the de-
generacies. In principle, the bands can be kept arbitrarily narrow by controlling the
minimum approach distance between the traps, but the total time of the process will
have to increase to allow for co-tunneling to happen.

Above I have shown that it is possible to separate an exact number of particles
from a cloud of ultracold interacting bosons by ensuring the degeneracy of the initial
IN 0 0), the intermediate |(N — M) M 0) and the target [(N — M) 0 M) states.
These three states form a SAP triplet, and there are regions of interaction strengths
where the dark-like state connects the intitial and the target states without aditional
level crossings. In such a region the SAP triplet remains isolated from the rest of the
spectrum, allowing the dark state to be followed and resulting in high fidelity splitting
of the cloud. However, the number of level crossings depends on N — M, leading to
rapid fragmentation of the high fidelity regions. Since the speed of the process and its
tolerance to imperfections in execution depends on the number of particles and their
interaction strengths, it is important to study the process in an experimentally realistic
system.

2.5 Radio frequency traps

While harmonic potential are very easy to work with in theoretical setting, in an
experimental setting with multiple traps the harmonic approximation usually breaks
down due to overlap between two individual traps. Below I will therefore examine the
theory of the realistic radio-frequency (RF) trapping, propose the particle separation
protocol using three RF traps and analyse its fidelity. The reason why I chose RF
traps lies in their flexibility and the narrowness of the RF resonances, making it easy
to have multiple traps which can be moved independently of each other [IT0HIT2]. The
principle of RF trapping lies in engineering of a spatially-dependent separation of the
magnetic sublevels of an atom using inhomogeneous magnetic field, and then creating
the effective potential extrema at desired coordinates using RF pulses of appropriate
frequency.

Let us consider an atom with two hyperfine sublevels (mp = j:%) in an inhomo-

geneous magnetic field, B(x) = bx and a linearly polarized RF field, By cos(wt). The
atom will experience an external potential with a minimum at position x, correspond-
ing to the resonance condition ugrmpbry = hw [113], where u ~ 9.27 x 1072* A /m?
is the Bohr magneton and gy is the atomic g-factor. We can create multi-trap poten-
tials using multiple RFs[113]| and a triple-well setup can be realised using six different
frequencies [111] (see Fig. 2.11]). The resulting potential then is essentially given by a
piece-wise function contributing the effects of each radio frequency within its vicinity.
The external potential experienced by the atom is then described by [111], 113]
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Figure 2.11: Triple-well RF potential generated using six different frequencies and
the parameters given in the text. The position of the left trap is fixed at z; = 20 x
and the corresponding RF is w) = ugrbzi/h ~ 596 kHz. The maximum distance
between the middle and the left or the right trap is d = 9 £ and the corresponding
minimum distance is dy;, = 6 Z. The difference between frequencies at time ¢t = 0
is Aw = ugrbd/(2h) ~ 134 kHz and the frequency for the left trap edge is w? =
wy — 2Aw = 328 kHz. All the other frequencies are w) = w9 + (i — 2)Aw, i =3,...,6.

n(z)—1
h('dn X
V(o) = (-1 | Bua) = 52| = 5 (1), (2:20)
k=1
where
1
Ey(z) = 5\/mz? + (1gpbe — hn(e) + 2Lnge (2))2, (2.21)
and
1202
L,(2) = 2.22
@) =3 Tt~ (2.22)

J#n

is the combined Stark shift of all frequencies. The number of the frequency n(x) is
chosen such that j1grpbx — Ay, () is minimized for all z, i.e., n(x) is the label of the most
relevant (closest) frequency at each point. The distance between the traps as well as
their ground state energies (which depend linearly on the trap lift) can be controlled
by changing the w;, which can be done with great precision [114].

In our simulations we use experimentally realistic parameters as follows: the mag-
netic field gradient is b = —213 G/cm, the atomic g-factor is grp = —%, the Rabi
frequency is = 27 x 0.5 kHz and the mass of a 'Rb atom is mg, = 1.44 x 10~ %kg.

For convenience I scale all lengths by & = <4h2//ﬁgpmeb)% ~ 3.18 x 1077 m, time by
t = (16hmgy/(ugrb)?)? ~ 1.34 x 10~ s, and energy by @ = mppi?/t? ~ 7.85 x 107! J.
In these units, the Tonks-Girardeau regime is achieved at UIY ~ 1.644 (calculated
numerically).
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Figure 2.12: Fidelity of the particle separation protocol in the RF traps with perfect
and perturbed maximum lift values. The fidelity results for very strong interactions

up to the Tonks-Girardeau regime ULS ~ 1.64% suffer from numerical instabilities and
are not shown on the plot.

2.5.1 Particle separation

To implement the particle separation protocol in the RF traps, I use the following
time-dependencies of the RFs

wy(t) = w — p (2.23a)

wa(t) = w) (2.23b)

ws(t) = ol + % £ + V;;“ (2.23¢)

wy(t) = W + f1(t) (2.23d)

wn(t) = + 5 (A0 + 2(0) (2.23¢)

we(t) = wg + falt), (2.23f)

where Vi is the maximum lift value and
fult) = 1922 £ o), (2.2142
b dyin
falt) = = EEEEE [1(2,0) + f(2, 1) (2:24D)
. 27 (t—9) . T
f(t,(;) _ {SIHQ(—T ) 0<t . o< g, (224(3)
otherwise.

Here 6t is the trap movement delay, d,, is the minimum distance between the middle
and the left or the right traps and 7' is the total time of the process.

Unlike in the previous section where the middle and the right traps were lifted to
ensure the resonance condition was met, in the RF case I lower the leftmost trap by
Vi, which is equivalent. Only radio frequencies w; and ws are affected by the shift in

this case (see Eq. ([2.23))).



28 Spatial adiabatic passage

The separation process starts with two atoms prepared in the ground state of the
left trap with total energy F,. The energy shift value is Vi = Uiy = £y — Ej, where
Ey is the ground state energy of two non-interacting atoms in the left trap. Both
E, and Ej are calculated numerically by direct diagonalization of the Hamiltonian.
The solid black line in Fig. shows the resulting fidelities of the particle separation
process, and indicates that high fidelity can be achieved for the whole range of repulsive
interactions in this setting once Uy is large enough. Unfortunately, for very large
interaction strength ¢ the numerical simulations suffer from numerical errors, and is

not shown in the Fig. [2.12]

In order to verify the robustness of the protocol we need to account for possible
experimental uncertainties in the interaction energy measurement. In Fig. we
present the particle separation fidelities obtained for a protocol with small errors in
the energy shift. Both negative and positive perturbations dVj; are considered, and
the effective energy shift value used in the simulation is calculated as Vg = Vi + 0 Viige -
It is apparent that the proposed RF implementation of the separation protocol is
robust against small errors in the interaction energy measurements as well as against an
imperfect execution of the lowering of the left trap. This, together with the knowledge
that the original SAP protocol is robust against potential shaking and tilt[89], makes
process discussed here experimentally viable.

It is important to note that the model we use to describe the RF traps is valid only
when the traps are sufficiently far away from each other [I13|, otherwise the potential
in the model loses continuity and no longer describes the physical reality. I have taken
this limitation into account in the simulations by ensuring that the closest approach
of two frequencies leads to a discontinuity smaller than 0.01 @, which has a negligible
effect on the dynamics. Furthermore, althought the lowering of the left trap also affects
the middle trap, this effect is very small (on the order of 0.002 @) and therefore does
not significantly affect the process fidelity.

2.5.2 Scaling with the number of particles

Finally, let us discuss the limitations and scaling of the particle separation protocol.
If the initial number of particles V is increased, the energy spectrum becomes more
fragmented, making it harder to follow the SAP triplet.

To quantify this observation I define the size of the maximum energy gap, AFE,
between the SAP triplet and the neighboring bands as a function of the initial and
final number of particles in the left trap over the whole range of repulsive interactions.
I also determine the value of the interaction strength corresponding to this maximal
energy gap, Uﬁgt, and the distance between the two points at which the SAP triplet
crosses other bands, AUi,. This value can be interpreted as a tolerance value for
hitting the right interaction energy U;‘ff for the best separation fidelity. These values

are schematically shown in Fig.
Since at the point U' the process works best, it gives a good insight into its

int
limitations: 1) AFE quantifies how hard it is to follow the SAP state and 2) AUy
indicates how fragmented the region, in which a high fidelity process can be expected,
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Figure 2.13: Schematic indicating the definitions of AE, AUy, and UR" in the Fock
space energy spectrum. The dotted red line corresponds to the energy of the SAP
triplet, and the black and gray lines show the energies of the other Fock states in the
system. The blue circles indicate the points of intersection of the SAP triplet energy
band with the closest, neighbouring energy bands.

has become

AE = max, I}leig ‘Ef*<Uint) — E¢(Uin) | (2.25a)
Unit' = alg max min ‘Ef*(Uint> — Ef(Uin)|, (2.25b)
AUine = I?Ealg;(UQl — Uiy, (2.25¢)

where F' contains all relevant Fock states, Ey, (Uin) is the energy of the SAP triplet
and P is the set of all indices of the ordered points of intersection {U7, }. These values
are also schematically illustrated in Fig. [2.13

The results of my calculations show that the value of AE does not depend on the
initial number of particles IV, but only on the numbers of particles that are to be moved
out of the trap, N — M. This can be intuitively explained by considering the structure
of the energy spectrum (see Fig. . The energy of each Fock state depends linearly
on the interaction energy, intersecting U,y = 0 at points that corresponds to different
combinations of excited states. The slope then depends on the number of particles in
the right and the middle traps and it is easy to see that the N — M = 1 energy band
has the smallest slope, the N — M = 2 has the second smallest slope, etc. If we increase
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Figure 2.14: (a) Optimal interaction energy value US%" with its margin AU, as an

error bar and (b) energy gap AFE. The Fock energy calculation are performed for RF
traps using the Bose-Hubbard model for the three lowest energy bands.

N — M, we also need to include more excited states in the model to account for all
intersections, but the overall structure does not depend on N. Unfortunately, AUy
rapidly decreases with increasing N — M and in Fig. I show this dependency.
Only a few particles can be realistically separated in this manner, but this number is,
in principle, independent of the initial number of particles. Thus, for any N, by using,
for example, Feshbach resonances [T15H117], one can tune the interaction energy to the
optimal value Ufﬁt within the tolerance AU, to separate small number of particles
from the cloud of size N. In real experiment, however, the number N will be limited
by the trap depth and heating of the cloud.

2.6 Entropy during the particle separation process

Many non-classical properties of many-body quantum systems are due to correlations
between the particles [I18]. In particular, in quantum computing entangled many-
particle states are essential for the quantum speed-up promised by the theory [119],
but preparation of such entangled states remains hard [120], [121]. The SAP processes
decribed above are quantum engineering tools which allow us to prepare many-body
entangled states deterministically with high fidelity assuming we can obtain a clean
ground state of the leftmost trap, which became more realisitic in recent years [122}-
125]. Tt is therefore interesting to study how does the entanglement evolve in time
within these protocols.
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In the following section I will study the dynamics of the two-particle entanglement
in the three SAP processes outlined in this chapter: two-particle transport, NOON-state
preparation and particle separation [95]. As all these protocols are based on controlled
transitions between three degenerate states, the entropy is not conserved, and therefore
entanglement can be created in a controlled fashion. I will show that the entanglement
in these SAP processes can be explained by contributions from two different origins,
the interaction and the distribution of the particles between the traps.

2.6.1 von Neumann entropy as a measurement of entanglement

The von Neumann entropy of a quantum system is defined as

S(p) = —tr(plog, p), (2.26)

where p is the density matrix of the state. If density matrix p has eigenvalues A,, then
the von Neumann entropy can be rewritten as

S(p) = Aelogy A (2.27)

This formulation of the entropy can be interpreted as a measure of the state’s impurity
(how mixed it is). Thus, for pure states the von Neumann entropy is zero.

With a small modification the von Neumann entropy can be used as a measure of
entanglement in a bipartite system

S(prspdm> = _tr(prspdm 10g2 prspdm)> (228)

where prspam 18 the reduced single particle density matriz (RSPDM) defined as

o0

prspdm(xwr/’t): /@*(x,xg,t)\lf(x/,xg,t)de, (229>

—00

and where W(zy,x9,t) is the two-particle wavefunction. Since all SAP processes we
consider start from a well-defined pure state and the time evolution is unitary, the
total two-particle state remains pure at all times ¢, and all entropy of the RSPDM
has to come from the entanglement between the particles. This fact makes the von
Neumann entropy of the RSPDM a good measure of two-particle entanglement|126-
130] for pure states even in the case of indistinguishable particles[I31]. Mixed states,
however, require different approaches for entanglement measures|[132HI35].

2.6.2 Transport

The first case I study is SAP transport for a pair of particles, discussed in section [2.3]
and below I will recap the main points of this process.

Starting from the state with both particles in the left trap, I numerically simulate
the SAP sequence of the trap movements. I then calculate the fidelity of the process
with the occupation of the desired state |0 0 2). These fidelities are shown in Fig.
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Figure 2.15: (a) Sketch of the SAP transport process. (b) Sketch of the NOON state
generation process. (c-d) Fidelity of the transport/NOON generation as a function of
the interaction energy E,. (e-f) von Neumann entropy at the start (blue) and end
(orange) of the transport/NOON generation process as a function of E,. Thicker data
points represent parameter values where the fidelity is above 98%. (g-h) Time evolution
of the von Neumann entropy during transport/NOON generation for E, = 1.2 (blue)
and E, = 1.4 (orange).
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2.15|(c) as a function of the interaction energy. The dark state only exists if the SAP
triplet is sufficiently isolated from the rest of the spectrum [I], which leads to lower
fidelities of the transport process for the interaction energies outside of the range 1.1 <
E, < 1.5. The non-interacting case and the Tonks-Girardeau limit are the exceptions.
In the non-interacting case the transport of the two atoms becomes independent, and
in the Tonks—Girardeau limit, due to Bose-Fermi mapping theorem, the SAP process
can be decomposed into two independent single particle processes, one for each of the
particles.

The values of the von Neumann entropy of the initial and final states over the
full range of interaction energy are shown in Fig. (e). Since we are interested in
entropy (and hence entanglement) gains of the successfull process, we will only consider
the range of interaction energies which results in high fidelity SAP processes. These
values of the entropy for interaction energies in this range are shown in Fig. (e) as
a thicker curve. Unsurprisingly, the entropy of initial state increases with interaction
strength [129], and in case of high-fidelity transport, the entropy is the same for the
initial and the final states. This fact is easily understood considering that the two
states |2 0 0) and |0 0 2) are mirror images of each other.

