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ABSTRACT

This thesis focuses on identifying different types of critical phenomena within
one-dimensional quantum lattice spin systems. People are exposed to classical
critical phenomena everyday in the form of phase transitions, such as from water
to ice. Surrounding quantum phase transitions, there is a number of exciting
phenomena still to be explored, enhancing our knowledge of the quantum effects.

We will examine the features of quantum phase transitions within spin chains,
where our focus will be on the use of entanglement measures, and we will explore
an extension of the standard Bose-Hubbard model on a one-dimensional lattice

with a non-trivial elementary cell.

Our first main focus will be on the use of entanglement scaling as an indicator
of when a phase transition has occurred, more specifically for first-order quan-
tum phase transitions in the vicinity of second-order quantum phase transitions.
In this context, we show the dramatic importance of finite-size effects when a
first-order quantum phase transition occurs in the nearby region of multi-critical
point containing also a second-order quantum phase transition. Through the use
of finite-size scaling we highlight that a bipartite measure of entanglement can

correctly identify a given first-order quantum phase transition.

Motivated by the plethora of diverse features that geometric frustration may
lead to, we will also examine the Bose-Hubbard model on a geometrically frustrated
lattice. The lattice we will examine is a one-dimensional chain of rhombi and
causes the particles to form pairs in the presence of repulsive interactions. We
perform a detailed numerical analysis of the different phases emerging from the
model, including the block entropy and entanglement spectrum. Additionally, we
perform an analysis of the model under dynamics with a single, a pair of particles

and for unit filling.
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INTRODUCTION

“Every new beginning comes from
some other beginning’s end”

Seneca

Ever since there has been consciousness, there has been thought and as long as
there has been thought, there have been questions. Science as a whole revolves
around questions of how does something work or why does something work.

Initially, human curiosity started with what could be seen with the naked eye,
but as more knowledge has been counted as fact, our inquisitiveness has grown
leading us to explore the macroscopic world, namely pointing our gazes and energy
towards outer space, and on the opposite scale, the world in a microscopic scale.
It is within the microscopic world (in particular on the atomic scale) that the
effects of quantum mechanics and quantum information are the most attainable
and evident.

The analysis of quantum properties has provided the tools to advance our
understanding within the natural world, cementing our knowledge of a wide
range of phenomena such as superfluids and superconductors which defy friction.
Despite these advancements and others that have occurred since the early 20
century, when quantum properties were first discovered, there are still a number
of questions surrounding quantum phenomena left unresolved today. Within this
thesis we will not attempt to tackle the magnitude of issues still remaining but
will instead focus on some advancements within the area called ‘quantum critical
phenomena’. Classical critical phenomena are something people are exposed to
every single day, whether aware of them or not, in the form of thermal phase
transitions such as water to steam and water to ice. Although these transfor-

mations are perhaps taken for granted, the initial analysis of the causes and the



identification of different types of thermal phase transitions, provided by a number
of industrious physicists, including Gibbs, Maxwell, Landau and Ehrenfest, was
quite substantial [1-4]. Landau provided an analysis of classical thermal phase
transitions, which has been extended to quantum phase transitions (QPTs), in
terms of symmetry breaking. He also identified the existence of an order parameter,
which is a measure that characterises the intrinsic order of the system within a
phase and fulfils the symmetry of the system. Typically an order parameter will
be zero in one phase and non-zero in the other. Ehrenfest provided a classification
of the different orders of transitions based on the non-analytical behaviour of a
system’s free energy and a measure of the state at the point where the phase
transition occurs, referred to as the critical point. The quantum phase transitions,
which are what we examine, occur at fixed zero temperature [5]. These transitions
are driven by quantum fluctuations instead of the thermal fluctuations in the
classical case. Another fundamental discovery, which enables the identification of
the second-order and higher (QPT's is the existence of a universal scaling procedure
for QPTs of a given type. This means that regardless of the system size, scaling of
different measures close to the QPT leads to a collapse in the thermodynamic limit

which is dictated by specified coefficients, referred to as the critical exponents [6].

Within this thesis, the focus will be on the theoretical study of one-dimensional
(1-D) quantum lattice systems. These play a crucial role in identifying properties
of many-body systems. Critical phenomena will be examined within spin systems
with different approaches and motivations. We will explore the features surround-
ing phase transitions in the spin-1/2 Ising model and the spin-1 XXZ model on
a chain and an extension of the standard Bose-Hubbard (BH) model on a 1-D
lattice with a non-trivial elementary cell, providing a plethora of different features.
To examine these, we will need to explore the quantumness of a given state.
Entanglement is an invaluable resource for quantum information tasks, e.g. quan-
tum communication protocols, when working with quantum correlated systems.
Measures of entanglement are precisely those that are able to identify the unique
property that particles have non-local correlations between them regardless of
their separation [7|. This feature occurs usually due to some previous interaction
between the particles and means that these particles cannot be described inde-
pendently of each other. Entanglement assists in finding novel ways to analyse
the quantum information content of a many-body state, which is where our focus
is. It is also believed to be one of the resources most linked to the speed-up of
quantum computations [8].
Entanglement measures can be employed to estimate the amount of entanglement
between two particles or between two sub-systems within a bipartition of a larger

system |7]. There are also extensions for measuring multipartite entanglement



shared by many particles but these are much more difficult to obtain and will not
be covered within this thesis [9-11].

We will show the utility of entanglement in classifying the occurrence of a QPT
and in distinguishing two different phases. The behaviour of entanglement was
first investigated close to a QP'T by analysing a bipartite entanglement measure
of two spins in simple spin models like the spin-1/2 Ising chain, which exhibits a
second-order quantum phase transition (20QPT) [12, 13]. Entanglement measures
show non-analytic features surrounding a critical point, which can be used to
identify the occurrence of a QPT. Namely, a number of entanglement measures
have been shown to experience scaling around the QPT, in a similar manner to

physical observables of the state.

In the last few decades, the study of quantum lattice systems has increased
in depth and popularity, largely due to improved experimental techniques and
increased computational power within computers. Additionally, there is more
availability of platforms that can be used to tailor synthetic quantum matter due
to recent technological developments within quantum simulations [14]. Amongst
the ideal platforms are quantum-dot lattices for electrons [15], Josephson junction
arrays (JJAs) for Cooper pairs [16], photonic lattices [17-21] and optical lattices
for cold atoms [22-24], which will be our focus. Ultracold atoms are the ideal
platform for quantum simulations of difficult quantum many-body systems as they
are reliable with a high level of coherence and are very controllable. The interest
in experiments with ultracold atoms was accelerated when the Bose-Einstein
condensate (BEC) [25-27] was first realised in 1995, followed by the creation of a
quantum degenerate Fermi gas in 1999 [28]. Optical lattices using ultracold atoms
are now standardly used to realise models of quantum many-body systems [22].
Another reason for the popularity of ultracold atoms, is that they are applicable
to a broad range of situations, meaning they are used in studies within statistical
physics, quantum chemistry and high-energy physics [29]. More details of the use

of ultracold atoms are given in Ch. 2.

The advancements of classical computers, including the processing power and
storage has advanced in mammoth proportions within the last 20 or so years.
A newspaper from 1995' boasts of most computers having 8 MB memory, a
hard-drive of up to 1000 MB and a processor of 33 MHz. It is not difficult to
realise that there has been a massive advancement on this in the last two decades.
To provide a more concrete comparison, the recommended specification for stu-

dents wishing to purchase a laptop in 2017-2018 was that it had a minimum of

!The Gazette, Montreal, October 30, 1995.



a two core processor of 2.0 GHz, a RAM of 8 GB and a hard-drive of 500 GB2.
This increased availability of computational resources and power has led to the
increased ability to numerically simulate several detailed and complex situations
within quantum systems. In addition to this, these advancements have spurred
on a number of works in optimising theoretical algorithms. We will examine a
few such algorithms in Ch. 3 and 4. It should, however, be noted that whilst the
technology has advanced at an incredible rate, it will very soon reach its classical
limit, which has led to the search for a quantum alternative. Data storage is one
such example of this, with online storage and cloud servers becoming common.
Moore’s law [30] states that the number of transistors that may be placed on a
single integrated-chip doubles every two years but it has been suggested by Intel

in 2016 that silicon transistor can only keep shrinking for another five years [31, 32.

In Ch. 2 we provide a detailed description of the groundwork required to
obtain a brief understanding of QPTs, entanglement measures and geometrically
frustrated lattices. We also motivate some possible experimental realisations using

ultracold atoms.

Within Ch. 3 and 4 we motivate some advanced simulation methods, largely
within the class of matrix product states (MPS), to model quantum lattice systems.
This class includes the renowned density matrix renormalisation group (DMRG)
method, which provides a very efficient way to analyse the ground-state properties
of a lattice system. This method, and others in the MPS class, perform so well due
to the area-law bounding the amount of entanglement within the system, which
reduces the amount of error arising from approximations. In Ch. 4 some examples
of different simulation methods of the time-dependent Schrédinger equation are
given, most of which rely on the MPS ansatz again. Simulations of time evolution
are more difficult as the initial state can drastically change as it evolves, meaning
that care needs to be taken that any approximations do not rely too strongly on
those made for the initial state. The techniques of avoiding this difficulty and

each method’s advantages and disadvantages are examined briefly.

As previously stated, entanglement is an exceedingly useful resource in ex-
amining QPTs. In Ch. 5, we focus on entanglement scaling around a first-order
quantum phase transition (10QPT). There are no well-defined critical exponents,
resulting from a collapse surrounding the 10QPTs, as there are in the case of
20QPTs [33]. The singular behaviour in 10QPTs occurs as an abrupt disconti-

nuity of some local observables while for 20QPTs the order parameters change

2Recommended by New Mexico State University, Computer Specifications 2017-2018,
https://nmpltw.nmsu.edu/wp-content /uploads/sites/29/2017/07/Computer _Specs-2017-2018.pdf
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continuously with a power law. Despite this clear distinction, when examining
a system of fixed length, it can be hard to distinguish between a 10QPT and
a 20QPT due to finite-size effects. Bipartite entanglement, measured by the
von Neumann entropy of the reduced density matrix of a block, follows a scaling
based on conformal symmetry in the region of QPTs [34, 35]. Motivated by other
works’ advancements in entanglement, we analyse the scaling properties of pairwise
entanglement measures for Hamiltonians with only nearest-neighbour interactions
near multi-critical points. We demonstrate a scaling method, first prescribed by
Campostrini et al. [36], which when applied to a bipartite entanglement measure,
identifies the correct order of the QPT. This is particularly relevant for 10QPTs
crossed in the vicinity of 20QPTs.

We then expand our study of critical phenomena by focusing on a geometrically
frustrated model in Ch. 6 and 7. Having a geometrically frustrated model enables
the observation of a number of interesting effects. The frustration substantially
changes the way that the particles would behave in its absence and often results
in more complex phenomena. Some common features of frustration are the occur-
rence of energy flat-bands, particle localisation and enforced pairing of particles.
The energy flat-band essentially means that the system has a highly degenerate
energy manifold, which can mimic a number of physical phenomena [37, 38|. We
will observe that the localisation occurs as a direct result of the frustration and
that, to overcome the frustration effects and move freely, the particles form pairs
when the tunnelling dominates over the interaction. The geometry studied is
a quasi-1-D chain of rhombi, which is described by the BH Hamiltonian, where
the frustration is created within the geometry by adding a magnetic flux to each

rhombus.

Lastly, in Ch. 8 we state our conclusions and provide some insights into further

work that can be performed to enhance what has been studied within this thesis.



QUANTUM CRITICAL PHENOMENA
AND ULTRACOLD ATOMS

“Well, well, well ... how curious ...
how very curious ...”

J.K. Rowling, Harry Potter and the
Philosopher’s Stone

Critical phenomena have been studied widely in both classical and quantum sys-
tems as it is an area rich in detail demanding exploration. There are still a number
of interesting properties and phases to be found due to increased technological
capabilities and scientific knowledge, which makes this a very appealing area of
study. In order to be able to study quantum critical phenomena on 1-D quantum
lattices, it is important to have some knowledge of the different types of quantum
phase transitions that lead to criticality, as well as possible experimental setups in
which this theory can be verified. We will focus on models that can be simulated
using ultracold atoms in order to explore many-body problems. Experiments with
ultracold atoms are well established as a useful tool for quantum simulations, but

this is an area that is constantly evolving as further advancements occur |22, 23|.

2.1 Definitions of Quantum Phase Transitions

A phase transition occurs whenever matter goes through a substantial change to
a different form. Classical phase transitions are driven by thermal fluctuations
and have been well understood for a long time. A well known example is water
changing its state with the parameter temperature to form steam. For a transition

to occur there is a parameter, called the control parameter, which, when varied,
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causes a distinct difference depending on which side of the transition (i.e. which
phase) it is in. The transition will take place at specified temperature(s) in
the classical case. If the transition occurs for more than one control parameter,
e.g. temperature and pressure, then this range of values forms a transition line.
Typically, we have a critical point, which is a single value of the control parameter
where the transition takes place.

The works within this thesis will focus largely on critical phenomena as we
examine the regions and effects of quantum phase transitions (QPTs). A QPT is
a phase transition which occurs between different states of quantum matter at
zero temperature driven by quantum fluctuations [5, 39]. QPTs are associated
with the non-analytical behaviour in the expectation value of some observable
(such as the correlation function) which can be either local or non-local.

The majority (but not all) QPTs can be classified into different orders of
transition based on how the transition from one state to another occurs. This
classification is an extension of the Ehrenfest classification of thermal phase tran-
sitions |2, 3], which considers the continuity of the free energy of a system and its
derivatives with respect to the control parameter at the critical point. Assuming
that we have obtained the ground state |¢)g) and its energy Eg of a given model,
then the transition occurs as we vary some control parameter A, which controls
some aspect of the model. In general, the value of the control parameter at the

critical point will be denoted by h..

A 10QPT is defined as follows:

Definition 2.1.1 (First-Order Quantum Phase Transition-10QPT): A 10QPT
occurs when for a specified h = h,:
oF,

G . . .
is discontinuous and

oh

(2.1)

|1q) is discontinuous.

A 10QPT typically occurs when an energy crossing occurs between the two
minimum energies. As the transition is crossed, what was the first excited energy
becomes the ground energy and what was the ground becomes the first excited
as shown in Fig. 2.1a. This type of transition has a discontinuity apparent in
the state itself; an example is given for a measure of the state, the magnetisation,
in Fig. 2.1b [5]. Magnetisation is a very useful measure in spin systems as the
intrinsic magnetism is the underlying cause of many key phenomena in solid state

physics [39]. In order to obtain the magnetisation along a given axis, say z, we
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\ > h/
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3 > h

(a) (b)

Fig. 2.1 A sketch of the characteristic features surrounding a 10QPT which occurs
at h = h.. (a): Sketch of the energy crossing that occurs at the 10QPT. (b):
An example of the discontinuity in the state using the magnetisation M.

need to calculate:

M, = Z(Sﬂ ) (2.2)

where s* is the operator used to describe the spin of particle i in the x direction

and the sum is over all particles in the system.

The definition of the 10QPT can simply be extended for higher orders, so that
we have a general definition for an n'* order quantum phase transition (nOQPT)
defined as:

Definition 2.1.2 (n'"-Order Quantum Phase Transition-nOQPT): An nOQPT

exists when for some h = h,:

O"FE,
5 hnG is discontinuous or diverging and
(2.3)
an—l
ﬁ is discontinuous.

For n > 1 these classes of phase transitions are typically referred to as continuous
QPTs. These fall under Landau’s paradigm, which describes continuous QPT's by
symmetry breaking of the system [4]. This paradigm is based on the reasoning
that a phase within the system has some intrinsic symmetry. At the critical point
this symmetry is destroyed, hence the name symmetry breaking, and either a new
symmetry or some order can take effect instead. First-order transitions can occur
by symmetry breaking as well, but this is not guaranteed, nor is it their defining
feature.

The intrinsic symmetry of a system can be an indicator of the phase and the
change that occurs at the transition. When Landau first commented on this, he

was considering the different internal symmetries between a crystal (solid) and a
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liquid. The difference in their symmetries means that by examining the symmetry
property, one can state categorically which phase they are in. The symmetry will
either exist or not exist but cannot experience some gradual change across the
transition. For continuous classical phase transitions the change in the symmetry
may result from a change in ordering of the crystal or due to the displacement in
the atoms. Typically for these, the state of the body changes discontinuously [4].
Symmetries arise within a quantum system when the Hamiltonian commutes
with an operator that generates the transformation under which the symmetry is
realised. In QPTs, the reason quantum fluctuations cause the change from one
phase to another is due to non-commuting terms within the Hamiltonian [40].
Some examples of the symmetries and order parameters will be provided as we
proceed to clarify this.

There is a measure, called the order parameter, which characterises the in-
trinsic order of the system across a QPT and fulfils this symmetry. Typically, an
order parameter will be zero in one phase and non-zero in the other. Another
feature associated with the order parameter is that correlations have the property
of long-range order (LRO) in one phase and not in the other. LRO occurs when
there is a predictable arrangement for all of the atoms. An archetypical example
of this is within the ferromagnetic phase, which has all spins pointing in the same
direction. This has LRO, since if you know the direction of the first spin, you
are certain of the direction of all the other spins within this phase. A system
has LRO of the correlations if a given correlation function (cjc,qrr) = D for Vi,r,
where D is a constant and c¢; is the order parameter of the system Hamiltonian.
Continuous QPTs are signalled by singularities in the derivatives of the (free) en-
ergy [5], in analogy to their classical counterparts. In such cases, phase transitions
are classified by the minimum order of the derivative of the ground state energy
which is not continuous. 10QPTs are more common naturally but 20QPT's have
received a lot of attention theoretically due to the fact that they link with a
number of other fields, including high-energy physics, string theory and quantum

computation.

Berezinskii-Kosterlitz-Thouless (BKT) is the final type of phase transition
that we examine, which does not fall under Ehrenfest’s classifications. A BK'T (or
sometimes called Kosterlitz-Thouless (KT)) is a QPT which does not (yet) have a
formal definition. This makes a phase transition of this type much more difficult
to classify than its continuous counterparts and as such it is normally identified
by its features. It is sometimes referred to as an infinite order phase transition
as neither its energy nor state (nor their derivatives) show a discontinuity or
divergence [41, 42|. This phase transition does not follow Landau’s paradigm as

it does not involve any spontaneous symmetry breaking. It was shown that this
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type of phase transition occurs as a result of some topological order, which in a
two-dimensional (2-D) system comes from circulating vortices [43]. Historically, a
feature that has been used to identify the BK'T transition is a property called the
superfluid density. This will show a sudden jump at the transition point, where
the size of the jump is related to a specific exponent, which governs this decay
[44].

Other features that can be examined to observe the BK'T phase transition are the
order of correlations within the system and the scaling of the energy gap across
the transition [45]. The correlations of the order parameter follow a power law
decay at (or very close to) the critical point.

One of the most famous examples of a BK'T is within the 1-D BH model at zero
temperature and integer fixed filling, which we will describe below (Sec. 2.2.2).
To identify the BK'T phase transition within this model, we will focus on the
correlations of the order parameter. On one side of the transition the correlation of
the phase will display LRO (or quasi long-range order (QLRO) in lower dimensions).
Simply put, QLRO manifests itself in the algebraic decay of two-point correlations.
This property will be absent on the other side of the transition, where the

correlations of the order parameter will decay exponentially [46].

2.2 Features in Critical Models

Modelling the key features of a complicated system so that it becomes more
accessible in a simplified form has been crucial to developing an understanding
of its underlying quantum features. There are a number of simple models that
capture the basics of more advanced many-body systems. We will introduce two
such models in order to be able to examine the different types of phase transitions

and the features that arise from them.

2.2.1 Ising model

The Ising model was initially set up in 1925 by Lenz and Ising [47] to describe
magnetic systems in the classical regime, where it relied on the classical spin
operators S; = £1. We will, however, focus on the quantum Ising model, which is
its quantum extension. The Ising model is defined for a lattice of spins where, in
the spin-1/2 case, each site will have either a spin up |1) or a spin down |]). It is
a very important model as a benchmark as it is integrable in its simplest form.
The Ising model can be expressed using the operators o, 0¥ and o7, described by

the Pauli matrices (in the eigenbasis of the o):

«_ [ 01 y [0 —i . (1 0
0—(1()), 0_<z’ O)’ a—<0_1>. (2.4)
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‘. critical point

1 A

Fig. 2.2 A sketch of the magnetisation M, around the 20QPT at B,/J, = 1
within the spin-1/2 Ising model. The critical point is circled and labelled.

The Hamiltonian of the 1-D Ising model with a transverse field and open boundary

conditions (OBC) is given by:

L—-1
Hlsing =—J; Z O-;'JO-ﬁH - B, Z O-; ) (25)
j=1

where we assume that there are L sites in the lattice, and that the positive

parameters J, and B, can be tuned.

An example of a 20QPT can be shown using the Ising model with a transverse
field as shown in Eq. (2.5). This transition occurs at the critical point (%) =1,
or if we set J, = 1 this occurs for B,. = 1. This transition point arises from
Kramers—Wannier duality theorem in statistical physics, which originally was to
relate the free energy of one Ising model to another at differing temperatures
[48, 49]. For B, < 1 the system’s ground state is in the ferromagnetic phase,
which has a finite fraction of all spins pointing in the same direction. In the
absence of any magnetic field, i.e. B, = 0, and in the thermodynamic limit, all
spins point up or down with degenerate energy. For a finite chain, this degeneracy
is lifted (but only with an exponentially small gap) because there is a finite rate
of tunnelling between the two states which is exponentially small in the system
size. On the other side, B, > 1 (where J, = 1), the system is in the paramagnetic
phase. The paramagnetic phase is influenced by the magnetic field B,, meaning
a state within the phase is adiabatically connected to the representative state
where all of the spins align to the magnetic field B,. The order parameter for
this transition is the total magnetisation along x, M,, which is zero on one side
(in the paramagnetic phase) and non-zero on the other (within the ferromagnetic
phases) as shown in Fig. 2.2. It is clear that at the transition point there is a

sharp change from one to the other. In agreement with its definition, the 20QPT
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Fig. 2.3 The appearance of the magnetisation and the energy at the 10QPT in a
finite system, where we have assumed J, = 1. (a): The magnetisation along z
for the Ising model’s ground state around the 1OQPT. A discontinuity appears
at B, = 0 in the thermodynamic limit (orange) but this is not always evident in
finite systems (blue dashed). (b): A sketch of the ground state energy, Ey, and
the first excited energy, E7, plotted around the critical point B, = 0. The critical
point is signalled by a vertical dashed grey line.

will then have diverging or discontinuous derivative of the magnetisation, which is
a property of the state.

The phenomenon of spontaneous symmetry breaking is fundamental to 20QPT
within the Ising model. Within this model there is a completely symmetric sce-
nario arising from parity symmetry (governed under the class of Z, symmetry).
This is because the Hamiltonian is invariant under the transformation o — —o7.
When we decrease B, and enter into the ferromagnetic phase, a spontaneous
symmetry breaking occurs at B,. = 1 because the ferromagnetic material becomes

magnetised in one of the two possible directions.

A 1TOQPT can also be observed if we consider the Ising model for a spin-1/2
system with an additional longitudinal field [5]:

L L

L-1
Hlsing = _Jx Z 0';?0';‘6+1 - Bx Z O';': - Bz Z O-j ’ (26)
j=1

Jj=1 Jj=1

where we again assume that there are L sites in the lattice, and that the parameters
J., B, and B, can be tuned.

A 1OQPT can be seen by varying the ratio of the control parameters B, /J,. The
critical point occurs at B,/J, = 0, when B, is within the range 0 < B,/J, < 1.
For B, < J,, the two phases that we obtain are either ferromagnetic 1 with
the ground state adiabatically connected to that of all spins pointing upwards
| 1...1) when B, < 0 and the ferromagnetic | which is adiabatically connected
to the state with the spins || ...]) for B, > 0. If B,/J, = 0 (and B, = 0)
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then we have a degenerate ground state energy for the two states, but when we
consider a non-zero B,, we are biasing which of the two states to choose and
destroying the Zy symmetry of o7 — —oj within the Hamiltonian, even within
the thermodynamic limit. In other words, adding the magnetic field along x
promotes one ferromagnetic ordering over the other. This QPT can be assessed
by examining the order parameter, the magnetisation along the x axis, M, of the
ground state. As seen in Fig. 2.3a, we observe an effect of the same spirit as the
one shown in Fig. 2.1b, where a discontinuity occurs at B,/J, = 0 signalling a
10QPT. With finite systems, however, the discontinuity might not be as evident,
for example, close to the transition the magnetisation can be continuous as shown
by the blue dashed line in Fig. 2.3a and the energy crossing no longer occurs as

motivated in Fig 2.3b.

2.2.2 Bose-Hubbard Model

The Hubbard model was first introduced within a selection of works that Hubbard
carried out regarding electrons in the 1960s [50-52|. The BH model is a simplified
model enabling the analysis of the tunnelling and interactions between bosons
(integer spins), which is a variation of the original (Fermi-)Hubbard model which
explores fermions (semi-integer spins).

The model is expressed in terms of creation (b') and annihilation (b) operators,
which enable us to add and remove bosons from lattice sites. The annihilation
and creation operators act on states within the Hilbert space and satisfy the

commutation relation:

6,01 = 1. (2.7)

n = b'b is a Hermitian operator called the number operator. If we let |n) be an

cigenstate of n = b'b, then:
bib|n) =nln) , (2.8)

which means that n keeps track of the number of bosons within the system. The

annihilation and creation operators enforce the removal or addition of one boson:

bln) =+vn|n—1) (2.9)

and

bin) =vn+1|n+1) . (2.10)

As we will apply the operators to sites within a lattice, we will express the
states in second quantisation as Fock states to make the occupation on each site

clear. The Fock state representation of the system, |nj no...np), means that
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there are n; particles at sites j = 1,..., L. Then the annihilation and creation

operator applied to site k& will result in the following:

bk|n1nknL> :\/nk\nl(nk—l)nL), (211)
and
bilny...ng...np) = Vg + 1L|ng ... (ng +1)...n5) , (2.12)

with the bosonic commutation relations:

[bj,br] =0

[b;,b] = 1 - (219)

The boson operators can also be expressed in matrix form within the Fock basis

as the infinite matrices:

0o 0 ... 0 0 o1 0 ... 0
1 0 ... 0 0 00 V2 ... 0
T 0v2 ... 0 0 00 0 :
b = . . . . and b =
oo e : 00 O VN
o 0 ... \/N 0 00 0 0
0 0 U 00 0 0o -
(2.14)
The number matrix is then such that:
000 ... O
01
0 0
n=bo=1| . . . . (2.15)
000 ... N
000

In computational practice, these infinite matrices are customarily reduced to retain
a fixed number of bosons instead, which means that the commutation relations

are only approximately true.

By applying b;bk on different sites (j # k) we can create tunnelling from one
site to another within a given system. The Hamiltonian of the BH model is then

as follows:

~

-1

L L
U
Hirg = —J 3 (Bbya +05b) + 5 ;njmj ~1) - uz;nj- (2.16)
J= J=

=1

<
Il
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A
2U

Fig. 2.4 Sketch of the phase transition in the BH model, showing the characteristic
Mott lobes at density (n;) =1 and density (n,;) = 2 in yellow and the superfluid
(SF) phase outside of these. The dashed lines are where the constant integer
density extends out of the lobes. The BKT transitions are marked by the purple
Crosses.

The first summation deals with the tunnelling between sites j and j + 1, the
second is the on-site interaction at a given site j and the last is the chemical
potential. We then have the parameters J, U and p which we can use to control
the system. These are the tunnelling, the interaction and the chemical potential
parameter, respectively. This Hamiltonian obeys a U(1) symmetry because the

model is invariant under the transformation b; — €**b;, with ¢ € R.

The Phase Diagram

For a general 1-D BH model there are two main phases. If there are small inter-
actions or large tunnelling (i.e. the ratio J/U is large) then the bosons become
completely delocalised and enter into what is called the Luttinger liquid (LL)
(essentially superfluid (SF)) phase. If the density is commensurate with the lattice
and the interaction is strong compared to the tunnelling (i.e. J/U is small) then
the bosons become localised and are in the Mott insulator (MI) phase. The MI is
a gapped phase whereas the LL is a gapless phase. If the chemical potential is
varied within the lattice then the regions containing the MI phase are marked by
‘Mott lobes’, which are based on the density within the lattice. A sketch of its
appearance is shown in Fig. 2.4. In each lobe, the density is fixed and there is
a line that extends out of the tip of the lobe which also has the same constant
density. The BK'T transition occurs at the tip of the lobe, where the density is

still commensurate as marked in the diagram.

In 1-D systems containing interactions, the Fermi-liquid theory underlying
SF breaks down and instead the analogous LL is the phase obtained [53]. The
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order parameter to distinguish between the MI and the LI phase is the operator
b. To detect QLRO we, therefore, examine the correlation function (b;fbj>, which
exhibits exponential decay in the MI phase and power law decay in the LL phase.
As a side note, in our dealings with this model, we will typically retain a fixed
number of particles N meaning that we focus only on a line of the full phase
diagram shown (Fig. 2.4), corresponding to a fixed U and pu.

To obtain more details on the model itself we can examine the single particle energy
spectrum, otherwise known as the Bloch bands, which we will describe below.

This feature is particularly relevant when dealing with frustrated systems (Sec. 2.4).

Bloch Bands
If we consider the dynamics of a single particle in a 1-D lattice and assume that
we have periodic boundary conditions (PBC) for simplicity then the applicable

Hamiltonian reduces to:
L
peig _ Z (b}ij + bjij) , (2.17)

where by, .1 = b;. Excluding the boundaries, this is precisely the BH Hamiltonian
obtained above (Eq. (2.16)) with ¢ = 0 and U = 0 set. The eigenvalues of the
single-particle Hamiltonian within quasi-momentum space, provide the energy
bands, which are referred to as the Bloch bands. Here, E(k)™ represents the m!
energy band as a function of the quasi-momentum &k where m =0,1,2..., with 0
corresponding to the lowest Bloch band, which has the minimum energy.