Now let us look at the dynamics of the entropy during the SAP transport process
(see Fig. [2.15[g)). We can see an increase and decrease of entropy around the time
when all traps are strongly coupled, and the systems is in the superposition of the two
degenerate states |2 0 0) and |0 0 2).

The maximal increase is exactly In 2 corresponding to a fully antisymmetric super-
position with the mixing angle 7/4, an instantaneous NOON state. If the subsequent
separation of the traps proceeds in a fully symmetric fashion, the NOON state would
persist until the end of the process. This is the next case we study.

2.6.3 NOON state preparation

The fidelity of the process of creation of a NOON state is shown in Fig. [2.15(d) for
the whole range of repulsive interactions. As follows from Figs. [2.15(c) and (d), the
NOON state process results in high fidelity in the similar range of interactons which
leave the SAP triplet isolated [I], but not in either the non-interacting case or the
Tonks—Girardeau limit. The reason for this is that no entanglement between the two
particles can be generated due to their dynamics being fully independent.

Unlike transport, the final state is now a superposition between the states |2 0 0)
and |0 0 2), and the final entropy increases in comparison to the entropy of the initial
state (see Fig. [2.15(f) and (h)), resulting in entanglement gain. This increase does
not depend on the interaction strength, and only depends on the distribution of the
particles between the different traps. The density matrix of the final state corresponds
to the antisymmetric superposition of the states |2 0 0) and |0 0 2), and the entropy of
the distribution among the traps thus can be calculated as Sgist = —2 (% In %) ~ (0.69 .

2.6.4 Particle separation

Finally, I will study the particle separation SAP process discussed in section [103].
As shown in section [2.4] and Fig. [2.16|b), the SAP triplet of the three Fock states
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Figure 2.16: (a) Sketch of the particle separation process. (b) Fidelity of the scheme
as a function of the interaction energy E,. (c) Time evolution of the von Neumann en-
tropy during the particle separation process for E, = 1.4 (blue) and E, = 1.6 (orange).
(d) von Neumann entropy at the start (blue) and end (orange) of the separation process
as a function of F,. Thicker data points represent those values where the fidelity is
above 98%. Small oscillation of the entropy outside of the high-fidelity region are due
to the final state being very sensitive to the total time of the process.

|20 0), |1 10) and |1 0 1) remains isolated for almost the whole range of repulsive
interaction, resulting in a high separation fidelity.

The entropy dynamics during this process for £, = 1.4 and E; = 1.6 are shown
in Fig. [2.16{c). As the system follows the dark state, the entropy increases from its
initial value until it reaches S(|1 0 1)) ~ 0.69, which corresponds to the entanglement
purely due to the distribution of two indistinguishable particles between the wells. The
contribution of the interaction to the entanglement has vanished as the two particles
are now separated into different wells [130]. In Fig. [2.16|(d) one can see that the final
entropy of the |1 0 1) state is indeed independent of the interaction strength. Note
that the final value of the entropy is the same as the entropy increase in the case of the
NOON state preparation described above. The von Neumann entropy associated with
a state where atoms are in different traps can be calculated by writing the state in the
atomic basis as [101) = \/Li(|L>1|R>2 + |R)1|L)2), which results in a reduced density

matrix for each atom py = 3(|L)(L| + |R)(R]). As p; is a diagonal matrix, the von
Neumann entropy is given by S = —% ln% — %ln% =1In2.

Analogously, the NOON state [NOON) = \%(|L>1|L>2 —|R)1|R)2), results in the same
reduced density matrix, and thus also has a von Neumann entropy of In 2.



2.7 Conclusion 35

2.7 Conclusion

In this chapter I have reviewed the concept of spatial adiabatic passage and proposed
a protocol that allows to divide a sample of interacting particles in a controlled way.
The technique is based on engineering a quasi-three level system by raising or lowering
the energies of some of the traps and allowing for an adiabatic transition between
initial and target states. I have explicitly examined the cases |2 0 0) — |1 0 1) for a
two-particle system and [3 0 0) — |2 0 1) and |3 0 0) — |1 0 2) for a three-particle
system and shown that the SAP protocol results in high-fidelities over large ranges of
interaction energies. The regions where the protocol fails correspond to level crossings
present in the spectrum of the Bose-Hubbard model.

I have also shown that this protocol is realistic and robust against experimen-
tal uncertainties by examining a setting where two ’Rb atoms were trapped in a
radio-frequency trap setup. Using experimentally realistic parameters, the same high
fidelities were obtained as for the idealised system, showing that quantum engineering
techniques based on spatial adiabatic passage are also useful for interacting particle
systems. The protocol we proposed is independent of the number of initial particles
and can therefore be used in systems with large initial particle numbers.

I have also investigated the entropy dynamics of the SAP protocols and shown that
the total entropy in the SAP processes can be attributed to contributions from two
sources: one due the interaction between the atoms and one due to the distribution of
the atoms between the traps. States with both atoms in the same trap, i.e., |2 0 0),
have a von Neumann entropy which increases with the interaction Siy(E,), ranging
from zero in the non-interacting case (where the wavefunction is separable), to In2 in
the Tonks—Girardeau limit.

On the other hand, states such as |101) are unaffected by the interaction, but have
a constant von Neumann entropy of Sgiy = In2, which comes from the distribution
of the particles between the traps. The NOON states have both contributions, as the
atoms occupy states where they interact, while they are in a superposition occupying
different sites, Syoon = Sint(Ey) + Saist-

A summary of the entanglement of the SAP processes I have studied is shown in
Fig. All processes start in state |2 0 0), and thus with an entropy Sin(Ey).

Even though the fundamental processes identified above can be extended to systems
with multiple particles, their study is problematic due to numerical intractability. For
a separation process with an initial cloud of N particles in the left trap |N 0 0) as
described in Sec. [2.4.3] a maximum value of the entropy In2 is achieved when the
cloud is evenly split, [N/2 0 N/2), for N even, or split into [*3+ 0 £=1) for N odd.
A NOON state (|N 0 0) — [0 0 N))/v/2, will also have an entropy of In2. If processes
are designed that lead to a distribution of the atoms over more than two traps, for
example, by sequential separation of one particle into each trap, suchas |1 111 ...), or
by sequentially following the NOON state preparation protocol, such as (|JN 000 ...)+
ONOO..)+[00NO ...)+...)/v/N, the entropy would be In N, plus in the second
case also the interaction entropy.

These results have been published in Physical Review A [103] and Few-Body Sys-
tems [95].
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Figure 2.17: Von Neumann entropy of states |200) (green), |101) (orange), and
INOON) (blue) as a function of the interaction energy E,. The arrows represent the
changes in entropy during the spatial adiabatic passage processes.



Chapter 3

The coordinate Bethe ansatz

In the previous chapter I proposed a theoretical tool for controlling the state of a few-
body system for which the knowledge of the energy spectrum and the eigenstates is
essential. More complicated systems such as systems with larger number of particles
are in general too big for numeric simulations, but important insight in their behaviour
can be gained from analytical treatment.

In this chapter I will introduce the coordinate Bethe ansatz as a mathematical
tool for exact analysis of some one-dimensional systems. I will discuss its uses and
limitations, and apply it to solve an example problem of a 1D Bose gas in a box.
This simple yet relevant example is going to form the basis for my analysis of more
complicated systems such as a system with point-like barriers of arbitrary heights and
positions inside a box (AFKP). I will discuss the breakdown of integrability in the case
of multiple interacting particles, and derive a general form of the solution for the single
particle case with an arbitrary number of barriers with positions and heights as the
parameters of the systems.

I will also consider a modification of the system to include two distinguishable
particles with detuned effective barriers.

3.1 Introduction to the coordinate Bethe ansatz

The coordinate Bethe ansatz is one of the essential tools of mathematical physics
and has been extensively used in exact studies of one-dimensional systems. It was
first introduced by Hans Bethe in 1931 to find exact solution to the one-dimensional
antiferromagnetic Heisenberg model[I36]. Since then it was used to obtain solutions
of various one-dimensional models. Lieb and Liniger found the solution for the many-
body system of bosons in a ring[40], 137], with Sutherland|I38] 139] and Flicker|[140]
later extending it to multicomponent systems. The interacting Bose gas in a box
was first analyzed by Gaudin|[I41], and later reexamined by Oelkers et al.[142, [143].
More recently, the Bethe ansatz was used to study the behaviour of impurities and
thermodynamics in the multicomponent Lieb—Liniger model[144] 145].

The coordinate Bethe ansatz was also successful in tackling more complicated
boundary conditions, such as Bose gas on a half-line[140, [147] and in a box with a
finite delta barrier in the middle[I48]. In more general terms, classes of boundary con-

37
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ditions which preserve integrability for the Bethe ansatz were intensively discussed by
the community, see for example [149] [150].

The Bethe ansatz technique relies on the fact that the system has only point-
like interactions, and that far away from each other the particles behave as if they
were free. One can then represent the total N-body wave function as a superposition
of plane waves with momenta which are ordered according to different permutations
P = (p1,p2,...,pn) in each region of the wave function with the particles ordered
according to Q = (q1,q2, ..., qn) as Ty < Tgy < -+ < 1, [28, [15]]

N
137 kp,zg;
U(zy,...,on) = Y Y Apgei T 7O(T), (3.1)

P=(p1,...,pn) Q=(q1,--,9N)

N
where ©(Tg) = [[ 0(xy, — 2,,_,) with 0(z) being the Heaviside Theta function.
j=1

Another necessary condition for the solution to exist is the non-diffractiveness of
the system|28]. This means that all three-body scattering events can be decomposed
into a sequence of two-body scattering events, and that their order does not matter.
In mathematical terms this condition takes form of the Yang—Baxter relations[152].
The two-body scattering events can then only result in particles completely passing
through each other, thus exchanging their coordinates, or bouncing off each other, thus
exchanging their momenta. Both these outcomes correspond to particles acquiring a
phase. In terms of the ansatz, this reasoning translates into expressions for various
ratios between the coefficients Ap, for example,

AP,Q _ ei@(kpl,...,kpN) (32)
Arq
with P = (p1,-.-.Dj,Pj-1,---,pn) in case of a momentum exchange.
These expressions for the ratios combined with the boundary conditions generate
a system of N transcendental equations for the unknown quasi-momenta kq,..., ky

called the Bethe equations. In general, due to their transcendental nature, the Bethe
equations have to be solved numerically.

The set of the expressions for the ratios between the coefficients can also be trans-
formed into recursive expressions for all coefficients Ap ¢ in terms of one of them, which
can be fixed with the normalization condition. This allows for the determination of
the full many-body wave function.

In next section I will review the use of the Bethe ansatz to solve the model of a
Bose gas confined in a box as a basic model for a finite many-body system.

3.2 The Lieb—Liniger model in a box

Consider N distinguishable particles trapped in a one-dimensional infinite well of length
L. TIf the particles have point-like interactions of strength ¢, then the Hamiltonian of
this system reads

. h? 0
H———;@nLcZé(xj—xl). (3.3)
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The wavefunction also has to go to zero at the edges of the infinite well, which translates
into the boundary conditions

L
‘P(xj:i§>:0,j:1,...,]\]. (3.4)

Due to finiteness of the system, we have to take into account reflection events. To
do that we will introduce additional summation parameters € = (€1, €, ...,€y) with
¢;j = {£1} for all j = 1,..., N, which allows to explicitly include plane waves with
inverted momenta. The modified Bethe ansatz wave function then becomes

U(ry,... a8 ZZZASPeIF TG (). (3.5)

Here the sums over P = (p1,p2,...,pn) and @ = (¢1,q2,...,qn) are over all permu-
tations of the momenta and coordinates indices, respectively, and A?P € C are the
corresponding coefficients.

As the interaction terms in the Hamiltonian are point-like, they can be re-
placed by the boundary condition for the wavefunction of the form

v

Tq; f:vqj,1=0— ) (36)

Tq;—Tq;_ =0T —

and similar for the derivative of the wavefunction
2me
xquxqulzo— - F v Tq;=Tq;_y > VQ

0 0 0 0
(ax% - 85”(1;’—1) Yl a0t _<8xq]' - aij—l) Y
(3.7)

Below I will consider the two-particle case for clarity. The ansatz wavefunction can
then be written as

U(r,y) =) > (Axpb(z < y) + Beply < x)) ellehmrterkny), (3.8)
P €

where the two particles have coordinates x and y, and € = (e,,€,). The boundary
conditions from the walls of the box become

L L
1\ (x = ii,y) =VU (x,y = iE) =0, (3.9)

and the interaction term can be replaced by the wavefunction continuity condition
Vg0t = Vlomyeo- (3.10)

and the scattering condition

0 0 0 0 2me
— — — | Ul — [ =— == VU], ye- = — V|, . A1
(ax ay) ’w y=0"+ (ax ay) |x y=0 B2 ‘ Y (3 )
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After applying the left hard wall condition to the ansatz wavefunction, we get

S5 (A < ) + Bop(y < x)) e (-3)erkny) — (3.12)
P €
S (Agpb(a < y) + Bph(y < x)) fbnmtaln(Z5) = 0. (3.13)
P ¢

Considering that the particles at x and y can only reflect from the left barriers if x < y
or y < xz, we can simplify the previous equations to

S5 At (55) = 0, (3.14)
P €
S Boperhna (5) = g, (3.15)
P €

Furthermore, all terms for different values of P have to go to zero independently, giving
TN E LA o, @ =0, (3.16)
: (3.17)

€xkpy eykpy

: L
elfy kpy 5 — 0

: L

—ieykp, &
e ‘22 + B
€xkpy eykp, €xkpy,—eykpy

and the conditions on the coefficients for the reflection against the left wall then become

A_c i .
zA —€xkpy €ykp, _ —iezkp, L
%gp = A— = —e TP (318)
€xkpy €ykp,
%yB _ Bemkm’_eykpz o —ieykpy L (3 19)
&= R = —¢ 3 .

€xkpy eykpy

and analogously, the reflection against the right wall gives

B_c.k
B __ —€akpyeykpy iexkp, L
ﬁgP - B = —¢€ P1 ; (320)
ezkpl,eykPQ
A
yA €xkpy ,—€ykpy i€y kp,, L
ﬁgp = A— = —e Y'P27, (321)
€xkpy €ykpy

Let us now substitute the ansatz in Eq. (3.8) into the continuity condition in Eq. (3.10]).

This gives
Z Z ngeix(fwkp1 teykpy) Z Z Agpeix(ﬁwkm +eykpy) (3‘22)

¢ P ¢ P
The arguments of the exponents are the same if the momenta of the particles are ex-
changed and are independent in any other arrangement, which gives a relation between
the four coefficients of the form

Bzp + Bg = Az + Ag (3.23)

Here €P = (e,ky,, €ykp,) and P — (€ykpy, €xkp, ). We can derive the scattering condi-
tions on the coefficients after substituting the ansatz (3.8)) into the scattering condition
(3.11)) and taking the terms to be independent

2me

i(exkp, — €,kp,) (ng — Be — Aep + Agg) =7 (.Agp + Agg) ) (3.24)
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After substituting the expression for Bg; from Eq. (3.23) into the previous equation,
we get

i(erk}pl — Eyl{?pg) (ng - .Agp) (A ep + ./4(?) (3.25)

The scattering relations for the two scattering outcomes, the particles exchanging their
positions or momenta, are defined as

Bep

S = , 3.26
P Agp ( )
A
S4 = 3.27
epP AEP ( )
and can be used to rewrite Eq. (3.25)) as
. - mc
1(€xkp1 - Eykm) (Se”lz)/ - 1) h2 ( S ) (328)
Finally, we can derive the relation between the two scattering outcomes as
mc
Sty =1-1i 1+82%), Vep. 3.29
& 1h2(5$kp1 - Eykpz) ( ” 6P)7 ‘ ( )
This relation has to hold for all €P, including
mc
S —1+i (145 ). 3.30
—exkpy eykpy + 1h2<€x/€p1 + Gykpz) " ~Cabrucutn, ( )
By remembering that
Aeykp —€zkp
—ezkpy €ykp, = ./476 ’: ok - ) (331)
and taking into account equations (3.21]) and ( - we get
(y_./il
mce &
S =1+i 1 LS4 3.32
—exkpy eykpy * lh2(exkp1 + €ykp, ) " @ - ( )

On the other hand, from Eq. (3.18)) and Eq. (3.20]) we get

B B

zy o B_Emkp17€ykp2 . H?P ng . ﬁl’ zy

S_Ezkm»eykpg o A - % X A- - % A SEP (333)
—ezkp €ykpy A epP z

These two forms of S*Y ey, seykng have to be equivalent, giving an expression for 8%, of
the form

g4 ﬁexg ( . Zc(kzi - kQ ) — (€xkp, + Eykm)) - ﬁflé <_i%(k§1 - ng) + (€xkp, — Eykp2)> Ve
eP — , VEL.
ﬁyA (€xkpy — €ykp,) + ﬁep (€xkp, + €ykp,)

(3.34)
Now we have all ingredients to construct the Bethe equations for this system. In order
to do that, we need to consider all possible ways of inverting a particle’s momentum.
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Consider a particle being on the right hand side of the other particle. Then its momen-
tum can be inverted by reflecting from the right wall, or by scattering with the other
particle and then scattering back after reflecting from the left wall. These two ways of
inverting the momentum have to be equivalent, giving the first Bethe equation

Sy

A B

RuA = L RYE. (3.35)
€xkpy ,—€ykpy

Another Bethe equation can be obtained by considering another outcome of the scat-
tering between two particles: they exchange momentum, then the second particle gets
reflected from the right wall, and lastly, it exchanges the inverted momentum again
with the first particle. This gives

SA
€xkpy,—eykpy

The analogous equations for the second particle x are satisfied trivially, so we end up

with two Bethe equations for two quasi-momenta of the particles. The energies of the

corresponding eigenstates are then given by

h2
E(k1, k) = %(k% +k3). (3.37)

An example of the solutions of the Bethe equations is shown in Fig. |3.1] The allowed
quasi-momenta are given by the intersections of the two curves. The lines k; = 0,
ko = 0, ky = ko and ky; = —ky do not correspond to physical solutions. The k1 = 0 and
ko = 0 cases violate the Heisenberg uncertainty principle, while k1 = ko and k; = —ko
describe bound pairs which can never scatter and are not captured correctly by the
ansatz if ¢ # 0.

It is easy to see that if k; and k5 are the solutions of the Bethe equations, then €k
and exky are also the solutions with the same energy for any signs (e, €5). This fact
leads to a four-fold degeneracy of the eigenstates, as shown in Fig. [3.1

From the continuity equations (3.23)) and (3.27) and by defining

B
S5 & 3.38
epP ng ) ( )
we get another relation
Bep (1+85) = Aep (1 + S3p) - (3.39)

This equation, together with Eq. (3.26]), gives the expression for SZ,

A sme s me

S5 Sip (ezkpl — eykp, + 1ﬁ) +i%y
gP_(ek: — e,k —iw)—i@SA’
zvp1 yVp2 h2 h2 “eP

VeP. (3.40)
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Figure 3.1: Plot of the curves given by the Bethe equations and . The
allowed values of quasi-momenta k; and ko are given by the intersection of the blue
and the orange curves. It is easy to see a 4-fold degeneracy of the resulting eigenstates.
The lines ky = 0, ky = 0, k; = ky and k; = —ky do not represent a physical solution.

Here I use natural units A~ = m = 1, the size of the box is L = 10 and ¢ = 1.

Now we have all relations between the coefficients and we can finally express them as

Ay ey = §k1 3y A0
Akl,—kg = ﬁszAm
«‘Lkl,—kz = %if,hﬁ%@/lo,
Ao ey = 5;';},@-/407
Aoy = Slﬁ,—kgﬁszz"élo’
mwmzshb@ﬁﬁm
«471@2,71“ = 1@% k1 kQ%kzl k2A0>
and
Bk, = Spp, Ao
Bk, = ﬁkl 2 Sy A0
Bklﬁkz = §Zﬁk28ﬁ{kz"407
By k= ﬁiﬁ*kQ%%ﬁkQS]fﬁsz()’
Bkz,’ﬂ = Sli,kgslfﬁkgAO’
B o,k = Sﬁ,—kQ%ZﬁkQSlfﬁszo’
By —k, = kal,hﬁifh&ff,@flo,
B—kz,—kl = kal,sz %?il?ﬂ,kzﬁkl kzslgfgl kz‘AO'



44 The coordinate Bethe ansatz

Voarriers(Z) = ad(x — o) + B6(x — x3)
ﬁinter =g Z 5(:6% - xj)
1,J

A ’ A
«

/t\ A
19000 00 @@
2 Lo .Z'Ig 32

ni, nM:anLfnR NnRr

N

i

Figure 3.2: Schematic of the Bose gas in a box with three barriers. The two point-like
barriers can be arbitrarily positioned and have arbitrary heights.

I only consider the ordering of the N particles where 1 < 9 < --- < xy. All other
permutations of particles can be obtained through the symmetry considerations due to
statistics of the particles.

The remaining coefficient Ay can be fixed using the normalization condition

// U(z, y)dady = 1. (3.56)

Nl

With all these coefficients determined, the full wave function can therefore be straight-
forwardly reconstructed.

In conclusion, in this section I reviewed how the coordinate Bethe ansatz can be
used to obtain the equations which define the allowed quasi-momenta as well as the
expression for the eigenstates of a model Hamiltonian with two distinguishable particles
in a box. In the next section I will discuss the use of the Bethe ansatz in order to obtain
the solution of a modified system with one or more point-like barriers of arbitrary
heights positioned within the box.

3.3 Multiple indistinguishable particles in a box with
two barriers

To establish the underlying ideas and concepts of the AFKP model, I will first discuss
the solution of the Bose gas trapped in an infinite square well with two arbitrarily
positioned barriers of arbitrary heights (see Fig. . I will derive the Yang-Baxter
relations for this model and prove that it is in general not solvable by the Bethe ansatz.
I will also review the partially solvable special case studied by Liu and Zhang in [148§].
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The total Hamiltonian for the system with N particles is

H= Z (_h_8_2 +ad(xj; — o) + Po(z; — :1:3)) +c Z d(xj — x;). (3.57)

i<j=1

Here the left (right) barrier is of height o (5) and has the position z, (z3), and the
particle interaction has strength c¢. The two barriers in this system form three traps,
and the wavefunction must go to zero at the walls of the box. As discussed in sec. [3.2]
due to zero-range nature of the interaction and the potential barriers, the problem can
be reduced to the free space Lieb—Liniger model

RS 020 (T1, ..., xN)
- U =FEv .
om : 61‘3 (lL‘l, ,JZN) (3 58)

with boundary conditions which account for the scattering between the particles and
between the particles and the barriers.
The scattering condition between particles in the same trap is given by [I51]

————) \I/(l'l,...,ZEN) :0, (359)

and the scattering of the particles with the a-barriers is captured by

0 0 2ma
<8_x] Tj=ra+0 — 8_1:] zj=va—0 = Tp3= xjxa) W (z1,...,on5) =0, (3.60)
with the a-continuity condition
L ({L‘l, ceey xN)‘xj:xa—O =V (Il, ceny xN)‘xj:$a+0 . (361)

Analagous conditions hold for the g-barrier,

9 0 2mp
(a_x] zj=zg+0 — a_xj zj=xg—0 h2 -Tj:xﬁ) L (l’l, ceny I‘N) =0 <362)
and
U («le ...,mN)}:pj:xB—O =V (q:l, ey xN)‘xj:zB+0 . (363)

The left and right infinite wall conditions are

v (xla 7:EN)

L =0, (3.64)

and

U (z1,...,zN)|,

=L = 0, (3.65)
and I will only consider the regions of space where the particles are ordered as
Tz <ay<...<apn. (3.66)

All other regions can be obtained using bosonic symmetry.
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Let us now denote the number of particles in the left, middle and right traps as ny,,
ny and ng. Before we construct the ansatz wave function, it is natural to subdivide the
space of the problem further into regions with different arrangements of the number of
atoms between the traps ny,, nyy = N — np, — ng and ng (see Fig. |3.2)

Toing 01 <22 < STy S o S Tpp1 S S TNy, SR S I <L S T

(3.67)
The ansatz wave function is then a piecewise function consisting of the pieces defined
on these regions

N N—TLL

X (21, man) = > > Xopog (@1, 28) O (Tapng) 5 (3.68)

ny,=0 ng=0

where X, o (21, ..., zy) are defined on 7y, ,,,, and the Heaviside theta function © (7, ny)
is non-zero only in region 7y, n,. Analogously to section [3.2] the ansatz wavefunction

in each region 7, . is a superposition of plane waves

N
Xopmg (X1, ., zn) = Z ZAanR (615) X exp [lz eplkplxl] : (3.69)
¢ P =1

All permuation notation is the same as in section [3.2]

The reflection against the walls of the box is only relevant to the leftmost particle in
the left well and the rightmost particle in the right well, translating into the expressions
for the left and right reflection matrices for the leftmost and the rightmost particle
respectively

= A (—€prkpys €pkinyy - - ) ,
%1 (6—» ) — nL,NR P1'vp1s ~p2 VP2 — _e—leplkplL ng, > 0 (37())
e A nn (€piKpys €pkipy s -+ ) 7
ETJZZL nR(E_,—») _ AnL,nR ( R EPN—lkpN—17 _EkapN) _ _eie,gNkpNL7 ng > 0(371>
7 Anpinr ( s Epn 1Ky Emvkpzv)

From Eq. (3.59)) we can obtain the relation for the scattering of two adjacent particles
in the same well as

icm
Si—Li E—»P’ _ ANL,HR (Eplph 0 €p; P €pj 1 Pj—15 -+ 6I?NpN) _ kpj B k’lpjfl + T2
nL,MR - - icm ’

AnL,nR (€p1p17 o €p;_1Pj—1, €p; Djs -+ EPNpN) kpj o kal TOR2 (3‘72)
j=1.,nUnpyq,... N—ngUN —ng+1,.., N,

and any particle in the left well can then be scattered all the way towards the left wall

Sl’j

nL,NR

(6_,]5’) . Anr g (Epj kpj’ €pi Kpys o €pny, kanv -1 Epn kpzv)
L r——— (Em Kpys ey €p; kPj’ s Eppy, kana - Epy kpzv)

_ ﬁ €p; kpj - €pkkpk + 12_T2n (3'73>

icm
i1 P kpj — Epy kpk TR

j = 1, .., ny,.
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The same reasoning can be applied to the particles in the right trap, so we can scatter
the 7 > N — ng + 1-th particles in the right trap all the way to the right wall as

SiN (é‘ﬁ) _ Aninr <€p1kp1> “ EpN—nR+lkpN—nR+1’ s €pnFpy s Epjkpj)
e A nw (€pyKpys s €py—nnt1Kony—nt1s - €, Ky s €py Ky )
- a Epkip, — €p; kpg + o lcm (3.74)
{=j+1 Eplkpl - Epjkpj o %7

j:N—TLR—f-l,..,N

Analogous expression will be valid for particles scattering in the middle well.

In order to find expression for the reflection matrix for any particle in the left trap,
we need to first scatter that particle with all the particles on the left, reflect it off the
left wall and then scatter back until it returns to its original position. We can account

for this by substituting Eq. (3.73) into Eq. (3.70))

3 ( ) Ak (pikiprs s —€p,Kp, s s € Fpu s s Epnbipy)

R Anp i (€0 Ky s €K s €pny Kipny > -9 pn k)
it —€p; kp] €pkkpk 'h72n
Pa. - e ey, —epy kpj, + 15 y App g (—epjkpj,eplkpl,..,eankan,..,ekapN)
il ep;kp; —€pp, kpj — 5 Anyng (Epj kpw €piFpys s €pny, kPnL7 - Epy kpN)

icm
E=1 €p; kpj —Cpy, kpk"'ﬁ

(3.75)

Eq. B.70) H ep] p; — Epbp, T lcm) (Ep] Ky, + €p Ky, + lcm) y (_efiepjkij)
bl (€pgkpg Epkp, — I;_m) (E L %)
2

- 2 2 21cm
_Hkp_k w2 Ep; R, (
2 2 _ Z2icm

h2 EPJ 2

S (),

jzl,...,nL,VnL>O,nR§N—nL.

wl% %*Is

Note that for j = np, this expression does not depend on the signs of all other mo-
menta in the left trap or the order of the corresponding particles, but depends on the
distribution of the particles between the traps.