We will briefly describe how to obtain these eigenvalues for the single particle

system. Assuming that we have a lattice of L sites and only a single particle, we

can restrict the Fock basis described above to the states |j), where j =1,..., L
such that:
l7)=10... 1 ...0).
v (2.18)
jth

Here |j) implies that there is a single particle at the site j and 0 at all of the other
L — 1 sites. Rewriting the Hamiltonian in this basis we obtain the following form

as:

L
M ==J> () G+1U+1+1) Gl (2.19)
J=1
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Fig. 2.5 The energy eigenspectrum F/(k) (Bloch band) of the single particle in a
lattice against the quasimomentum k.

because (j| Hpw |k) = —J(0;k+1 + 0j41%). Here |L + 1) = |1) due to PBC. This

can equivalently be written in matrix form:

1 12y 13) ... |L)
(1] 01 0 0 1
2| 10 1 0 0
. (3] 01 0 1 0 (2.20)
Hsmg: J
: 00 ... - 1
(Ll \'1 0 0o ... 1 0

This can be rewritten in a new basis using the discrete Fourier transform, which

is a linear superposition of the local basis {|j)}:

) - % ie_i’” ) (2.21)

where k = %Tm form =0,..., L—1. It can be seen that these obey the orthonormal
relations <l~€ k ’> = 0. Using this basis, the Hamiltonian in Eq. (2.16) can be

rewritten in its diagonal form:

Hopnd = —27°3 " cos(k) (k;> <k‘ . (2.22)

The eigenvalues, Fy = —2J cos(k), are precisely what forms the first Bloch band

as shown in Fig. 2.5. For more complex systems, more than one Bloch band can
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occur from the BH model, which will be shown in Ch. 6 and by an example in
Sec. 2.4. The ground state of the system occurs when k£ = 0 or more precisely

when k = 2z, where z = 0, 1, ..., and has the form:

‘12:0> = % (i b;) lvac) (2.23)

where |vac) is the vacuum state of zeros on all sites.
If instead we consider N = L bosons in the system, with U = 0 still set, then
the state has the following form:

‘ > (Zb*) lvac) . (2.24)

This corresponds to having an energy £ = —2JN and occurs by placing all of the
particles in the £ = 0 state with minimum energy Fy = —2J. This is the state
that corresponds to a BEC, which occurs when a system of bosons is cooled to a

temperature close to absolute zero.

Another important case to consider is the other limiting case, which is when

J =0 (and p = 0 for convenience). In this case the Hamiltonian reduces to:

U L
int 3 ;nj(nj -1), (2.25)

which is diagonal in the Fock basis, meaning that every Fock state is an eigenstate

of the Hamiltonian:
U
1nt |n1n2 TLL> = — E TLj(le — 1) |n1n2 .. .nL) . (226)

This means that the energy distribution depends on the distribution of the atoms

on the sites:

E({n;}) = Zn] . (2.27)

As a result, the ground state (which corresponds to the minimum energy) is a
configuration where the atoms are maximally spread among all sites, as we pay

energy for putting any particles in the same site.
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2.2.3 Scaling Laws

An important feature of QPTs is that scaling is often required in order to identify
a transition in the thermodynamic limit. We have motivated this by our example
of the magnetisation (see Sec. 2.2.1), which does not show a discontinuity in
a finite-size system at a 10QPT. Continuous phase transitions are described
by a certain set of parameters called critical exponents, arising from Landau’s
theory, that describe how some properties of the system behave close to a critical
point. Models sharing the same critical phenomena can be grouped together,
using their critical exponents, into the same universality class. This means that
with a well-defined set of scaling rules (coming from the critical exponents) the
same features will be recovered in the thermodynamic limit [6]. Until recently
[36, 54|, no semblance of this had existed for 1OQPT systems which will be the
focus of one of our chapters (see Ch. 5). To provide an example we will state some
of the critical exponents in the quantum Ising model in 1-D (Eq. (2.6)) [5, 40, 55].
The critical exponents are valid close to a 20QPT in a model of Ising-type. At
the quantum critical point in the thermodynamic limit, the energy gap A, which
is the difference between the ground energy and the first excited energy vanishes.
To make this more concrete, as the control parameter h — h. and moves away
from h = 0, the gap A — 0. There is a scaling procedure to account for this,
which contains the critical exponents z and v, which are respectively the critical

exponents for the correlation time and the correlation length:
A o< |h—h|” . (2.28)

The first example of a critical exponent that we focus on is the correlation length
exponent v. 20QPTs typically have a characteristic length scale (often called the
correlation length), &, which can be the length scale determining the exponential
decay of two-point correlations of the order parameter (O(z)O(z + r)) between
two points separated by a distance r in the ground state, or the length scale over

which some characteristic crossover occurs to the correlations at longer distances:
ExTlh—h]™, (2.29)

as h — h., where I' is a non-universal inverse length scale [5]. Another feature is
that some observables have a power law behaviour near the critical point, which
means that a scaling law can be provided for the order parameter, which is M,

for the Ising model. In general M, has the scaling law and property:

D(h, — h)? for h < h,
M, = (2.30)
0 for h > h. ,
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where D is a constant and [ is the associated critical exponent as h — h.. The
critical exponent 3, is therefore, defined by the way the order parameter (which is
M, for the Ising model described) approaches zero i.e. as it reaches the critical
point entering the paramagnetic phase. For the Ising model with the longitudinal
and transverse fields, the values of the critical exponents discussed are: v = 1,
z=1and 8 = % [40]. These hold for models of this Ising-type and allow a
scaling procedure to obtain the same thermodynamic features, regardless of the

differences in the finite models.

For the BH model, at the BK'T transition between the MI and the SF, scaling
laws can be different than the general framework explained above. The relevant
behaviour of the 1-D BH model can be explained by the theory of Luttinger
liquids, characterised by the so-called Luttinger liquid parameter K which varies
in the SF phase and reaches the value 1/2 at the critical point [56]. In the gapless
SF/LL phase the correlations of the order parameter [57] can be described by:

(blbs) ~ | — i 7K (2.31)

Another difference surrounding this BK'T transition is that the gap scales expo-

nentially instead of with a power law. The scaling of the gap has the following

-W
A x exp (ﬁ) : (2.32)

for |h — he| < 1, where W is some independent parameter [58|.

form:

2.3 Entanglement Measures of Many-body Systems

Entanglement is an extremely useful resource which has properties unique to
quantum many-body systems. It is crucial in identifying the non-local nature
of quantum states [7] as quantum entanglement can witness, for pure states,
the existence of non-local correlations between separated particles, where these
separated states cannot be described independently of each other, regardless of
their spatial separation. Entanglement assists in finding novel ways to analyse
quantum information, which is where our focus is. It is also believed to be one of
the resources most linked to the speed-up of quantum computations [8]. In the
previous sections we have commented on how correlations can indicate when a
phase transition has taken place. As we are dealing with quantum systems we
have quantum correlations as well as classical ones. Entanglement can measure

the amount of quantumness within these correlations and is therefore of great
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importance in analysing QPTs.

We will now provide a more formal definition of what entanglement is but we
need to define a few concepts first. Given a set of possible pure states [1;), the

density operator can be defined as:
P = Zpi |ha) (il (2.33)

where p; are the probabilities of a given state ¢ occurring. If p;, = 0 Vi # j,
meaning p; = 1 with j fixed, then the density matrix is called “pure”. Conversely
if p; > 0 for more than two ¢'s then the density operator p and the corresponding
state are called “mixed”.

Entanglement is most easily defined by examining its converse. If entanglement

does not exist then for a pure state we have a product state:

Definition 2.3.1 (Product State): Assume that our state is defined within the
Hilbert space, which consists of a tensor product of Hilbert spaces H = H ® Hp.
A product (separable) state is one that can be written as the tensor product of a

state in the Hilbert space H and a state in Hg. This has the form:

) = Ipa) las) - (2.34)

Any state which cannot be written in this form is considered to be entangled.
For mixed states, there is a similar definition, where the state is referred to as

separable if it is not entangled:

Definition 2.3.2 (Separable State): A mixed state is considered separable if

the density matrix can be written as:
p=> pirf @l (2.35)

where the non-negative coefficients p; fulfil Y, p; = 1 and p* (p?) belongs to H,
(Hp), respectively.

Using these definitions it can be difficult to classify whether it is possible to
find a separable or product state form of a mixed (pure) state. For pure states
we can identify if a state is separable or not using a method called the Schmidt

decomposition, which bipartitions the state.

Theorem 2.3.3 (Schmidt Decomposition): For any pure unit vector |¢)
€ Hy ® Hp, there exists an integer 1 < r < min(Ns ® Ng), where Ny (Np) is
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the dimension of H4 (Hp), such that

= Z Vi [pa;)
=1

where {|pa,)}i_; is an orthonormal set of vectors of Hy and {|gp,)}i_, is an
orthonormal set of vectors of Hg. Here {7;}/_, are strictly positive real scalars
called the Schmidt coefficients of |¢)). These are the non-zero square roots of the
eigenvalues of Tra(|1) (¢]), where Tr, is the partial trace with respect to the
system A.

The Schmidt integer r is called the Schmidt rank. This is used to identify if a
pure state is separable or entangled. If » = 1 then the state is separable, whereas
if 7 > 1 then the state is entangled.

It is not as easy to identify whether a mixed state is separable or entangled
because there is no well-defined test like the Schmidt decomposition. As a result
of this difficulty, instead of having a general method to test separability, we
rely on the use of one-sided tests that are able to prove the separability or the
entanglement of states. These tests are referred to as separability criteria. One
such test for entanglement can be carried out using the partial transpose of a

density matrix:

Definition 2.3.4 (Partial Transpose of a density matrix): If the density matrix

is pap € Hy ® Hp. Then the most general density matrix can be written as:

PAB = ZPMW‘? as Ul Zpkl| Ule k)l (2.37)

1,3,k,l 1,3,k,l

The partial transpose of A is then defined as:

=D O 10a ) @ ksl =3 Bl a il © ks ] - (2.38)

i7j7k:7l ’] k l

A common test to identify the entanglement is called the Positive Partial
Transpose (PPT) criterion, which uses the partial transpose of the density matrix

to identify whether a given state is entangled:

Definition 2.3.5 (Peres-Horodecki (Positive Partial Transposed) Criterion
159, 60| ): The partial transpose of the density matrix pg‘}g of a separable state

. . . . T
has non-negative eigenvalues i.e. a separable state must necessarily have p, > 0.

There has been a study which has shown that if this test is used in small
dimensions (NsNp < 6), then p is separable if and only if all of the eigenvalues

of p%g are positive. In the general case, however, we are only able to identify
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Fig. 2.6 Tllustration of the particles considered using measures of entanglement.
The zig-zagged lines represent that there is some entanglement measure being
considered. (a): the entanglement between one bipartition of a lattice (A) and
the other (B). (b): the entanglement between two particles A and B. (c): the
entanglement between two particles, which are at the centre of the lattice in a
bipartition of parts A and B (shown by the blue boxes).

that the state is not separable (i.e. that it is entangled), when it has at least
one negative eigenvalue. If the eigenvalues are zero, we are unable to draw any
conclusions about the state.

Now that we have seen how to identify entanglement, we will define some measures
of the amount of entanglement and then we will explain how entanglement behaves
across QPTs.

2.3.1 Measures of Entanglement

A key entanglement measure is the von Neumann entanglement entropy, which is

for pure states:

Definition 2.3.6 (Von Neumann Entropy): Given a bipartite system of pure

states split into block A and block B, the von Neumann entropy is defined as:

Sas = —Tr(palogy pa) , (2.39)

where p4 is the reduced density matrix of block A, p4 = Trpp.

This measures the entanglement of a composite system [8] and essentially mea-
sures the uncertainty of the density operators. If we have a lattice system and we
bipartition it into two parts, say part A and part B, this allows us to measure
the entanglement between the two subsystems as shown in Fig. 2.6a. Assuming
that block A has ¢ particles and block B has L — ¢, this will be measuring the
entanglement between the first ¢ and the last L — ¢ sites.

We will now consider the entanglement measures between two particles, called
A and B, as illustrated in Fig. 2.6b. As we will be dealing with lattice systems
of longer lengths, this calculation is done by calculating the entanglement of the
reduced density matrix of two spins as illustrated in Fig. 2.6¢. For pure states, all

measures of bipartite entanglement are in one-to-one correspondence and are all a
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function of the eigenvalues of the reduced density matrix arising from the chosen
partition. For mixed states, this is not the case anymore and the entanglement
measure has to be calculated as the convex roof of the corresponding pure state
measure. The concurrence C can be used for mixed states p of two spin-1/2
particles or qubits [61], which is in a one-to-one relation to the cost of forming

entanglement and is defined as:

Definition 2.3.7 (Concurrence): Assume that we have two spin-1/2 particles,
where 0, ® o0, is defined in their Hilbert space. Given the density matrix of two
spin-1/2 particles or qubits, p and its complex conjugate p*, the concurrence is
defined as:

C(,O) = maX(O, /\1 — /\2 - /\3 - /\4), (240)

where \; are the eigenvalues, in decreasing order, of the matrix R = /\/pp+/p
with f = (oy ® 0,)p"(0y ® 0y).

The concurrence is a monogamous measure, meaning that the entanglement of a
pair of qubits cannot exceed the sum of pairs of qubits including the original pair
|62, 63]. The concurrence is also strictly zero if the states are non-entangled.

Another useful measure is negativity which is derived from the Positive-Partial

Transposed criterion (Def. 2.3.5) and is defined as:

Definition 2.3.8 (Negativity): Suppose that we have a bipartite mixed state
p and its partial transpose is denoted p’4. Then the negativity is defined as

follows:

Il -1

N(p) 5 : (2.41)

where ||...||; is the sum of the absolute value of all singular values (which are the

square root of the eigenvalues) and 1 is the unit matrix.

The negativity provides a lower bound of entanglement and is strictly zero for
non-entangled states [64, 65]. A caveat with this though is that A(p) = 0 does

not necessarily mean that no entanglement exists.

2.3.2 Entanglement Scaling around Quantum Phase Tran-
sitions
The behaviour of entanglement was first investigated close to a QP'T by analysing

the bipartite entanglement in simple spin models, like the spin-1/2 Ising chain,
which contain a 20QPT [12, 13|. It was found that the entanglement scales
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around the critical point, but in a different manner to the correlations for example,
which diverge at the critical point whilst the entanglement remains short-ranged.
A bipartite measure of entanglement between two spins (the concurrence) was
used to confirm this feature. It was also shown that a finite size scaling (FSS) can
be performed on finite-size systems resulting in a collapse of a bipartite measure
and allowing the correct extraction of the critical exponents. For example, in
the spin-1/2 Ising model, Osterloh et al. [12| were able to extract the critical
exponent of the correlation length v = 1 using the derivative of the concurrence.
After these works, the field has gained in popularity with a large amount of work
being devoted to deepening the connections between quantum information and
QPTs. We will provide a few examples of some of the developments that have
been made to highlight the interest in entanglement. The microscopic properties
of entanglement have been examined in spin systems to prove that a scaling
exists and that it depends on conformal symmetry [34, 35|. Concurrence has
been used as a measure of the entanglement, showing the expected properties in
both 10QPTs [66, 67] and 20QPTs [68] in spin-1/2 systems. It has been shown
that for certain models, such as the XXZ model, the concurrence is maximal at
the critical point [69]. It was discovered that 10QPTs can cause macroscopic
changes in pairwise entanglement within spin systems [70]. Another measure of
entanglement, the geometric entanglement (which measures how well an entangled
state can be approximated by some unentangled state) has also been proposed
by Orus and Wei to enable the detection of elusive QP'Ts, and has the expected
non-analyticities at the critical point [71].

Although the focus within this thesis will be on the scaling of bipartite entanglement
measures, there has been substantial work on multi-partite entanglement, with
some works including the examining of tri-partite entanglement in the XXZ7 model
[9] and in the XY model [10] with the expected effects, i.e. symmetry breaking,
long-range ordering and effective scaling procedures. There has also been a
generalisation of entanglement based on its relation to a subspace of observables

as a tool to extend multipartite analysis [11].

2.4 Frustration within lattices

Examining frustrated lattices can lead to even more interesting critical phenomena
to examine. A number of earlier studies of frustration were in classical antiferro-
magnetic systems, where there are competing interaction terms that contribute
to the energy, which cannot be simultaneously minimised [5, 72]. In general
frustration involves inhibiting in some way how a component of the system would
typically behave (in the absence of the other components or effects). The models

we have examined so far are standard versions, describing 1-D lattice systems
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Fig. 2.7 The geometrical frustration arising as a result of the Ising model with
anti-ferromagnetic ordering. Once the bottom two are set, the top site in the
triangle wants to orient the spin in conflicting directions as shown by both arrows
and the question mark.

with uniform coupling and only nearest-neighbour interactions. These and others
can be diversely adapted in order to make them more interesting and to enable
the exploration of a wider area of physical phenomena. An adaptation that has
gained a lot of recent interest is to consider a quantum model on a lattice which
contains geometric frustration within it. Simply put, this means that the geometry
and tunnelling parameters are chosen so that the particles cannot move freely
through the system due to some constraints/restrictions which occur typically as a
result of gauge potentials. We will motivate the advantages of using geometrically
frustrated systems below after providing a brief example of geometric frustration

in a classical scenario.

One of the earliest examinations of a geometrically frustrated lattice was
carried out with an anti-ferromagnetic Ising model on a 2-D triangular lattice
in the classical case [73]. Simply put geometrical frustration arises when there
are conflicting forces between particles, i.e. where they would favour typically
simple but different structures, which results in a more complex system. In the
case of the Ising model with anti-ferromagnetism, the spins prefer to be ordered
in opposing directions when beside each other. Place these in a lattice, with a
non-trivial geometry such as a triangular lattice and this is no longer possible.
For example, in Fig. 2.7 we show the setup for a single triangle within the lattice,
where there is some uncertainty which direction the third spin should point given
that it has opposing desires as a result of the spins on either side. Considering that
the lattice is 2-D, consisting of joined triangles in both directions, this increases
the complexity. It is apparent that the original simple anti-ferromagnetic ordering
cannot exist in the same way that it would without this geometrical effect. In
this manner, frustration can lead to much more complex structures. Typically,
in the bosonic models we will examine, the frustration is implemented through
some adaptation to how the particles tunnel from site to site. We will explain

this more as we motivate why geometric frustrated lattices are useful to examine.
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2.4.1 Features of frustrated lattices

Frustrated systems are of great interest due to their diverse features, which open
up a rich amount of detail for us to focus on. In particular our focus will be on
geometrically frustrated systems. The three primary features that make these
models interesting are that they lead to (i) energy flat-bands, (ii) localisation and

(iii) can lead to pairing of particles which will be defined below.

(i) Energy Flat-bands
A desirable feature of models with geometric frustration is that they lead to
flat-bands, which is defined as degeneracy within the low-energy manifold, as this
is a feature which is apparent in a number of physical contexts, meaning that
we can mimic these to examine the intriguing phenomena surrounding flat-bands
more. To provide an example of a case with a degenerate low-energy manifold,
aside from within frustrated spin systems [37, 38|, we will briefly examine how this
occurs in disordered media with random impurities [74]. It is well-established that
disordered media can lead to localisation of states due to the Anderson localisation
effect. Suppose that an electron is propagating through a disordered medium from
a point A to a point B, then the probability of the electron reaching B will consist
of the sum of the amplitudes of all possible paths. This probability consists of a
classical, incoherent contribution, plus many cross-product, interference terms. If
the interference terms are discounted then the electron diffuses, however consider-
ing them, it can be seen that the electron falls under localisation.

Anderson localisation |75 can be defined formally as the phenomenon in which
static disorder within a single particle Hamiltonian of an infinite system, causes
the localisation of all eigenstates in space. Within an infinite system, an apparent
feature of near degenerate energy levels can arise, as it is possible to have bound
states with infinitely close energy due to their correspondence with localised

eigenstates that are infinitely far apart and hardly overlap [23].

(ii) Localisation Effects
As motivated above, degeneracies can occur in systems which have constraints of a
geometric nature. The features causing geometrical frustration and the degeneracy;,
also often have the consequence of causing localisation. The geometrical frustra-
tion can be created as a result of the dimensionality of the system and the lattice
structure chosen. It can also be as a result of gauge potentials (e.g. the vector
potential of a magnetic field). Often geometrically frustrated lattices are caused
by the interplay of these two features. There are a number of ways of achieving
localisation, such as through the use of disorder as motivated above. Here we
will focus on localisation occurring due to the interplay of the dimensionality

and the gauge potential chosen, which leads to the case of Aharonov-Bohm (AB)
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cages |76, 77]|.

AB cages |77] occur when the set of sites that are visited by a wavepacket are
bounded due to destructive interference of AB type, i.e. there is a localisation
effect. The AB type of interference was first introduced by Aharonov and Bohm
in 1959 [78], who focused on how the vector potential could influence an electron.

An example of an AB cage will be provided below in Sec. 2.4.2.

(iii) Pairing Effects

Another feature that will be focused on within this thesis and that can arise from
frustrated lattices is a pairing effect within the particles. For bosons loaded into a
system with certain fractional filling, the interaction dominates over the kinetic
terms and can lead to incompressible ground states of the form of the Wigner
crystal ground states. A Wigner crystal is a crystalline phase of particles, first
predicted in 1934 for electrons [79]|. This phase occurs when a gas of electrons,
in an appropriate environment, crystallises to form a lattice when the electron
density is less than a critical value. Here, these are determined by the possibility
of occupying non-overlapping localised eigenstates and can also lead to the ap-
pearance of supersolid phases [80, 81]. When an additional particle is added to
the critical density number forming the Wigner crystals [82], this leads to two of
the particles forming a pair.

In the opposite limit of large occupation number, known as the quantum rotor
limit, one can examine the quantum rotor model which is particularly relevant
for JJAs within superconducting devices [16]. Within the quantum rotor limit,
Doucot and Vidal highlighted the possibility of obtaining a coherent transport of
particle pairs with the corresponding absence of single-particle transport [83-85].
This will be expanded on in Sec. 6.2. There are also a number of other studies
that invoke three-body hardcore constraints to obtain pair superfluids in cold

atomic systems, which we omit [86-91].

Lastly, another reason that the interest in frustrated systems has peaked is
that the experimental aspects to tailor synthetic quantum matter have been
enhanced, meaning there is now the possibility of experimental replication of the
theory. This is explained in detail in Sec. 2.5 after giving an example of a quantum

geometrically frustrated lattice, which contains all of the features just mentioned.

2.4.2 Examples of frustrated lattices

A number of lattices have been examined with different geometries in order to gain
further insights and understanding of quantum phenomena. Some examples of
geometries that have been studied in 1-D (or quasi-1-D) are the sawtooth lattice
[92], the zigzag lattice [93] and the ladder lattice [94|. Here we will focus on the
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E(k)

Fig. 2.8 (a): Example of a geometric lattice by showing the layout of the Creutz-
ladder. The tunnelling parameters are varied at the different types of legs, which
are labelled in different colours to correspond to their coefficient. (b): The two
flat-bands at 42t that arise in the single particle energy spectrum E(k) of the
Creutz Ladder in quasimomentum space k.

Creutz (cross-linked) ladder as an example, which has been studied by Takayoshi
et al. and Tovmasyan et al. [95, 96] for a system of fractionally filled bosons.
This is merely to illustrate how geometric frustration can be formed; we will
provide a detailed study of a geometrically frustrated lattice later in Ch. 6 when
we investigate the so called Rhombi-model in a quasi-1-D scenario.
The Creutz ladder is set up as shown in Fig. 2.8a. It can be seen that in the bulk
of the chain, there are two individual site types, which have the same tunnelling
parameters acting on them. As this is a bosonic system, its Hamiltonian is
merely an adaptation of the BH Hamiltonian (Eq. (2.16)) with different tunnelling
parameters to correspond to the geometry and labelling chosen. If this geometry
was considered in the classical case with anti-ferromagnetic ordering of the Ising
model as before, then it is clear, that once again, some spins which are nearest
neighbours must point in the same direction, resulting in frustration.

The tunnellings are ¢(1 + €) on the diagonal connections between the two

%9t on the top and bottom rungs, where

rungs, mt on the vertical legs and e
e,m,d > 0. The manner of the tunnelling between the top (bottom) rungs means
that an AB phase of (5 4 0), respectively is set up. This corresponds to a flux of
m 4 26 through each square plaquette, which means that a particle will acquire a
phase ~ m when going around a square plaquette. The existence of this AB phase
is what introduces the frustration to the model, with the possibility of bosons
becoming trapped (localised) to a certain plaquette, i.e. each plaquette becomes
an AB cage. The frustration causes flat-bands as previously motivated, meaning
the particles have an effective infinite mass. Within this model there are two
Bloch bands due to the geometry. These are flat-bands when e = m = § = 0 as

sketched in Fig. 2.8b.
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2.5 Experiments with Ultracold Atoms

There is an enhanced availability of platforms for tailoring so-called synthetic quan-
tum matter [14] due to recent technological developments. Some ideal platforms
are quantum-dot lattices for electrons [15], JJAs for Cooper pairs [16], photonic
lattices [17-21| and optical lattices for cold atoms [22-24|. Within this thesis, we
will focus on the use of optical lattices for modelling ultracold atoms.

Ultracold atoms are the ideal platform for quantum simulations of difficult
quantum many-body system problems as they are reliable, with a high level of
coherence, and are very controllable. Initially, ultracold atoms were predominantly
used to examine overlapping coherent matter waves. The interest in ultracold
atoms was accelerated when an atomic BEC [25-27| was realised in 1995, followed
by the creation of a quantum degenerate Fermi gas in 1999 [28|. The first realisation
of the atomic BEC obtained a wider interest when the Nobel Prize in Physics was
awarded to Cornell, Ketterle and Wieman in 2001 [97]. These key achievements
led to cold atoms being regularly used to form quantum simulations analogous to
quantum many-body systems [22]. There is also a diverse range of applications
using ultracold atoms other than within condensed matter systems, as they can

be used for statistical physics, quantum chemistry and high-energy physics [29].

2.5.1 Optical Lattices

The many-body quantum systems we will focus on are those that are based on a
quantum lattice system. The study of strongly correlated many-body physics in
ultracold gases began with the realisation of the SF-MI transition in a bosonic
system [45]. This was done by examining a BEC with repulsive interactions, fixed
in a 3-D optical lattice potential. Increasing the depth in this potential, led to
the observation of the transition, which was identified by examining the phase
coherence, energy gap and the position of the atoms.

Optical lattices are amongst the most well-established platforms to synthesise
quantum matter [22-24]. In general an optical lattice is formed for an experiment
by interfering laser beams, forming a periodic light potential. The laser light is
used to trap the particles in place. A standing (or stationary) wave is created
when two waves of light of equal wavelength are propagated towards each other.
Within a stationary wave the peaks and troughs do not move spatially, meaning
that if the laser is turned on adiabatically, it is possible to trap particles within
the troughs of this optical lattice. One pair of counter-propagating lasers creates a
single sinusoidal standing wave, which will restrict the movement of the particle in
its direction. Additional pairs of lasers need to be added to restrict the particle’s
movement along other axis directions [98]. In 2-D, two pairs of counter-propagating

waves are required, meaning that the kinetic energy of the particles is frozen,
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Fig. 2.9 Illustration of the setup of a 2-D optical lattice. Propagating laser light
(red arrows) forms an artificial crystal structure, which traps the atoms (circles)
except for small tunnellings to nearby sites.

except for the small tunnelling amplitude to neighbouring sites [22].

An advantage of optical lattices is that they are very controllable, meaning
that their geometry and dimensionality can be modified. It is also possible to
add features, such as disorder or an artificial magnetism throughout the system
[29]. An example of an optical lattice for creating a 2-D optical lattice is shown
in Fig. 2.9, where there are two pairs of counter-propagating waves forming the
lattice. The height of the lattice can be used to control the strength of atom-atom
interactions or they can be varied by making use of Feshbach resonances. An
experimental realisation of the Bose-Hubabrd model was proposed and performed

using an optical lattice with ultracold bosons [45, 99].

2.5.2 Experimental Realisations of Frustrated Lattices

As previously motivated, frustrated lattices have a number of uses, which has made
them appealing models to investigate. Due to experimental advancements there
are now a number of setups which are equipped to create a geometrically frustrated
model. We will briefly describe three different experimental platforms that can be
used to create geometric frustration within cold atomic systems. These are adapted
optical lattices, digital micromirror devices (DMDs) and single-atom microscopes.
Within these methods we require some way to form interactions/couplings that
differ depending on the site (i.e. geometric couplings) and/or some way of imposing
a magnetic flux which will circulate around a given plaquette. As an example, in
the Creutz ladder we require different tunnelling parameters depending on where
the hopping is taking place from and to. The AB phase has been imposed using

the tunnelling parameters as specified above in the top and bottom rungs but
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depending on the parameters chosen this creates the complication of imaginary
couplings, so often a magnetic flux is applied to the plaquette directly to create
this effect. We will discuss this and other methods in the three implementations

below.

(i) Optical Lattices with unique tunnelling

Firstly optical lattices can be used with some adaptations. Within these, it is now
routine to produce synthetic gauge fields via laser-assisted tunnelling [100, 101]
and/or via shaking of the lattice structure [102-105]. When an optical lattice is
subject to a sufficiently large constant force, then the ground energy levels of the
lattice are shifted out of resonance and tunnelling is suppressed. Then by shaking
the lattice, the levels are coupled by low-frequency photons and tunnelling can re-
sume. This enables the localisation effects from the AB flux to be added. Another
possibility is to load the lattices with fermionic, bosonic or a mixture of particles
and then tune the interactions between them via Fano-Feshbach resonances.

Lastly, a geometric frustration can be set up using real-space geometries by hav-
ing lasers intersecting at +45 degrees with the lattice dimension plus additional

superlattices transverse to it to isolate single plaquettes [106, 107].