Analogously to the left trap case, using Eq. and Eq. we obtain the
right reflection matrix expression for all particles in the right trap, which reads

N k’2 _ ]{32 2icm kp] _ (cm)2

) 72 Ep
R (€ )—IIH_WQ o

2
I=j+1 iz Epkp; — (h?)
j=N-—-ng+1,..,N,Vn;, >0,ng <N —ng.

D

Eq. (3.60) describes the scattering with the a-barrier. After substituting Eq. (3.68))
into Eq. (3.60) and assuming independence of the regions, we obtain the equation for
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each region as

0
o (an,nR (xly EERE) .TN) @(7;11,711{>) Tp==xqa+0
0
- a.T Xn,nR (xlu ceey xN) @(%,nR) Tn=2q—0
2am
- h2 [Xn—l,nR (wla (XS] -TN) @(ﬁ—l,nR) + Xn,nR (.Tl, ceey :EN) @(ﬁl,nR)”xn:xa = 07

Vn > 0,ng < N —n.
(3.77)

The partial derivative then gives

0
<8_$anLnR (xh ooy xN) @(7;1,"11)>

Tn=xq+0 + (anl,nR (xla ceey LUN) 6(xn - xa))lxn:za+0

Tn=Tqo—0 (Xn,nR (131, seey IN) 5<$n - xa))’:pn:ma—o

P
_ (a_an"’”R (€1, .0y W) @(nm))

2am 2am

- T 1o (anl,nR (1'1, cey :UN) @(ﬁfl,nR)”xn:xa -

(Xn,nR (xla sty $N) @(%,nR)”xn:xa = 07

h? h?
Vn >0,ng < N —n.
(3.78)
Since, by definition, we have
®<7:L_17774R)|1'n:$a+0 - ®<7;LynR>|1'n:a7a_0 =1, 3.79
0(zn = Ta)lzu=zat+0 = 0(Tn — Za)lo,=2a—0 =0, (3.80)
we get
0 2am
|:8$an—1,77,R (xlv ceey xN) - hQ Xn—l nR (xla . axN):| Tn==Taq
0 2am 3.81
_ a_ann’nR (iL‘l,...,.’L'N)—F?XnnR (l‘l,.. ,.TN):| Tn=To, _O, ( )

Vn > 0,ng < N —n.

After substituting Eq. (3.69) into Eq. (3.81)), we get
~/ 5 ik o f - 2am
2.2 [A”‘lvnﬁ (7P pn = 1) P (lk T )
¢ p
2am N
l#n
15 ikp, To [ 2am
_ZZ A"’”R <€ P,Cpn:—|—1>e Pn 1]§pn+?
¢’ B

N
-1 5 ik, @ . 2am .
+ Annn (e 'Pep, = _1> o~ ikpnTa (—1k:pn + F)} X exp llzeplkpl:pl] =0,
l#n

(3.82)
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and taking into account the linear independence of the expressions under the sums, we
can simplify this equation to

5 2
A 1ng <€’P, €p, = +1) |:ikpn _ ﬂ}

h2

-5 ok ) 2am
+ An_LnR <€ /P, Gpn = —1) e 2ikp, Ta |:_1kpn _ 7:|
5 (3.83)
D amm
o ATLJLR <€IP> €p, — "‘1) |:1kpn + ?}

> D —9 [ 2am
_ ATLJLR (E /P’Epn = _1) e 2ikpy, Ta —]kpn =+ ?:| =0.

We can use the left reflection matrix in Eq. (3.75) to express A, (E 'Pe,, = —1>

and obtain

1B . 2am
Anaon (/P = +1) [k - n—}
e —9i z . 2am
+ An_17nR (6 /P, Epn = —1) e 2 kpn a |:_1k.pn _ ?:|
—;/ﬁ . . 204777, —2ikp,, Ta . Qam %n _’ﬁ
a An’nR <€ P = +1> lkp" + h2 e _lkpn + ? nong | €

= 0.
(3.84)

Another condition on the wave function is the continuity condition from Eq. (3.61).
By substituting Eq. (3.69)) into Eq. (3.61) and assuming independence of the regions

and different permutations of momenta, we obtain the relation

Ann <€/ﬁa €pn = +1> eiFen o 4 A g (glﬁ, €pn = —1) e ikpnTa —
B} | } . (3.85)
An—l,nR (g‘/P, €pn = +1> €1kpn96a + An—l,nR (E/P, €p, = _1> e*lkpnma.

By substituting A, ., (5 ! 15, €pn = —1> with an expression from Eq. (3.75) and multi-

plying by e #rn?e  we get

An,nR <€/ﬁ7 €pn = +1> |:1 _|_ e_iQkanaRnﬂlR (pn7 p/)] B

¢'P =13 2k, (3.86)
— An—l,TLR (E P, Epn = +1> - An_lﬂ'lR (6 P7 Epn — —1> e pnta — 0'

Now we can write the expressions for A, ,, <€ 'Pe,, = +1>

An—l,nR (é”ﬁ, €pn = +1> =+ An—l,nR (?’]3, €p, = _1> e~ i2kpnea

AnmR (g/ﬁ’ €p, = ~|»1> =

[1 e Ry <5ﬁ>]

(3.87)

9
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and by substituting it into Eq. (3.84)), we obtain

. Anfl,nR (glﬁ, €pn = —1)
R () = S
AN—LHR <€/P, Epn = —f-l)

liky, — 2om] _ [t %] e 2ik”””“[%kpn+(2rz)]‘@ 2 (2P)
_ n 1+ 712kpn;va 2 eP 2ikp .
- Rin (F) X e“tPn (3.88)

— [_ikpn _ 2(;_27”] + I:ikpn+2‘;‘27nj|+€721kpnza|: lkpn 2am] -

Lte 2kpnraRy  (eP)

Qam + e~ 2ikp, Ta [lkpn 2am] %n (gﬁ)

h2 n,MR
= % = X e
2am 2am ,—2ik, g n —
i ]+ et Ry (&)

2ikpy, Tor

Pn

Note, that if there is no a barrier, then %” (E’f’) =

n—1ngr

0= %n i <€P) as expected.

If the reflecting particle is not the leftmost in the middle well, then we first have to
scatter it with all the particles on its left (Eq. ) until it is the leftmost particle,
then reflect it as in Eq. and then scatter back with its neighbours until the
particle is back at its position. The expression for the reflection matrix then reads

n,n _’/ﬁu ;= _1>
e (513) R G

n,nR A (6__\ /p» ¢ _ +1)
n,NR > Cpngy

- 2 2icm _ (@ 2
pn+j kpn+z + 5 i Ko 2 %n '
~ 2iem L em\ 2 X n,nR ( -+ €pp, Dn, 6Pn+jpn+J7 Epn+1pn+17 s )
I—1 - an 72 CPntipnty — (h_2)

0< ]<N—nR—n
(3.89)

We can also obtain an expression for A,_1 ,, (5 'Pe,, = —1) from Eq. (3.86

An—l,nR <€/ﬁ, €pn = —1) =

e2tkpn za (An,nR (g"ﬁ7 €p, = —|-1> [1 + e*i%an“ﬁsz (€ﬁ)} — .AnanR (5/13, €pn = —i—l)) .
(3.90)

This allows to reconstruct the scattering matrix for the n-th particle against the a-
barrier from the block (n — 1,ng) to the block (n,ngr) by substituting this expression
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into Eq. (3.84))

oy )
S”"R< > N An—l,nR (gﬁ) N
[1kp, — %] + [ikp, + %52

[ - 2am] (1 + e~ i2kp, Ta %g,nR (gﬁ)) [ 2am} +e—21kpnxa |: o 2am] %n

n,nNR
ik,,,

Pn

—

[k, + 222 + Z2me-2bse Ry (P)

n,NR

(3.91)

Note, that in the absence of the a-barrier Sp7' (5’]3) ‘azo = 1 as expected.

Analogously to the left barrier, we can obtain the expression for the reflection matrix
of an n-th particle in the block (ny,, N —n) (the rightmost particle in the middle trap)
AnL,N—n <glﬁ, €p, — —1)

ﬁzL,an (gﬁ) - -
AnL,an (E/P, €p, = —|—1)

_25;" — e 12kpnap [1/{;pn + 2Bm] ﬁZL N—n+1 (Eﬁ)
_ ’ X e
[—1kpn + zﬁm} + QBm _IQk”’LMﬁnL,N n+1 ( >

(3.92)

i2kp, zg

Again, if there is no [-barrier, then ﬁzLJV_n (E’ﬁ) )5:0 = ﬁzw\,_nﬂ (é’f’), as ex-

pected. We can also obtain the scattering matrix for the n-th particle against S-barrier
from the block (ng,, N —n) to the block (np, N —n + 1)

Ay Noni1 (aﬁ)
Ay N (gﬁ)

ik,,
ity — 2] — Zpeheni Ry (eF)

S5 <€ﬁ> —
(3.93)

If there is no S-barrier, Sf’ Nent1 <€ﬁ) ‘5:0 = 1, as expected.

3.3.1 The Yang—Baxter equations

In order for the Bethe ansatz solution to be correct, the Yang—Baxter (YB) equations,
which ensure that all three-body scattering events are equal, have to be satisfied. In the
system there are two types of three-body scattering events: the simultaneous scattering
of two particles and a barrier and the scattering of three particles in the same well.
The latter is trivially satisfied, however I will show below that the particle-barrier
scattering does not satisfy the Yang—Baxter relations. Earlier we have denoted the
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scattering matrix of a particle against the a-barrier as SﬁgnR (Eﬁ) and with the (-

barrier as S;f’JnR (515) This notation means that the particle p; scatters from the
a-barrier to the left (8-barrier to the right), connecting the blocks (n;, — 1,ng) (or
(np,nr — 1)) with the block (nL,nR). The scattering between two particles in the
same well is denoted as Sﬂlgﬁk(eP) and is the same for all blocks as long as the two
scattering particles p; and p;;; are in the same well.

The Yang—Baxter equations postulate that it should not matter if two particles first
scatter with each other and then one-by-one with the barrier, or first scatter with the
barrier and then scatter with each other in the new block

Shm (EP)SI L (EP)SI (EP) =

n,NR n+1 MR n

(3.94)
+1=p +1
'an nR(E )SSZR< t 6Pm-ll{:pm-n epnkpn)Safl nR( L) E11311-~-1]{1!3n-~-1’ Epn kpn)'
Since the two scattering matrices S, "iiR(? ) and S, ffr,iR(*ﬁ) are equal, the relation
can be written as
>73 n+l /- n+1

STOL{:LLR( )ngl,nR(e ) STCLM:LLR( ? Epn+1 kpn+17 Epn kpn)Sernl,nR(' L] Epn+1 kpn+17 Epn kpn)7

VP,0>ng <N —n—1,
(3.95)

and a similar relation can be constructed for the g-barrier

ﬁ +1 57 -5 I By +1 67
STL]_:LN TL+2( )SHL,N n+1 (6 ) - ST'L]_,”}N*TL*FZ(' c 6pn-‘,—lk‘pn-‘,—l’ epn kzpn)SnL’,;LNfTLﬁ*l( . 7€pn+lkpn+l7 Epnkpn)7
Vﬁ,OZnLSn—Q.
(3.96)

In the non-interacting case and the Tonks—Girardeau limit of infinitely repulsive inter-
actions the YB equations are trivially satisfied. However, if both barriers have finite
height and the interaction between the particles is finite, then the Yang—Baxter equa-
tions have consistent solutions only at non-physical values of quasi-momenta k; o = 0
and +£k; = £ky. An example of the curves given by the real and imaginary parts of
the Yang-Baxter equations with both barriers having non-zero heights are shown as
colored curves in Fig. [3.3] It is easy to see that even the curves which correspond to the
real and imaginary parts of the same equation have very few intersection points. The
only lines where all four parts coincide are the non-physical k1o = 0 and £k; = ko
lines. This pattern continues beyond the quaasi-momentum values shown in Fig. [3.3

In the special case of one barrier having a zero height and another one positioned
in the center of the trap, there is only one non-trivial YB relation. The remaining
YB equation together with the Bethe equations form a system of three equation for
two variables. Despite the system being overdetermined, there are non-trivial solutions
for the quasi-momenta. One of such states is the odd-parity [b) = (|LL) — |RR))/v/2
(NOON) state, where particles are in superposition of both being on in the left and
in the right wells. Liu and Zhang [148] obtained these solutions using the approach
outlined above, and analytically investigated the tunneling dynamics of the odd-parity
state |b) with arbitrary interaction strength. They have concluded that the occupation
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— Im(YB,)
— Re(YB,)
— Im(YBp)
— Re(YBp)

Figure 3.3: An example of the curves given by the Yang—Baxter equations in egs.
(13.95) and . The four curves correspond to the real and imaginary parts of the
eqs. and with L = 10,2, = —2,23 = 1,a = 2,8 = 1,c = 1. The allowed
values of quasi-momenta k; and k, are given by the intersection of all four curves.
Only the non-physical values kj o = 0 and £k = £k, of quasi-momenta satisfy all four
equations and all four curves coincide. Here I use natural units h = m = 1.
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Figure 3.4: Schematic of the finite arbitrary KP model with two distinguishable
particles. The two particles see the barriers at slightly shifted positions. This is
equivalent to saying that the first particle sees the barrier j at the position z; with
the height h; # 0, while the second particle sees it having zero height ¢; = 0. This is
reversed for the barrier j + 1, for which the apparent height is h;4; = 0 for the first
particle.

probablities had strong dependence on the interaction which could not be explained
by the two-mode model used in the experiment by the Heidelberg group [123].

In this section I have shown that the many-body system with two barriers of finite
height is not generally solvable if the interactions between the particles are finite due
to the breakdown of the YB relations. Below I will consider two modifications of
this model - a model with two distinguishable particles with slightly shifted effective
external potential, and a single-particle system with arbitrary number of barriers of
arbitrary heights positioned arbitrarily in the box (the arbitrary finite Kronig—Penney
model).

3.4 Two distinguishable particles in the finite arbi-
trary Kronig—Penney model

As we have shown in the infinite square well model with two barrier (and con-
sequently, the full AFKP model) is not solvable for more than one particle due to
violation of the Yang—Baxter relations. In an attempt to rectify this, I proposed a
modification of the AFKP model with two particles where true 3-body interactions
are not possible. For this let us consider two interacting distinguishable particles in a
square well. In addition to the square well the particles experience an external potential
which consists of point-like barriers, but the positions of these barriers are relatively
shifted for the two particles (see Fig. [3.4). The Hamiltonian is then

ﬁ:—;—m (%Jraa—?ﬂ) + Vi) + Vi (y) + cd(x — y), (3.97)

where
Velw) = 3 hidle = z), (3.98)
Vy(y) = Y hid(y—z —a). (3.99)
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Another way to write the external potentials is to consider 2M barriers, where even
barriers are shifted by o with respect to odd ones (22; — 22j_1 = «), and set the heights
of the odd barriers for particle y (t3_1) and even barriers for particle z (hgy) to be zero.
Then the external potential reads

oM
Viz,y) = (hd(x—2z) +t;0(y — z)), (3.100)
=1
where
hoy = to—1 =0,
hor1 = Lo, (3.101)

2212221714—06, lzl,,M

Similarly to sections and [3.5 the problem can be simplified to the free-particle
problem with the boundary conditions on the wavefunction given by

U(z=+%)=0, (3.102)

U(y=+%) =0, (3.103)

(Z|omznto = Z|amzn—o0 — 242 |ez, ) V(z,y) =0 ,n=1,..,2X8.104)
(&]vmenso = 2fymsa-o — 2| yer) W) =0 , n=1,..,2)8.105)
Ulpeznm0 = Vpmsto, n=1,...,2M., (3.106)

Vg0 = Vlysrio, n=1,...,2M., (3.107)

(%= %) Vevmor = (= ) Vhosmo- =2 Wy (3.108)
Ulpyor = Uloyo- - (3.109)

The wavefunction ansatz can then be written as

U(z,y) = d(z,y)0(z <y) + ¥(z,y)0(y < z), (3.110)
where
2M+1 1
dlay)= > D DD AT Etnrtakng(DnODY),  (3.111)
=1 j=1 P e
2M+1 g
Ylay) = Y DY BRehnrtakneDnO(DY),  (3.112)
j=1 I=1 P e

and where D and D} denote particles being in [-th well

Df iy <p <z, B= {xvy}
B L
20 = 5 (3.113)

L

ZoM+1 =

|
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Let us first consider the boundary conditions at the walls given by Eq. (3.102) and
(3.103)). Similarly to the procedure in Eq. (3.12)) in section , we get the reflection

conditions for the first and the last wells for each particle

A—ex kpy seykpsy

A1 1, __—iegkp, L .
R~ i = Jl=1,...2M+1, (3.114)
1,1
B Bffzkmlveykpz
© 2M+1, ics
ﬁgpzM-&-Ll - = — _¢l€ I~c,;,1L7 lzl,...,QM—i-l, (3.115)
B%km 1€yRpy
2M+1,1
% 5 szkplvfeykm
yBj1 _ Tl _ ek, L
e = —Bez’“m:ey’%z = —e ,J=1...,2M +1, (3.116)
J,1
R Ao
YyAj2m+1 Vg 2M A1 _ o deykp, L
- a AEZkP176ykp2 ==-¢ v J = 1”2M+ L. (3117)
7,2M+1

Now let us consider the boundary conditions which connect two adjacent wells for
particle z in case where r < y, namely Eq. (3.104]) and (3.106). From the continuity
condition Eq. (3.106) we get

Z (Ailfleiezkmzn . Aiﬁ—l,leiezkmzn) — 0’ l=n+ 1, e 2M + 1’ (3118)
eP

which gives

€xkpy ,eykpy €xkpy eykpy —2iezkp, zn —€zkpy €ykpy —€xkpy,eykpy _ _
An,l _An+1,l +e 1 A?’L,l - ATL+1,I — O, l — n+17 e eey 2M+1
(3.119)

On the other hand, the condition for the derivative in Eq. (3.104) gives

3 €ckpy eykpy ieyky, 2 exkpy €ykpy ieyk,. 2 thn
§ : <1€wkp1 (An—f—Ll elewfimin — A O —

€xkpy €ykpy iepkp zn | _
n,l An-‘,—l,l € ! - 07
epP

(3.120)
which simplifies to

: €xkpy eykpy —€xkpyseykpy  —2ie,kp, zn : 2mhn €xkpy eykpy
1€zkp1 (_A’I’L,l + A’I’L,l € 1 + l€zkp1 - —h2 An+1,l

thn —ezkp, ,eyk —92i
. ) 2 k
— <]€ k 1 —|— _— An 117;71 Y Pze 1€xRpy Zn O

(3.121)

After substituting the expression for A;flkf vk fom Eq. (3.119) into Eq. (3.121)), we
obtain

2mh,, ek ek mh, o —e k k k k
. R —ie k. € J€ . € JE
— <1exkpl F— | A2 T plZ“Anf N +1€zkp1Anz+f}l P2 — ().

h2 n,l K2
(3.122)
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Let us define the reflection matrix for the particle x in the x < y region as

—€xkpy€ykpy

A
T Ap41, n+1,1
Rodmn o Dntld (3.123)

Aez kpyseykpy
n+1,1

and use this expression in Eq. (3.119)) to obtain
€xkpyeykp, —2iezkp Znﬁx-Anle,l o €xkpy €ykpy —2iezkp, 2n —€xkpy eykpy
A L+e Yt Rep = A, t+e AL . (3.124)

Eq. (3.122)), one the other hand, gives

. exkp, eyk . 2mhn exkp, eyk hn_g €xkp,€yk
lﬁggk’ple p1Cylpy (1€xkp1 + Ax p1:€yRpg L 1elk‘p1znA zRpq,€y P2

7L+1,l hz n7l h
(3.125)
If we devide these two expression, we obtain
. €xkp, €y k _9; —ezkp, ,eyk
) . 1€;vkp1 (An,l p1:€yRp2 +e 216zkplznAn7l p1 1€y P2>
14+ e—21€zkplzn%ajpn+l,l —
€ 2mh €xkpy €ykpy mhy —2egky. 2n A €eFp1s€ykpy

(1Ezkpl ‘I’ n) An,l + hz_ne P1 An,l

(3.126)

By dividing both numerator and denominator of the right hand side by ./4157”161"1’61’]%2

and performing straightforward simplifications, we get the recursive expression for the
reflection matrix of particle x in the region x < y as

- [16$kp1 + mhn 1] + m};2 L o—i2zn—1€xkp, %:}-’jn 1] (3127)

n:2,...,2M+1, l=n,...,2M + 1.

Using similar derivations, we also obtain the remaining reflection matrix elements

—€xkpyseykp, mhn, \i2zn€ mh ﬁmBnH,l
ﬁxBn,l o Bn,l e For 4 liekp, + n] eP
e €xkpyeykpy, mh mhy, \—i2znexk zBpni1,’
B} [iepky, — mha] — mhn o—i2zncs mﬁ:P (3.128)
n=1,...,2M, [ =1,.
€xkpy,—eykpy mitn ji2zneyk mt ZI-AJ n+1
ﬁy““ivn _ Ajn e A [1€ykp2 + 2 ﬁ
epP - €xkp, yk - Aj
AT ety 5] — Ao R (3120
n=1,...,2M, 7=1,.
€xkpy,—€ykpg mtn—1 122, 1€,k mtn 1 %y[j’]" 1
%yl?j,n _ Pin T et A [1624 P2
ep B;znkplvﬁykpz [1eykp2 + mtn 1] + mtfr; L o—i22zn— 16yk‘p2 %ylﬁjn v’ (3130)

n:2,...,2M+1, j=mn,...,2M + 1.

Now let us consider the scattering between the particles described be the boundary

conditions in Eq. (3.108]) and Eq. (3.109)). Taking into account the ansatz in Eq. (3.110)),
the boundary conditions become

(ax ay> Pla=y — (aw a%) Blomy = ZB Ylamy , (3.131)
Plomy = Blo=y - (3.132)
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Since the two particles can only scatter if they are in the same well, these give

2M+1 . - )
Z [(i<exkp1 - Eykm) - 2;;(:)87651 - i(eka - eykpz)A;},Dn} el(%kpl+eykp2)x :(3)"133)
n=1 €P
2M+1 . .
> (AT - B =0 (3.134)
n=1 €eP

The exponential term e!(¢=*rt+evkr2)® i equivalent for momenta and sign permutations
EP = (cokyys € kny) and &8 = (¢ kyy, eoky, ), which gives

- ep ép & 7 2me (. -p &
1<€xkp1 o EykPZ) (Bn,n - An,n - Bn,n + An,n) = F (Bn,n + Bn,n) ) (3135>
and o -
Bi + B, = AL+ AL (3.136)

—
After substitution of the expression for Bff; from Eq. (3.136]) into Eq. (3.135)), we
obtain

. epP épP me o ep &b
l(exkpl - Eykm) (Bn,n - An,n) - ﬁ (An,n + An,n) . (3137)
Let us denote the two different particle scattering matrices
BéP
S,ff’ép = Azl’f , (3.138)

which corresponds to the particles exchanging positions upon scattering (going through
each other), and
S A’% (3.139)
(v
which corresponds to the particles exchanging momenta (bouncing off each other).
Together with Eq. these give the relation between the two scattering matrices

as

o me
mer h2<€$kp1 - €ykp2)

(1+84) +1, VePn=1,...,2M + 1. (3.140)

The matrix Sg;‘;" is still unknown, however, and we will derive an expression for it below.
For this let us consider

—ezkp,,eyk eykps ,—€xk
s B an 1 5€y FRpg _ me - Any,np2 P1 1
n,(—exkpy eykpy) ‘/Ll—emkpl,eyk;72 - hQ(Exkpl +€ykp2) A—€zk?p175yk172
n,n n,n
yAn,n
mc >
P A
=1 1+ = Sl +1
2 % Ann  €P ’
h (E.Z’kpl + eyka) gp ’

(3.141)
and note that

Bfezk:pl seykpy ﬁxlf",n ﬁ‘tlgn,n
S )= ==L 5™ ==L [ me 1+ 82 )+1
n,(—€zxkp, eyk - —ezkp, ,eyk - zAn n,eP zAn n 2 — ep ’
xRpy,€yRpy o P11,y P2 ﬁgp n %gpn, h (ngpl Eykpg) ( )
3.142
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From these two equations we can derive the expression for Seij‘; as
An
Sep' =
:EBn,n . K2 JJ-An,n
(K2, = k2,) = (e + b)) Rip + (5082, = 12,) = (eahyy — k) ) R
An n -TBn,n
(exkp, — €ykip,) %/7; + (€xkp, + Eykpz)ﬁgp
VYeP,n=1,...,2M + 1.

(3.143)
Similarly to the reasoning in Section the two Bethe equations follow as
S
An,n 7'747€P Bn,n
ﬁgp = — %gp : (3.144)
n,(ezkplvfeykPQ)
ﬁy.An,n Sg}’n %-’EAn,n
ey TS S (3.145)

€xkpy,—eykpy

We can also obtain an expression for the barrier scattering matrix by dividing Eq. (3.122))
by Aﬁzk”l oz g give

eP
SSzA A; +11 . mh zA
Sgpnl — n_‘ (LA 1 (1 + e 2161kp1zn§gpn’l) 7

Ach ek, 2 (3.146)
n=1,...,2M, l=n+1,...,2M + 1.
Analogously, we obtain all remaining barrier scattering matrices as
ep
<<yB. B n+1 mtn _9; B;
Sli g J» — 1 _ <1 + e 21€ykp2zn§g ,7,n) ’
- B eykmh? - (3.147)
nzl,...,QM, j=n+1,....2M +1,
g:an,l . Bn+ll o €xkip,
P T TP : - )
B, €xkip, + 1772 ",Zh”hQ (1 + e*Qlﬁz’fmznﬁgg"“’l> (3.148)
n=1,....,2M, l=1,....n
AP
?yAJn _ At _ €ykp,
EP - € - . . )
Al eyl iz (14 e ek R ) (3.149)

n=1,...,2M, j=1,...,n

Let us now write out the necessary condition of integrability of this model: the Yang—
Baxter relations. There are two ways of decomposing the three-body scattering event
of the particles and one barrier as a sequence of two-body scattering events. In the
first case, the particles first scatter with each other, and then one by one scatter with
their barrier

—

An—‘rl n+1 Bn+1 n Bn—l—l n+1 n+1, n+1
_ X (3.150)
BeF B~ " BT B
n,n n,n n+1,n n+1,n+1
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Figure 3.5: Plot of the curves given by the imaginary and real parts of the Yang—
Baxter equation for the first barrier in Eq. . The barrier height is set to h = 1.
The colored curves intersect only when one of the quasi-momenta is zero. Here I use
natural units A = m = 1, the size of the box is L = 10 and ¢ = 1.

In the second case, the particles first scatter with their barrier, and then scatter with

each other . . . .
€ € € €
An+1,n+1 o An,n An,n-‘,—l An+1,n+1

B BL AL AL
Both this cases have to be equal for the model to be solvable, which gives us the
condition

-1 = < -1
Ty y.An,n xAn,n+1 _ xBn,n an+1,n Ty .
(Spp) St S = Sy (S ) =1 M. (3152)

(3.151)

Although the system does not have true three-body interactions, mathematically when
two particles scatter with a barrier at the same time, one of them scatters with the
barrier of finite height, and the other with the barrier of zero height. Unfortunately,
the Yang—Baxter equations are not generally satisfied in this system if the interaction
between the particle is finite (for example, see Fig. . This means that the system
is also not solvable for finite interactions even when the particles see different effective
potential due to the fact that three-body scattering events cannot be decomposed into
series of two-body scattering events (the system is diffractive).

In the next section I will consider a single-particle system with multiple barriers
where three-body scattering events are fully absent.

3.5 Derivations of a single particle AFKP

In previous sections I have shown that many-body systems with two or more barriers
are not solvable in the Bethe ansatz sense due to the presence of diffractive three-body
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scattering. Instead of considering relatively few barriers and many particles, in this
section I will analyse a finite system with single particle but many point-like barriers -
the arbitrary finite Kronig—Penney model (AFKP). All barriers in this system can have
arbitrary positions and heights, and their number is also specified as a parameter. The
finite version of the well-known Kronig-Penney model is a special case of this model
with the barriers positioned equidistantly and having equal heights. A more general
framework of solving models with fixed point-like scatterers using the Green’s functions
was presented by Sroczyriska et al. [I53], and below I will analyze the AFKP model
using the Bethe ansatz approach.