(ii) Digital Micromirror Devices-DMD

DMDs can be used to set up a geometrically frustrated lattice in real space as
they can be used to obtain direct imaging of an amplitude pattern. In general, a
DMD is a type of spatial light modulator, which imposes a spatial variation of the
modulation on an incident beam of light. Manipulating the intensity profile of a
laser beam through a DMD enables an arbitrary optical potential to be projected
on ultra-cold atoms. With this, a broad variety of 1-D and 2-D arrangements of
optical trapping potentials can be created.

A DMD can consist of up to one million micromirrors which can be individually
tuned allowing a huge level of control. In Fig. 2.10 an illustration of what a typical
DMD looks like is shown. A DMD can be considered as a dynamically configurable
amplitude mask, which makes it appropriate for direct imaging applications. Each
mirror is positioned above an electrical memory cell. If the projection is turned
off, the mirror rests in parallel to the cell. When projection is on, each mirror can
be angled to a fixed degree representing on and another representing off. The light
from the off position is discharged in another direction (often to a beam-dumper).
A portion of the light in the on position is reflected so that it displays an image
in greyscale on the DMD screen, which has a one-to-one correspondence with the
micromirrors of the device [108, 109]. Using DMD the geometrical positioning of
the sites should be obtainable and then a synthetic magnetic flux can be added

to each plaquette to cause the frustration, through the use of methods such as
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DMD chip

Array of micromirrors

Fig. 2.10 Hlustration of a DMD. Within a given DMD chip there is an array of
individually tuneable mircromirrors which are shown in the grid.

laser-assisted tunnelling, mentioned above.

(iii) Single Atom (Quantum Gas) microscope
Single atom (or quantum gas) microscopes are exceptionally useful as they enable
control at a single-atom level, greatly increasing the experimental models that
are obtainable [29, 110, 111]. Using the single atom microscope, a ‘snapshot’ of
the many-body system can be taken, which makes a wide range of measures more
directly available such as magnetism and topological order. There is also the
advantage that the ultracold atoms can be very well removed from the environment,
making isolated quantum systems possible. The basic design of this is that there is
some microscopic component, which contains the objective lens. This is typically
formed using a DMD to create a light potential which is then projected through
an objective lens. On top of this, a vacuum window is prepared. The optical
lattice is created using propagating laser beams above the vacuum window. The
subtlety here is that the atoms are prepared in a focal plane, which is adjusted so
that fluorescence will capture the desired ‘snapshot’. The detection of the single
atom, or precisely the local parity of the onsite atom number, is based on a laser
cooling technique within the trap [29]. For this to work a sufficient number of
fluorescent photons are scattered during the laser cooling using a high-resolution

imaging objective so that atoms on neighbouring sites can be distinguished from
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laser beams
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plane
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Fig. 2.11 Diagram of a standard setup for a quantum gas microscope. A microscopic
device is used which has a vacuum window and a mirror above it. The optical
lattice is formed above the mirror, where the atoms are set up in a focal plane so
that an image of the plane can be obtained.

each other. This is quite an achievement as typical lattice spacing is 5um. The
laser cooling is also necessary because it prevents atoms from hopping to nearby

sites whilst the imaging is taking place.

2.6 Conclusions

We have summarised the information required in order to understand and identify
quantum critical phenomena. In addition to this, we have motivated the use
of entanglement as a diagnostic tool around QPTs. Frustrated systems are an
invaluable tool to explore fascinating aspects of critical phenomena and physical
systems. A number of experimental realisations have been briefly mentioned to
give the reader an idea of how quantum simulations are performed within an
experiment. As the focus of this thesis will be on theoretical methods, we also
need to cover how these quantum models are simulated computationally to identify

features, which will be discussed in our next chapter.



COMPUTATIONAL METHODS FOR GROUND STATE

SIMULATIONS

“We can only see a short distance
ahead but we can see plenty there
that needs to be done.”

Alan Turing

Strongly correlated quantum systems in low-dimensional lattices have been ex-
plored in great depth within recent works [56, 112, 113]. These models are
challenging both to simulate numerically and to implement experimentally, which
has prompted a substantial amount of work in how to form simplified approxima-
tions of these models in both scenarios. There are a number of interesting models
that still need to be explored, in particular lattices that have some geometric frus-
tration including ones within higher dimensions. The advancements in technology
with optical lattices [22-24] and developments such as single-atom (quantum-gas)
microscopes [29] and DMDs [109] are making more complicated lattice structures
a lot more attainable than they were even 10 years ago. With this increase in
experimental capability, there also needs to be a corresponding improvement of
the theoretical methods so that these more complex lattices can be investigated
in as efficient and accurate a manner as possible. This chapter is going to provide
an overview of some of the theoretical techniques that can be used to simulate a
correlated many-body system to obtain the ground state properties and provides

some insight into the efficiency of these methods.

There are a number of numerical methods available to find the ground state

properties of a system when an analytical procedure is not possible. The most
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Block A Free sites  Block B

Fig. 3.1 Mlustration of the blocks A and B and free sites S4 and S in the DMRG
method.

notable types of methods are the stochastic Quantum Monte Carlo methods
[114-117|, the recent machine learning algorithms, using artificial neural networks
to obtain the Hamiltonian properties [118, 119] and compression methods such
as matrix product states (MPS) and other standard tensor network algorithms,
which rely on finding an efficient representation of the wave function. Amongst the
compression ansatzes are MPS [120, 121], projected entangled pair states (PEPS)
and multiscale entanglement renormalization ansatz (MERA) [122-124]. Within
this thesis we focus on 1-D lattice systems, so we restrict ourselves to the DMRG
algorithm, and its representation as an MPS, as our ground-state method. In
order to give an introduction to DMRG, we will discuss its origins and how it has

been improved upon by expressing it in an MPS ansatz.

3.1 Density Matrix Renormalisation Group

DMRG is a well-established method that was first introduced in 1992 by Steven
White [121, 125] as a tool to find the ground energy and state of a given system
specified by some Hamiltonian . It is an iterative, variational procedure which
is an adaptation of the real space renormalisation group algorithm, described
by Kenneth Wilson [126], by making use of the reduced density matrix of one
of the two partitions of the system. The typical DMRG algorithm is designed
to work on a 1-D lattice with OBC but PBC are also possible. In general, we
will assume that the lattice has L sites in total and that a local Hilbert space
dimension of size d is retained. The main premise behind the DMRG algorithm
is the use of two blocks, labelled A and B, with free sites between them. In
general, a block will refer to a subset of a collection of adjacent sites within the
lattice. The free sites, labelled S4 and Sp are two sites which are not part of the
subset of either block. Block A is a subset of 1, ...,/ sites, the free site S4 is site
{+ 1, Sgp is site £ + 2 and block B is a subset containing the sites £ +3,...,L. A
diagram of this arrangement is shown in Fig. 3.1. The size of these blocks will
change within the algorithm, i.e. they will refer to subsets of a different number

of sites. To distinguish the block-size we will provide additional labels, such that
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Fig. 3.2 Hllustration of the growing procedure of expanding blocks in the infinite
system DMRG method.

A(?, x) implies A is a block of size ¢ (i.e. containing ¢ sites). There is a second
label included called x (can be D or m in other literature), which is called the
bond-dimension or block-dimension. This dictates the size of a subspace of the
total Hilbert space of the block that is retained to keep computations manageable.
This will be explained in more detail after we have considered the two types of
DMRG algorithms for ground-state calculations, called the infinite system and
the finite system DMRG [120].

3.1.1 Infinite system DMRG

In the infinite system DMRG case, the spatial size of the system is iteratively
increased to obtain an approximation for an infinite system or for a system of
a prescribed length L. The algorithm is initially started with 2 sites, where
one essentially forms a block labelled A and the other forms a block labelled B
[120, 121, 125, 127]. It should be noted that some implementations start with four
sites (two in each block), or more instead, which makes no fundamental difference
to how the algorithm proceeds. The procedure to implement the infinite system
DMRG method is described in Alg. 3.1.1. It will be assumed that a generic block
A(?, x) can be effectively represented by the orthonormal basis |a4) (and block
B(¢,x) by |ag)) in the following.

Algorithm 3.1.1 (Infinite system DMRG):
Initialisation

Step 0: Start with a chain of 2 sites which form block A(1, x) and B(1, x).

For /=1,...:
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Step 1: Insert 2 additional free sites S 4 and S between the two blocks.

Step 2: Form the enlarged block representation, which is the representation
of each free site joined to its adjacent block. To do this, form the

enlarged Hamiltonians:

HEA :HA+HSA +HA$A )

(3.1)
Hes = Hsy +Hp + Hspi

which are the sum of the Hamiltonian of the local block (H 4 or Hp),
the Hamiltonian of the corresponding free site (Hs, or Hs,) and the
Hamiltonian of the interaction between the block and its adjacent free

site (HASA or HASA)- !

Step 3: Form the representation of the superblock, which is the global repre-

sentation of the two enlarged blocks:
Hswp = He, +HEeg + Hs s, - (3.2)

Any state within the superblock AS 4SiB can be written in the form:

W)= > Varouosaslaa)|o)los)|as) (3:3)

aA0AQBOB

where {|o4)} and {|og)} are d-dimensional bases for the free sites in

A (S4) and B (Sp) and ¥, o 40545 Stores the corresponding coefficient.

Step 4: Find the state |¢)g) which minimises the energy of the superblock
AS 4S5B, by minimising:

p = YHwlty (3.4

(V1)

Step 5:  Calculate the reduced density matrices p4 and pg and retain the top
x eigenstates corresponding to the largest eigenvalues to form a new

truncated basis.

Step 6: Renormalise the blocks and free sites; so that we obtain A(¢ + 1, x)
and B(¢ + 1, x) for the next iteration.

Step 7: Repeat steps 1-6 until the prescribed length, or some convergence

criterion, is met.

'If we have a system with a global reflection symmetry this can be simplified greatly as the
enlarged block of B is just a reflection of the enlarged block of A.
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Final Step

Step 8: Calculate any measurements required using the ground state [¢q).

The expectation of a given observable O is given by:

(O) = (Wa|Olva) . (3.5)

Now, a few remarks on the algorithm that we have just seen are in order.
There are a number of numerical methods that can be employed to perform the
diagonalisation in Step 4 of Alg. 3.1.1 efficiently, such as Lanczos, Arnoldi or
Jacobi-Davidson methods [128, 129]. Typically the method will be chosen to avail
of the fact that the matrix is sparse for short-ranged Hamiltonians. Each time
that a block is expanded by adding a free site, its basis increases in size by dy
where d is the physical dimension of a single site. To avoid an exponential growth
in the block state space we truncate this block size back down to yx states (in
Step 5), which essentially means we only retain a region of the Hilbert space
that is relevant. This is done using the partial trace of the density matrix. From
the ground state [1g), we can obtain the full density matrix using the following

equation:

p = |ve) (el (3.6)

To reduce the expansion of the basis we truncate the space by using the reduced

density matrices to represent the states of AS4 and SgB:

pas, = Trsus|ve) (Yal,

(3.7)
pssi = Tras, |Va)(Yal.

Then p s, and p4s, are diagonalised separately and only the largest x eigenvalues
and the corresponding eigenvectors are retained to form a representation in a
reduced basis for each. It should be noted that this truncation only takes place
once the system has grown to a size such that a given block of length d* > .
Suppose that we stop the procedure for some specified length (i.e. superblock
of length) L. The approximation that we have obtained can either be used as an
approximation to a system with exactly L sites or to obtain an approximation of the
infinite length system. It is an approximation of fixed length with limited accuracy
as the first truncations were unlikely to be good estimates of a larger system
size, whereas if we want an infinite approximation we will ignore the boundary
effects and focus on the central sites, gaining a reasonable level of accuracy for

translationally invariant systems if L has been extrapolated sufficiently.
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3.1.2 Finite system DMRG

Before performing the finite system DMRG, it is standard procedure to form an
approximation using the infinite system DMRG, stopping when the system reaches
the desired length L. In the finite DMRG case, one block is expanded at the
expense of the other in order to keep the total system size constant. Other than
this it is essentially the same procedure as above. As there is a specified system
size this will begin with a lattice of L sites, where block A and block B are formed
of (L — 2)/2 sites each (assuming for simplicity that L is even) and there are two
free sites S4 and Sp between them. An illustration of this procedure is shown in
Fig. 3.3. Then in order to increase block A to an enlarged block by absorbing a
site, block B loses a site which becomes the new free site Sz. Another difference
with the infinite system DMRG is that the truncation procedure will only be
applied to the block which is being enlarged. The full procedure is explained in
Alg. 3.1.2.

Algorithm 3.1.2 (Finite DMRG):
Initialisation
Step 0: Perform infinite system DMRG up until the desired length L.

First Quarter Sweep-Expand Block A

Step 1: Start with a lattice split into A ((L;Q),X> S48 8B <(L;2),X> )

Repeat forj=1,...,§—2

Step 2: Expand block A(% — 2+ j, x) by one site to form A(% — 1+ j, x) and
reduce block B(£ — j) by one site to form B(% —1 — j). The expanded
block A is formed by combining the free site S4 with the old block A
to form an enlarged block whose reduced density matrix p4s, is then
diagonalised and only the largest y eigenvalues and eigenvectors are
retained. For block B its reduced state B(% —1—4,x) can be loaded

from memory to save additional calculations.
Step 3: Save the block A(é — 1+ 7,x) in memory.
Second Quarter Sweep-Expand Block B
Step 4: Start with a lattice split into A (L — 3, x) Sa Sg B (1, x)

Repeat for steps j = 1,...,% -2
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Block B

First quarter
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—
g sweep

Third quarter )
sweep
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Fig. 3.3 Illustration of the sweep procedure of increasing blocks and moving free
sites in the finite DMRG method. Initially the free sites are in the centre of the
chain. Block A is expanded until B is of minimal size (first quarter sweep), then
block B is expanded until block A is of minimal size (second and third quarter
sweep). Lastly, block A is expanded until it is of size %, completing a full sweep.
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Step 5: Expand block B(j, x) to become B(1 + j, x) by forming the enlarged
block and diagonalising its reduced density matrix ps,z and only
retaining y eigenstates to form the basis. Shrink block A(L —2 — j, x)
to become A(L — 3 — j, x) by loading the saved block from memory.

Step 6: Save the block B(1 + j, x) in memory.
Second Half-Sweep

Step 8 Now perform steps 1-6 but with A and B reversed, i.e. start by
expanding B into the first half of the system and then expand A once
Ny=1.

Convergence Check

Step 9: Check for convergence of the energy or any other observable to a
required tolerance. If convergence has been reached end algorithm,

otherwise return to step 1.

3.2 Truncation of the Hilbert Space

Truncating the Hilbert space, so that a reduced and more computationally rea-
sonably sized subspace is kept, is a key part of the DMRG algorithms we have
just examined and the other algorithms which occur in the MPS ansatz, which
we will explain in the next section. In our description of the DMRG method, we
have mentioned a truncation value y which dictates the number of eigenvalues
retained in our new basis. We will provide some motivation and explanation of

why this procedure still retains a reasonable accuracy.

Firstly, if no truncation is applied, calculations are very costly as the full
formulation of a state with physical dimension d scales exponentially with system
size d. To avoid this problem an efficient representation of a small manifold of
the total Hilbert space, commonly referred to as ‘the relevant corner of the Hilbert

space’ can be kept as shown in Fig. 3.4a.

An argument why a system written in the new efficient manifold basis is a
sufficient estimate is due to the scaling of bipartite entanglement with the length
of the system. A 1-D gapped system with only nearest-neighbour coupling is
subject to the area law [35, 130-133|. An area law also holds for systems in higher
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Fig. 3.4 (a): Illustration of the relevant manifold that can be kept within the full
Hilbert space H. (b): The bipartition of the lattice in order to measure the von
Neumann entropy. The sites on the border of the bipartition are shown in red.

dimensions, which are represented in a similar ansatz [134, 135]. The area law
states that the bipartite entanglement within the system scales with the boundary
upon which the bipartition occurs. In a 1-D model, there are only two sites on the
boundary as shown in red in Fig. 3.4b. This means that the von Neumann entropy
(defined in Def. 2.3.6) scales as Syp o< L°. There are then, system-dependent
corrections, which are typically logarithmic for critical systems, that can be applied
to this. In DMRG specifically, it can be seen that retaining this relevant manifold
optimises three primary contributors, the expectation values, the state (wave
function) itself and the entanglement, as described in Schollwock’s 2005 review
[136].

3.3 Matrix Product States (MPS)

Matrix product states (MPS) are based on tensor theory and are used as a more
efficient way to represent the state of the sites within a chain and to make the
system more computationally manageable by discarding some of its complexity.
There is no single origin of MPS, as the formulation was already well established
within a number of works but without a consistent name, until in 1995 Ostlund
and Rommer [137] identified that the growth steps in the infinite system DMRG
could be formulated in a matrix form that matches MPS. This was then expanded
on in 1998 by Dukelsky et al. who showed that quantum states in the finite system
DMRG could also be expressed in the MPS ansatz form [138]. It will be explained
below that DMRG is made more simple by using this formulation [120].

In order to rewrite a given state in its MPS form we need to reformulate and
normalise its expression for each site. To do this a procedure which results in
a bipartition of a certain form is required; the most common ones that can be
used are the QR decomposition, the Schmidt decomposition or the singular value
decomposition (SVD) [120, 139]. It should be noted that the QR decomposition
requires the least computational effort (though not substantially so as both SVD
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Fig. 3.5 Demonstration of how the SVD method forms the new decomposition
of the matrix M in terms of the matrix S of singular values and the matrices U
and VT of the left and right singular vectors, respectively. (a) shows the case
when Ny > Npg, (b) illustrates when Ny < Np and (c) illustrates the general
properties of U and V. Any white squares have zero elements and any black
squares are strictly one, i.e. the white and black matrices are the identity matrix

L

and QR are of O(n?) for a square (n x n) matrix) but it is only relevant if we do
not require the eigenvalues of the system, so in order to keep this general we will
omit it here.

3.3.1 Singular Value Decomposition (SVD)

SVD is a linear algebra procedure to decompose a matrix into its singular values
and left and right eigenvectors (called singular vectors). This will be used in the
MPS notation to efficiently renormalise the state [¢)). If we assume we have a
matrix M (which can be square or non-square) of dimension (N4 x Ng). Without
loss of generality, we can choose N4 > Npg, which is the scenario shown in Fig. 3.5a.
Then the aim of the SVD is to determine a factorisation of M such that:

M = USV' (3.8)

where U is the matrix containing the left singular vectors, S is a diagonal matrix
containing the singular values and V' is a matrix containing the right singular
vectors. To be precise S will be an Ny X Np rectangular diagonal matrix, which
only has non-zero entries for (S); = s; > 0 for i = 1,..., Ng and U and V are
square unitary matrices of dimension N4 and Np respectively. We now require S,
U and V to form the decomposition in Eq. (3.8).
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Finding S
Find the real non-negative eigenvalues, s?, of the Hermitian (Np x Np)
square matrix M'M. Then order them from largest to smallest, with % as

the smallest non-zero eigenvalue and s? as the largest:
S>> >S5 > s = =5y, =0. (3.9)

The positive square roots of these eigenvalues form S and are called the

singular values of M.

s1 0 .. 0
0 s9
C 0
S = 0 ... 0 sy where s; = 0 for k < i < Ny.
0 0
0 0

Constructing V
The square Ny x Np matrix MM is Hermitian, which means that there

exists [139] the factorisation:
MM = VDV | (3.10)

where D is a diagonal matrix of dimension N x Np, with entries of the
cigenvalues of M'M. These eigenvalues correspond to the square of the
first Np diagonal elements of the matrix S. The columns of V' are the
orthonormal (normalised orthogonal) eigenvectors corresponding to the
cigenvalues of D. This means that VIV =T (see Fig. 3.5¢).

Constructing U

U can either be calculated from V by finding its first N columns using:

1
u; = —My,; fori=1,2,..., Ng , (3.11)
Si
where v; is the i"® row of V. This requires forming the remaining columns
by ensuring they make a linearly independent set. Alternatively, we can
make use of the fact that MM is by construction Hermitian, meaning that
we can formulate:

MM' = UD'U' = UDU' . (3.12)
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The rows of U are the orthonormal (normalised orthogonal) eigenvectors
corresponding to the eigenvalues of D. This means that UUT = T (see
Fig. 3.5¢).

If we had chosen Np > N4 instead, then a similar procedure is followed
where the k' column in S for k& > N4 will contain only zero elements (see
Fig. 3.5b). In the general case, i.e. making no assumptions about the sizes of
N, and Np, the dimensions of the matrix S can be reduced from the dimensions
N4 x Ng. This is done by considering the fact that its entries are zero for any k"
row /column such that & > min(N4, Ng), meaning that S can instead be reduced
to a diagonal matrix of dimension min(N4, Ng). This means the dimension of U
becomes (N4, min(N4, Ng)) and the dimension of V' is (min(N4, Ng), Ng). In
this formulation if Ny > Np then U is unitary but if Ng > N4 (see Fig. 3.5b)
then V is instead unitary [120, 139].

3.3.2 Schmidt Decomposition

Previously, we have defined the Schmidt decomposition as a means to identify
whether a pure state is entangled or not (see Sec. 2.3). Here we will redefine
it with different notation that better matches our lattice notation, in order to
illustrate how the SVD method can be used to form the Schmidt decomposition.
The Schmidt decomposition provides a compact representation of a bipartition
of a state [8, 120|. For this we assume that we have a system with a given pure
state 1), which belongs to the Hilbert space H that can be split into a bipartition
H =H,4 ® Hp of two subspaces H,4 and Hp respectively. The subspaces H, and
Hp can each be described by a set of states forming an orthonormal basis. We will
assume that N4 states are required to represent Hu, called |j4) (7 =1,...,Na)
and that a set of Np states form the space Hp, |kg) (k =1,..., Np). Any pure

state [1)) can be expressed as a linear combination of these orthonormal bases:

Na Np
=22 Vi

j=1 k=1

ja)lks) (3.13)

where W is a matrix which stores the required coefficients for each state. We can
reformulate the reduced density matrices of the systems A and B in terms of the
basis of each subspace: p4 = Trg|)(¥| and pg = Tra|v)(|. The reduced density
matrices can be rewritten in terms of the matrix ¥ as py = ¥V and pp = ¥,

Then if we perform an SVD on the matrix ¥ in Eq. (3.13) we obtain:

N4 N min(Na,Np)

=> > Y. UidSaaViilia)lks) . (3.14)

j=1 k=1 a=1
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which after rearranging gives us:

min(N4g,Ng) / Ny
= > (ZUj,a|jA>> w<Z k|k3>. (3.15)

a=1

We will define |aq) = ZNA Ujalja) and |ag) = 3202 VTk|k;B) The orthonormal-
ity properties of U and VT means the sets |ay) and |ag) are orthonormal and
can be extended to be orthonormal bases of A and B. In addition to this we will
only retain non-zero singular values meaning that we will keep r < min(Ny4, Np)
if we assume that s, > s,.1 = s,49--- = 0. Using these assumptions we obtain

the Schmidt decomposition:

r

) = salaa)|os) - (3.16)

a=1

The Schmidt decomposition provides a convenient way to calculate the reduced
density matrices, as by carrying out the partial trace we can obtain: py =
oo salaa)(aal and pp = >, s2|ap)(ap|. The square of the singular values are
very useful measures, where their full spectrum is referred to as the entanglement
spectrum, defined as \; = s7 [140].

The Schmidt decomposition also provides a simpler way to calculate the von
Neumann entropy [120]. The von Neumann entropy typically requires the calcula-
tion of the reduced density matrix, however, when SVD is used, this additional
calculation can be avoided. The von Neumann entropy can instead be expressed

as:
r

Sqyp=-Tr (palogy(pa)) = — Z Ao logy Aa (3.17)

a=1

3.3.3 Methodology of MPS

Rewriting a given state [¢)) in the MPS ansatz means it needs to be efficiently
expressed in a more succinct state class. Consider a lattice of L sites with local
state spaces denoted by |o;) (j = 1...L) of dimension d. Then a pure state of

the entire lattice can be expressed by the following:

> Cororlor. . oL) (3.18)

01,-,0L

This expression of the state |1)) describes the whole lattice together but it is more
convenient to have a form which lends itself to a local interpretation of the state.

This can be done by using SVD, where there are three different approaches as
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Fig. 3.6 Illustration of how to represent MPS operators. The A matrices are left
normalised, shown by the triangle pointing to the right and the B matrices are
right normalised, with a triangle pointing to the left. The vertical legs represent
the physical state labels and the horizontal lines are the internal indices of the
matrix.

outlined below [120].

(i) Left-normalised (Left Canonical) Quantum State
The left normalised site matrices will be called A with the appropriate indices.
The indices will depend on if it is at a boundary site or within the chain. In
principle, the left-normalised representation for a local site j € [1, L] will be
denoted by A7 = A(q;_,0,),a; Which is a matrix of dimension a;_10; x a;. At
the boundaries there are then the dummy matrix indices a¢ and a;, which have
dimension one and can be omitted. An illustration of how these A matrices are
represented diagrammatically as a circle in MPS form is given in Fig. 3.6. The
vertical legs give the physical indices o; and the horizontal legs are the internal
indices of the system denoted a;. A closed line between tensors means that the
corresponding index is summed over. To highlight that each one is left-normalised,
the circle representing A contains a triangle pointing to the right. Now that we
know how a site matrix is represented in an MPS, let us describe the method to

extract the matrices from the full state.

We will start with a state |¢) in the format shown in Eq. (3.18). The coefficients

Co.....0p, Can be considered to be a matrix W,, , . where initially this, in principle,

.o

can be rewritten using a dummy index as ¥ (4, 4,...0;),1, Which is a vector of length
d*. As we are carrying out a left normalisation we will start by splitting the
physical indices of the first local state oy from the others. This can be done by

reshaping the matrix ¥ to have d x d*~! dimensions: ¥,,, ). An example of

(o2,...01

this is shown for qubits (i.e. d = 2), where L = 3 in Fig. 3.7. We then perform
an SVD on V¥,, ,, and define Ag; = U5, 0, and Cqoy (05..00) = S, %l as

a1,01 " ay,(02,...0L)
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Fig. 3.7 An example of how to reshape the vector ¥ (4, 4, 4),1 for qubits (d = 2) to
WU, (02,05)- The triangles in different positions match up Wlth the reshaped matrix
to highlight where each element came from.

shown:
Coy...of, = \Ij(al...aL),l

reshape

- qjo’1,(0’2,...0’1,)

Z Ualyalsalyal ‘/jl,(az,.‘.o[l)
— Z U¢71 alcal 02 UL)
= z:Aalca1 (02..01) -

This procedure is then continued by reshaping ¢, (s,..0,) t0 become ¢4 0, (55...01)

(3.19)

and then performing an SVD on this as shown in Alg. 3.3.1 and in Fig. 3.8a.

Algorithm 3.3.1 (Finding left-normalised matrices A):
Initialisation:

Step 0: Reshape ¢;,..0; = Y(5,..01),1 t0 be Vo (5, o). Perform SVD on this

to obtain:

SVD t
qjdl,(az...UL) = Z Ual ay a1 a1Va17(02,...0L)

_ZAI a1cal UL) .

(3.20)

For each / =2,...,L — 1 repeat steps 1-5:

Step 1: At each step we will have a matrix of the coefficients of the local states

6, N LZ Cae—h(w---UL) = ‘Ijae—h(Ue---UL) .
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Step 2: Reshape ¥ so that we have: Vo, 5, (0100 -

Step 3: Perform SVD on ¥ to get

ag_10¢,(0041---0L)

sSVD
\IIU«E—IUK:(UZJA---UL) - Z Uae—we,aeSazﬂae%l(geﬂ,,,,am . (3.21)

ag

Step 4: Define A7, = Uy 1000, a0 Cop (0py1.01) = Swzvazﬂ(%,mm SO
that we have:
‘I]al—10'£7(0'2+1---0'L) - ZAZﬁ,l,agcae,(mHl---UL) . (322)
ag

Step 5: Place ¥ ) back into the equation with all of the coefficients:

ag_10¢,(0p41.-0L

Coroy = D AT AT Cap(orisor) - (3.23)

ai,...,ayg

Final step:

Step 6: For ¢ = L: ¢,, ,,, is reshaped to c,, ,,, 1 Which is a column vector

and becomes AJL .
L—1

If Alg. 3.3.1 is performed, we obtain the left-canonical MPS consisting of the left

normalised A matrices. Eq. (3.18) now becomes:

[Wy=> D AT AT, AT lor..on), (3.24)

a1,...ap 01,...,07,

which multiplying out the matrices can be more succinctly written as:

)= > ATAT . Aoy op). (3.25)

01,..,0[,

We also obtain a useful property for the left-normalised matrices due to the
UTU = 1 property :
A AT =1 (3.26)

a¢

(ii) Right-normalised (Right Canonical) Quantum State
The right normalisation is carried out in the same way that we found the left

canonical state except here we start from the right and instead of splitting U and
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Fig. 3.8 Illustration of (a) the left and (b) the right, normalisation via SVD to
create a left (right) canonical MPS system. The physical indices are labelled in
black and the matrix (internal) indices are labelled in green. The direction of
the triangle inside the site indicates whether it is left (pointing right) or right
(pointing left) normalised.

SV, we will obtain the right normalised vectors B directly from V' and then we
will reshape US. The B matrices are denoted in the same way as the left matrices
but as they are right-normalised they have a triangle pointing left inside each one
(see Fig. 3.6). We once again start with the initial representation of a state shown
in Eq. (3.18). The procedure is carried out very similarly as shown in Alg. 3.3.2
and in Fig. 3.8Db.

Algorithm 3.3.2 (Finding right-normalised matrices B):
Initialisation:

Step 0: Reshape ¢o,..0; = Y(5,..01),1 to be Y (5, 5, 1), . Perform SVD on this
to obtain:

SVD i
\Ij(o'ln-UL—l)yUL - E U(01-~~0L—1),aL—1SGL—1,<1L—1V;L,1,0L

ar—1

_ oL
= Z C(U]-v"'o'L—l)vaL—lBaL_l,l .

ar—1

(3.27)
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For each /=L —1,L —2,...,2 repeat steps 1-5:

Step 1: At each step we will have a matrix of the coefficients of the local states

17 s 76: Cloy...00),a0 = \11(0'1...0'3)761[ .
Step 2: Reshape U so that we have: V5, 5, 1)a0, -

Step 3: Perform SVD on V(5 o, )40, to get:

SV D
\11(01---02_1),1140@ = ZU(Ul---ae_l)yaz_lSaefhaeqval,l,agag . (3‘28>

ap_1
Step 4: Deﬁne Bgf_ha[ = V;«Tl—halo'l a‘nd C(Ul...agfl),agfl = U(O'l...O’gfl),agflSag_l,ag_l
so that we have:
qj(Ulmgé—l)’aZUZ = Z C(Gl~~-0e71),ae71Bgf_l,a[ . (3'29)

ag—1

Step 5: Place V(4. 4, )0, Pack into the equation with all of the coefficients:

— gy oL
Coy...op, — E C(Ul~~-Ue—1),a5—1Bag,l,ag e BaL,l,l . (330)

ag—1,--,0L—1

Final step:

Step 6: For £ =1: ¢4, 4, is reshaped to ¢ 4,5, Which is a row vector and forms
B7L.

Once all sites have been normalised by carrying out the procedure in Alg. 3.3.2,
Eq. (3.18) becomes:

[Wy= > D BILBE....Bl loi...oL), (3.31)

A1, sQL—1 015050,

which multiplying out the matrices can be more succinctly written as:

)= > B"'B%...B%oy...0L). (3.32)

O1ys0L

As a result of the SVD matrices the B normalised matrices will have the property:

> BB =1. (3.33)

a¢
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Fig. 3.9 Nllustration of the left normalisation followed by right normalisation via
SVD to create a mixed canonical MPS system. The physical indices are labelled
in black and the matrix (internal) indices are labelled in green. The direction of
the triangle inside the site indicates whether it is left (pointing right) or right
(pointing left) normalised. The diamond represents the the matrix of singular
values between two sites.

(iii) Mixed Canonical Quantum State
Alternatively, we can have a mixed canonical state with some of its local states
left-normalised and some of them right-normalised. Assume that we left normalise
the states up to site ¢ using the procedure outlined in Alg. 3.3.1 and Fig. 3.8a.
This means that the coefficients of our state can be written in the following form:

Corar = 3 AT AT AT 86V

lL,a1* *a1,a2 ag—1,00~0,0 " ay (0p41,...0L)

al,...ayp (3 34)
=3 (ATAT L ATAT S0V '

ag

(ooq1,00)
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We leave the singular values untouched and only adjust V7:

T

ag,(0r1snor) qjaé’(gul’“"’fd)

reshape \I[
- (ae(

(3.35)

0'£+17---0'L71)10'L) :

Now perform the right-normalisation starting from ¥, y as described in

S

0¢41,-0L—1,0L

Alg. 3.3.2 and Fig. 3.8b up until o,,5. At the last step we will have U,

2004150041 Qp41,00+1
. g, .
which we reshape to form Bg,4,,, . This means that:
T _ E ooyl Org2 oL
Vazv(az+1,---70L) o Bae,aeHBauhauz T BaL—hl
agy1...a1—1 (336)

— (Bn B+ .. B, .
Now if we substitute our new equation for VJ back into Eq. (3.34), we
e(Tes15-0L)

obtain:

Coron = Z (AUIAUQ - AUZ_lAw)ag Saz,ae (BUZ‘HBU“Q L. BUL)ae
(3.37)
= AUIAO’Z . AUZSag,a[BUZ+1BU[+2 o BUL )

This retains the singular value between site ¢ and ¢ + 1, which is shown by a
diamond in Fig. 3.9. It should also be noted that this is the exact same form of
the Schmidt decomposition in Eq. (3.15).

3.3.4 DMRG in the MPS ansatz

Up to this point we have focused on expressing a state in the MPS ansatz, but
to perform DMRG using MPS we also need to discover how the minimisation is

carried out and how to represent operators.

First, we will focus on how an operator is represented in the MPS ansatz. To
do this we are going to look at matrix product operators (MPOs) with specific
focus on how to express the Hamiltonian # in its MPO form, HM?©. There are
a number of different methods [141-144] used in order to express the Hamiltonian
in such a way, but basically what we require is a collection of matrices that can
apply the operations throughout the system. To put this more mathematically,
an MPO is applied to the whole lattice as a product of tensors W;, in the form
O =WWs...Wr_1Wp. This means a general expectation measure of the MPO O
can be represented by placing each tensor W; between an MPS and its Hermitian
conjugate, so that the physical legs connect them as shown in Fig. 3.10. For
an OBC uniform lattice the same operator can be repeated for all sites except

the boundary ones. This means W = W; for j =1,2,3,...,L — 1 and then we
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Fig. 3.10 An example of how the expectation is measured of an arbitrary operator
in MPO form O for a lattice of length L. = 8. No assumptions are made about
the normalisation of these sites.

have the left and right boundary operators Le = Wy, Ri = W, [141], so that
HMPO = LeW ... WRi.

Let us consider a simple example of a L = 5 system which is described by the

Ising model with a transverse field. The Hamiltonian for this is:

L
—_J, _ o

Z J+1 ; J (3.38)
= Om + 0, .

First we will focus on how to represent the transverse field O, = —B, Zf oz,

which can instead be expressed as the sum of a tensor of the operation on each

site as shown:

0,=-B,(0*°QIIxI1+I7[xIx 1+

(3.39)
C+IQIRIRI® oY) .

The MPO consists of these chains of tensors. The easiest way to form an MPO
is to consider the possible pathways that an operator could take, for example, if
we consider the on-site operator at site j = 3, then this will be represented by
I®I® (—B,0*) @ [® 1. If we have a uniform lattice, a simple way to construct
the operator in MPO form is to think of its actions as a weighted graph [144-146]
with a specified starting and end node. The edges of the graph will be labelled
by their weight which is the coefficient times the operator. An example of this is
shown for the —B,0* acting on the third site in Fig. 3.11a. The nodes are labelled
by the site they correspond to, with the start node (in orange) at the dummy site
j = 0 and the end node (in orange) at the site L (where L =5 in this example).
The edges of the graph are labelled by the operator that is being applied to the
node it is directed towards. Of course this is only representing a single site, upon

which the operator can be applied, whereas we want our MPO to have more
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H . H . _Bzgz . H . H
1 2 3 4

Fig. 3.11 Hlustrations of how the MPO formulation can be thought of as a weighted
walk. The start and the termination nodes are in orange to highlight them. (a):
An example of the operator —B,c* acting on site three. (b): The representation
of O, (in Eq. (3.38)). (c): The MPO representation for the whole Hamiltonian
in Eq. (3.38).

versatility than this. If we consider the fact that a lot of the actions (operators
applied) are the identity, this graph can be written for an on-site density acting
on a general site. We form a weighted graph (sometimes called an automaton)
which works for an arbitrary number of sites if the lattice is uniform. This is done
by having loops of I as shown in Fig. 3.11b, to represent O, (from Eq. (3.38)), so
that we simply have a path of each possible operator [144]. It should be noted
that L steps must be taken from the start node to reach the end node, which is

how we recover our L tensors of the operator on each site.

To represent the whole Hamiltonian we also need to add in the nearest-
neighbour operators O,,., which will give the full weighted graph shown in Fig. 3.11c.
This will require another node as it will in general be I...I® (—J,0")®c*®1.. .1,
with one o, applied at the site immediately following the previous one. The other
subtlety of this method is that the coefficient has to be added into the graph, so
for operators acting across sites this can be placed either on the first one to act or
on the last. Either formulation can be used, as long as it is used consistently. For
example for —J, Ef:_ll ofof,, this can either be written as Z]L:_f(—Jxaf)of q Or
Z]L:_ll 0f(=J.0%,,). In the graph we have chosen to use the former formulation.

An adjacency matrix can be written from this weighted graph formulation,

which makes it much easier to form an MPO. This is simply done by matching
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which levels the operator acts between as shown:

1 2 3
W= 1 I 0 0 (3.40)
2 —J, 0" 0 0
3 —B.,o* o" I

Now all that remains is to state the boundary operators which are Le =
[0,0,1] and Ri = [1,0,0]” to form the complete MPO for the lattice HMFO =
LeW ... W Ri |147].

In order to find the ground state, a variational search to minimise the functional:

ell)] = (DI H ) = LY[Y) (3.41)

is done, where £ is a Lagrange multiplier which enforces normalisation. The
general minimisation is an NP-hard problem so, instead, a local search heuristic
is employed, which is either done using a single-site or two-site algorithm [120,
148, 149]. The single-site algorithm has one free site between the two blocks,
instead of the two that we have discussed above (see Sec. 3.1.2). It is a convenient
representation to avoid getting stuck in a local-minimum and to allow for longer
range interactions within the lattice. The procedure is similar to the two-site
algorithm except a subspace expansion is also applied. We will focus on the
two-site algorithm as this is the one that we will use later on [147, 149]. To be
able to perform a local heuristic algorithm we sweep through and calculate an
effective Hamiltonian so that we can minimise a pair of states at a time. The

procedure is outlined in Alg. 3.3.3 and in Fig. 3.12.

Algorithm 3.3.3 (Two-site Variational minimisation):

Step 1: Select the two adjacent sites j and j + 1 that the energy is to be minimised
on, which occur at the orthogonality center of the chain i.e. have sites

1,...,7 left-normalised and sites j + 1, ..., L right-normalised.

Step 2: Form a tensor of these two sites (contracted) in the MPS called ©; ;.
Step 3: Contract the corresponding operators for these two sites to form W ;.

Step 4: Save the MPS representation of the state and then contract all of the nodes
to the left and the right of the ones being updated. This contraction is done
by considering the properties in Eq. (3.26) and Eq. (3.33), which when there



3.3 Matrix Product States (MPS) 58

Fig. 3.12 Nlustration of the procedure applied within the two-site minimisation
procedure for a given pair of sites j = 4,5, where we assume that we are sweeping
to the right. The Hamiltonian H is applied as a tensor of operators, W; for
j=1,..., L (coloured in pink or yellow). In order to highlight the two sites being
considered their operators are in yellow and their states in light blue. The triangles
show the normalisation as they point to the right for left-normalised (A) matrices
and to the left for right-normalised (B) matrices. The effective Hamiltonian, #./,
is given by the (effective) operators in purple.

is a given operator W, being applied, can be adapted to:

> ATWAT =W (3.42)

o¢

N BRWBT =W, . (3.43)

a¢

This means that the operators on each side of the two sites being considered
can be adjusted to one effective operator, called W; and W, after absorbing
the Hermitian conjugate of the operators for the state at site j and 7 + 1.
The combination of W;, W;,; and W ;4 form the effective Hamiltonian

H.ss to be applied to ©; ;1.

Step 5:  Solve the eigenvalue problem of:

HeprOjj+1 = £Oj 41, (3.44)
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using an appropriate method (see Sec. 3.1.1). Retain the state corresponding

to the minimum eigenvalue, which is the new state ©; ;.

Step 6:  Perform the SVD on ©; 1 to obtain the two left-normalised (right-normalised)
MPS matrices if sweeping right (left) and truncate the retained singu-
lar values to x. Load the previous network for all the other sites (sites
1,....j—1,5+1,...L).

Step 7: Continue with the sweep, by repeating steps 1-6 moving forwards (backwards)
through the chain for a right (left) sweep until a given sweep is completed

and the convergence criterion has been reached.

3.3.5 Symmetries and Conserved quantities within MPS

Very often in quantum mechanics, the Hamiltonian is symmetric under a group of
transformations. The use of these symmetries can largely improve the performance
of numerical algorithms for finding the ground state of strongly correlated systems
[120]. If the Hamiltonian commutes with an operator, this implies they both can
share the same eigenbasis. This in turn, means that the ground state (eigenstate)
of the Hamiltonian will also be an eigenstate of the conserved operator, resulting
in a global physical symmetry in the system. This enables us to keep track of the
quantum numbers used through the MPS.

Abelian symmetries such as U(1) symmetries for charge or magnetisation are
the ones that have been used the most extensively [120]. To explain how the
conservation of an operator can be exploited in an MPS implementation, we
will provide an example using the magnetisation operator, M, where the total
magnetisation M = ). 07 commutes with a given Hamiltonian # ([, M] = 0),
such that the eigenstates of H can be chosen as the eigenstates of M. If we
use the constraint that all states must have magnetisation as a good quantum
number, then this means that we can exclude a large number of coefficients from
the calculation, resulting in speed-up. The fact that the states are eigenstates of
the magnetisation operator, means that the eigenstates of the reduced density
matrix will also be. As a result, the conservation of the relevant quantum numbers
requires that some elements of the tensors representing the MPS are always zero.
By ordering the tensor indices suitably the elements of the density matrix can,
therefore, be decomposed into blocks, where each block possesses a given quantum

number.
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3.4 Comparison of Methods

In order to summarise the adaptations of the MPS and DMRG methods that
have been used in this thesis, we will compare the performance of a few different
implementations. We assume that we have a 1-D lattice of L sites, which contains
bosons. A restriction is placed so that only n,., = 4 bosons are allowed at each
site, which means that the local dimension of the Hilbert space for each site is
d = 5. We also assume that we have unit filling, i.e. the number of particles is
equal to the length of the lattice, such that N = L = 10. The energy of this
model is described by the Bose-Hubbard Hamiltonian which is introduced in the

previous chapter (see Sec. 2.2.2):

1 L
U
Hpg = —J ;1: b;bjﬂ ) ]‘51: nj(n; —1). (3.45)

The aim of this exercise is to compute and compare how well the energy and the
measure of on-site density perform depending on the implementation used. We

will also examine the computational time taken to obtain these results.

3.4.1 Non-MPS DMRG implementation

The first method in our comparison is done using an implementation of DMRG
without the MPS ansatz, called Powder with Power (PwP), realised by De Chiara
et al. [127]|. This performs the infinite system DMRG method to build the system
up to its size whilst already minimising the energy and then uses the finite DMRG
after the required length L is reached. It is advantageous to initially build the
length up using the infinite DMRG algorithm because this provides a reasonable
approximation, which is close to the minimal energy for a uniform chain. This
method needs to be used with caution if there is a deep local minimum in the
system because this can lead to the state being trapped within this minimum. In
this approach, it is assumed that we only have a short-range Hamiltonian, meaning
that the matrix of the Hamiltonian is sparse. A sparse-matrix eigensolver method
is then appropriate. The Jacobi-Davidson method is used [129]. The algorithm to
perform DMRG is coded in Fortran 95. The information that needs to be retained
is reduced by using symmetries. A global reflection symmetry is used for uniform
systems to obtain block B as a mirror of block A. A U(1) symmetry is also used
to conserve the particle number throughout the system. In order to calculate the

accuracy of results a discarded weight is used. This is calculated by summing the
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discarded eigenvalues (square of the singular values) in the system:

€trunc = <Z )\j) . (3.46)

J>X

3.4.2 MPS DMRG implementations

There are three different implementations of DMRG in the MPS ansatz that have
been considered in this thesis. These are referred to as “OSMPS”, “TNT” and
“Independent MPS”. The first, open source matrix product states (OSMPS) is
a method available from L. Carr, D. Jaschke and M. Wall at Colorado School
of Mines [149, 150], which has a user interface in Python but the bulk of the
functions are coded in Fortran2003. Another open source code is the tensor
network theory (TNT) Library which is a collection of code set up by S. Al-
Assam, S. R. Clark and D. Jaksch at the University of Oxford [147|. This uses
MATLAB/OCTAVE as a user-interface and then C for the main functions. Lastly,
the one that we call “Independent MPS” is a private code that is an adaptation of
the PwP described above in MPS form [151]. This is based on a flexible Abelian
Symmetric Tensor Networks Library, which was developed as a collaboration
between M. Rizzi, A. Haller at Johannes Gutenberg Universitdt and the group of
S. Montangero at Universitdt Ulm (now at University of Padua).

Firstly, I will focus on the build method used in each model. For this I will assume
that we are only going to be looking at a lattice which is uniformly filled with
one particle per site. The details covered about each method are also summarised
in the Table. 3.1. OSMPS starts with one particle per site and uses an infinite
DMRG method to obtain a good approximation for a given length L. TNT
Library and “Independent MPS” start with either a randomised or a unit filled
initial setup. All of the methods use a two-site variational minimisation for energy
minimisation within the DMRG algorithm (as described above in Sec. 3.3.4),
but TNT also has the availability of the single-site minimisation [147, 149]. The
eigensolver routine used differs in each case. TN'T Library and OSMPS both use
the linear algebra libraries linear algebra package (LAPACK), basic linear algebra
subprograms (BLAS) and the Arnoldi package (ARPACK). ARPACK has the
availability of using variants on the Arnoldi and the Lanczos methods [129, 152].
TNT uses whichever one is appropriate, whereas OSMPS uses the Lanczos sparse
eigensolver method [129, 153]. For the “Independent MPS” the Arnoldi scheme is
also used. Another important part in the speedup of each code is to make use
of symmetries, “Independent MPS”, TNT and OSMPS all use U(1) symmetry to

conserve the number of particles.
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Table 3.1 Summary of the methodology used within each of the implementations
of DMRG within our comparison.

Method Using infinite system Symmetries Eigensolver
MPS  DMRG used used Method
PwP X v U(1) Jacobi-Davidson
TNT v X U(1) ARPACK
OSMPS v v U(1) Lanczos
Independent MPS v X U(1) Arnoldi

Each of these methods also has their own way of checking the error of the

estimates made. TNT Library takes the ¢? norm of the discarded weights:
Chrune = (Z A?) - (3.47)
J>x

“Independent MPS” also keeps track of what is discarded but instead of using the
discarded weights it uses the sum of the discarded probability p;:

X
e =1-3 p;, (3.48)
j=1
meaning that 0 < e{ffé‘f PS < 1. OSMPS instead uses a variance-like measure €,

between the Hamiltonian represented as an MPO and the energy obtained from
DMRG:
cvar = (U] (H* = (H)*) [¥) - (3.49)

In order to compare the performance of these methods, we plot a few key
values. The first measure that we calculate is the ground state energy of the BH
Hamiltonian described in Eq. (3.45) with length L = 10. We place a few other
restrictions on the code to make the comparison as fair as possible. Each method
is allowed a maximum of five DMRG sweeps and any inbuilt tolerances have been
set to the same threshold. As the length chosen is a relatively small one, we use a
very small y so that the inaccuracy that can occur from discarding too much, is
evident. In Fig. 3.13a it is clear that the energy is far off in all methods for y < 4
but once it reaches n., it becomes a much better estimate, as at least then it has
the capability to match the physical dimension in the MPS. There is very little
to distinguish between the methods once they pass xy = 4, which is not surprising
given that the energy is the check for convergence in all cases. It should, however,

be noted that the energy has only converged up to O(1073) because of how small
X is.
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Fig. 3.13 Comparison of how different implementations of DMRG perform against
the truncation y when finding the ground state for a chain of length L = 10. The
methods being compared are PwP, which does not explicitly use MPS and then
OSMPS, IndMPS- “Independent MPS” and TNT Library, which all use MPS. A
comparison is shown of (a) the energy difference of the approximate energy E¢
minus the exact Eg and (b) the time taken for the different methods. (c) shows
the % norm of the error of the on-site density An; = ||(7;) — (n;)|| and finally (d)
illustrates the measure of error provided by the methods PwP and OSMPS with

the actual error in the energy in the inset.
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The optimisation of the time taken to perform each method also has a consider-
able impact once longer and more complex lattices are considered. In our simple
example we have included the time that it takes us to perform the exact diagonal-
isation (ED) calculation to obtain the measures. This is using an optimisation
procedure [154] and is carried out in MATLAB. In fairness this time can be slightly
sped up by using parallelisation or by using Fortran. For such a simple calculation
it is still clear that despite the initial set-up of the DMRG, in particular DMRG
in MPS form it is undoubtedly worth it in speed-up. It should also be noted that
ED becomes increasingly more difficult and then impossible as the dimension of
the system is increased, whereas the DMRG methods will work for a much larger
system size before facing the same difficulty.

It is unsurprising that OSMPS is one of the longest performing methods due to
the fact that it has both the initial build with the infinite system DMRG and the
MPS notation to implement. It is also unsurprising that PwP takes the least time
to complete as it not only uses symmetries to build one block from the other but
it also has none of the overhead of the MPS routines. What may seem surprising,
however, is that the “Independent MPS” takes longer than the OSMPS method.
This might be because setting the tolerance at the same threshold as the others
in this method is actually an overkill, because the algorithm adapts the precision
as it goes along. It should also be noticed that using these methods for such a
small system which can be done exactly, does them a disservice as it does not
make their full capability clear. The main advantage of these methods comes for
systems when the Hilbert space describing them becomes larger.

We also compare each method’s estimation of an expectation value using the
on-site density, (n;) = (¥| n; |¢), which is shown in Fig. 3.13c. For this we have
chosen to use the ¢% norm of the error An; = [|(7;) — (n)|| = />, ((R) — (ni))?

as an estimate, where (7;) is the estimated on-site density of site i and (n;) is

the exact one. We have chosen this measure as the main error occurs at the
boundary sites, which typically does not alter the measures in the bulk for a
lattice of sufficient length. Instead we have chosen a measure which illustrates the
accuracy on the majority of the sites, without giving much weight to a few more
extreme values. It is plain to see in Fig. 3.13c that the estimate is reasonable for
X > 4, which is unsurprisingly the same value that the accuracy of the energy
improved for.

Lastly, to give an example of how each method measures its error we compare
the two models that have an initial build step, PwP and OSMPS. As OSMPS
uses €, in Eq. (3.49), which is a measure of the variance and in units of the
energy squared, we divide this by the exact square of the energy so that it can
be compared to the discarded weight estimate that PwP uses €,.un. (Eq. (3.46)).
These are plotted against each other in Fig. 3.13d and unsurprisingly the estimated
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error decreases as Y increases. It can be seen that both indicators of the error
follow the same trend, which also matches the error of the energy in each method

shown in the inset.

3.5 Conclusions

The use of the MPS ansatz has greatly improved our numerical capabilities in
representing and analysing a 1-D many-body system. There are a number of
efficient methods to find the ground state within this ansatz, where arguably the
most prominent is the DMRG method. Within each of these methods, there are a
number of implementations that can be optimised depending on the model and
measures of choice. For simple models, these all perform comparatively well to
each other as we have demonstrated by performing BH model simulations with a

few implementations.



COMPUTATIONAL METHODS FOR SIMULATIONS

OF TIME DYNAMICS

“A computation is a process that

obeys finitely describable rules.”
Rudy Rucker

In the previous chapter, we have given a summary of some of the key methods used
to obtain the ground state properties of a given lattice system. In this chapter,
we will instead examine methods that can be used to perform time dynamics on a
given state under a system Hamiltonian. The dynamics of correlated quantum
systems provides a rich area of study for non-equilibrium physics. Analysing the
non-equilibrium physics can, however, be very challenging both with experimental
and theoretical approaches. There have been a number of advancements in tensor
network methods equipped to study the dynamics of the system [155]. We will

focus on describing a few of these methods within this chapter.

In general, the study of dynamics will involve finding the evolved state under
a given Hamiltonian, starting from a given initial state [¢)(0)). For simplicity,
we will assume that this Hamiltonian is time-independent and will call it H to
distinguish it from the Hamiltonian employed for the analysis of the ground state
properties. It should be noted that despite our assumption some of the methods
we will examine are equipped to handle a time-dependent Hamiltonian, as will be
pointed out. The evolution of a closed system can be described by Schrodinger’s

time-dependent equation [156] for a given time ¢:

LOP() _
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where H is the Hamiltonian of the system, % is the reduced Planck’s constant,
which we assume is set as & = 1, and |¢) is the wave function. This can be adapted
to a different form which occurs with the assumption that a time evolution is a

unitary system: ]
(1) = e ™[¥(0)) (4.2)

where H is the time-evolving Hamiltonian, [¢(¢)) is the time-evolved state and
|1)(0)) is the initial state we start with (at ¢ = 0). We will denote T" as the total

time we require.

4.1 Suzuki-Trotter Decomposition

A common decomposition used to assist with the time-evolution of the system is
the Suzuki-Trotter decomposition. This provides a useful way to split/estimate
the exponential of the Hamiltonian that is used in the time evolution. It is
especially useful for lattices that only have next-neighbour interactions and where
the Hamiltonian is time-independent.

It is commonplace to discretise the total time into smaller intervals of length t.
Supposing that we require a state after time T, [¢)(T')), then we need to calculate

the time evolution operator:
U=e ", (4.3)

Assuming that T' = ndt, then the unitary evolutions operator takes on the form:

u — eZ?ZI —iHot —_ H e—i?‘l(St . (44)

Jj=1

Assuming that the Hamiltonian  only has nearest-neighbour interactions, the uni-
tary operator can be expressed using the first-order Suzuki-Trotter decomposition
[157, 158] as:

U — o—HT _ (efi?:tét>n

(4.5)
L—-1 } n
~ (H e—m(e,éﬂ)at) :
=1

where H (¢, £+1) contains the interaction terms between the sites £ and £41 and the
local terms on these sites as well. The error within this approximation is due to the
non-commutativity of the bond Hamiltonians, i.e. [H (¢, 04 1), H({+1,0+2)] # 0,
in general. The more steps n, and therefore the smaller that dt¢ is, the more

accurate this approximation is.
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There are also higher order versions of the Suzuki-Trotter decomposition, such
as the second-order one, which essentially splits the operators into even and odd
components between sites [127, 159|. The even operator is formed of only even (¢,)

bonds, F' =}, H(le,l.+1) and an odd operator is formed of only odd (¢,) bonds,

G =3, H(l;,{,+1). The terms F' and G commute meaning that an even-odd

expansion can be performed giving us the second-order Trotter decomposition:

Y st it n
e zHT% (e 1F2€ zG&te 1F2> ) (46)

4.2 Time-dependent Density Matrix Renormalisa-

tion Group

There is an adaptation of the DMRG method called time-dependent density
matrix renormalisation group (tDMRG) which is applicable for performing time
evolution on a given state. The first implementation of this was introduced by M.
A. Cazalilla and J.B. Marston [160|, which prompted a number of improvements
and adaptations on it [161, 162]. In general, a finite version of DMRG (see Ch. 3)
is performed first in order to obtain an initial state |1/(0)) of the time evolution.
It should be noted that this state does not have to be found using the evolving
Hamiltonian H, i.e. it is not necessarily |g) of # but may be a ground state of
an entirely different Hamiltonian. This algorithm makes use of a Suzuki-Trotter
—iHT

decomposition to express the unitary evolution operator U = e as shown in

Eq. (4.5). The procedure works as outlined below in Algorithm 4.2.1.

Algorithm 4.2.1 (tDMRG):
Initial Step
Step 0: Form the initial state |1(0)) using the finite DMRG procedure.
For/=1,...,L—1

Step 1: Perform the finite DMRG procedure but apply the operator Uy ¢41) =
e~V ot each step on the free sites £ and ¢ + 1 instead of diago-

nalising to find the ground state energy as shown in Fig. 4.1.

Step 2: Renormalise, as done in the finite DMRG method and save to memory

the matrices describing the blocks.
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l”_
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Fig. 4.1 Illustration of the adaptation of the finite DMRG method to implement
the tDMRG method, where the operator Uy eq1) = e TRVt g applied to the
free sites (green circles). The sweeps are carried out in the same manner as the
finite procedure, with the blocks (blue rectangles) being expanded and contracted.

Step 3: Update the truncated basis being used to express the instantaneous
state, for example, use a state prediction transformation as prescribed
by White [163].

Final check

Step 4: Repeat steps 1-4 until this has been carried out n times in order to

give the final time 7" = ndt.

An important restriction on this is that the initial finite-size DMRG will have

chosen a specific subspace of the Hilbert space which is relevant for the ground
state. As we time-evolve, the state will typically leave this initial subspace meaning
that in order to improve the accuracy, the algorithm needs to adapt the subspace
chosen as it evolves as well. One way to avoid this is to increase the truncation x
[160] but this is not very efficient. A much better approach is to directly choose
the subspace based on the current time state i.e. on |¢;;5) for some time ¢t < T
[127] which is what we have pointed to in Step 3.
The features that can cause difficulty in obtaining accurate results with this method,
are the amount of truncation and how well the adaptation to the subspace works.
There is also the restriction that with the Trotter decomposition this only works
for nearest-neighbour lattices. We will now examine a time-evolution method,
which is within the MPS ansatz.
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4.3 Time Evolving Block Decimation (TEBD)

The method of time evolution block decimation (TEBD) was developed between
2003-2004 to perform time simulations in both the MPS ansatz and for the original
DMRG algorithm. It was first introduced by Vidal [164, 165] as an approach
to illustrate the amount of entanglement that needs to be stored for quantum
computations. This uses an approach, which in many ways is similar to the DMRG
methods, in order to perform an efficient time evolution. A direct incorporation
of this within the DMRG procedure is equivalent to the t DMRG algorithm but
expressed in the MPS ansatz [161].

4.3.1 MPS in Vidal’s Notation

To perform the TEBD procedure, it is more convenient to write the MPS in a
different notation which was first introduced by Vidal [164, 165]. Vidal’s form is
the Lambda-Gamma form, which comes quite naturally from the SVD procedure
which we use to form a state in the MPS ansatz. The A are diagonal matrices
which represent the singular value matrices S and then I' corresponds to either
the U or V! matrices depending on the normalisation used. For example, if we

perform left-normalisation using Alg. 3.3.1, then we have a state of the form:

‘w> - Z Z AilalAgiaz T Agé_l,l‘gl s UL>7 (47)

a1,..,0¢ O1,5..,0L

where
I o1 g2 oL
CUl:-"va'L - : : Al,alAa1,a2 et AaL_l,l . (48>
ai,...,ag

This can be equivalently written in Vidal’s form as:

a1 aiaz ap—2ar—1 ““arp—1 - arp—11 7

Covpnoy, = THOANTEe AR plE—tlor- AL pitios (4.9)
1

a1,..,ar—1

where the site number is included in square brackets and the a; and o; are
once again the internal matrix dimensions and physical dimensions, respectively
[159, 161].