Let us consider a single particle in an infinite box potential of size L with M J-
barriers of arbitrary heights h = (hi, .., har) and arbitrary positions ¥ : y1 < ... < yu
within the box z € [—£, £] (see Fig. . The Hamiltonian of the problem reads

- h? d2
H=——+ Z hod(z — y), (3.153)
n=1
and the corresponding Schrédinger equation becomes

2hmdd\l;2 Zh 0(z = yn)V(z) = EV(z). (3.154)

The procedure below is identical to Sections [3.3][3.4] but is worth going over again
due to changes in notation.
Due to point-like nature of the barriers, we can rewrite Eq. as a free particle
equation
R d*0(z)
2m  da?
with the appropriate boundary conditions at the edges of the box and at the positions
of the d-barriers. At the edges of the box the wave function must go to zero

= EV(x), (3.155)

U(z=+2)=0, (3.156)

and at the positions of the d-potentials the derivative of the wave function must have
a discontinuity

d
dx

while the wave function itself still has to be continuous

d

2mh,
z=yn—0 hQ

x:yn> U(r) =0, n=1,.., M, (3.157)

\I/<ZL‘)|$:yn_0 = \I/|Izyn+0, n = 1, ceny M. (3158)

The solutions of the time-independent Schrédinger equation can be represented as
superposition of plane waves in each segment D; : = € [y;_1, yj]

M+1 M+1

r) = Y n@)0(D) = Y (A’ + A ) O(D)), (3.159)

j=1
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Figure 3.6: Schematic of the finite arbitrary KP model

where ©(D;) = 0(z — y;_1)0(y; — x), 6(x) is the Heaviside theta function and yy = —%
and Yy = % Each of the expressions under the sum is the piece of the wave function
corresponding to the situation where the particle is in the j-th well (y;_1 <z < y;).

As shown in section [3.2] the Bethe ansatz approach consists of finding expressions
for the coefficients A? and A;k, and constructing the Bethe equation for the quasi-
momenta k. The energy is then simply

27.2
E:hk

. 3.160
o (3.160)

Let us first consider the infinite wall boundary conditions. After substituting the ansatz

in Eq. (3.159) into Eq. (3.156[), we get an expression for the first and the last elements
of the reflection matrix as

—k
R, = “Z—lk = —e (3.161)
1
AF ,
Rorss = AkM“ = —efl, (3.162)
M+1

The scattering condition in Eq. (3.157) at the n-th barrier gives

<dxn(x) —_ mh—?lxn(yn)) _ (dxnd;;(x)

dx
which becomes

mh

2=y F”xn_l(yn)) =0, (3.163)

, mh, kg , mh,
AF (zk: - ?) — Ak ek (zk + F)

(3.164)
~ Ak <zk: + ﬂ;iz ) — A Feizunk (—zk: + rr]e# > = 0.
On the other hand, the continuity condition in Eq. (3.158]) gives the relation
AF L+ AE emmE  AE AR = ), (3.165)

After substituting the expressions for A;jfl and AF | obtained from Eq. (3.165)), we
arrive at a recursive expression for the n + 1 element of the reflection matrix

T s il U )R,
n+1l —

Avr ik + mhn] 4 WT’;ne%ynk%n ’

(3.166)
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where % = Ak .
On the other hand, the expression for j{}l can be written as
n+1

mhn i2ynk ; mhp ﬁ
v S i Ut Lo ta (3.167)

ik — 2] — B,

The two equations (3.166)) and correspond to the two ways of inverting the
sign of quasi-momentum k: by reflecting the particle against the left and the right
walls. Thus, the n-th element of the reflection matrix has two forms, which have to be
equivalent, leading to

_—m};lnfle’?yn—lk + [ik — m%*l]ﬁn 1 W;lhn et + [ik + mh_@l]ﬁnﬂ n=2..,M
I:Zk: + mhn 1] + mh}:g 1 —7,2yn 1](?% — mﬁ—g”] — mh—gbne_ZQynkﬁn-i_l? 9 )
(3.168)

The M — 1 equations of the form Eq. are the Bethe equations which define the
allowed quasi-momenta k and thus, the energy spectrum of the problem. First, let us
prove that all these Bethe equations are equivalent.

We can represent the process of reﬂectlng a particle as a sequence of scattering

events at the barriers S;[tk| = jﬂ and a reflection against the left %1 or right

ﬁ w1 wall. Let us consider the particle being reflected from the rightmost well. Then
the Bethe equation can be written as

[1S:=H" x Ry x H Sik] = Rarar. (3.169)

j=M+1

It is easy to see that by multiplying the right hand side of this equation by inverse
scattering matrices in an appropriate sequence one can reconstruct similar equations
for the situations where the particle is in all other wells.

Consequently, we need only one Bethe equation for a single variable k, for example

_ _thM €i2y1v1 k [Zk‘ mhM ] %M

[Zk + mhM] 4 m’;lzl\/l e—zQyMk%M

= ¢t (3.170)

By unwrapping the recursive expression Eq. , we can therefore construct the
Bethe equations for any value of the parameters m, L,y and h.

From eqs. (3.164]) and we can also obtain recursive expression for the
elements of the scattering matrix as

An-i—l i mhy, —i2ynk
=t (1+e y %n) n=1,...M (3.171)

Snt1 [k] =

We now have everything to express all coefficients of the ansatz wave function in terms
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of normalization constant AY as

AF =R, x A, (3.172)
n—1

Al =[] Silk] = Af, (3.173)
j=1

n=1,..,M+1. (3.174)

Eq. (3.168) gives us an expression for the Bethe equation for the quasi-momentum &
depending on parameters m, L,y and h. After algebraic simplification this equation
takes the very simple form

N
0=> &Y™, (3.175)
n=0

where "
$n = > (H h,,].) (H sin [k(y,, — yp]-_l)}> , (3.176)
(P1,Pn),1<p; <M \j=1 j=1

with y,, = —£ and y,,,, = £. Here (p1,..,ps), 1 < p; < M is a set of all possible ways
to pick n barrier numbers out of M. The coefficients of the ansatz in Eq. (3.159) then

become

k ikL [ 2m j'—n k
A= et 1+ ) ) k) AL (3.177)

j=1
Ak = — (A (3.178)
where
=n 2m '\’ —ik(yp, +%) ! :
==(z) = 2 T [T hnsin bl —wp )l (3179)
(leﬂpj)ylfpiﬁ'ﬂ—l k=1
with y,, = —£. If we fix A¥ = 1, then the normalization constant becomes
M+1
Nzlz (2|Am2<yn )
n=1

sin 2ky,, — sin 2ky,,_1
2k

2

(R (AD)" =3 (41)")

cos 2ky,, — cos 2ky,_1 %AM\A’“>]
_ T SAL ,

(SIS

k

where 3 A and RAE are imaginary and real parts of A¥.

In this chapter I have shown that a many-body system with multiple point-like
barriers in general cannot be solved if the particle interactions are finite. Instead I
have derived a Bethe ansatz solution of a single particle in a box with an arbitrary
number of barriers which can be placed at arbitrary positions within the box and have
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arbitrary heights (AFKP model). I have also presented a compact general form for
the Bethe equation and the wavefunction with the heights and positions of the barriers
as external parameters. This solution is extremely flexible and ready to be used in
analytical studies of various one-dimensional systems. However, the combinatorial
nature of the expressions of the solution makes it not practicle for large numbers of
barriers. This is especially relevant for the reconstruction of the wavefunctions.

In the next chapter I will apply the obtained solution of the AFKP model in order
to study the appearance of topologically non-trivial states.






Chapter 4

Topological properties of
low-dimensional systems

In the previous chapter I have obtained an analytical expression for the eigenstates of
the arbitrary finite Kronig-Penney model, as well as the transcendental relation which
gives the allowed quasi-momenta. In this model an arbitrary number of barriers (M)
can be placed at arbitrary positions inside the box and have arbitrary heights. This
gives 2M external parameters which can be freely tuned, allowing me to consider a wide
range of interesting systems. In this chapter I will take advantage of this flexibility in
order to study the appearance of topologically non-trivial states in the AFKP.

4.1 Introduction to topological states

In 1980 von Klitzing and his collaborators were conducting an experiment with an ultra-
cold two-dimensional electron gas in the presence of a strong magnetic field. While
measuring the Hall condutivity of the system across the sample, they discovered that
it had unexplained plateaus at o = n<-, where e is the charge of the electron, & is the
Planck constant and n is an integer number [154]. Additionally, the conductivity was
significant only in one direction while being neglible in the other. Later the same quan-
tized Hall conductivity phenomenon was discovered in other two-dimensional systems
with various material properties and degrees of impurity [155, [I56]. This effect is now
widely known as the quantum Hall effect (QHE), and it arises in two-dimensional elec-
tron gas systems with an external magnetic field due to the quantization of the energy
levels of the electrons, called Landau levels [154] [I57HI59]. However, the robustness of
the QHE originates from the topological properties of the system [157), 159-H162], where
the gauge invariance of the magnetic vector potential ensures that the quantization of
the Hall conductivity does not depend on the details of the underying material. All cur-
rent in such a system is carried by the highly ordered and topologically protected edge
states, while the disorder in the bulk system leads to localization of the electrons, pre-
venting the conduction. Later, the fractional quantum Hall effect was discovered, and
the additional fractional plateaus were explained by taking the interactions between
the electrons into account [163, 164].

Another remarkable phenomenon arises in a bulk 2D lattice system if the magnetic

67
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Conduction band

Surface states

Fermi level

Energy

Valence band

Momentum

Figure 4.1: The band structure of an ideal finite topological insulator. The insulating
gap between the valence and the conducting bands is breached by the conducting
surface states.

flux through the unit cell is adiabatically changed. In this case the energy spectrum
exhibits a fractal-like splitting for rational values of magnetic flux per unit cell values,
forming the famous Hofstadter butterfly [165].

4.2 Edge states

The edge states in a finite system which give rise to the QHE are themselves a man-
ifestation of the topological properties of the bulk system. They are one of the most
characteristic features of topological insulators, which are materials with non-trivial
topological order that are insulators within the bulk but have stable conducting states
on the surface.

A typical band structure of a topological insulator is shown Fig. 4.1 The con-
duction and the valence bands are separated by an insulating gap, but there are two
edge states with opposite velocities which cross the gap and connect the two bands. If
the edge states with opposite velocities have a non-zero coupling, the crossing becomes
avoided, forming a mobility gap.

In order to characterize and quantify these unusual insulators, the fundamental
mathematical concept of topological invariants is used, such as the first Chern number.
It is related to the Berry phase and defined as

1
c=o [k / 45 (9 As — B3 A) (4.1)
k 1)

where k is the quasi-momentum in z direction and ¢ is the lattice shift. Ay, =
i(p(k1, ko) |Ok, p(k1, ko)) and Ax, = i{¢(ky, k2)|Ok,d(k1, k2)) are the Berry connections
with ¢(kq, k2) being the occupied Bloch state [166] 167].
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The relation of the first Chern number and the quantization of the Hall conductance
was first proven by Thouless et al. [160], and Hatsugai has further connected it to the
phase obtained by an edge state while crossing the gap [168].

Edge states appear in finite systems, where in the corresponding periodic system
the excitation bands in the first Brillouin zone have different topology (and thus differ-
ent Chern numbers). Even though topological effects are generally observed in higher
dimensional systems, it has been shown that in some one-dimensional systems addi-
tional parameters of the system can be used as a virtual second dimension - a super-
space [169]. In two dimensions a nontrivial topology is marked by a nonzero first Chern
number [166, [167], and this quantity can also be used to characterize the topology of a
1D system with a superspace |20, 21]. A discrete model with an on-site energy which
is periodically modulated [20], or a system with a trigonometric external potential [21]
are examples of nontrivial topologies studied in one dimension with a superspace, and
they observe the formation of the edge states which arise from a nontrivial topology
proven by a non-zero Chern invariant.

4.3 Topological states in the AFKP model

In this section I will demonstrate how the arbitrary finite Kronig—Penney model can
support the existence of topologically non-trivial states. As discussed in Sec. [3.5] the
AFKP model is a single-particle system consisting of an infinite square well and an
arbitrary number of point-like scatterers of arbitrary positions and heights within the
box. The Hamiltonian of the system reads

. R X
H=—"_— hoo(z — u). 4.2
1zt nz:l n0(L = Yn) (4.2)

The allowed quasi-momenta of the particle are then given by the Bethe equation
(3-175), and the wavefunction has a form described in equations and (B3.177).
The AFKP model allows for a great flexibility as the external potential has 2M free
parameters

V(zli,h) = had(z —y,), (4.3)

n=1

-

namely the positions () and the heights (h) of the barriers. In fact, some of these
parameters can be used as extra adiabatic dimensions - the superspaces - to allow
higher-dimensional physics to manifest itself in the model. A few examples of such
superspaces, i.e. the ones we are going to consider in this work, are described below.

e After fixing the barriers at equal distance from each other, one can use the total
shift of the lattice with respect to the walls of the box as a second adiabatic
dimension. This case is discussed in more detail in [£.3.1]

e [t is also possible to arrange all barriers symmetrically around the center of the
box and then use the distance between the barriers as a superspace (this case is
discussed in |4.3.2)).
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e One can modulate the heights of equidistant barriers with a periodic function,
using the period of this function as a superspace. I discuss this case in

4.3.1 Edge states in shifted lattice

I first consider M equidistant barriers in a box of size L. Denoting the shift of this
lattice with respect to the walls of the box as A, the positions of the barriers are

L A—1\ L
yn:_§+<n+7)_an:17"'7M‘ (4.4)

The values of the shift A = —1 and A = 1 correspond to the leftmost and the rightmost
barriers coinciding with the left or the right wall. For now we will consider all barriers
to be of the same height. If we calculate the quasi-momenta as functions of A € [0, 1],
we observe the appearance of in-gap states within the bandgaps in the spectrum (see
Fig. (a)). The corresponding energy spectrum can be trivially calculated as k?/2
and is not shown here. The probability density of the lowest two edge states is shown
in Fig. (b) and (c) as a function of A. One can see that the wavefunction of
the first edge state is localized strongest for the values of the shift where the quasi-
momentum lies in the middle of the band gap (A = =£3), showing that the in-gap
states mostly populate the edges, and becomes delocalized for the shift values where
the quasi-momentum of the edge states merge with the bands, e.g. for A — 0, +1.
The slope of the quasi-momentum of the edge states as a function of the shift A
correspond to their velocities: positive slope results in a positive velocity, and negative
slope implies negative velocity. From Fig. (b) and (c) one can see that the edge
states which are traveling in opposite directions appear on the opposite sides of the
box, indicating that these boundary states are chiral, which suggests the presence of
nontrivial topology. In order to prove that the edge state in the system are indeed
nontrivial, I numerically calculate the Chern numbers of the first two energy bands
(corresponding to the first two quasi-momentum bands in Fig. (a)) in the system
with periodic boundary conditions using the method described in [I70]. More details
on this are given in Section [5.3] The results of my numerical calculation of the Chern
numbers are shown in Fig. for the first two energy bands. In the first gap we have
two edge modes, with positive and negative velocities, located on the opposite sides of
the box and corresponding to ¢; = 1. The number of edge states in the gap is related
to the sum of the Chern numbers of the bands up to the given gap. In the second gap
the number of edge modes becomes two for both sides, reflecting a total Chern number
co = 2, and so on. These results agree with the recent study in a continuous cosine
lattice [21].