For TEBD, we will assume that we have a system bipartitioned in a Schmidt
decomposition at the site ¢ and ¢ + 1, i.e. we assume that our system is left-
normalised from j = 1,...,¢—1 and that it is right normalised from 7 = /+1,..., L.
The remaining two sites ¢ and ¢ 4 1 are the free sites of the system. In other

words, we assume that our MPS state is the following:
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Block A Site ¢ Site £+ 1 Block B
L J>R N 2
~ —_— —_—
A A A A B B B B
(a)
Block A e Block B
CeCe0 o, ., Ceded
ap_1,0041
—— — e Y e
A A A B B B
(b)

Fig. 4.2 An illustration of Vidal’s form of the MPS with two free sites. The
diamonds are the singular values (A), whereas the circles represent the I's. (a)
shows the original mixed MPS setup, whereas in (b) the tensor ©g,”"  (defined
in Eq. (4.12)) has been formed from the free sites.

o) = Z AlUTMEoe A pEAoes A (1]

ag—1 " Ag—1,a¢" Qg™ Ag,Qp41 ag+1

ol e-1}> @ |000rs1) @ ‘@[Z—H ,,,,, L]> 7

ar—1 ar+1
ap—1,a¢,0041
00,0041

(4.10)

corresponds to the A matrices up to this site and @([feﬂ """ L]> corresponds to

the B matrices. In fact it can be seen that this equation is exactly the same
as the mixed MPS formation (Eq. (3.37)), except we have not summed over the
indices £ — 1 and ¢+ 1 and it is expressed in a different form. In other words, this
corresponds to Eq. (3.37) in the following form:

Corar, = Y (ATAT AT AT S, 6, B (BT B

ag_1 " Tag—1,ap ag,ap41 agyq

ag—1,a¢,ap41

(4.11)
This formulation is illustrated in Fig. 4.2a. If we call the coefficients of the free

. Oyp0. . . .
sites Og, 14s,,, then, as shown in Fig. 4.2b we obtain:

ag—1a041 Qp—1,ap” Qg™ Qp,Qp41 Qg1

Qooer1  — Z A([fe—_ll]r[f]w AlApettoe p[+1] (4.12)
ap

meaning that Eq. (4.10) can be rewritten:

ol z—1]> ® |000011) ® ’@[eﬂ ..... L]> . (4.13)

ag—1

¥) = > SHk

Ag_1,a¢,004100,0¢4+1
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4.3.2 TEBD method

As well as expressing the bipartitioned state in Vidal’s notation, we also need
to express the evolution operator in a form compatible with applying it on the
free sites. As we did in the tDMRG method, we will focus on the two free sites
when we perform our evolution. If we use the Suzuki-Trotter decomposition in
Eq. (4.5), this lends itself quite naturally to splitting &/ into an operator which
applies to two sites at a time. Within the MPS notation, the portion of I/, which

only applies on the two free sites, will be labelled using the physical indices as:
0o+ —iH (£,04+1)5t)
T40h11

physical sites |oy) and |oy41) (and their transpose). It will, therefore, have the

= el . We will call this operator V' and it will only apply to the

_ 0¢0e+1
effect V = Z%UHMZWH U%% |000041) (0407, | where only the physical indices

are included as the others remain unchanged.
Algorithm 4.3.1 (TEBD Procedure):
For (=2,...,L—1:
Step 1: Form O from I's and As using Eq. (4.12) .

Step 2: Update ©q, 4., , by applying the evolution operator V:

@Ugo‘gH — § UZ,UEJrl @(J’go’g+1

ap—10p41 e"’e+1 ag—1ap41
oo
ere [g] 1) (4.14)
_ § : (-1 [foe +ljoer1 A [6+1]
- Aae 1Fae 1a¢ aéraéal+1 Aae+1

Step 3: Reshape ©g/"%4! | so that it is a xdx yd matrix, i.e. form ©

ag—100,004+10¢+41"

Step 4: Perform an SVD on the ©

singular values Mﬁ

retaining only the largest y

Ap—10¢,Q04+10¢+17

Step 5: In principal, divide out the previous values of Al and A+ in order to
compute I’ and ¢! from the matrix elements obtained via SVD but
the division is not numerically stable when Al and A+ are small

and therefore the division is omitted.

This algorithm makes use of MPS to focus on a reduced set when finding
the wave function [¢(t)). A key advantage of the method is that it reselects the
subspace it is working in as it evolves in time, rather than being rigidly restricted

to an initial one, which means that its approximations are more accurate as
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the eigenvectors chosen represent the current time. This also makes use of the
Suzuki-Trotter decomposition on the evolution operator in order to be able to
effectively time evolve a system [120, 161, 166].

TEBD is a very powerful tool and there are still recent advancements working
to improve the speedup and other aspects of the algorithm [166, 167|. A major
drawback of TEBD, however, is that it only works well for a Hamiltonian of nearest-
neighbour terms. There are some adaptations that allow for longer interactions but
they involve a more complicated procedure to extend this method and attempts

to do so can lead to poor scaling [168, 169].

4.4 Time-Dependent Variational Principle (TDVP)

An alternative method using MPS which does not restrict us to nearest-neighbour
interactions is the time dependent variational principle (TDVP) [170, 171]. As
previously stated, we are required to redefine the subspace as the time-evolving
state leaves the subspace of the initial (typically ground) state. TDVP finds a new
subspace to time-evolve with, by projecting the right-hand side of the Schrodinger
equation, H [¢) (from Eq. (4.1)), onto the tangent space of the single-site MPS
manifold, which is the space spanned by variations of single MPS tensors, called
Tiy): .

% = —iPp, H[Y) . (4.15)
The projector P, can be applied to an arbitrary state [T) in the Hilbert space
and is such that Pr, |T) is an MPS tangent vector |®), which can be charac-
terised by (®'| @) = (9’| T) for any other tangent vector |®'). In this way, the
general formation of TDVP differs from TEBD, which is aimed at estimating only
the time evolution operator. TDVP is instead aimed at directly improving the
approximation of the action of the evolution operator onto the state [¢)). The
motivation behind this is to constrain the time evolution to a specific manifold
of MPS of a given initial bond dimension. This means that the evolution never

leaves the manifold of the Hilbert space that we are focusing on.

Our focus will be on a version of TDVP, where the tangent space of a projector
is split in order to act procedurally on the sites [172|. In the case of nearest-
neighbours, this very closely matches t DMRG, where a Suzuki-Trotter splitting of
the tangent space can be used. This can be performed using a single-site or a pair
of sites update procedure, but only the two-site variant allows for flexibility in
the bond dimension. In the single-site case, despite the fact that Eq. (4.15) spans
the whole Hilbert space, the differential equation obtained for a single term of

the right hand side is exactly integrable. We will focus on the two-site variation,
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which enables the dynamical adaptation of the bond dimension and which closely
resembles DMRG and TEBD. In this case, the projection will have a different
form as it projects onto the two-site tangent space, which cannot be as easily
expressed as a differential equation due to the fact that this necessarily requires
finite time steps dt.

A projector is applied to the linear space of the free two-site variations, which
is the effective two-site version of —i#{ [¢)). One thing to note is that in this
formulation, the retained dimensions can vary from site to site, which will be
labelled x;. In the typical case, the two-site evolution causes the state to leave
the manifold of the original MPS, with the fixed bond dimension y. This can
be truncated back to y, however, in this variation a different bond dimension is
instead chosen based on discarding eigenvalues below a certain precision, without
substantial computational effort. Once the projection has been carried out, the

procedure is explained in Algorithm 4.4.1, where the internal indices are omitted.

Algorithm 4.4.1 (TDVP method):

Step 0: Start with an MPS, which is in a bipartition with two free sites S7¢(x,)
and S7+1(xy41) as in Fig. 4.2. The coefficients can be written in full

as:
O — [Aal (X1>A02 (X2) o Agﬁfl(Xe_l)i| §oe(xe) goetr (xetr)

(4.16)
[BJHI(XE-H)BUHQ(XHQ) e BUL(XL)] -

Step 1: Form ©(¢, ¢ + 1), which consists of the two free sites, S7(y,) and
ST (Xe1)-

Step 2: Evolve © according to its effective Hamiltonian 7:[(€, ¢+ 1), which is
obtained from the MPO representation (see Ch. 3).

Step 3: Factor © into the separate sites again, i.e. A%(x,)S7 (¢ +1).

Step 4:  Evolve S7¢+1(x11) backwards in time according to single-site operator

H(n + 1), which is the effective one-site representation, obtained from
the MPO form of .

Step 5:  Absorb this new S7¢!(x,;1) into the next two-site block to be acted
upon ie. O+ 1,04 2) = ST+ (xp41) 572 (Xe42).

The splitting of the tangent space of the projector, so that it could act

procedurally on sites, was an idea of ingenuity, which greatly advanced the
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popularity of TDVP. Before this, the projection within TDVP was applied
instantaneously to all operators, which resulted in the counter-intuitive situation
that the method’s stability decreased as the approximation of the exact state
improved, i.e. as the smallest Schmidt eigenvalue retained was improved [170, 171].
It should be noted that although this algorithm has many advantages such as its
possible use for a large variety of Hamiltonians, the algorithm does have a very
rigid restriction on the step-size 6t that can be used. If this algorithm is applied
with no truncation then it was estimated that a finite step error of O(dt%) exists
[172].

4.5 Krylov Based Time Evolution

The most common approach to perform time-evolution with DMRG or MPS is
to make use of the Suzuki-Trotter expansion as done in the TEBD and tDMRG
methods. An alternative method is to use the Krylov based time-evolution. This
was initially set up only for time-independent Hamiltonians [173, 174]. The initial
setups of this method with time-dependence, have a very strict restriction that
the time-step must remain very small (compared to the rate of change of the
Hamiltonian) in order to avoid errors [175, 176]. The method of focus, however,
is the adaptation by Wall and Carr [149] in order to make the error independent
of the rate of change of the Hamiltonian, by recasting the MPO as a finite state
automaton. This essentially means that we enumerate the MPO by all of the
physical operators we use to define our local Hilbert space and keep track of
Hamiltonian parameters and weights. In this setup, there are separate rules
(which consist of a matrix centrally and two vectors at each border) to set up
each operator within the Hamiltonian. In this way the special structure of the
MPS/MPO representation is ignored and the procedure is directly implemented

as an iterative procedure, as detailed below.

This makes use of the a modification of the Magnus series called the commutator-
free Magnus expansion (CEME) [177, 178]:

Ut t+ot) = [Je ™, (4.17)

where €; is a linear combination of # at different times in the interval [t, ¢ + 0t],
meaning that U/ is still a unitary evolution operator formed from the Hamiltonian
#. There are many advantages to using this formulation for a chosen Q = >
The ansatz is unitary, meaning that the norm is preserved but it also allows the
Hamiltonian to be represented exactly as an MPO, provided only the parameters

but not the operators change. Lastly, this means that the time-step is not neces-
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sarily fixed by the rate of variation of the Hamiltonian because the CFME ansatz

explicitly considers the time-dependence of the Hamiltonian.

The Krylov time method then involves minimising a functional, which equates
to making our guess/estimate state |Y) equal the time-evolution at each time step
with a small error (e),

1r) — e ]* < e, (4.18)

This minimisation is done by performing a Krylov subspace approximation to the
exponential [129]. The Lanczos method is chosen to perform the approximation,
as it retains the unitary nature of the matrix up to machine precision. The method
is explained in Algorithm 4.5.1.

Algorithm 4.5.1 (Krylov Subspace Approximation):
Initialise

Step 0:  Form the MPO of the CFME operator €2, an initial state [1(0)) in MPS

form and set a tolerance € for truncation. Then set j = 0, By = (¥| 1)

and |r) = [6(0)).

Repeat steps 1-11 until convergence has been reached
Step 1: Set j =7+ 1.
Step 2: Produce the Krylov vector |v;) = 5
Step 3: |r) = QJv;)
Step 4: a; = (v;|7)
Step 5: Make |r) orthogonal to |v;_1) and |v;).
Step 6: Re-orthogonalise |r) against all |vg), where k < j if necessary.
Step 7: Form f; = (r|r)

Step 8 Form the matrix exponential UY) = exp(—idtT")), where TV) is a

symmetric tridiagonal matrix, with «; (1 <14 < j) forming its diagonal

and 3; (1 <i < j—1) forming its super diagonal, i.e., T,E’jl) = (vg| @ |vy).

Step 9:  Obtain the coefficients from the first column of UV, cU) = U1(]J)1
Step 10: Set |T) = S/ 9 |vi).

i=1"1

Step 11: Check if convergence is reached, i.e. if Eq. (4.18) is satisfied.
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Fig. 4.3 The spreading of the on-site density (n;) with time ¢, when all of the
particles are initially started at the central site j =4 and J =U = 1.

If we were to use exact arithmetics with the Hermitian Hamiltonian 7, then the
Krylov space is constructed in such a way that it reduces to orthogonalising against
the previous two vectors |v;_1) and |v;_»), which is equivalent to the Lanczos
algorithm. In practice, with round-off errors from the numerical implementation,

this orthogonality of the Krylov vectors is usually lost.

4.6 A Case-study of Time Evolution

To provide an illustrative example of time-evolution we will use the BH model

with nearest-neighbour and next-nearest neighbour tunnelling, described by the

Hamiltonian:
L-1 L2
Hpn = — JZ (b;bjﬂ + bjb;rﬂrl) -7 (b;ijr2 + bjb;”)
i=1 =1
i . (4.19)
+ Eznj(nj -1) - Mznj'
j=1 J=1

We will show a simple example consisting of L = 7 sites with J = U = 1 set. The
initial state has |ny) = 7 and |n;) = 0, when j # 4. In other words, we begin

our evolution from an initial state which has all particles loaded at the central
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Fig. 4.4 The ¢ norm of the error An;(t) = ||(n;(t)) — (n;(¢))|| for different times ¢
and y = 200 against the size of the time steps dt. The results are shown using
both the Krylov (circles) and the TDVP method (stars).

site. In Fig. 4.3, the on-site density n; is shown against the time evolution at the
sites j = 1,...,7. The results for this figure are obtained from ED. It can be
seen that the particle density spreads gradually into the other sites as the system
time-evolves, but that the majority of the particles remain at the central site up
to time ¢ = 20. As this model involves next-nearest neighbour interactions, the
TDVP and Krylov method are appropriate choices. These are obtained using the
OSMPS library [149, 150]. Numerically, the initial state is obtained by adding
an on-site bias to the site j = 4, making it more energetically favourable. To
accommodate the initial state, the maximum number allowed per site is increased
t0 Nmax = 7 (see Ch. 3).

To emphasise the effect of step-size in the different methods, we show the error
of the on-site density for a few test cases. If we want to use a method of MPS
to replicate the results obtained by exact diagonalisation, then we require that
the on-site density (n;(t)) retains a good accuracy as the system time-evolves.
One of the main issues with these simulations is the progressive nature of the
error, i.e. whatever the error is for a given time, when this is used to evolve to a
later time, the error will increase. In Fig. 4.4 this effect is illustrated for TDVP
and the Krylov method. Before the evolution (¢t = 0), the error between these
methods and ED is precision error (a maximum of O(107'%)) and up until ¢ = 0.1
this remains of the order of 107!, Within Fig. 4.4, the /2 norm of the error

An;(t) = |[(7;(t)) — (ni(0))]| = />, ((ni(t)) — (ni(¢)))? is shown as an estimate,
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where (7;(t)) is the estimated on-site density of site ¢ and (n;(t)) is the exact
one. We have again chosen this measure to observe the overall difference, instead
of one biased by a few values, due to the fact that most of the error will arise
surrounding the central site where all of the particles begin. The increase of the
error as the time-evolves is clear by examining the difference between the times
shown. Additionally, we can also see, that within this example, TDVP is more
sensitive to the time-step dt, as it requires a smaller time-step to obtain even the
accuracy that corresponds to the Krylov method at each time.

We hope that this simple example provides an illustration of the care that needs
to be taken when performing simulations in time to ensure convergence with not
only the bond dimension y, which was present in the ground state simulations,
but also and typically more importantly, of the size of the time steps which are

method dependent.

4.7 Conclusion

A number of methods have been formulated in order to approximate a time-
evolution, to find the evolved state of a system. These methods are split into two
classes: cases where the Hamiltonian only involves nearest-neighbour terms and
cases where there is a longer-range interaction. For nearest-neighbour Hamiltonians
TEBD, which is essentially a form of tDMRG, can be used efficiently based on the
Trotter expansion. For Hamiltonians with longer interactions, however, TDVP
or Krylov are amongst the preferred methods. TEBD, in analogy to tDMRG,
approximates the time-evolution operator U(dt) = e~ and then applies it to the
state, whereas the TDVP method and the Krylov based time evolution method,
instead directly approximate the action of the unitary evolution operator ¢/ onto
the state [¢(t)) [155].

Thus, choosing the correct algorithm is very model dependent and there is no
universally preferred or superior one. We emphasise that care should be taken with
regards to the size of the time steps chosen and that the time is sufficiently small
(or the results sufficiently accurate) to ensure that a large error is not accrued

over time.
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ENTANGLEMENT SCALING OF FIRST ORDER
QUANTUM PHASE TRANSITIONS

“Scaling requires both addition and
subtraction. The problem of more is
also a problem of less.”

Robert I Sutton

Entanglement scaling around a 10QPT will be the focus of this chapter, based
on my work “Entanglement scaling at first order quantum phase transitions” [179].
Entanglement is an invaluable resource in measuring the quantum nature of
systems, which justifies its use to identify quantum matter. Understanding how
many-body interacting systems order into different quantum phases as well as
the transitions between them remains one of the most challenging open problems
in modern physics. Additionally, the discovery of topological and new exotic
phases [42|, which fall outside Landau’s symmetry breaking paradigm, have made
a new way of identifying phase transitions necessary |7]. The singular behaviour
in 10QPTs occurs as an abrupt discontinuity of some local observables, while for
20QPTs the order parameters change continuously with a power law. Finite-size
effects can make distinguishing between a 10QPT and a 20QPT very difficult
despite their clear difference in definition. This becomes even more difficult in the
region of multi-critical points, where several QPTs of different order coexist in a
narrow range of Hamiltonian parameters.

For 20QPTs the thermodynamic limit can be recovered using FSS [33]. The
scaling is characterised by the critical exponents, enabling the classification of
apparently different 20QPTs into the same universality class. A number of

seminal papers have examined entanglement in the region of QPTs and have
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shown that this follows a scaling based on conformal symmetry [34, 35]. It has
also been shown that entanglement exhibits the same features as other measures,
i.e. it has the discontinuity or divergence within the entanglement measure (or
a derivative thereof) [12, 13, 66-68]. This has been detailed in more depth in
Sec. 2.3.2.

Motivated by the advances in understanding entanglement, we analyse the scaling
properties of pairwise entanglement measures for Hamiltonians with only nearest-
neighbour interactions near multi-critical points. Although FSS is a tool to obtain
the thermodynamical properties of the system for continuous (20QPT) phase
transitions, here we show that such a tool can also be employed with entanglement
measures for IOQPTs. Furthermore, we demonstrate that when finite-size effects
are important, it is precisely the scaling of the entanglement measure and not the
measure itself, which determines the correct order of the transition. This fact is
especially relevant for a 1OQPT crossed in the vicinity of a 20QPT. It will be
shown, that it is in accordance with the recent results reported by Campostrini
et al. [36], showing that the order parameter of a 1OQPT can be continuous for
finite systems and admits an appropriate finite-size scaling.

The work contained within this chapter will focus on bipartite entanglement
measures of the spin-1/2 Ising model with a transverse field and the spin-1 XXZ
model around a 10QPT point. The measures used will be concurrence for the
spin-1/2 model and negativity for the spin-1 XXZ model. An investigation will
also be done of how the density matrix leads to the features that we observe from

the entanglement measures.

5.1 Key theorems for Entanglement at a Phase

Transition

Before delving into our exploration of the scaling of a bipartite entanglement
measure around a 1OQPT, we will state some key theorems that are used in our
analysis. The first two theorems are regarding the density matrix of two particles,
which is used in the calculation of the bipartite entanglement measures [180].
Then we will describe a theorem for scaling of 10QPTs [36].

5.1.1 Kohn-Sham Theorem and its Expansion

The first theorem that we focus on was proposed by Wu et al. [180] to examine
the properties of the reduced density matrix of a subsystem near 10QPTs and
20QPTs. This was done by making use of the Kohn-Sham theorem:

Theorem 5.1.1 (Kohn-Sham [181]): Assume that we have an N-partite local

Hamiltonian H(A), which is written as a sum of terms with k-body interactions,
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Hp(M\) (k= 1,2,...), where X is a parameter in the Hamiltonian phase-space,
such as the magnetic field or an interaction strength. Then the Hamiltonian can

be rewritten as:

HOA) =D Hi(N) (5.1)

and the energy of the ground state |¢)g) can be written as

Eg(X) = (el H|a) =Y Tr (Hi(N) p*) (5.2)

where p* is the reduced density matrix acting on the local support of the corre-

sponding local Hamiltonian H;,.

For the usual case of local Hamiltonians with just two-body interactions, which
we will henceforth refer to as two-body local Hamiltonians, Hi(\) = H;;(N),
where the indexes ¢ and j refer to two spins and it can be shown that 0\Eg ~
(OxHij)p". If the local Hamiltonians are smooth functions of A, then a one-to-one
correspondence can be made between the singularities of 0)Eq(\) arising in a
1OQPT and the singularities of (the matrix elements) of p*. The above translates
into discontinuous pairwise entanglement measures, which depend exclusively
on p“. By the same reasoning, a singularity in 03Fg, typical of a 20QPT, is
associated to a singularity in the first derivative of the corresponding pairwise

entanglement measure.

Theorem 5.1.2 (Wu-Sarandy-Lidar [180]): Excluding accidental divergences
or occurrences of non-analyticity, as outlined in (a)-(b), a discontinuity in (dis-
continuity in or divergence of the first derivative of) the entanglement measures
associated to the corresponding reduced density matrix of the ground state of the
local Hamiltonians is both necessary and sufficient to signal a 10QPT (20QPT).

a) The 10QPT (20QPT) is associated to a discontinuity in (discontinuity in
or divergence of) the first (second) derivative of the ground state energy,
apparent in the bipartite entanglement measure which originates exclusively
from the elements of the reduced density matrix p*. This means the non-
analyticity seen in the entanglement measure is not as the result of any

other operation such as the sum, maximum and minimum.

b) The discontinuous matrix elements of p¥ (discontinuous or diverging elements
of %”—;J) for a IOQPT (20QPT) do not either all accidentally vanish or cancel
with other terms in the expression for (the first derivative of) the bipartite

entanglement measure.

This theorem confirms that a discontinuity in a pairwise measure of entan-
glement, in a two-body local Hamiltonian, indicates a 10QPT while a discon-

tinuity /divergence in its derivative signals a 20QPT, unless some accidental



5.1 Key theorems for Entanglement at a Phase Transition 83

divergences occur. There are some known cases where the results do not corre-
spond to the order of QPT that you would initially expect. For instance, in the
spin-1/2 XXZ chain, at the IOQPT transition between the ferromagnetic and
critical phase, the concurrence is a function of the energy at the critical point and
it remains continuous in the thermodynamic limit while its first derivative is dis-
continuous [69, 182]. For the same transition, it has been shown that a symmetry
breaking in the ferromagnetic phase also modifies the origin of the non-analytic
behaviour of the concurrence [183|. In Ref. [184], a three-body local Hamiltonian
model was presented in which the pairwise concurrence is non-analytical in the

absence of any QPT [184]. For 2-D models even less is known.

5.1.2 Scaling Theorem for First-Order Transitions

The main theorem that we will focus on within this chapter is the scaling procedure
proposed by Campostrini et al. 36, 54] for a IOQPT in proximity to a 20QPT.
The reasoning which led to this theorem is the general mapping of D-dimensional
quantum systems onto classical anisotropic (D + 1)-dimensional systems and the
fact that classical first-order phase transitions display some scaling [185, 186].
This led to the proposal that on dimensional grounds the scaling of the 10QPT

would be of a certain form as detailed in Th. 5.1.3.

Theorem 5.1.3 (First-order transition scaling): For a chain of length L in a
1-D lattice, which has a magnetic field A driving a ITOQPT (at h. = 0), there exists
a scaling variable s, which is the ratio between the energy contribution of h and
the gap at the critical point Ay = Ap(L,h =0) = Ey(L,h =0) — Eg(L,h = 0):

Ko~ —— . (5.3)

As a result of this scaling, heuristically when AL ~ Ap, the ground state
energy becomes effectively continuous along the transition and so does the order
parameter. There is a caveat with this theorem that arises from the fact that
this scaling is only apparent very close to the critical point, which is consequently
where numerical results can start to fail. Identifying this scaling, therefore becomes
more achievable if the TOQPT occurs close to a 20QPT as the correlation length
of the system (&) diverges, enhancing the nearby finite-size effects.

The energy gap and the magnetisation should then obey the following scaling

ansatzes:

A(L,h) = Apfa(k) , (5.4)

My (L, h) = mofu(k) (5.5)
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Fig. 5.1 Illustration of (a) the analytic magnetisation M, and (b) the energy
gap A, which measurements taken around the 10QPT, with various parameters,
should collapse to.

where fa(k) and fy(k) are continuous universal functions for all L. The function
fa(0) =1 by definition and fa(k) = & for K — 400 so that the expected linear
behaviour of A(L, h) = |h|L is reproduced for sufficiently large |h|. The quantity
myg is the magnetisation obtained as the critical point is approached, i.e. as h — 0.

fu(k) =£1lask — oo and fj;(0) = 0 as a result of the parity symmetry around h.

Campostrini et al. first tested this proposal by examining the spin-1/2 Ising
model (seen in Ch. 2) with an additional longitudinal field, which is described by
the Hamiltonian:

L-1 L L
X T z x
Hising = —Ju E ojof, — B. E of — B, E ol (5.6)
=1 i=1 i=1

where L is the number of spins, of* are the Pauli matrices for spin 7 and where a
10QPT occurs at B, = 0. In this model the magnetic field driving the 10QPT
is B, and the critical point occurs at B,. = 0. This model is described by the
scaling ansatzes in Eq. (5.4) and Eq. (5.5), where the h is replaced by B,. Now
fa(k) and fy(k) are continuous universal functions for all L and B,. Since the

model is integrable when B, = 0, the scaling variable can be defined as [36]:

. 2mgB$L

K1 = A—L s (57)

where Ap = Ap p,—o ~ 2(1 — B?)BE is the first gap at the critical point, B, = 0
for OBC and

mo = lim lim (0,) = (1 — B?)"/%, (5.8)

By—0t L—oo
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Fig. 5.2 Phase diagram for the spin-1/2 Ising chain with a longitudinal field. The
dashed line (- - -) depicts the 1OQPT while the dotted line (...) the 20QPT.

As the critical point at B, = 0 is approached, near the region of the 20QPT
(B, = 1), the gap closes and even at very small values of the driving parameter B,
around the critical point, the 1TOQPT transition looks continuous. An illustration
of the collapse that should occur is shown in Fig. 5.1 by plotting the analytical

functions that were calculated in Ref. [36].

5.2 Scaling applied to Bipartite Entanglement Mea-

sures

The main focus of our work is to investigate whether identification of a 10QPT
could be done using the scaling of entanglement measures in a similar fashion.
To explore this we focus on the spin-1/2 chain with a uniaxial field and the
spin-1 XXZ chain and the bipartite entanglement therein. The scaling procedure
proposed by Campostrini et al., stated above (Th. 5.1.3), is adopted, to check if
it holds for entanglement as well. The bipartite entanglement measures that are
focused on are introduced in Ch. 2 for a pair of particles. Here these measures
will be calculated by using the reduced density matrix of the two central spins
within the lattice p¥.

5.2.1 Spin-1/2 Ising chain with longitudinal field

We focus on the spin-1/2 Ising chain with longitudinal field (Eq. (5.6)) and report
how a measure of bipartite entanglement, the concurrence, scales in the vicinity of
the 1TOQPT when it is crossed near the multi-critical point. We choose the Ising
model because this is an integrable model when the longitudinal field vanishes

and serves as a good benchmark to analyse our numerical results.
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Fig. 5.3 Concurrence of the longitudinal Ising model with length L = 40, Eq. (5.6),
as a function of B, near the 10QPT, for different values of the transverse magnetic
field B.. We observe a spike at the 10QPT critical point, B, = 0, for B, < 1.

We set J, = 1 and B, > 0 in Eq. (5.6). In Fig. 5.2, we provide the phase
diagram of the model. For B, = 0, where the system reduces to the integrable
Ising model, there is a 20QPT at B, = 1 between the ferromagnetic (B, < 1) and
paramagnetic phases (B, > 1). This 20QPT was the first one studied by means
of bipartite entanglement [12]. When B, # 0, the system is no longer integrable
and we obtain the ground state of the system using both the density matrix
renormalisation group (DMRG) with OBCs (using the PwP implementation
described in Ch. 3) and ED calculations. When the system is in the ferromagnetic
phase, a 1OQPT takes place at B, = 0 between the two ferromagnetic ground
states, ferromagnetic 1 and ferromagnetic |. This transition can be detected by a
discontinuity in the magnetisation, M, = ) (o¥), which passes from positive to
negative values. For finite systems, however, numerical calculations in a region
sufficiently close to B, = 0 show a smooth slope in M, instead of a discontinuity
(see Sec. 2.2.1).

We want to examine if a bipartite measure of entanglement, which has sim-
ilar features, follows the same scaling procedure around a 10QPT outlined by
Campostrini et al. Since the Hamiltonian is two-body local, discontinuities in

entanglement measures have to be related to two-body (pairwise) entanglement
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of two nearest-neighbour spins (4, 7) described by the reduced density matrix,
p. For pure states, all measures of bipartite entanglement are in one-to-one
correspondence and are all a function of the eigenvalues of the reduced density
matrix arising from the chosen partition. For mixed states, this is not the case
anymore and the entanglement measure has to be calculated as the convex roof of
the corresponding pure state measure. Here we use concurrence as a measure of
entanglement for the mixed states of the reduced density matrix p¥ (see Def. 2.3.7).
Since C is supposed to be discontinuous at the critical point for QPTs, naively we

might expect that it will follow a similar scaling behaviour as M,, Eq. (5.5).

In Fig. 5.3, we show C for the two central spins which, if boundary effects
are neglected, will also hold for the rest of neighbouring spin pairs. We observe
that C is a continuous function with a spike at the critical point which signals a
singularity in the first derivative, dg,C. The spike becomes more pronounced as
the transition gets closer to the 20QPT at B.. = 1. The reason why the disconti-
nuity cannot occur directly in this measure, as we would expect with a measure
of the ground state, is because the concurrence is invariant under the parity
transformation of —B, — B, and as such the concurrence is a symmetric function
around B, = 0. It is worth pointing out that the behaviour of the concurrence
bears strong similarities with the geometric entanglement, a collective measure
of entanglement indicating how much the ground state differs from a separable
state [71]. Notice that for B, > 1, when the system is in the paramagnetic phase
independently of the sign of the longitudinal field B,, (as indicated in Fig. 5.3
for B, = 1.5) the concurrence becomes a smooth function of B, as no 10QPT

ocCcurs.

Now we need to consider how to scale the concurrence in the same manner
as Campostrini and co-workers did for the magnetisation and the energy gap.
As we are considering the same model (spin-1/2 Ising) the scaling parameter x;
(Eq. (5.7)) should be the same. For the magnetisation, Campostrini et al. showed
the collapse using the scaling variable by plotting M, /m, against x; as shown in
Fig 5.1. myq is the magnetisation at the critical point which is a known quantity in
this model. It should be noted that due to the symmetric nature of the Ising model,
the value my is also consequently the maximum value of the magnetisation. In
Fig. 5.4a, we plot the scaling of the concurrence normalised by its maximum value,
C=¢C /Cnaz, as a function of the scaling variable k; to determine whether C fulfils a
similar scaling relation as in Eq. (5.5). It is enough to investigate what happens for
k1 > 0 because C(k1) has even parity, i.e., C(k1) = C(—k1). This is a consequence
of the Hamiltonian, and, therefore, the ground state, being invariant under the

change B, — —B, and a local m-rotation of the spins around the z-axis. It can
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Fig. 5.4 Concurrence of the longitudinal Ising model, Eq. (5.6), as a function of
k1, defined in Eq. (5.7), near the 1OQPT for different values of the transverse

magnetic field B,. (a): Concurrence normalised by its maximum, C, as a function
of the scaling variable k;; there is no data collapse. (b): Derivative of the

concurrence normalised by its minimum, 0g,C, plotted as a function of x; showing
a universal behaviour for the same set of values in (a). The results are obtained
with DMRG and bond dimension y = 80 for which they are converged.

be seen that the scaling of the renormalised concurrence C for different B, and L

values do not collapse in a universal function, implying that this scaling is not valid.

Finally, in Fig. 5.4b we display the scaling of the derivative of the concurrence
normalised by its minimum value 83/\:;6 = 0p2C/[0B+Clmin- From this we obtain
the interesting observation that while the concurrence does not scale with the
fitting parameter k1, its derivative does. In Fig 5.4b there is a good data collapse

for different values of B, and L. Thus, 0g,C fulfils the scaling ansatz,
aBZL“C(L> BZ) = [aB:EC]ming('Lil)g (59)

where g(k1) is a universal function for any L and B,. We discuss the reasoning
that the derivative of entanglement scales in Sec. 5.3 by considering how the

density matrix elements cause this in accordance with the exclusions contained in
Th. 5.1.2.

5.2.2 Spin-1 XXZ chain with uniaxial single-ion anisotropy

In this section, we extend the study of entanglement along 10QPTs to a spin-1
system by moving to a much more complex model, the spin-1 XXZ chain with
uniaxial single-ion anisotropy. This model has been chosen because it has a rich

phase diagram with several (QPT's whose boundaries are only known approximately.
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Fig. 5.5 (a): Phase diagram for the spin-1 model in Eq. (5.10) with D > 0. The
dashed lines depict 10QPTs and the arrows the points where we cross them. The
black dotted line depicts the 20QPT between Haldane and Néel phases. The red
circles signal the tri-critical points present in the phase diagram. The ovals show
the areas where we add an external field to induce a 10QPT between the two-fold
degenerate ground states in the ferromagnetic and Néel phases, which are shown
fully in (b) and (c) respectively.
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Fig. 5.6 Measures around the 10QPT between the Néel and the Anti-Néel phases.
(a) and (b): The staggered magnetisation M** and the negativity N as a function
of B! for different J, and L =8, D = 0. This is calculated using ED.

We will focus on the 10QPTs of the model and analyse, by means of numerical
techniques, the behaviour of bipartite entanglement in the vicinity of multi-critical
points. Since the concurrence, C, can only be easily computed for the mixed states
of two qubits, in order to compute the entanglement between two spin-1 particles
we use the negativity (defined in Sec. 2.3.8) [64, 65|. The Hamiltonian for this
model is:

-1

L
HMQZE:P$&m+j$$Q+J£ﬁﬁJ+D2}$ﬁ, (5.10)
=1

=1

where S are the spin-1 matrices for spin [ and D is the uniaxial single-ion

anisotropy which we take as positive. The spin-1 operators are given by:

(010 1 0 1 0 10 0
st—— 101 ]|, s&#»=— | -1 0 1|. *=|l 00 o0
2 2
V2101 0 V2l o g 00 —1
(5.11)

We set J = 1, and use it as the unit of energy. The rich phase diagram [187] is
schematically shown in Fig. 5.5, where the several 10QPTs have been depicted
with dashed lines.

Ising-type Transitions

The first transitions that we examine in this model are the ones of Ising-type

so we expect that the same procedures outlined in Ref. [36] and in the section
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Fig. 5.7 (a) and (b): The renormalised magnetisation M$*/m" and energy gap
A(rg)/Ap plotted against the scaling variable ko, Eq. (5.12). M fulfils the
universal scaling, Eq. (5.5) and A(k2)/AL follows Eq. (5.4). The dashed lines
are those Campostrini et al. analytically obtained. (c): The renormalised

negativity N = N /N (Bt = 0) plotted against ry (no collapse occurs). (d): The
renormalised derivative of the negativity 8/3_;.//\/' (k2) (derivative normalised by its
maximum) where a good data collapse is observed. DMRG was used to obtain
these results.

before (Sec. 5.2.1) will still apply. We want to analyse the behaviour of the
negativity, N, when the 1O0QPT is due to a Z, symmetry breaking of a two fold-
degenerated ground state. To this aim we add an extra magnetic field, B, Zle S?
(extra magnetic staggered field B:* ZiL:l(—l)iSf) in the ferromagnetic (Néel)
phase of the XXZ spin-1 model in Eq. (5.10). These new terms lead to two new
1OQPT between ferromagnetic T / ferromagnetic | (Néel / Anti Néel) phases,
depicted graphically by ovals along the D = 0 line in the phase diagram of

the model, with arrows pointing to the relevant phase diagrams (see Fig. 5.5).
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The corresponding order parameter for both transitions, the magnetisation (M.,),
and the staggered magnetisation (M5') respectively, are discontinuous in the
thermodynamic limit. For the first induced QPT between the ferromagnetic
phases, the entanglement remains always constant and zero. More interesting
features appear in the Néel/Anti-Néel transition so we choose to focus on it. In
Fig 5.6 we show the staggered magnetisation M** and the negativity A" around the
1OQPT as a function of the added staggered magnetic field B5. These results have
been obtained using ED. We again observe the expected behaviour in M5 and
the pairwise entanglement, A/, appears very similar in nature to the concurrence
at the Ising transition. One observation is that in Fig. 5.6b the minimum occurs
at the transition point B:f = 0 rather than the maximum as we observed with the
spin-1/2 Ising model. In order to apply the proper FSS ansatz for the negativity,
we start by defining first the relevant scaling variable. As the transition is of Ising
type this will be very similar to Eq. (5.7), but here B drives the transition so we
obtain:

_ 2myBy'L

A (5.12)

K2
In full analogy with the results presented in section 5.2.1, and due to the fact that
the 20QPT between Haldane/Néel phases belongs to the same universality class
as the spin-1/2 Ising, we use the expression of m§' from Eq. (5.8) by substituting
B, — J,./J., where J,. =~ 1.186 corresponds the 20QPT critical point for D =0
[188].

Our scaling results are summarised in Fig. 5.7, where the results have been
obtained using DMRG. The bond dimension in DMRG was chosen in such a
way that the results converged, which meant using a bond dimension of x = 100
or x = 150. In Fig. 5.7a and Fig. 5.7b we plot the renormalised staggered
magnetisation, M5 /m§' and the renormalised energy gap A/A; against the
scaling parameter xo. It can be seen that a collapse of all variables occurs, which
is very similar to the collapse Campostrini et al. found in the spin-1/2 Ising
model [36]. To further ensure the correctness of our results, we also display the
comparison between our numerical data, M* (ks) and Ap(ko), with the analytic
expressions using an effective two level theory as derived in Ref. [36]. It can be
seen in Fig. 5.7c that in accordance with the concurrence, C, in the spin-1/2 Ising
chain, the scaling also fails for the negativity N in this phase transition. Once

again it is the derivative of the negativity:

aBgtN

OpN (2) = max(N)

(5.13)
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Fig. 5.8 Negativity N as a function of J, for D = 3.5 and L = 8. We observe a
discontinuity in the IOQPT from ferromagnetic to large-D phases (shown by the
green arrow) and a smooth slope for the 1IOQPT between the large-D and Néel
phases (shown by the orange arrow). The results are obtained with ED.

(Fig 5.7d), which verifies the scaling ansatz, Eq. (5.9). This last behaviour strongly
resembles the behaviour of the derivative on the concurrence for the spin 1/2 Ising
chain with the longitudinal field.

The behaviour of N along the different 10QPTs present in the model is very
different depending on their proximity to a multi-critical point which also involves
20QPTs. We start by examining the negativity as a function of the J, for a
constant uniaxial field D = 3.5 and L = 8. Two 10QPTs are crossed at such
a value of D, as indicated in the phase diagram by a grey horizontal line (see
Fig. 5.5). The first one corresponds to the transition from ferromagnetic order to
the large-D phase, which is crossed approximately at J, = —4.2. Another 10QPT
appears between large-D /Néel at approximately J, = 3.8. As clearly shown in
Fig. 5.8, the former phase transition is clearly signalled by a discontinuity in N/,

whereas the latter shows a smooth slope along the transition.
Ferromagnetic/Large-D

In Fig. 5.9, we show in detail the generic behaviour of N, together with the
corresponding level crossing along the ferromagnetic/large-D phase transition. We
cross the transitions at a fixed value D = 2, as depicted by (1) in Fig. 5.5, in the

nearby region of a critical point (depicted by a red circle). We observe that even



5.2 Scaling applied to Bipartite Entanglement Measures 94

: : : 0.5 : : : : : :
4r aLarge — D 1 L ——
oFerro ] 0.4}
< 2f xFerro? 1
> 0.3}
! 0.2f
2 0.1}
41 . . . ] Otp—Gp—9 | . . .
-4 -2 0 2 4 3 -2 -1 0 1 2 3
(JZ_JZC)/(S (Jz_ch)/(s
(a) (b)

Fig. 5.9 Phase transition between ferromagnetic and large-D for D = 2 and L = 8.
(a) The energy crossing between the two-fold degenerate ferromagnetic ground
state at J, < J,. (circles and crosses) and the large-D ground state at J, > J,.
(squares), where the critical energy is E. ~ —0.2660 and J,. ~ —2.5897. (b):
We observe a jump in the negativity (dotted line) for J,. even when using a step
d = 10713, The results are obtained with ED.

for small steps of the parameter .J, driving the 10QPT, N is always discontinuous
and a neat level crossing is shown between the two-fold degenerated ferromagnetic
ground state, for J, < J,. ~ —2.5897, and the large-D ground state, for J, > J,..
This means that, at J,., there is a sudden change in the ground state which is
detected by a discontinuity in N. In Fig. 5.9b, therefore, we observe the expected
discontinuous behaviour for N along a 10QPT, even for a system of just L = 8

spins without any finite-size effects.

Néel/Large-D Transition
Lastly, we focus on to the large-D/Néel 10QPT. In Fig. 5.10 we display the
negativity and the staggered magnetisation for a fixed value J, = 3.8 as a function
of the anisotropy, D, around the critical point D, ;, for a fixed length L, denoted
by (2) in Fig. 5.5. We add the subindex L to indicate that this quantity now
depends on the system size. In order to show the behaviour for larger systems, we
use DMRG calculations for L = 32,64, 128 and 150. In Fig. 5.10a and Fig. 5.10c,
we observe that both, A" and the staggered magnetisation, Mt = "5 (—1)1(S?),
change smoothly around the transition point. As L increases, the slope becomes
more pronounced getting closer to a discontinuity and we need values of D closer
to the critical point to observe the continuous slope. For instance, the necessary
step in D to observe a continuous behaviour is § ~ 10™* and § ~ 1076 for L = 64
and L = 150, respectively. Note that in this case, as in section 5.2.1, we are very

close to a 20QPT. As we get further from the tricritical point, i.e., as we increase
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Fig. 5.10 The staggered magnetisation and the negativity around the large-D /Néel
transition, where J, = 3.8. The staggered magnetisation M?* is shown in (a)
against the parameter D and in (b) against the scaling variable k3, Eq. (5.14).
The negativity is shown against D in (c) and against k3 in (d). We observe a
smooth slope of both the negativity and the staggered magnetisation where the
10QPT is expected. Both measurements, as a function of k3, show a tendency to
converge towards a universal function. The results are obtained with DMRG and
bond dimension y = 150 for which they are converged.

the value to J, > J.. = 3.8, this effect progressively becomes less important and
both A and M are effectively discontinuous. Since the transition is known to
be of first-order, we propose a similar F'SS as in the previous section, defining a
relevant scaling variable, k3, as the ratio between the energy contribution of D

along the transition and the gap at the critical point,

(D—D,r)L

A (5.14)

K3 ~
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Now, A is obtained numerically and (D — D, )L is a bare estimation for the
energy contribution of the parameter D. In Fig. 5.10b and Fig. 5.10d, we plot M5!
and NV as a function of this scaling variable k3. As we can observe, both quantities
seem to converge, though not perfectly, towards a universal scaling, as described
by Eq. (5.5). It is worth mentioning that Eq. (5.14) is an approximation whereas,
in the previous section we had analytic expressions for Ay and mg in Eq. (5.7).
Actually, in Ref. [189], a similar FSS, with non-analytic expressions, is proposed
for the Potts chain with a similar convergence. It seems reasonable, thus, to state
that for this 10QPT, when we are close to the 20QPT, N is continuous due to
finite-size effects and that it obeys the scaling ansatz for IOQPT.

5.3 Analysis of Entanglement Features through
Density Matrices

Let us discuss here the origin of the concurrence’s continuity together with its
discontinuous first derivative across the the 1TOQPT in the spin-1/2 Ising model
described in Eq. (5.6). A similar response is shown by the negativity in the
spin-1 XXZ chain across the 1OQPT between the Néel/Anti-Néel phases. These
transitions must fall under one of the exclusions to the expected behaviour stated
in Ref. [180] (see Th. 5.1.2) that links a singularity in the first derivative of
the pairwise entanglement to a 20QPT, given that this singularity originates
exclusively from the elements of p, in Eq. (5.2).

To determine the origin of this unusual behaviour, we focus on the Ising longitu-
dinal model and analyse the elements of the reduced density matrix of the two
central spins (ij) that we denote by p(A, B) = (A| p” |B) as a function of the
longitudinal field, B,, for different values of the transverse magnetic field B,. For
simplicity of notation we remove from now on the spin indices i, j. Given the
symmetries of the Hamiltonian, it suffices to consider just two different matrix
elements, p(1,1) = (1] p” |11) and p(1,2) = (11| p¥ |11), for analysing the be-
haviour of the concurrence. As plotted in the Fig. 5.11, p(1,2) is discontinuous
along the TOQPT transition, while p(1, 1) presents a spike signalling a singularity
in its first derivative. In the bottom panels, we display our results regarding
their scaling behaviour as a function of the relevant scaling parameter x; (see
Eq. (5.7)). Interestingly enough, as shown in Fig. 5.11d, the matrix element p(1,2)
follows exactly the same scaling proposed for IOQPT [36], when it is renormalised
by dividing out its maximum pf(lv,Q), while in Fig. 5.11c it is the renormalised
derivative of the matrix element p(1,1) ( 832,;\(1/,1)) and not the matrix element
itself which scales properly for different values of L and B,. Furthermore, it can
be shown that all the discontinuities present in elements such as p(1,2) cancel

out when computing the concurrence. As a result, the concurrence C shows a
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Fig. 5.11 Matrix component behaviour for the reduced density matrix p”(A, B) =
(A| p7 | B) of the two central spins (4, j) for a chain of length L = 12 along the
1OQPT for Ising model in the longitudinal field (Eq. (5.6)). For simplicity of
notation we remove the indices (i,j), see text. (a): Example of a spike at the
critical point in p(1,1) for different values of B,. (b): Example of a discontinuity

in p(1,2) at the critical point. (c): Scaling behaviour of B,p(1,2) as a function

of k1. (d): Scaling behaviour of renormalised p(1,2) as a function of the scaling
parameter £1; d) Results obtained with ED.

singularity in the first derivative as it would happen in a 20QPT and 9p,C is
precisely the quantity which fulfils the FSS and not C itself.

The same analysis applies to the spin-1 XXZ chain with on-site anisotropy,
where a dip in the negativity, N, appears at the critical point as shown in Fig. 5.6.
This behaviour has the same origin as the previously reported spin-1/2 case, as

it also comes from a symmetric Ising type transition and, therefore, it is the
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derivative of N (see Fig. 5.7) and not the negativity itself which fulfils the FSS
for 1T0OQPTs. Hence, in these cases, a singularity in the first derivative of the
concurrence/negativity (given that the concurrence/negativity are continuous
functions), does not signal a 20QPT due to accidental cancellations of the density

elements as it was conjectured in Ref. [180].

5.4 Conclusions

In conclusion, in this chapter we have analysed pairwise entanglement behaviour
in diverse 10QPT transitions driven by two-body local Hamiltonians. We have
shown the dramatic importance of finite-size effects when a 10QPT occurs in the
nearby region of multi-critical point containing also a 20QPT. To illustrate this
fact, we have shown examples of IOQPTs in two-body local Hamiltonians in which
pairwise entanglement measures are continuous across the phase transition while
their first derivatives are not. We have extended our results by using non-integrable
models in which the same behaviour can be observed. A deeper analysis shows
that the behaviour is inherited from the two-body reduced density matrix elements,
which for two-body local Hamiltonians, are linked to the non-analyticities of the
ground state energy. Our main result has been to demonstrate that for finite
systems, the order of the quantum phase transition in symmetry broken phases
is given by the scaling behaviour of their bipartite entanglement and not by its
non-analytical character. Our results should allow to better determine the order

and boundaries of quantum phase transitions near multi-critical points.
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THE FRUSTRATED RHOMBI (DIAMOND) MODEL

“When we long for life without dif-
ficulties, remind us that oaks grow
strong wn contrary winds and dia-

monds are made under pressure.”
Peter Marshall

This chapter will focus on the a frustrated version of the Bose-Hubbard (BH) model
in a structured 1-D lattice. The geometry that we have chosen consists of a chain
of rhombi (also referred to as diamond, square or ABs lattice), based on my work
“The Rhombi-Chain Bose-Hubbard Model: geometric frustration and interaction”
[190]. This model and others with frustration, have increased in interest in recent
years [151, 191-195] both as a result of experimental advancements and due to the
promising applications of their features including energy flat-bands, localisation
effects and enforced pairing (outlined in Sec. 2.4).

We will focus on a commensurately filled system and explore the phase diagram
of the model, particularly to check that we obtain a phase which is an LL of pairs,
called pair Luttinger liquid (PLL), when the system is frustrated (with a magnetic
flux of ). We analyse the stability of this region and provide a comparison with
the unfrustrated case. Lastly, we investigate the entanglement within the system

by examining the entanglement entropy and its spectrum.

6.1 Formulation of the Rhombi Model

We will initially describe what the rhombi model is and then we will discuss some

of the previous studies exploring it in Sec. 6.2. In this lattice, each rhombus is
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Fig. 6.1 1-D lattice of rhombi with M cells and L sites. Each cell contains
three sites labelled A, B, C'. Solid (dashed) line connections indicate a tunnelling
amplitude —J (—Je™). (a) is the representation of the model in real space
showing the number of sites whereas (b) is a schematic diagram to illustrate the
cells more clearly.

pierced by a tuneable magnetic flux ¢ (which is shown by the dashed lines in
Fig. 6.1). When ¢ is an odd multiple of 7, the model is fully-frustrated, with a
number of interesting properties to investigate.

The Bose-Hubbard model (Sec. 2.2.2) is used to describe the quasi-1-D chain
of rhombi. The geometric lattice is depicted in Fig. 6.1. The unit cell of such
a lattice is made of three sites that we label A, B and C. The coordination
number of the sites A and C is two, whilst it is four for the B sites’. We consider
only nearest-neighbour hopping and on-site interactions, which is common in

cold-atomic setups. The Hamiltonian is:

Hpy = Ho + Hy where:

= —JZZZT()% b;-&-ﬁa 3B (6.1)
= 5 Z ana(nj@ -1
i a

!The reader is asked to note that this notation differs from that of Vidal and Dougot [84]
and of Mukherjee et al. [194]
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The index 7 denotes the lattice cell, the Greek letters label the basis inside a cell,
ie, a,f € {A,B,C}, and ¢ € {0,£1} represents the (relative coordinate of the)
cell where the particle is hopping to. The operator b% denotes the annihilation
(creation) operators, and Mo = b;abj’a is the corresponding number operator
(defined in Sec. 2.2.2). We will once again consider a chain with OBC, as shown
in Fig. 6.1. This chain contains M cells, but to avoid spurious effects at the edges
we often only consider the M — 2 complete cells. The overall chain consists of
L = 3M — 2 sites in total, which corresponds to M — 1 full rhombi.

To accommodate a piercing (synthetic) magnetic flux ¢ through each rhombus,

we choose the hopping matrices to be:

010 01 0
T(O) — 1 0 1 , T(+1) — 0 0 ei(b , T(_l) = (T(+1)>T . (62)
010 00 O

The dashed connections in Fig. 6.1 denote a tunnelling coefficient of —.Je!?, whereas
the solid lines have tunnelling coefficient —J. We emphasise that this is one of
the many possible gauge choices that exist. Provided the full flux of ¢ propagates
around each rhombi it can be split in any way and on any from one to four of the

+i¢/4 on each of the four links

legs e.g., distributing homogeneously the flux as e
is an alternative form, which might be even more convenient for experimental
purposes [196-198].

As we proceed, A and C' sites will sometimes be referred to as the rim sites and
B sites as the hub sites. This is because if the flux is small enough, the effects
due to the geometry are very small and instead the presence of A and C' can be

thought of as border effects to the strictly 1-D lattice of B sites only.

6.2 Previous studies of the model

In order to make quantum computers attainable, it is required to have a large
number of approximately degenerate quantum states without external perturba-
tions, which are insensitive to any random fluctuations that exist. The geometry
of a chain of rhombi within the BH model was proposed using JJAs as a method
to create topologically protected quantum memory [199-201|. As a result of the
geometry, the existence of quantum fluctuations will enforce a condensate of bound
Cooper pairs with charge 4e (i.e. essentially equivalent to a superfluid of pairs).
A system of this type has a locally conserved Z, symmetry, which occurs due to
the parity of the number of Cooper pairs on a given superconducting island. The
protected state can be stored within this parity to make it secure. This satisfies

the criteria stated above for quantum computers. It has a degenerate ground
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state described by a topological order parameter and the manifold of the states is
considered to be protected because the local perturbations have an exponentially

weak effect on the relative phase and transition amplitude.

Vidal and Dougot examined this model in the quantum rotor (large occupation)
limit and were able to draw a number of conclusions analytically, with their
predictions largely based on symmetry arguments [83, 84]. They discovered that
flat-bands occur as the Bloch bands of the model due to a collection of AB cages.
The presence of these AB cages can be emphasised in the occurrence of a U(1)
symmetry within any interaction operator b;abj,a, which physically causes the
total number of bosons in each cage to be separately conserved, meaning the
system remains in an insulating phase (for us the MI). This symmetry can,
however, be broken with two-body interactions such as > _; bfabia but these still
preserve a local Zs symmetry. This local Zy symmetry means that the parity of
the total number of bosons in each cage is conserved. They conjectured that if
two-particle interactions lead to coherent transport through the chain then QLRO
may occur for composite objects built for an even number of original bosons,
which for them led to bound Cooper pairs of charge 4e. From this they could
predict the occurrence of an LL of pairs, which was called the nematic LL (but
can also be referred to as the pair Tomonaga LL or PLL). They also motivate that
the phase transition between PLL and LL should be dictated by a Zy symmetry,
i.e. it should be of Ising type. A final comment is that they expected the border
outlining the region where the PLL exists to have exponential decay with the
parameters J/U, i.e. the border of the PLL should be a curve approximately of
the form e(=//V).

This specific lattice structure has also very recently received a revival in atten-

tion, due to both its experimental realisation in two distinct photonic waveguide
platforms [194, 195] and to a couple of novel theoretical insights which describe
the formation of pairs by focusing on a unifying picture for flat-bands loaded
with particles (which should be valid for fermions or bosons) [193] and a hidden
topological character of the bands [195].
It should be noted that this model has also previously been studied with fermions
by Kobayashi et al. [192] with similar effects. Other similar geometrically frus-
trated models such as the Creutz ladder have been studied in detail in Refs.
[95, 191, 202] and a number of recent works have examined fractional fillings
192, 93, 95, 96] where PLLs have also been reported.
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6.3 Single-Particle Representation of the Model

We will focus on the non-interacting (single) particle case of the model in order
to illustrate the flat-bands that occur for the Bloch bands of the system and to
describe how the AB cages work within this model. We will also show how the

model can be rewritten in terms of the AB cage eigenbasis.

6.3.1 The Energy Eigenspectrum

If the interactions between the model are neglected so that it is described by the
Hamiltonian H,, then a single particle considered in the infinite-size, perfectly

translational invariant regime (i.e. with no edges) will have the following energy

E.(k) = 2JT\/1 + cos ( - %) cos (%) , (6.3)

where 7 = 0, +1 denotes the three bands and k& is the quasi-momentum. This

spectrum:

is obtained similarly to how the single particle representation was written for
the standard model in Ch. 2. The assumption of infinite-size means that we can
again apply the Fourier transform to the Hamiltonian H, in Eq. (6.1) and then
obtain the eigenvalues in the new eigenbasis. This results in three eigenvalues as
we have a 3 X 3 matrix to represent the different sites in each cell. An example
of this spectrum with ¢ = 0, ¢ = £ and ¢ = 7 is shown in Fig. 6.2, where
we have considered the range ¢ € [—m, 7| as the band structure is invariant
under the insertion of integer flux-quanta (i.e. under ¢ — ¢ + 27). When
¢ is an odd multiple of 7, full frustration occurs and all three bands of the
single particle dispersion relation become flat (Fig. 6.2). This feature of the
flat-bands is of importance to mimic physical phenomena as motivated in Sec. 2.4.
Interestingly, the flat middle band 7 = 0 is insensitive to ¢ and occurs purely
due to geometrical reasons [203, 204|. As visible in Fig. 6.2, the curvature of the
other two bands decreases with growing flux until they become perfectly flat at
full frustration, i.e., ¢ = E&bzw)(k) = 2J7 [84]. In this formalism there is a
chiral (sub-lattice) symmetry operator I' = diag{—1,+1, —1}, such that I'* =T
and I'Ho(k)[' = —H(k), is robust with respect to the gauge choice (while other

choices could also display lattice-inversion symmetry, for example).

6.3.2 The Aharonov-Bohm Cage Formulation

The simultaneous flatness of all bands indicates that this model falls under the
property of the AB effect. This means that the model can be split into AB cages,
which contain the particle in the absence of interactions |77, 80, 84]. In fact the

rhombi model is the geometry that was studied when Vidal et al. first coined the
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Fig. 6.2 The single particle energy band E/(k) as a function of the lattice momentum
k. The fully-frustrated ¢ = m bands are the solid lines, whereas the non-frustrated
¢ = 0 are shown by dashed lines. An intermediate frustration (at ¢ = % ) is shown
by the dotted lines.

term AB cages in 1998 [77]. The sites within a given AB cage is shown by opaque
circles within the square border in Fig. 6.3. Destructive interference stops a given
particle from leaving the cage in either direction (as shown by the lighter circles
outside the square and the 0 arising from the probability tunnelling amplitude).
This means that a complete basis of fully localised AB cages (see Fig. 6.3) can be
constructed. Naturally, it is possible to express our model in the basis of these
AB eigenstates [193].