The existence of the edge states in the single-particle AFKP model also manifests
itself in the asymmetry of the probability density of a spin-polarized ideal Fermi gas
and, consequently, Tonks—Girardeau gas (see Fig. . It is easy to see that the single
particle probability density for a gas with Fermi energy just below the edge state (8
particles) has lower density at the edges of the box than compared to a gas with Fermi
energy which is equal to the edge state energy(9 particles).

As a more complicated case I will now consider a AFKP model with equidistant
barriers of two alternating heights (see Fig. and shift A as in previous case. As
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(a) spectrum
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(a) Momentum spectrum as a function of the shift A for a system of 11

Figure 4.2:

0.4 in a box of size L = 11. The green and black lines

indicate the first two edge states with quantum numbers 22 and 11, whose densities

equidistant barriers of height h

m = 1). The numbers ¢; = 1 and

are shown in (b) and (c), respectively. The dashed white lines indicate the positions

of the scatterers. Here natural units are used (h
¢ = 2 in the gaps are the calculated total Chern numbers of the corresponding energy

bands below the gap.
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(b) With the first edge state

Figure 4.3: The single particle probability density of the ideal TG gas for the energy
below (8 particles) (a) and equal to (9 particles) (b) the first edge state energy. The
number of barriers is M =9 and the box size L = 10.

expected, additional gaps open in the quasimomentum spectrum, but the edge states
are still present, hinting that their existence is robust against variations in the barriers’
heights. Indeed, even if the barriers are set to be of random heights, the edge states
still survive. An example of the quasimomentum spectrum and two lowest-lying edge
states in a model with random barrier heights is shown in Fig. [4.5]

4.3.2 Edge states in spreading lattice

Next I will use the AFKP model with the lattice constant as a superspace instead of
the shift. After fixing the barriers to be of equal height and centered in the box, I use
the distance v between the barriers as a second dimension (see Fig. . The positions
of the barriers then become

L L
n=—o+(1-
y 2+2( v) +

M_lfy(n—l),nzl,.‘.,M. (4.5)

By solving the Bethe equation for v € [%—j, 1] we obtain an asymmetric quasimomen-
tum spectrum with double gap states appearing in the band gaps (see Fig. [4.7] (a)).
After looking closer at these gap states and plotting their density (Fig. (b)), it
becomes easy to see that these are fully symmetric edge states. The two edge states
become almost degenerate in the middle of the gap and separate when approaching the
bands. If we break the symmetry of the system by taking random heights of the bar-
riers, the symmetric edge states in the gap split further and are no longer symmetric,
bunching either at the left or the right edge of the box (Fig. [4.8).
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spectrum
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Figure 4.4: Same as Fig. but for a system of 11 equidistant barriers of alternating

heights h = {0.4,1.4}.
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(a) spectrum
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Same as Fig. 4.2, but for an example of a system of 11 equidistant

barriers of random heights varying from Ay, = 0.1 to Apa = 1.4

Figure 4.5:
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Figure 4.6: Schematic of the AFKP model with the lattice constant as the superspace.
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(b) the green gap state

(a) spectrum
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Figure 4.7: Symmetric edge states appear in the AFKP model with M = 7 barriers of
equal heights and the lattice constant as the superspace. (a) The momentum spectrum
as a function of 7. The edge states crossing the gap appear to split into two states
when approaching the bands, with densities shown in (b) and (c).
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(a) spectrum

74 i 4 ~
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(c) the green gap state

Figure 4.8: Two asymmetric edge states appear in the AFKP model with the lattice
constant as the superspace and M = 7 barriers of random heights 0 < h; < 3. (a) The
momentum spectrum as a function of 7. The edge states crossing the gap split into
two asymmetric states whose densities are shown in (b) and (c).
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4.3.3 Hofstadter butterfly and cocoon

The Hofstadter butterfly energy spectrum appears in an infinite two-dimensional lattice
in the presense of magnetic fields [165]. Its definiting feature is its fractal-like structure
of the bands and the gaps which resembles a symmetric butterfly. In a finite system
edge modes appear in the band gap, but the overall shape of the spectrum is preserved
even for small system sizes [I7I]. Even though the presence of edge states in the
band gaps of finite Hofstadter systems can be explained as the effect of the boundary
conditions, the Hofstadter spectrum can also be explained as a limit of the finite system
as its size goes to infinity using molecular orbital method [I72]. The effects of disorder
on the Hofstadter butterfly spectrum in finite systems was investigated in [173], and
the differences between system with even and odd number of sites were studied in [174].
The effect of the number of nearest neighbours on the energy spectrum was investigated
in [I75] on the example of square versus triangular lattice.

Below I will discuss how the Hofstadter butterfly-like quasimomentum spectrum
emerges in the AFKP model.

For this I consider equidistant barriers at positions y, = —L/2 + anlL, with a =
1/(M + 1), with the heights periodically modulated by the function

1
By = hain + (Pmax — Pumin) €OS° (27rgz§ (an + 5)) . (4.6)

The external potential is periodic in ¢ (with period ¢y = (M + 1)/2), similar to the
flux from the original Hofstadter study. However, unlike the original Hofstadter study,
which considered the tight-binding approximation, the AFKP model is continuous.

The first case [ will consider is the case of all barriers having positive heights between
hmin = 0.1 and Ay, = 1.5. The quasimomentum spectrum for ¢ € [0, ¢g] is shown in
Fig. [4.9(a) for M = 17 scatterers. One can see that the spectrum is symmetric around
k = 0 and splits into bands, whose widths depend on the minimum barrier height h,.
The bands have a shape that looks like a Hofstadter butterfly, losing its definition
in higher bands due to the finite barrier heights. The butterfly-like shape gradually
emerges as the number of barriers increases, which can be seen in Fig. [£.I0l The
highest state in each band is a flat delocalized state with k},, = 7(M + 1)I/L, where
[ = +1,£2,... is the band index. The nodes of these states exactly coincide with the
barriers, and therefore the states themselves are not affected by them.

Another case worthy of investigation also includes negative values for the barrier
strengths. I only use weak negative heights to avoid formation of the bound states.

The quasimomentum spectrum for M = 17 barriers with minimum and maximum
strengths Ay, = —0.5 and Aya = 0.5 is shown in Fig. (b) The spectra in Fig. (a)
and (b) are very similar, especially for k values close to the edge of the bands. This
fact emphasises that the behaviour of the system depends mostly on the positions of
the barriers rather than variations in their heights. This weakly-scattering, finite-sized
system does not yet look like a fully developed butterfly, however, a prominent cocoon-
shaped feature appears around k£ = 0 if the barriers are allowed to have both negative
and positive heights.

In this chapter I applied the analytical solution obtained in to the AFKP with
equidistant barriers of equal, alternating, random and periodically modulated heights.
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Figure 4.9: (a) Hofstadter butterfly-like momentum spectrum in a system where all
barrier heights are positive. The modulation period is given by ¢y = (M + 1)/2, and
the seventeen scatterer heights in this example vary between Ay, = 0.1 and Ay = 1.5.
(b) Same as above, but for a system with scatterer heights varying between h,;, = —0.5
and hyae = 0.5. The large circular feature in the center (a cocoon) is not present in
the positive scatterers-only system, while the iconic wings are just developing.

I have shown that in the presence of a virtual dimension (lattice shift relative to the
box walls or the period of the heights’ modulation) the bulk system has non-trivial
topology which manifests itself as topologically protected edge states in this finite
system. I have proven non-triviality of the edge states by numerically calculating the
correponding Chern numbers. I have also demonstrated that these edge states leave
their mark in the many-body probability density in case of ideal Fermi or Tonks—
Girardeau gas. In the case of periodically modulated barrier heights I have recovered
the Hofstadter butterfly-like features of the momenta spectrum, even though unlike
original study, the AFKP model is continuous and finite.

Part of these results were accepted to publication in the New Journal of Physics [176].
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Figure 4.10: Quasimomentum spectra for systems with an increasing number of
scatterers, whose heights are modulated according to eq. (4.6)). In all cases, hyiy, = 0.1
and hpax = 2.1.






Chapter 5

Methods

In this chapter I will describe the numerical and analytical techniques used in my work
in more detail.

5.1 Finite differences method

The time-dependent one-dimensional many-body Schrédinger equation can be written

. 3\If(x1,...,xN,t) ~ 82 (92
h =H|(-—,..., =5 ) t 5.1
T R

where N is the number of particles. The spatial xy, ..., x and temporal ¢ variables in
this equation are continuous and, in order to represent them in finite computer memory;,
one needs to use a discretisation technique. To discretise the time variable ¢, I specify
the time step At, and a set of time points {t;, = to + kAt}, k € N. To discretise the
spatial variable x, I specify the number of points, M. If L is the length of the interval
of interest, then the resolution is Az = ﬁ, and {z™ = 2O 4+ nAz},n=1,.., M is the
mesh which represents the variable x.
Let us consider the time-independent Schréodinger equation

- [ O 0?
H <a—x%, cey @,.’L‘l, c. ,{EN) ‘I/(.Z'l, ...,wN) = E\If(l'l,...,]}]v). (52)

In order to diagonalise the Hamiltonian H numerically, we need to approximate the
partial derivatives using discretised variables z,...,zy. The approximation which I
use in my work is the finite differences method.

As the space is now discretised, the wave function ¥(zy,...,xy) can only be evalu-
ated on the N x M points of the mesh q:gn),i =1,..,.N,n=1,..,M. Let us denote
these values \I!(x(lnl), ,.Z‘E:;N)) = Ws,n; = 1,..., M. From now on for simplicity let us
assume N to be 1. Then ¥(z™) = U,,.

We can approximate the second partial derivative as
<82\If(x)> Ve 29, + V0,
Ox? - Az? '
Direct diagonalisation of the approximated Hamiltonian is then used to obtain the
eigenstates and the energy spectrum.

(5.3)

81
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5.1.1 Split-step method

The time evolution of a system in the initial state |¥(z,0)) with the Hamiltonian H,
which does not contain an explicit dependency on time, can be expressed as

U (2, 1)) = e~ 0 [0 (z, 0)). (5.4)

In the case of a time-dependent Hamiltonian for which H (t1) = H (t2),Vt1,ta > to, the
time evolution of the initial state takes form of

_i [ A
W) =e o |U(x,0)). (5.5)

In case where H(ty) # H(t,), the time evolution looks more complicated [177]

| (z,1)) = Ulto, )| ¥(x,0)), (5.6)

Ulto, t _1+Z< )/dtl/dt2 /dthl (t2)..H(ty).  (5.7)

The SAP protocol, which I describe in chapter [2| has a time-dependent external poten-
tial, so the expression has to applied for the time-evolution operator. However,
for a small time step At this expression can be approximated by the exponent in the
equation , and we can obtain an iterative relation

where

iH (tn)At

U (x,t,))y =€ n  |U(x,t,1)). (5.8)
The time-dependent Hamiltonian of the two-particle SAP protocol is

~ N

2 2 92
H(t,) = 2; (—;—maa—ﬁ + Ve(zs, tn)) + go(x1 — z2) = K + V(ty,), (5.9)
where V,(x,t,) is the triple harmonic external potential at time ¢,, gd(x1 — x2) is the
interaction term, V(t,) = V (21, 2o, tn) = Va1, tn) + Va(xa, t,) + g6(x1 — ) and K is
the kinetic energy. For a small time step At the time evolution of the system, which
is approximated by the two-particle version of eq. , can be further approximated
by the Strang splitting [I78] as

iV (tn)At ‘KAt iV (tn)At

| (21, x0,t,)) e 20 e hoe 2 |U(xy,x9,t,1)). (5.10)

The kinetic energy operator K has a very simple form in momentum space, so in order
to make the computations more efficient I apply a sequence of Fourier transforms and
inverse Fourier transforms

iV (tn)At

.F(e_TN/(xl,xg,tn_l)))). (5.11)

'LKAt

|\Ij($1,$’2,tn)> ~e ZV(tn .F_ (
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5.2 Derivation of the tunneling strengths

The tunneling term in the BH Hamiltonian (2.10) is defined as

N— Ntrap Ntrap

3

=Y Y LY Y X

=1 N{r*P=1 N{{%P=0 P=1 MeP(N;™P—p) KeP(N/F)

pEP( ) GeP(p)

mp,—1

s — — "T ?

(Qf(M ) ] Zilm+hc>, (5.12)
7=0

and it includes all tunnelling events of p particles between the traps ¢ and ¢ + 1. The

set P(n) contains all possible ways to distribute n particles into my, energy levels of

one trap, and
mi, -1 mrp,— 1

Z p;= Z q = p. (5.13)
=0 =0

The corresponding coupling coefficients Qf (7(]\2 , K ) denote the tunnelling frequencies
of p atoms between the level occupation configurations p' = (po,...,Pm,—1) and ¢ =
(Qos - - - s @my—1) of traps ¢ and ¢ + 1 respectively.

In what follows I derive the tunneling coupling amplitudes between two general
Fock states

= Moi+po Kot
gf=| e R ), (514

My, ~1)itPmg,~1 Kmg ~1)(i41)

and

. Mo, Ko(i+1)+90
ra __ M, K
‘wt>2 — 14 1(z+1)+lI1 , (515)
Mg, 1y K(my,—1)(i+1)Fmg, -1

which contain occupation numbers for traps ¢ and ¢+ 1. The coupling coefficient
between these two states is defined from the general Hamiltonian (2.4) as

(M, K) = (vl H [1)]7 (5.16)
If QF §(A7[ K ) # 0, then the corresponding relevant term that will appear in the BH
mp,—1
Hamiltonian is proportional to [] ajffl @, thus
=0

mp,—1

—

ij(M’K :Q q wt| H Ajj-jl jA;zDJ] W) Pq

- (5.17)
_H (M +pj)! (5 + 45)! r
M;! K;! i
If M =0 and K = 0, then
mp,—1
QOF(0,0) = V/pilg; 107 (5.18)
7=0
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where Qf 7 is the tunnelling frequency of all p atoms between level occupation configu-
rations p of the trap ¢ and ¢ of the empty trap ¢ + 1.

Since only the order of magnitude is important to show the shape of the regions of
high-fidelity particle separation, we assume Qf 5(6, 6) R Qf . Here Qf is the tunnelling
frequency of p atoms between the ground states of traps ¢« and 7 + 1 in the absence of
other atoms. In the three particle calculations we assumed Q2 oc 2, while Q2 and Q!
were calculated numerically. Eq. can thus be written as

mp,—1

qu M f{’ H M +pj (K +‘JJ> 1 aOr.