The perfectly localised eigenmodes wj(z for annihilation (creation) occur due
to destructive interference preventing the movement of single particles from one
B site (in cell j) to another (as illustrated in Fig. 6.3). As previously stated,
the (middle) zero flat-band is invariant under the ¢ chosen. This means the
corresponding eigenmodes w](-B have zero amplitude on the B site of cell j around

which they are centred (see Fig. 6.3). In our gauge, these localised modes are:

(—1)T bj—l,C — (—1)T bj,A — 27 bj,B + bj,C’ + bj+1,A
(21+|T\/2) :

(6.4)

As we have chosen an OBC setup the cell index j in Eq. (6.4) must be restricted
to the full cells, i.e., j = 2,--- , M — 1. To describe the edges of the model we

require two extra modes e, per side (s = L, R and o = £1) which have energies
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Fig. 6.3 An illustration of a restricted single particle tunnelling for the fully-
frustrated system. The sites outside the box are those that leave the AB cage
and therefore cannot be accessed. It is shown in (a) and (b) how there is zero
probability amplitude of the single particle exiting the cage on the left or the
right, respectively.

o2

=0 V2bi g+ bio+baa

2 (6.5)
_—o V2byp —by1.c+bua
5 .

€L,o

€R,o

The non-interacting Hamiltonian at 7 flux can be expressed in terms of these

eigenmodes as:

M-1
HOT = Z Z 2Jrwl w, + Z Z ov2Jel e, . (6.6)

J=2 re€{0,+} s€{L,R} oe{£}

This tunnelling part will be neglected as it simply gives the components 0, £2.J
to the energy bands. The interaction term Hy in Eq. (6.1) is however, more
interesting to analyse. The eigenmodes in Egs. (6.4)-(6.5) [205] are overlapping,

meaning that Hy, considered only in the bulk of the chain (i.e. avoiding the
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Upper Band

Zero Band ?

Lower Band [l

Fig. 6.4 Tllustration of the type of cage terms that control the movement and the
interaction of the pairs of particles. U is the on-cell interaction of pairs, J is the
hopping of pairs between cells and V can be interpreted as nearest-neighbour
interaction or correlated swapping of 2 particles across neighbouring sites.

borders), can be rewritten as [84, 202, 206, 207|:

bulk - [
H(Uu ) = Z Z Un, ,7'2,7'3,7'411);r T1 w; 7 W rs Wiz, (6'7>

T1,T2,T3,T4 j=2

§ : 17 (0) T
+ V:rth T3,T4 ]+Z 1 w] Tgw] Tgw]+2 T4 (68)
te{£1}

T T T
+ Z ‘]7(13727T3,T4wj+€ nWw J+e, 7o Wi Wi 7y (69)
le{£1}

where 71,79, 73,74 € {0, £} and all of the amplitudes are linear in U. If the full
chain is considered there are similar terms for the edges as well. The full form of the
different terms in H®"S can be found in the Mathematica script in Appendix. A.
As an example of the nature of these terms, we show the Hamiltonian with terms

restricted to the lowest band:

5 M-2
(bulk)
HU,—I —3—2 Z nj7_1 (Tbj7_1 — 1)
7j=2
M—2
1
+ — nj—1,-1Mj -1 (610)
16 4
7j=3
132 2
+ 64 (w; 171w]2—1 +wJT 71w2 1,—1)
7j=3

where n; _; = w}y_le,_l. The appearance of a pair-tunnelling term, with the
minimum of the dispersion relation at momentum k£ = 7 can be seen in Eq. (6.10).
There are a number of other studies [80, 81, 96| which have performed projection

onto lowest-band states, instead of retaining the full description of the model. This
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is in analogy to the lowest Landau level projection in quantum Hall systems and
is applicable provided interactions are smaller than the gap between the bands.
If the interactions are formulated in this way, it is more evident that a local Z,
symmetry is preserved by the Hamiltonian, namely the parity of the population

of all three kinds of cages localised around each hub B, i.e.,
[Hpu, Pj] =0 Vj with P;=exp [iﬂZw}ijjT] . (6.11)

In particular, the interaction effects (Eq. (6.7)-(6.9)) can be sorted out in three
different kinds:

(i) U: interactions and cage flavour-flips around a given hub;

(ii) V: interactions and correlated flips between nearest-neighbouring hubs;
(iii) J: pair-tunnelling (possibly with flips) between nearest-neighbouring hubs.

An example of each of these terms is pictorially shown in Fig 6.4. The J terms
explicitly show that a delocalisation of particle (bound) pairs is possible, in spite
of the single particle perfect localisation. When this takes place and how robust
this pair coherent phase actually is, forms the core subject of our work, which

aims to extend the seminal results by Dougot and Vidal [84].

6.4 Identifying the Phases

Motivated by the previous studies we expect to observe a PLL for the fully-
frustrated case (i.e. when ¢ = 7) in the limit of large tunnelling rate and the MI
phase when the interactions dominate. At zero interactions and full frustration, we
also expect an insulating state, though of a different kind, since all single-particle
wavefunctions are localised. This is, however, not the case as soon as a tiny
interaction is present. As shown above (Sec. 6.1), the on-site Hubbard interaction
induces pair-hopping terms between neighbouring sites (Eq. (6.9)), which in turn
can be shown to lead to a pair quasi-condensation (a PLL) [84, 193]. These occur
without violating the extensive collection of local Zy invariants of Eq. (6.11).

If the flux is small enough, we have commented that the geometric effects are
small and that the rim sites A and C' are border effects to the strictly 1-D lattice
of B sites only. These rim sites simply change the single-particle band curvature
and, therefore, renormalise the critical coupling between the MI and the “standard”
LL [46]. For the non-frustrated case, therefore, the model should be more similar
to that of the standard BH model, i.e. we should have a renormalised MI phase
and an LL phase after a certain critical J/U. If we have zero flux i.e. ¢ = 0,

then we expect the standard MI and LL phases which are only modified due to
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geometrical effects.

We will describe how we obtained the transition point and how we confirmed the
existence of the MI, LI and PLL phases. Examples will be given typically for the
fully-frustrated (¢ = ) and the unfrustrated case (¢ = 0) but the same analysis
holds for the identification of the phases with intermediate ¢.

6.4.1 The Mott-Insulator Lobe

We will consider the commensurate filling of one particle per physical site, i.e.,
three particles per lattice cell (N = L = 3M — 2). As motivated by the standard
BH model along a single 1-D chain (Sec. 2.2.2), we expect to observe an MI phase
when the interactions are infinite, i.e. as J/U — 0. As the kinetic energy has no
role in this scenario, the MI should appear regardless of the flux chosen.

When the flux is zero, we expect to observe the well-known MI to LL phase at
a critical coupling slightly renormalised due to the microscopic geometry of the
lattice. At magnetic flux 7, however, single particle transport is absent and the
LL cannot occur but the Mott lobe still closes (Sec. 6.4.1) and transport occurs
by the flow of boson-pairs, which forms the more exotic PLL phase [83, 84].

In the case of unit filling, the dominance of the on-site repulsion U over the
tunnelling coefficient .J leads to the gapped MI phase. This MI phase has the
noticeable difference that the particle distribution is uniform across different cells,
but not within them.

The position of the BK'T transition from MI to the compressible gapless phase,
in either the LL or the PLL case, can be reasonably estimated by the vanishing
of the compressibility gap. We can denote the energy cost for adding or removing

n particles by:

. By, —Ep . Er—-Lp,
fopn = lim ————; p_, = lim ———,

(6.12)
L—o0 n L—o0 n

where Fy represents the ground-state energy of N particles. The MI-LL transition
happens as soon as piy1 = p—q [46]. The Mott lobe, i.e., the stability region of the
MI in terms of the chemical potential, 1 < p < 1, is illustrated in Fig. 6.5.
We notice that since we do not explicitly impose the local Z, constraint, this
same criterion works also for the MI-PLL transition, coinciding exactly with the
apparently more appropriate definition of o = p_o.

The ground state energies at fixed number of particles have been obtained
via numerical MPS/DMRG simulations (see Ch. 3) on finite-size systems with
OBCs, explicitly preserving the Abelian U(1) symmetry. The local Hilbert space
has been truncated to n,., = 4 bosons per site and the bond dimension y was
increased until convergence. Typically y = 200 was sufficient to obtain a maximal
discarded weight of O(1077) or better.
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Fig. 6.5 Ground state phase diagram at unit filling N = L and full frustration
¢ =7 in the /U — J/U plane. Circles and squares represent the numerical data
for py and p_, respectively. The region u_ < pu < p, is the Mott-insulator lobe.
The two lines are cubic splines approximations. Their crossing occurs at the BK'T
point J. ~ (0.78 = 0.03)U indicated by the shaded region.

An F'SS of the u’s, has been performed, according to the prediction +(E+,, —
EL)/n — pign, ~ O(1/L) for chains up to 75 rhombi (i.e., L = 226 sites). Finally,
the BK'T tip of the lobe is estimated by cubic splines interpolation of the functions
p+(J/U), as depicted in Fig. 6.5 for the fully frustrated case, ¢ = m: the result is
(J/U)¥=™ = 0.78+0.03 as indicated by the shaded region. This frustrated value is
considerably larger than the completely unfrustrated one, (J/U ),[?:0} =0.14+0.01,
which was obtained in the same way. This in turn is roughly one half of the purely
1-D-chain value (J/U)!”! = 0.30 + 0.01 [46], due to the presence of the rhombi
(which enlarge the bandwidth by a factor v/2).

As we have commented, the on-site density of the MI is different between the
three sites in each cell but it should be uniform across different cells. To highlight
this we plot a sample of the density in Fig. 6.6 for all of the possible phases MI,
LL and PLL. The on-site density distribution is reasonably uniform across the
cells within the chain, with boundary effects only slightly affecting the two more
external cells on either side. In all cases (except for when J/U is very small as
shown in Fig. 6.6a) the density on the B sites is always larger than uniform filling
(one per site) and has the same approximate magnitude away from the borders. A
summary of the on-site density for different tunnellings is shown by plotting the
average (n,) of a chain of 226 sites (75 rhombi) for ¢ =0, ¢ = 0.97 and ¢ = 7 in

Fig. 6.7. From this we notice some main features:
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Fig. 6.6 Sample density sites for (a): J = 0.1 (MI) and (b): J = 0.5U (LL) in
the unfrustrated (¢ = 0) case and for (c): J = 0.5 (MI) and (d): J = 0.9 (PLL)
in the frustrated (¢ = m) case for L=226. The sample densities are shown for the
A (blue), B (red) and C' (cyan) sites in vertical order from top to bottom. The
area of each cell on the grid is one, to correspond to uniform filling. The area of
the coloured squares are the on-site density at the labelled sites.

(i)

(i)

(iii)

The different connectivity of the sub-lattices leads to an enhanced density
(nq) on the hubs oo = B with respect to the rims o = A, C' (see Fig. 6.6 and
Fig. 6.7).

The effect of the magnetic flux ¢ is most evident at intermediate J/U but
this is where one system is in a different phase to the other (gapped MI
or gapless LL/PLL). Deep in the MI phase there is very little discrepancy
between the unfrustrated (¢ = 0), intermediate frustrated (¢ = 0.97) and
the fully frustrated (¢ = 7) in Fig. 6.7. Before the first transition out of
MI at JI=% = 0.14, the discrepancy is as small as 0.2% between the fluxes
examined, though here U dominates so strongly that any effects due to the

flux are negligible.

Finally, the growth of the hub/rim imbalance appears to depend mostly on
the competition between J over U, with the hub density experiencing an
increase as J/U increases. The function has a less pronounced curve (closer

to a linear dependence) in the MI phases, due to the restrictiveness of the
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Fig. 6.7 Illustration of the spread of the on-site density (n,) averaged over the
lattice of 226 sites for x = 300 as the tunnelling and frustration is varied. Here the
non-frustrated (¢ = 0) is shown by the red circles (o), the intermediate frustration
(¢ = 0.97) is shown by the green dotted pentagrams (x) and the fully frustrated
(¢ = m) are the blue dashed diamonds (<{»). The density of the B sites is shown by
filled markers and sites A and C' (which have equal on-site density) are shown by
the empty markers. Again the approximate critical points are highlighted by the
shaded regions at JE~" = 0.14 (red), J¥="" = 0.33 (green) and J=™ = 0.78
(blue). The inset is a zoomed in version close to the ¢ = 0 MI-LL transition.

phases (see Fig. 6.7). In the fully frustrated case (blue diamonds) there is a
more pronounced jump around the transition point, which does not occur
in either of the other cases at ¢ = 0 and ¢ = 0.97 (red circles and green

pentagrams).

6.4.2 Gapless Phases

The transition point where the system enters into a gapless phase was identified
by the closure of the Mott lobe for ¢ € [0, 7] in increments of 0.17. In order to
characterise these gapless phases outside the Mott insulator lobe, we resort here to
spatial correlations of single [s] and pair [p] operators, and their Fourier transform.
We formed 3 x 3 matrices of the different combinations across the ¢ and i 4 r cells:

DU = (bf b,y o), DS = (] )2 (b)), (6.13)
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and the corresponding structure factors [57:

eik(i_j) i
SE:]ﬁ(k) - Z mDé:é)h], (614)
i#]

where k € [—m, 7], v = s,p and M — 2 is the number of full cells. Then we

evaluated their eigenvalues (and eigenvectors):

D(i,i+r)[W]V§i,i+r)[v] — néi’i+T)["’]V£i’i+T)["’] 7 (6.15)

S (k) W (k) = ¢ (k) W (k) (6.16)

where € = 1,2, 3 in decreasing order and 7 = s, p. We chose this strategy to better
illustrate the behaviour of the correlations as a whole, as opposed to focussing

individually on all the different matrix elements.

LL Phase

If the gapless phase is the LL phase we expect to see QLRO in both the single
and pair eigenvalues 5l and 5" [96]. We have fixed i ~ L/4 in Eq. (6.15) to
suppress boundary effects and looked for power-law versus exponential decay of
the different correlation eigenvalues.

Phases occurring reasonably far from full-frustration revealed QLRO in both the
single and pair particle correlations confirming that they enter into the LL upon
leaving the MI phase. An example is provided in Fig. 6.8 for ¢ = 0.57, J = 0.9
and L = 226, where the QLRO is evident in the double logarithmic scale. Here
values below the discarded weight of O(10~7) are neglected as they are considered
to be numerical error. It is evident that the largest eigenvalue 7, is substantially
larger (at least an order of two) than the other two. Due to its dominance, the
largest eigenvalue describes the main effects within the system, which will be

discussed later.

PLL Phase

The PLL phase can be identified as the one exhibiting QLRO in the pair correla-
tions (given by the nP! eigenvalues), whilst at the same time the single correlations
(n!) are disordered and therefore reveal exponential decay [95]. In the fully-
frustrated case (¢ = ) this is what we expect to happen due to the frustration
preventing the movement of the single particles [84|. For ¢ = 7, we find that

the single particle correlations are always short-ranged and the system cannot
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Fig. 6.8 The spatial correlation functions np] (wherey = s,pand € = 1,2, 3) against
the intersite distance for an intermediate frustrated case ¢ = 0.57, J = 0.9U,
L = 226 and y = 300. The decay is shown of the eigenvalues of the (a) single

correlations (bb;,,) and (b) pair correlations (bfbf +,)- Values below a threshold
of 1077, which are below our numerical error, have been excluded. In the diagrams,
m (dark blue () is the largest eigenvalue, 1, (red %) is the second largest and 73
(green [J) is the smallest eigenvalue.

possibly enter the LL phase. In fact all eigenvalues nl;sl vanish completely at a
distance r = 2, thus displaying perfect AB caging (see Eq. (6.4)). This is visible
in the insets of panels 6.9a-6.9b.

Concerning the pair correlations, we find that the second and third eigenvalues
are always substantially smaller than the dominant one. The second and third
eigenvalue are less than 1.5% and 1% of the first respectively at their maximal
point, which occurs at the start and then they decay exponentially fast. We
therefore focus on nﬁ” ) (blue circles): the semi-logarithmic plot of Fig. 6.9a shows
the exponential decay well within the MI (J = 0.4U < J..), while the log-log plot
of Fig. 6.9b highlights the algebraic decay a bit beyond the transition to PLL
(J=09U > J.).

Fitting the Decay
The decay within the LL and PLL phases can be fitted using the following
power-law:

g0 & Ap—sl (6.17)

where v = [s] and v = [p] for the single and pair power law fit, respectively. The
exponent k[y| is then plotted in Fig. 6.10 with v = p for ¢ = 7 and v = s for
¢ = 0. In Fig. 6.10a a drastic change in the fitted exponent for ¢ = 7 is evident
around the critical value J/U = 0.78 = 0.03, obtained above in Sec. 6.4.1 via the
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Fig. 6.9 The spatial correlation functions against the intersite distance for the
fully frustrated case (¢ = ) with L = 226 and x = 300. Values below a threshold
of 1071 which constitutes numerical error, have been excluded. 7, (dark blue O)
is the largest eigenvalue, 7o (red *) is the second largest and 73 (green [J) is the

smallest eigenvalue. The decay of the eigenvalues of the pair correlations (bl-L2 bj )
for (a) J = 0.4U in semi-logarithmic scale and for (b) J = 0.9U in a double
logarithmic scale. The inset is the decay of the eigenvalues of the correlation
matrices for the corresponding single correlations (b!b;.,) at J = 0.4 (MI phase)
and J = 0.9U (PLL phase).

closure of the compressibility gap. A similar property is seen within the single
fitted exponent at ¢ = 0 (see Fig. 6.10b) which mirrors what is expected within
LL theory. LL theory, which we have previously mentioned is the 1-D version
of Fermi-liquid theory, has well-defined parameters for the correlations through
which all asymptotic properties of these correlations can be obtained exactly [56].
Under this theory,

s

(Oibiy,) ~ Ar—= (6.18)

where K < 3 is the criterion for the MI-LL transition. Here our [s] = K/2
meaning that this system’s ground state can be seen to satisfy this criterion for the
single correlation functions with «[s] passing through 1/4 around the transition
in Fig. 6.10b at ¢ = 0. Moreover, the value x = 0.577 £ 0.007 seems to describe
very well the PLL, at least in the examined interval J € [0.82,1]U.

Additionally, we can look at the eigenvector vﬁ’*””“’], which we find to weakly

depend on r and on J inside the PLL. For J = 0.9U it reads approximately:

0.01
W= 098 |, (6.19)
0.01
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Fig. 6.10 (a-b): Parameter x[p] (k[s]) obtained from fitting the pair (single)-
correlation function for ¢ = 7 (¢ = 0) with a power law (see Eq.(6.17)) as a
function of J/U for L=226. The shaded region indicates the Mott-PLL (Mott-LL)
transition region of uncertainty obtained in Sec. 6.5. The inset in (a) shows the

pair correlations for the B sites (bfbj-H) from ¢ ~ L/4 for J/U = 0.9 and the

. * . . . . . .
corresponding n%p ] values, which are the maximum eigenvalues retaining their

sign.

which highlights the largely predominant role of the hubs B for the QLRO. This

is evident by comparing the ngp I values (the previously defined ngp } with their

associated sign) with the B — B correlations in the inset of Fig. 6.10a. For 'r]gp I
we notice the alternating sign for even-odd distances and that the magnitude of
this oscillation is practically equal to that of the B — B correlations, except for a

case at each end.

Structure Factor
The structure factor of Eq. (6.14) was computed by including all complete cells,
excluding only the two incomplete ones at the edges (see Fig. 6.1). The alternating
character of the pair correlations gets reflected in a macroscopic peak at k = 7
of the largest structure factor eigenvalue (;, as shown in Fig. 6.11 for J = 0.9U
and L = 226 sites. The corresponding eigenvector for the largest eigenvalue reads
w?](w) ~ (0.1,0.8,0.1)T, displaying again the dominance of B sites in the pairing
mechanism, while the A and C' sites have an equal but very small effect. It should
be noted that this only differs from the pair correlations eigenvector due to the

fact that the structure factor is calculated for all full cells; if it is considered only
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Fig. 6.11 Eigenvalues Cip I of the structure factor matrix for the pair correlations
for J = 0.9U, x = 300 for (a) L = 226 and as a function of the crystal momentum
k and (b) the peak at k = 7 for different system lengths L.

from the quarter cell then we once again obtain the average:

0.01
whi(m)y~ [ 098 | . (6.20)
0.01

The scaling of the peak at k = m of the structure factor with the system size L
can also be taken as an indicator of the phase transition. This peak is plotted
for different J/U and system sizes as shown in Fig. 6.11b. It can be seen that it
starts to become macroscopic (i.e., to diverge with the increasing length L) in the
PLL phase (J > 0.75U), while it stays finite in the Mott region (as indicated by
data collapse).

6.5 The Complete Phase Diagram

As we have previously motivated, the full phase diagram with ¢ and J/U varied
will consist of regions of MI, LL. and PLL phases. In Fig. 6.12 we show the complete
phase diagram of the model as J/U and ¢ vary. The transitions from MI to the
corresponding gapless phase were obtained by evaluating the compressibility gap,
as shown in Sec. 6.4.1, while the LL-PLL transition was determined by examining
the correlation decay as done in Sec. 6.4.2. Single-particle Green’s functions decay
(at least) exponentially fast in the PLL, while pair-correlations display QLRO via

an algebraic behaviour (just as the single-particle ones do in the usual LL).
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Fig. 6.12 The phase-diagram with different phase shifts ¢ against the tunnelling
coefficient J/U. The LL, PLL and the MI regions are labelled. The critical points
delimiting the MI region are obtained from the energy gap as in Sec. 6.4.1. The
critical points separating the LLL and PLL phases are obtained by looking at
the decay of the single and pair correlation functions. The error bars have been
omitted when they are smaller than the marker size. (a) is the full variation
of ¢ using a filling=1, whilst (b) and (c) are regions close to full frustration
for filling=1 and filling=2 respectively. The % in (a) denotes G(7), where Vidal
and Doucot predicted the LL-PLL transition to be at ¢ = m. The dashed line
represents their MI-LL transition prediction, G*(¢) in Eq. (6.22), which is only
valid for small ¢ values.

In our simulations, we observe a small intermediate region between the LL

and PLL phases in which it is indistinguishable whether the single correlations
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better fit an exponential or power law scenario. To display this behaviour we have
added error bars in the numerical data for the LL-PLL transition. This could be
related to finite-size effects and the nature of the transition between these two
gapless phases remains an open problem.

We have performed a comparison of our estimates with those given by Vidal
and Dougot [84]. According to Vidal and Dougot, for small ¢, the following

equation should provide an infinite length estimate of where the transition takes

place:
‘ ¢ .
¢'(9) = \feos 2°(0)
(6.21)
T4/ 3 cos %
T2
where g = \/E./E; <= /U(n)/J. This means that in our notation:
. 1 G*(0
&(0) = —— = E0 (6.22)

where G*(0) = 4/(37?) =~ 0.135, in good agreement with our numerically found
(J/U)qu:o] = 0.14+0.01 (see Sec. 6.4.1). This curve (6.22) is shown by the dashed
line in Fig. 6.12a, which is within our error bars up to ¢ = 0.37 and displays only
slight discrepancies (< 0.005) up to ¢ = 0.57. For large fluxes further corrections
are expected and the prediction at perfect frustration given by Vidal and Dougot
is §(m) = g*(m)/4 which is equivalently G(7) = 4G*(r) ~ 0.764. This is shown
by the x symbol in Fig. 6.12a and is again in good agreement with our numerical
estimate (J/U) = 0.78 + 0.03.

From our analysis, it can be seen that the PLL only exists in a very narrow
region at imperfect frustration, consistent with the qualitative prediction of this
region exponentially decaying |7 — ¢.| ~ e=//V by Doucot and Vidal [84]. The
presence of a large MI region at unit filling prevents such an exponential from
growing large enough to be evident. A possible strategy to increase the stability
of PLL, therefore, is to reduce the MI by resorting to higher filling factors, (which,
incidentally, should also allow for better signal-to-noise ratio in the experimental
detection). Using a higher filling pushes the Mott fluctuations further back to a
smaller J/U as shown by the lobes in Sec. 2.2.2. We tested this by using filling
N/L = 2, as shown in Fig 6.12c. Despite the sizeable shrinking of the MI region
(by almost 25%), it seems that the prefactor of the exponential also changes,
resulting in quite a marginal overall increase of the PLL region.

Determining an optimal filling for PLL detection under common experimental

constraints could constitute an interesting extension for future works. It is possible
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that the best filling is the original large N/L, quantum rotor, limit of JJAs (which
Vidal and Dougot [84] studied).

Vidal and Dougot [84] predicted that the transition between the PLL and
the LL phase should be of Ising Z, type. The PLL region is so narrow that we
cannot accumulate a reasonable region of points to perform a precise enough FSS
to identify the universality class of the transition. We will show that neither the
entanglement entropy scaling of Sec. 6.7 will be able to discriminate the predicted
¢ = 3/2 conformal central charge of the critical line. Thus, the final answer about
the critical behaviour of this U(1) x Zy system still remains as elusive as for the
square ladder incarnations [208-213].

Another feature to note is that there is a similarity between this phase diagram
and the one found for a fermionic (imbalanced) Creutz-Hubbard ladder [202],
although there all phases are of reasonable size and insulating (see also Ref. [193]).
It would be interesting to see whether the robustness of the PLL towards band
curvature might be different against different deformations of the model, and
whether this has any relation to the (emergent) topological character [195]. We
will now consider the experimental setup of this model and some alternative

formulations of the model, which make it more experimentally appealing.

6.6 Experimental Realisation of the Model

We perform a thorough theoretical analysis of this model, which in itself is useful
to explore the features that arise. It is also beneficial to understand how this
model would be realised in an experimental setup. We will briefly describe possible
experimental implementations for this model and possible adaptations to our

model that could make the experimental setup more resilient to errors.

6.6.1 Appropriate Experimental Implementations

In Ch. 2 we described some experimental setups (adapted optical lattices, DMDs
and single-atom microscopes) which we expect to be possible platforms for imple-
menting the rhombi model. As mentioned, the phase imprinting on the tunnelling
matrix elements can be achieved by laser-assisted hopping [100, 101, 103, 214]
and/or shaking of the lattice barrier amplitude [102-104, 215]. The gauge choice
within this chapter is on a single leg, i.e. this requires imprinting the phase on a
single link, which we envision could be achieved by shaking only the corresponding
lattice barriers.

Two recent experiments have been conducted on photonic waveguides, the tun-
nelling coefficients were engineered in a similar spirit, either by insertion of extra

elements with different refractive index [195] or by Floquet schemes [194]. In
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these, however, interactions between the photons are a bit more difficult to obtain
and tune with current technologies. There is effort being put into this and we

might expect some progress in the near future.

6.6.2 Alternative Formulations of the Rhombi Model

The gauge choice of applying the flux to a single leg is one of the many possible

+i6/4 on each link,

gauge choices: e.g., distributing homogeneously the flux as e
giving a symmetric gauge choice, might be even more convenient for experimental
purposes [22, 100, 196-198|. We notice that the already mentioned recent photonic
implementations make use of the single-link [195] and the four-link gauge [194],

respectively.

Another alternative formulation of this model is an adaptation to increase
the robustness of the PLL phase. This is done by formulating the Hamiltonian
using a tunnelling modulation instead of the magnetic flux used previously (see

Sec. 6.1). This requires the following Hamiltonian:

CE) ) I HLIIEES ) SYINCINES P
i { o,p i «

where the labels are as previously defined (Sec. 6.1). In order to modulate the
amplitude, a cos(¢) factor is included in the C'— B leg of each rhombi (as shown

by the dashed lines in Fig. 6.1). This means the hopping matrices are now instead:

T70) —

o~ o
—_ O

0
1|, 749 =10 0 cos(¢p) |, TOY = (T(H))T :
0

(6.24)
It should be noted that this modulation will be exactly the same Hamiltonian
in either extreme case, i.e. fully unfrustrated (¢ = 0) and fully-frustrated (¢ = 7).
The differences and advantages to an experimental replication only occur when
exploring imperfect frustration. This advantage is evident in the increased size
and therefore robustness of the PLL region (see Fig. 6.13). In practice, this setup
requires the ability to imprint a different local tunnelling on one connection within
each rhombus. This formulation can be achieved using a single atom microscope,
DMDs, or an adaptation of other methods.
The reason for the increased region of PLL can be connected to the curvature of
the single particle momentum bands. When a magnetic flux is applied a slight

shift from full frustration i.e. (¢ = m — €), results in a an almost immediate loss



6.7 Entropy and Entanglement Measures 121

1F 70
0.8t 10.2
=
06} 104
ks >
5 04rt 10.6
0.2t 0.8
M1 PLL
e 11
0 0.2 04 0.6 0.8 1

J/U

Fig. 6.13 The phase diagram for an infinite estimated length of the Hamiltonian
Eq. (6.23) for amplitude modulation of cos(¢) against parameters J/U. The MI,
LL and PLL regions are as labelled. The MI-LL and the MI-PLL transitions are
again obtained from the compressibility of the energy gap (see Sec. 6.4.1). The
LL and PLL phases are characterised by the decay of the correlation functions as
illustrated in Sec. 6.4.2).

of the flat-band property of the bands. Using the cos(¢) adaptation, the bands
retain their flat property (i.e. almost full frustration) for small shifts away from
¢ = m, so the PLL remains intact. An illustration of this is shown in Fig. 6.14,
where for ¢ = 0.97 the bands almost remain flat using this modulation procedure.

In this case the single-particle band is given by:

E.(k) = JT\/S + cos(k) (1 + cos()) + cos?(¢) , (6.25)

where 7 = 0, £ again.

6.7 Entropy and Entanglement Measures

Here we employ bipartite entanglement as a supplementary detection tool for the
different gapless phases [112, 216, 217]. We consider the von Neumann entropy
as defined in Def. 2.3.6, where we change our notation slightly to emphasise how
many sites are in each block. Here, we consider the reduced density matrix p, of
a bipartition of the rhombi chain into two segments of lengths ¢ and L — ¢, and

we examine its entanglement entropy Sy (¢) and spectrum )\; (sorted in decreasing
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Fig. 6.14 The single particle energy band E(k) as a function of the lattice mo-
mentum k. The fully-frustrated ¢ = 7 bands are the solid lines, whereas the
intermediate frustrated ¢ = 0.97 are shown for method (i) which is the original
model using the magnetic field and for method (zi) which is using the cos(¢)
amplitude modulation.

order):
SL(0) = —Tr (pe1n py) Z Ailn )\, (6.26)

where we drop the dependence of the eigenvalues on ¢ and L for the sake of

simplicity.