(5.19)

5.3 Calculation of the Chern numbers

In this section I will describe in more detail the method which was used to calculate
the Chern numbers in Section

The Chern number of a band is a topological constant which characterizes the class
of the topological insulator and is defined as the integral over the Brillouin zone of the
difference between the derivatives of two Berry connections in different directions of
the Brillouin zone. In the periodic arbitrary Kronig—Penney model, the first dimension
is the momentum k, while the second dimension is the superspace A which is the shift
of the whole lattice.

Due to explicit L-periodicity of the potential in z, we can apply the Bloch theorem,
and get

Y(x, A) = e * Lz, A). (5.20)

The Bloch theorem can be similarly applied in the trivially periodic pseudo-dimension
A. The Chern number can then be written as

Cc = QL /dk’/dA (8kAA - 8AAk) R (5.21)
T

where k is the quasi-momentum in z direction and A is the lattice shift. A, =
1(o(k1, k2)| Ok, 0(k1, ko)) and Ag, = i(p(k1, k2)|Ok,@(k1, k2)) are the Berry connections
with ¢(ky, k2) being the occupied Bloch state in Eq. [166, [167].

In order to calculate the Chern number defined in Eq. on a discretized Bril-
louin zone, I use the method derived in [I70]. Following [I70], the Chern number of a
discretized Brillouin zone can be calculated as the sum of the lattice field strengths of
each local plaquette

Cn =5 . Folj- (5.22)
Ly
The local lattice field strength for each plaquette is defined as

1(j l l j
Foij =1In (Ulj(yﬂ)( )U(]++11))(g+1)< )U(l-tll)(J]-s-l)(n>U(llj+1)j(n)> , (5.23)

where

(5.24)
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and ¢,(k;, A;) is the n-th Bloch state wavefunction corresponding to the momentum
k; and shift A; taken from the discretized Brillouin zone. Below I will describe each
step of the algorithm.

Step 1: Prepare the discretized Brillouin zone

By substituting Eq. (5.20) into the discretized Hamiltonian described in Section ,
the Bloch exponent can be absorbed into the Hamiltonian. Then, after discretizing the

momenta k € [0,27] and A € [—1,1], it is possible to diagonalize this Hamiltonian for
each (k;, Aj)

H(ki, ) pn(, Ajlki) = Edn(, Ajlk;). (5.25)
The eigenfunctions ¢(z, A;|k;) form the discretized Brillouin zone which is going to be
used for the Chern number calculations.

Step 2: Calculate local lattice field strengths

Let us assume that we are interested in the n-th conduction band. We then will use
the appropriate discretized Brillouin zone calculated in the previous step.

The local lattice field strength for the plaquette (1, j) is defined in Eq. (5.23)). The
local link defined in Eq. is a normalized overlap of the two wavefunctions. For
each (l,7) we calculate four such overlaps using the wavefunctions calculated in the
previous step and going around the plaquette counter-clockwise. One important note
is that on the limits of the array it is necessary to periodically stitch the discretized
Brillouin zone such that it forms a torus. Another important note is that ¢(ky +
21, A;) = ¢(ko, A;), and depending on the discretization of k we may end up including
d(ko, A;) twice. It is therefore necessary to make sure that ¢(ko,A;) is only included
once, otherwise the obtained Chern numbers will not be correct.

Step 3: Calculate the Chern number

The Chern numbers can now be calculated straightforwardly as a sum of all local lattice

field strengths according to Eq. (5.22)).






Chapter 6

Conclusion

In this thesis I have presented the results of my work on the topic of quantum state
engineering. The main focus of my work lies in one-dimensional and single- and few
particle systems confined in an external potential with multiple traps. Using external
parameters of such systems, I have investigated the existence of highly entangled or
topologically nontrivial single- and many-body states, characterized their properties
and developed protocols of their control and generation.

In the first part of the thesis I have proposed a protocol (the deterministic boson
dispenser) based on the spatial adiabatic passage (SAP) [89], which allows to separate
an arbitrary number of particles from an ultra-cold gas of interacting bosons. The
technique is based on engineering a quasi-three level system by raising or lowering
the energies of some of the traps and allowing for an adiabatic transition between the
initial state |V 0 0) and the target state [(N — M) 0 M) through an intermediate state
(N — M) M 0). These three states form a SAP triplet, and by raising or lowering
the middle and the right traps one can ensure that these states are degenerate in the
absence of tunneling. I have explicitly examined the case |2 0 0) — |1 0 1) for a
two-particle system and the case [3 0 0) — |2 0 1) for a three-particle system and
shown that the SAP protocol results in high-fidelities over large ranges of interaction
energies. In the range of interaction energies from —1/2 to 1, I have found the regions
where the dark-like state connects the initial and the target states without aditional
level crossings. In these regions the SAP triplet remains isolated from the rest of
the spectrum, and the dark state can be robustly followed, resulting in high fidelity
splitting of the cloud. I have further shown that the regions where the protocol fails
can be found from the level crossings present in the spectrum of the Bose-Hubbard
model.

An interesting question is if it is possible to reverse the particle separation protocol
to perform coherent particle addition. Is it possible to start from an arbitrary non-
coherent Fock state and, after performing some version of reversed particle separation
protocol, end up in a state where all particles are collected in one well? This possiblity
is enticing because it would give a robust tool for controlled cold atom collisions.

The particle separation protocol described above along with its NOON state gen-
erating version allow one to prepare two spatially separated entangled systems which
can be used in quantum computing applications [119]. One possible direction of future
reasearch would therefore be to develop robust quantum gates using the robustness of

87



88 Conclusion

the SAP protocol.

Throughout my work on I was either assuming a point-like interactions or generic
short-range interactions in the Bose-Hubbard treatment. One interesting project would
be to generalize the SAP techniques to more realistic types of interactions, such as
dipole-dipole, Rydberg or Coulomb interactions. The generality of the SAP theory
suggests that it should be possible.

To show that this protocol is realistic and robust against experimental uncertainties
I have examined a setting where two 8’Rb atoms were trapped in a radio-frequency
potential with realistic parameters.

One can also easily generalize this protocol to separate an impurity from the back-
ground gas (a quantum sieve) provided that the interspecies interaction is significantly
different from the intraspecies interaction. This difference in resonance energies can
then be used to only allow the impurity to tunnel out into different trap while leaving
the rest of the gas in the initial trap.

From experimental point of view, another important improvement is to extend the
proposed many-particle protocol to higher dimensions and study if it is possible to
isolate a SAP triplet in such highly degenerate setting.

I have also investigated the entropy dynamics of the SAP protocols and shown that
the total entropy in the SAP processes can be attributed to contribution from two
sources: one due the interaction between the atoms and one due to the distribution of
the atoms between the traps. States with both atoms in the same trap, e.g., |2 0 0),
have a von Neumann entropy which increases with the interaction Siy(E,), with E,
ranging from zero in the non-interacting case (where the wavefunction is separable), to
In 2 in the Tonks—Girardeau limit.

On the other hand, states such as |101) are unaffected by the interaction, but have
a constant von Neumann entropy of Sgiy = In2, which comes from the distribution
of the particles between the traps. The NOON states have both contributions, as the
atoms occupy states where they interact, while they are in a superposition of occupying
different sites, Sxoon = Sint (Ey) + Saist- For a separation process with an initial cloud of
N particles in the left trap (|N 0 0)), a maximum value of the entropy In2 is achieved
when the cloud is evenly split, [N/2 0 N/2), for N even, or split into |2 0 £-1) for
N odd. A NOON state (|N 0 0) — [0 0 N))/+/2, will also have an entropy of In2. The
particle separation protocol can be straightforwardly modified to produce a distribution
of the atoms over more than three traps, for example, by sequential separation of one
N — 1 particle into another trap, such as |1 111 ...). Analogously, by sequential and
symmetric execution of the NOON protocol, states such as (N 000 ...)+|0 N 0O ...)+
00N O ...)+...)/v/N can be produced. The entropy in both cases is In N (plus the
interaction entropy in the NOON case).

This work resulted in two peer-reviewed publications, "Robust boson dispenser:
Quantum state preparation in interacting many-particle systems", Phys. Rev. A 96
023606 (2017) [103] and "Entanglement in Spatial Adiabatic Processes for Interacting
Atoms", Few-Body Syst. 59 48 (2018) [95]

In the second part of this thesis, I have investigated three related models with
particles trapped in an infinite square well with point-like barriers inside. I have proven
that in the case of multiple interacting particles and two or more barriers such a
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model cannot be solved due to the violation of the Yang-Baxter relations, which are
the necessary condition of integrability in the Bethe ansatz sense. This failure of
integrability can be explained intuitively if we consider the regions between the barriers
as traps which have different chemical potentials, depending on the particles which are
already inside. In the case of simultaneous scattering of two particles with the barrier
the order of the scattering process matters, because the second incoming particle will
see different chemical potential, leading to different outcome.

In an attempt to rectify this I have considered a model with two distinguishable
particles which see the barriers at slightly different positions. This scenario is real-
istic because the two particles can have a different internal state structure and thus
different resonance frequencies which can affect the effective external potential. Unfor-
tunately, the Yang—Baxter equations are not generally satisfied in this system either if
the interaction between the particle is finite, even though there are no true three-body
interactions. Mathematically, the simultaneous scattering of the two particles with
each other and one of them with a barrier can be thought of as if one of them scatters
with the barrier of finite height, and the other with the barrier of zero height. The
integrability fails due to the same reason as in the two indistinguishable particles case.

Since the interacting two-barrier case was proven to be not solvable, I have investi-
gated a model with a single particle trapped in an infinite square well with an arbitrary
number of point-like barriers of arbitrary heights positioned arbitrarily within the well
(arbitrary finite Kronig-Penney model or AFKP). I have derived an analytical solution
of this model using the Bethe ansatz technique, and presented a compact general form
for the Bethe equation and the wavefunction with the heights and positions of the
barriers as external parameters. This solution is extremely powerful and can be used
in analytical studies of various one-dimensional systems. However, the combinatorial
nature of the expressions of the solution makes it not practicle for large number of
barriers. This is especially true for the reconstruction of the wave functions.

I have then applied this solution to the finite Kronig—Penney model with uniform,
random and periodically modulated heights. I used the external parameters of the
system, such as the shift of the lattice relative to the walls of the box or the distance
between the barriers, as an extra virtual dimension in order to investigate the appear-
ance of topologically protected edge states. Chiral edge states then indeed appear even
in these relatively simple integrable systems. If the distance between the barriers is
used as an extra dimension, fully symmetric edge states appear in the system. I have
characterized the edge states which appear in the shifted Kronig-Penney model by
their Chern numbers and shown that they are indeed topologically non-trivial, and
their number corresponds to the difference between the Chern numbers of the two
bands they connect.

Using a more general solution framework described in [153], it would be interesting
to investigate the topological properties of models which are similar to AFKP but have
different external potentials, such as the harmonic potential.

Having explicit expressions for the eigenstates also allows for an exact study of
dynamics in the AFKP model. One can introduce a time-dependent Hamiltonian
with, for example, a slow change of the heights of the barriers or their positions, a
sudden quench or other perturbation, and study the evolution of the state through
wave function overlaps. The dynamical evolution of the topologically protected edge
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states is especially interesting. In a non-interacting many-body case investigating the
effect of the edge states on the orthogonality catastrophe and Anderson localization
could be very illuminating. Using this easy access to the dynamics of the system, one
could consider developing a quantum state engineering application of the AFKP, for
example, for particle transport, or using the edge states as topological protected qubits.
In this case development of the quantum gates for these edge-state qubits will be very
important, as well as error correcting techniques. All such gates will somehow involve
changing the barriers in the AFKP, which will eventually require development of gate
speed improving shortcuts.

A possible direction of future research is to apply the solution I have obtained to
study effects in non-interacting or infinitely repulsive quantum gases. I have already
touched upon it by showing how edge states manifest themselves in a Tonks—Girardeau
gas, and an interesting extension to it is to study entropy, momentum distribution and
non-classical correlations in this setting. Studying equilibriation in the AFKP is also
an interesting direction, especially considering that the integrability in this system can
be broken gradually, for example, by increasing interactions.

Another potential direction is to study the survival of the 1D physics in the cases
when the virtual dimension is replaced with a real dynamic dimension. It is especially
interecting to investigate how does the addition of the kinetic energy term in the extra
dimension affects the topological properties.

From experimental point of view, the AFKP model is directly applicable to optics,
being essentially a model for a 1D cavity with a striated medium inside. If implemented,
this will give access to cavity QED with modes other than usual sinusoidal modes.
Especially valuable is the existence of the edge states in a system with shifted barriers.
These highly localized topologically protected states can be used to construct setups
where strong coupling between the light and trapped atoms can potentially be achieved.

Finally, I have also investigated a model with periodically modulated delta barriers.
Here the modulation period is an extra dimension that plays a role similar to the flux in
the study by Hofstadter [165], which leads to the famous fractal-like shape of the energy
spectrum. Unlike the original Hofstadter study, which considered the tight-binding
approximation, the AFKP model is continuous. However, due to the finiteness of the
model the fractal nature is lost, but I have shown that the overall butterfly-like features
of the energy spectrum gradually emerge with increasing number of barriers. I have
also considered another conserved quantity of the system, the quasi-momentum, which
spectrum has similar shape as the energy spectrum. In the case of weak scattering the
butterfly shape does not yet fully develop in the quasi-momentum spectrum, instead
having a cocoon-shaped feature around k£ = 0 if the barriers can have both negative
and positive heights.

This work has been accepted for publication in New Journal of Physics as "Topo-
logical states in the Kronig-Penney model with arbitrary scattering potentials" [176].

To summarize the main results of my work, I have first shown that the well known
SAP protocol has application beyond the standard transport scenario, and can be used
to connect different Fock states through a dark state. High fidelities of the state transfer
demostrated that spatial adiabatic passage techniques for interacting particle systems
are experimentally realistic and can be used as a deterministic single- and few-particle
source. The protocol I proposed is independent of the number of initial particles and
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can therefore be used in systems with large initial particle numbers. Secondly, I have
found an analytical solution to an important generalisation of the Kronig—Penney model
where the barriers can have arbitrary positions and heights (AFKP). I then applied it
to the problem of finding topologically protected edge states in 1D quantum systems,
and recovered the Hofstadter butterfly-like shape of the energy spectrum for a setting
with periodically modulated heights of the barriers. I have also shown that these state
mamifest themselves in the Tonks—Girardeau gas.
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