6.7.1 Entanglement Entropy

For a critical system with OBC, conformal field theory (CFT) predicts that the

von Neumann entanglement entropy scales as:

Su(0) = gln [% sin (%)} +F+0 (%) , (6.27)

where c is the central charge, which can be used as an indicator of the universality
class of the corresponding field theory, and F' is a model dependent (i.e., non-
universal) constant [34, 133].

In Fig. 6.15 we distinguish three different cuts of the chain, according to the
sub-lattice after which they take place (see 6.15a). An illustration of the whole
von Neumann entropy against all sites is shown in Fig. 6.15b. Here we can see that
the maximum entropy occurs when the cut is at the center of the chain, which is
the typical case for the von Neumann entropy. It can also be seen that there is a
difference in the amount of entropy between the different types of sites. The C-cut

splits a rhombus in half and therefore gives rise to a higher entropy with respect
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Fig. 6.15 (a): An illustration of the different cuts that can be made on the model.
The cuts after A,B and C' are distinguished using the symbols *, +, x respectively.
(b): Block entanglement entropy of the whole system (Eq. (6.26)) for L = 76.
(c)-(d): Block entanglement entropy for J = 0.9U and L = 226 as a function of

the chord length In(d(m|M)) =In ([ sin (22)]) and compared to the conformal

field theory (CEF'T) prediction, Eq. (6.27) for (c) the non-frustrated case (¢ = 0)
and (d) the fully frustrated case (¢ = ).

to the A, B-cuts. Alternatively, we can understand this by considering that the
C-cut separates two cells and that correlations have a strong oscillatory character
between neighbouring cells, causing a supplementary amount of entanglement. As
an aside this is more noticeable in the case of full-frustration (¢ = ), whereas
for non-frustrated systems the entropies for the different types of sites are more
similar in value.

We perform the fit of Eq. (6.27) for each cut separately based on which cell
each site occupies, meaning L is replaced by M and m is used to show which
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cell we are cutting. Data are shown for J/U = 0.9 and we introduced the chord
distance d(m|M) = [ sin (22)] for convenience.

For the LL of the unfrustrated regime ¢ = 0, in Fig. 6.15¢, we find that the cut
after the maximal cut C has the central charge =% = 1.0180 4 0.0003. The cuts
after A and B have central charges ¢~ = 1.101£0.001 and Cg;z::m = 1.05040.001
respectively. For the PLL of the frustrated regime ¢ = m, in Fig. 6.15d, we find
that the maximal cut fits such that the central charge c[g:ﬂ = 1.052 £ 0.002,
which is comparable to the unfrustrated case. For the cuts after A and B the
central charges are =™ = 1.142 + 0.006 and cg&:w] = 1.078 £ 0.005 respectively.

Values for both the frustrated and the unfrustrated models are thus fully
compatible with the well-known result for the LL phase of the Bose-Hubbard
model on a purely 1-D chain [34, 57, 133], i.e., ¢ = 1. This confirms that only one
bosonic component (out of three possible ones) becomes gapless, in either case,
as we have already seen via the correlations in the previous section. This holds
regardless of which cut in the system is fitted, i.e. even if we fit every cut after
A or B which is a cut across cells we get ¢ ~ 1, once we have considered that
finite-size effects are taking place. We, therefore conclude that the central charge
¢ is not a good indicator to distinguish PLL from LL. The low-lying levels of the

entanglement spectrum, however, may allow this as shown in the next section.

Before turning to the entanglement spectrum analysis, let us mention that the
entropy scaling across the PLL-LL transition at finite deviations from ¢ = 7 is not
displaying any clear signature of a ¢ = 3/2 CFT line, as one would expect from
its predicted Ising character [84, 200]. The difficulties in analysing transitions

between gapless phases has already been noticed in spin models [218].

6.7.2 Entanglement Spectrum

Despite having the same central charge, we expect qualitative differences between
the wavefunction structure inside the LL and PLL phase. We, therefore, resort to
the entanglement spectrum, which is capable of revealing key properties about
the system, such as symmetries and excitations, which the von Neumann entropy,
being a single number, is unable to provide [140, 219-222].

Here we choose to focus on the C-cut which leaves (M — 1)/2 rhombi on each side,
so that the bipartition is perfectly symmetric, at least concerning the number
of sites. Due to the conservation of the total number of particles in the system,
each Schmidt eigenvalue \; can be associated to an eigenvector of the reduced
density matrix with a fixed number of particles. In Fig. 6.16a we plot the \;’s
for a chain of 75 rhombi, according to the excess number of particles 0N with
respect to a homogeneously distributed unit filling (i.e., L/2 particles on both
sides of the bipartition), similarly to Ref. [223]. This is obtained from the DMRG
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Fig. 6.16 (a): The entanglement spectrum as a function of the dispersion from
uniform filling N of the number of bosons for the cut after C. ¢ = 0 denotes
the unfrustrated case (o), ¢ = 0.97 the intermediate frustration () and ¢ = 7
denotes the fully frustrated case (), simulated at J = 0.9U. In (a) a solid line is
used to join the degenerate eigenvalues in all cases. (b): Approximate parabolas
for =0, » = 0.97 and ¢ = 7 (left to right) based on the length L = 226. In the
third panel different colours denote the possible curve fitting to even and odd d./V.
(c): The unfrustrated ES for a cut after C' at L = 226 with the thermodynamic
limit approximation shown by the parabolas. The legend shows the degeneracy of
each parabola.

calculations through the enforcement of U(1) symmetry and the subsequent block
formation in the density matrix, as motivated in Sec. 3.3.5. The tunnelling value
we consider is J/U = 0.9, inside both the LL and PLL phases (see Fig. 6.12a).
Lauchli et al. studied the entanglement spectrum on the BH model in depth
[223]. It has been found that for a standard BH model on a single line, the
entanglement spectrum taken at the central site of the system (i.e. in a symmetric
bipartition) will consist of symmetric parabolas (with their minimum at /N = 0),

if referenced against the particle imbalance d N. Laiichli et al. showed that there
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are a collection of stacked parabolas, which are commonly referred to as a CF'T
tower, all of which have the exact same curvature and spacing between them.
Each of these parabolas occurs by joining the entanglement spectrum points at
each level, where, for example the first level consists simply of the lowest values
at each ONV.

In Fig. 6.16, the eigenvalues are clearly symmetric with respect to 6N = 0
regardless of the amount of frustration. For the unfrustrated LL at ¢ = 0 (blue o)
and the intermediate frustrated LL at ¢ = 0.97 (green 0J), it is easy to recognise
both the —log \; o« N? dependence and also the starting of the equally spaced
CF'T tower within each distinct 0N, as predicted for the standard 1-D Bose-
Hubbard chain [223]. Both features apparently disappear for the PLL at full
frustration ¢ = 7 (red %), thus signalling a dramatic change in the underlying
wavefunction, undetected by the entropy scaling analysis. In order to examine
this more clearly we plot fitted curves at length L = 226 of the same curvature
for a given ¢ in Fig. 6.16b , for ¢ =0, ¢ = 0.97 and ¢ = 7 from left to right. It
is evident from this that the unfrustrated cases can be extrapolated to the typical
curves. For ¢ = 7, however, it is impossible to fit the eigenvalues with functions
of the same curvature. For example, if the first five points are examined closely it
can be seen that a parabola would not be able to fit adequately both 1 to 2 and 3
and 1 to 4 and 5. Instead it seems that two distinct parabola sets are appearing
at the even and odd dN’s as shown by the red and black curves.

In Fig. 6.16c we present the results of an F'SS towards the thermodynamic limit
for the unfrustrated case (¢ = 0) shown by the parabolas. A modified degeneracy
counting and the appearance of a secondary tower, both possibly related to the
internal structure of the lattice, are evident. Examining these at 0N = 0, the
spacing of the parabolas between every second one is approximately equal i.e.,
1—3~2—4=3-5, whereas the spacing between neighbouring parabolas differs.
Higher parabolas are excluded as they fall below the accuracy of our results. For
the fully frustrated case, instead, where it seems that two distinct parabola sets
are appearing, a reasonable FSS procedure is not possible without conserving
explicitly the local Z, quantities. Both these aspects go beyond the scope of the
present work and deserve future investigation.

We do, however, notice that the resulting pattern of (quasi-) degenerate
multiplets in the entanglement spectrum changes quite radically in the fully
frustrated case from the unfrustrated and intermediate frustrated cases. So we
are confident that the entanglement spectrum can be used to distinguish between

the two cases, where the entropy cannot.



6.8 Conclusions 127

6.8 Conclusions

In this chapter we have analysed the ground state phase diagram of a system
of interacting bosons on a geometrically frustrated lattice; namely, we have
considered a quasi-1-D chain of rhombi pierced by magnetic flux. For unit filling
and a sufficiently low tunnelling amplitude the system is in the MI phase as
expected. For larger tunnelling values, we have numerically confirmed that when
full geometric frustration prevents the movement of single particles (i.e., the
energy bands become flat), the system still enters into a gapless phase where the
elementary moving objects are pairs of particles. We have explored the regime
where the frustration is not perfect, highlighting that the pair superfluid can only
be obtained for a very small region. If the imperfect frustration is ¢ = 7w(1 — ¢),
then this is consistent with the qualitative exponential prediction by Doucgot and
Vidal [84], i.e., € ~ exp(—J/U). This makes an experimental realisation quite
challenging, especially at low particle filling. It is, however, possible to extend this
region by a small amount using higher filling and even more by using amplitude
modulation within the system, instead of the phase shifts we applied, which is
also possible experimentally. From a different perspective, we have highlighted
that, whilst the central charge obtained from the entropy cannot be used to
distinguish between the PLL and LL phase, the features and quantum numbers
of the entanglement spectrum do have noticeable differences between the two.

There are still a number of directions to expand upon this work, such as:

(i) comparing the robustness of the PLL phase with respect to other deforma-
tions of the flat bands (such as different types of amplitude modulation),
and compare it to other flat band models (e.g., the Creutz ladder [193, 202]),
to see whether the (here hidden [195]) topological character plays any role;

(ii) working out an explicit mapping to the effective Ising model predicted
by Dougot and Vidal [84], in terms of measurable quantities (as done for
Creutz ladder fermions [202]), in order to shed new light on the nature of
the PLL-LL transition (possibly once the PLL region is also extended to
simplify things);

(iii) deepen the understanding of the striking change in the entanglement spec-
trum, possibly by also explicitly enforcing the extensive number of Z,

symmetries [84, 193] in the numerics.

Lastly, it would also be interesting to examine the dynamics of our interacting
chain, which would allow the formulation of experimental detection strategies. In
the next chapter we describe some initial analysis of the dynamics within this
model.



TIME DYNAMICS OF THE FRUSTRATED RHOMBI
MODEL

“Time 1s the longest distance between
two places.”
Tennessee Willitams, The Glass

Menagerie

In this chapter we will examine the time dynamics of the previously studied quasi
1-D rhombi model (see Ch. 6). Exploring its dynamics allows us to investigate
the model in more depth to confirm some of our previous conclusions such as the
strong localisation effect caused under full-frustration. The dynamics can also be
used as a tool to discover what experimental detection strategies are required. The
dynamics of geometrically frustrated systems is an area which has had very little
exploration, with only a few works delving into it [107, 224-227]. This means that
there is still a large amount that requires investigation. The ability to replicate
such models in experiments is also becoming more possible, as we have previously
motivated, meaning that a thorough theoretical analysis of frustrated models is

required.

The geometrical frustration within this model causes localisation due to the
AB effect, meaning that under full-frustration the system comprises of AB cages.
This localisation also leads to the perfectly flat Bloch bands within a single particle
representation. We expect these cages to break down when interactions occur
between the particles as, in the limit J/U — oo, pairs form which are delocalised
within the PLL phase. If J/U is small, so interactions dominate, the presence of

the AB cage is no longer valid, however, we expect the system to be localised as
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it enters into the MI phase. The work reported within this chapter will focus on
the presence and the absence of the AB cages, i.e. on when the localisation is
enforced by the cages. Our main analysis will be conducted using a single particle
loaded into the OBC chain, where we will illustrate that under full-frustration
the movement of the particle within the cage can be explained by the concept of
Rabi oscillations. We then briefly examine the effects of loading a pair of particles,
which we expect to break out of the AB cages and lastly briefly show some initial

analysis with unit filling.

7.1 Recent Studies of Non-Equilibrium Geometric
Models

A very recent work has been carried out by Di Liberto et al. [224], who were focus-
ing on the dynamics of the Rhombi model, to explore when the AB cages are valid
in a non-equilibrium scenario. The experimental realisation that they recommend
is using a photonic system, i.e. based on an optical-waveguides platform [194].
To analyse whether the AB cage survives in the presence of strong mean-field
interactions, they use a semi-classical approach in the large occupation/density
limit, where a mean-field description in terms of a condensate wavefunction is
valid. Contrary to the prediction that interactions destroy the AB cage states,
they discover that with specific initial conditions, namely if the initial condition
has the same phase pattern as the eigenstate of the ground state |w_) (introduced
in Ch. 6), then the localisation of an AB cage state still remains in effect even
in the non-equilibrium scenario with mean-field interactions.! Another discovery
they made is that within each AB cage the density fluctuates (or undergoes a
breathing motion), which they show can be modelled by a simple two-mode theory

(using the Gross-Pitaevskii equation).

An exploration of the dynamics of models with non-trivial geometries was
also carried out for the two-leg ladder by Kasztelan et al. [226]. They evaluate
the transfer efficiency of the particles loaded into one leg and travelling to the
other, when there is a time-dependent energy bias between the two chains forming
the legs. Within their work they also investigate the effect of using a linear or a
sudden quench.

Another recent work has investigated the dynamics within the Creutz ladder,
which as we have previously stated, shares a number of similarities with the

diamond model even in the fermionic case [225]. There have also been recent

'We ask the reader to note that our notation differs to the notation given by Di Liberto
et al. [224] and also the flux is applied on a different leg, but both models are still physically
equivalent.
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9)

Fig. 7.1 Illustration of the two-level atom that can be described by a Rabi model,
where the two possible states are |e), |g) and w is the transition frequency, which
measures the separation between the energies.

works performing a comparative study of few-particle fermionic and bosonic quasi

1-D systems [107] and scattering processes [228| within a flat-band system.

Lastly, there have been a number of illuminating works exploring the dynamics
of an exactly 1-D (i.e. not quasi 1-D) BH model, such as a detailed study of
density matrices after quenches [229, 230| and an analysis of the correlations under
a quench from the LL to the MI, revealing a memory of the initial state [231],

amongst some other quench analyses [232-236].

7.2 The Rabi Model

It will be shown that the movement of a single particle loaded at a specific site
within a fully-frustrated system can be described by the Rabi oscillation. We
will briefly explain this phenomenon here. In 1936, Rabi examined the semi-
classical version of a model (now called the Rabi model) which describes the
simplest interaction between a two-level atom and a classical light field [237]. The
Rabi cycle (sometimes called the Rabi-flop) is the cyclic behaviour of a two-level
quantum system in the presence of an oscillatory driving field.

If a two-level system is considered then the basis of the atomic Hilbert space
consists of only two states, which we will label |g) and |e) as shown in Fig. 7.1
[238]. If the driving field is excluded from the model, then the Hamiltonian to

describe a two-level system simply consists of the Pauli matrix o,:

Hrap = g% s (7'1)

where w is the transition frequency (assuming i = 1) and we assume there is
an initial state [1) which evolves under Hg,. The states |g) and |e) are not

eigenstates of this simplified model Hamiltonian in Eq. 7.1. Then this evolution is
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described by an evolution operator:

—iHpat | —i92et
=€

Z/[Rab(t) =€
(7.2)
_ coS (775) —isin (%t)
|\ —isin (%t) cos (%t
The initial state can be rewritten as the combination of the two states:

(0)) = ale) +blg) , (7.3)
where |a|> 4+ [b]* = 1, 0. |e) = |e) and 0. |g) = —|g). The state after the time
evolution is then:

a cos(wt/2) — ibsin(wt/2)
t)) = Up, = ) 7.4
() Ra [V0) ( bcos(wt/2) — iasin(wt/2) (7.4)

If the initial state is in |e), i.e. if a = 1, b = 0, then we have:

cos(wt/2 .
ey = (B ) = cos(er/2) ) —ism(t/2)lg) . (79)
—isin(wt/2)
From this we can obtain that the probability of finding |e) or |g) after a time ¢ is
given by:
Py(t) = [(w(t)] 5)|" | (7.6)

where s = e or s = g. This means that we have the probabilities:

P.(t) = %(1 + cos (m)) : (7.7)

P(t) = %(1 ~ cos (m)) | (7.8)

From these probabilities it can be seen that when the initial state begins in
the state |e), it will oscillate between remaining in |e) or entering into |g), where
the probability follows a sinusoidal pattern. As the evolution depends solely on
|o;), there is perfect resonance, meaning that the probabilities reach one and that

there is an exact flip-flop motion from one state |e) to the other |g).
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Fig. 7.2 The representation of the one-dimensional lattice of rhombi in real space
showing the number of sites. The (green) rectangle encloses a given cell to show
that each cell contains three sites labelled A, B, C'. Solid (dashed) line connections
indicate a tunnelling amplitude —J (—Je'®). The square highlights the sites that
are contained in a full AB cage, when ¢ = 7.

7.3 Dynamics of the Single Particle

Time-dynamics will be examined on the BH chain of rhombi (diamonds) as studied
in Ch. 6. The Hamiltonian is therefore once again described by Eq. (6.1), where
we again assume that the flux is added on a single leg. It should, however, be
noted that within this model we vary the interaction parameter U instead of the
tunnelling parameter J, which we fix J = 1. This means that we will often refer to
the parameter ratio U/J (or simply U) which is the inverse of parameters shown
in the phase diagrams of Ch. 6.

Before we begin our analysis, let us fix the notation. A site can be referenced
either by a single running index ¢ or by two indices consisting of the cell it occupies
combined with its sublattice index, j,, where « = A, B, C, as previously shown
in Fig. 6.1 and refreshed in Fig. 7.2. It is possible to change between these two

references, using the following:

37 —1) ifa=A
(=<3G~-1)+1 ifa=B . (7.9)
3j—1)+2 ifa=C

Within Fig. 7.2, the sites within the rectangle, labelled 3,4 and 5, corresponding
to the ¢ index, can be written as j, = 24, 25, 2¢. To account for both referencing
systems, our operators will have three possible indices (though within context, the
irrelevant ones will be omitted). For example, the annihilation operator will be

represented by bgf]c, where £ is the site numbering, j is the cell and « = A, B, C.
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All of the following calculations for a single and a pair of particles will be
performed using exact diagonalisation. We will examine the single particle when
¢ = m and when ¢ = m — d¢ for some small d¢p > 0.

7.3.1 Single Particle with Perfect Frustration

We have previously stated (see Ch. 6) that if a single particle is considered within

the BH model of rhombi (ignoring the boundaries) then we obtain the energy

E(k) = iQJ\/l + cos <k — g) cos <§) (7.10)

E(k)=0,

eigenvalues:

where £ is the quasimomentum.

In the fully-frustrated case, ¢ = m, these then form flat-bands, which effectively
means that a single particle (or more than one with no interactions) should be
localised within its given AB cage. As an initial test of the dynamics we will
ensure that this holds true. We have stated that the AB cages can be described
by the eigenstates of these flat-bands as:

(=1)7bj_1,c = (=1)"bja —27bjp + bjc 4+ bj1,a

Wy r = (21+|T‘/2) s (711)

where 7 = 0, £1 within the bulk of the system (i.e. away from border effects) and
j is the index of the cell. We will explicitly state the inverse transformation here

as this will be illuminative later on:

1

bj,B = —2 (wL — 'll)j7+> s (712)
1 1 1

bj,A = ﬁ 3'LU]',17+ — U)j,L, + 311)]'7, — wj7+ — §w]',170 — §w]”0 s (713)
1 3 1

bj,C = ﬁ — W+ + 3?1)3‘7_ — 3’LU]'+1,_ + Wij41,+ + i’LUj,o + ij+1’0 . (714)

From these equations it can be seen that b; g consists of only two cage eigenmodes
whereas the operators for sites j4 and jc, bj 4 and b, ¢, instead consist of six.
The additional complexity in the j4 and jo eigenmodes is clearly a result of the
fact that they occupy the overlap between two cages as shown in Fig. 7.3. In
the case of ¢ = 7, the single particle will remain localised within the cage(s) it
initially occupies forever, unless some other factor is changed to break the cage

localisation.
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Fig. 7.3 One-dimensional lattice of rhombi, where each cell contains three sites
labelled A, B, C'. Solid (dashed) line connections indicate a tunnelling amplitude
—J (—Je'®). This is the representation of the model in real space showing the
number of sites. The squares highlight the sites that are contained in a full AB
cage, when ¢ = m. The overlap between two different cages is shown occurring at
the A and C sites. Each square has parallel lines in a given direction to represent
which sites are obtained within a cage and which intersect two cages.

Due to the nature of the A and C sites, if any of these are the initial site then
the particle can move freely between two cages rather than one. This is because
they connect two cages at all times (see Fig. 7.3), meaning that this will still result
in a perfectly localised case, but across more sites (8 instead of 5). We expect the
same behaviour for a generic j4 and jo within the bulk of the chain (i.e. avoiding
border effects). For this reason, we restrict our analysis to the sites within the
central cell, which for a chain of length L = 19, corresponds to investigating
the sites in cell j = 4. An example is shown of the localisation of the on-site
density for the single particle in a chain of length L = 19 where the initial state is
started at ja, specifically at £ = 9 in Fig. 7.4a and an example is shown where
the single particle is initially at the jo (¢ = 11) in Fig. 7.4b. It is also clear that
the dynamics starting from a j4 site and jeo site is symmetric to each other. The
movement of the single particle from the site j4 (starting left of center) mirrors

the movement from the site jo (starting right of the center in terms of numbering).

The time evolution of a single particle started at the site jp can, however,
be expressed exactly due to the fact that any initial state only consists of two
eigenmodes as shown in Eq. 7.12. This means it is only formed of the positive
wj+ and the negative w;_ cage eigenstates (see Eq. (7.11) and Eq. (7.12)),
which have eigenvalues 2J and —2.J respectively. As there are only two possible
states, the movement of the particle can be described by a Rabi frequency, where
w=F —F =2J4+2J=4J.

For ¢ = 7, the fully frustrated case, the particle can only circulate around the
five sites within the cage. The possible states considered will be within the site jp

or across the other four sites in the cage, (j —1)¢, ja, jo, (7 4+ 1)a. The probability
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Fig. 7.4 The movement of the single particle throughout the system over time
t described by the on-site density (nl’(t)). A single particle is loaded at site
(a): £ =9 (a central A site) and at (b): £ = 11 (a central C site). The insets
above each figure show the initial site the particle is in by the filled circle and
the corresponding cage borders to this site by the lines. We have also included a
small diagram of the connections of each site inside the top of each figure, where
B sites are squares, C' sites are diamonds and A sites are circles.
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Fig. 7.5 The Rabi oscillation from Eq. (7.15) and Eq. (7.16) of the single particle
within its cage and the on-site density (n;,(t)) from ED. (a): The oscillation on
the jp site that the particle was originally placed in (which in this case is £ = 10
and j = 4). (b): The oscillation on the j4 and jo sites (which are equal to the
oscillation on (j — 1)¢ and (j + 1)4) in the corresponding cage (i.e. for any of
(=8,9,11,12).

of remaining in the initial jp site is the same as in Eq. (7.7) and is given by:

1+ cos <(E+ - E)t> 1 + cos(4.Jt)

P' == g
7,B 2 9 (715)

=cos?(2Jt) ,

This leaves the probability of not being in the B site as the probability equivalent
to Eq. (7.8) in the two-level atom. This is split across the rim (A and C) sites
with equal probability meaning that the probability of instead being in one of the

other sites in the cage is given by:

1 —cos ((E+ - E—)t> _ 1—cos(4Jt) (7.16)
3 B 8

Sin2(2jt)

—

To confirm this feature, we examine a chain of length L = 19 and focus on
the central cage, which has the expected Rabi frequencies shown above. From
this, it can be seen that when the particle leaves the site jp at ¢ = 10 it divides
equally between the surrounding A and C sites (at £ = 8,9 and ¢ = 11,12) as one

would expect. In Fig. 7.5 we have shown the on-site density (n; p(t)) = (ngl%],(t»
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Fig. 7.6 The on-site density (nl®) of a single particle where the initial setup is

ni%] (t) =1 for a chain of length L = 19 and where ¢ = 7. The inset shows this

initial condition, where the grey lines mark the borders of the corresponding AB
cage. We have also included a small diagram of the connections of each site inside
the top of the figure, where B sites are squares, C' sites are diamonds and A sites
are circles.

which agrees with the Rabi probability of remaining at the site jg5. We have
also shown the on-site density of the sites £ = 8,9,11,12 ((n;a,c)@#)) which are
described by Eq. (7.16). Unsurprisingly if the number of bosons, N, is increased
and the interaction is set U = 0 then the amplitude of the Rabi frequency is just

multiplied by the number of particles initially injected at site jg.

In Fig. 7.6 we show the on-site density across all sites to illustrate the boundary
of the cage and the oscillation from a different perspective. A single particle
started at the site jg, specifically at j = 4, ¢ = 10, only oscillates between the
sites £ = 8,...,13, with sites £ = 1,...,9 and sites { = 14, ...,19 having on-site
density strictly (nl?®) = 0. Tt can be seen that the particle oscillates within
the cage in such a manner that the symmetry around the jp site (which is the
central cage site in our example) remains intact and such that we observe apparent

uniform on-site density across all j4 and j¢ sites within the cage, in agreement
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Fig. 7.7 The oscillation of the single particle density at the central B site, (n; p(t)),
where j = 4 (which corresponds to ¢ = 10) when it can escape its cage due to
imperfect frustration ¢ = 0.97. The dashed line joins the maximal values at the
top of the peaks to emphasise the effect of the damping more clearly.

with the Rabi oscillation.

The feature of the oscillation within the cages is attributed to a breathing motion
of the condensate studied by Di Liberto et al. [194], who state that this motion
within the cage can be explained through a simple two-mode theory. In our case
where we are examining a single particle, we have shown that the movement can

be described exactly by two-level theory, namely Rabi oscillations.

7.3.2 Single Particle with Imperfect Flux

In the single particle case, when ¢ # 7 the highest and lowest band cease to be
flat, meaning that the boson is able to escape from the cage that it started in.
This means that, although the frequency retains a Rabi oscillation, the amplitude
is damped as shown in Fig. 7.7 for ¢ = 0.97. We have also joined the maximum
points with a dashed line to illustrate the nature of the damping more clearly.
The rate at which this is damped can be approximated using time-dependent
perturbation theory for small ¢ away from 7 and for small times ¢ [156, 239].
Since this is for the single particle, we will use the notation |j,) = b;a 0,...,0)
(similarly to the notation used for the single particle in Ch. 2), where « = A, B, C.
Under general time-dependent perturbation theory, the Hamiltonian evolving in

time consists of the following:

H(t) = Ho + V(1) (7.17)
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where Hy is the non-perturbed time-independent Hamiltonian and V(¢) is, in
principle, a time-dependent perturbation. For our case, the Hamiltonian and
the perturbation are only changed instantaneously at ¢ = 0 and have no further
dependence on time, meaning that the time-dependence is omitted. If considering

a flux ¢ = m — ¢, our time-evolving Hamiltonian is:

Hon=—TY Y > Toh G +)a) Gl + lis) (G + al

J

4 (7.18)
e{0,£1} e{A,B,C}

where T (% are as described in Eq. (6.2). Within this Hamiltonian only one element
of T depends on the flux ¢, T(+1 = ¢/, The coefficient of the tunnelling between
(j+1)p and jo is —Je = —JeZ ™=99)  Assuming a small §¢ from ¢ = 7, this can
be written as —.Je(" %) = — JeTe ™% ~ J(1 — id¢), which enables us to split the
Hamiltonian into two parts. The Hamiltonian describing the unperturbed model

is then the Hamiltonian for ¢ =

Ho= =130 30 X T G 0a) Gol 1) (G + 0l

, (7.19)
J G{Dil}e{ABC}
where Tl(;é) = —1. The perturbation is:
V= —Jids ) |(5+ De)icl = ie){( + Vsl (7.20)
J

where J = 1 is still set. We have previously shown that the eigenstates of H, are
|w;_), |wjo) and |w; 1) in Eq. (7.11), with corresponding energies —2.J, 0 and 2.J.
Using time-dependent perturbation theory [156, 239], it can be shown that a

generic state evolved in time has the form:

() =D ealt)e ™" |n) (7.21)

n

where ¢, (t) are the coefficients expanded from the time ¢ = 0, when V = 0,
case. E, are the eigenvalues of Hy and |n) are the corresponding eigenstates. The
expansion of the coefficients can be analysed using the time-dependent Schrédinger

equation to obtain:

Vn () = @ En =Bt (01 17 |y (7.22)
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Fig. 7.8 The density on the next B site (n;41 5(t)), which is at £ = 13 here, given
that this is for a single particle initially loaded at ¢ = 10 for d¢ = 0.1w. The

on-site density is obtained both using ED and a perturbation theory fitting (see
Eq. (7.24)).

and expanding the coefficients in powers of V', so that we have ¢,,(t) = P

c%) .... We state the zeroth and first order of the coeflicients:

(7.23)

Within our model, we calculate the first order coefficients from Eq. (7.23) to obtain
the time-evolved state [¢(t)) from Eq. (7.21). We then obtain the probability
of the particle being in a given site. This prediction is only accurate for small
time-steps and small J and d¢ values, meaning that if we examine a smaller d¢
this is even more accurate.

The damping occurs as some of the particle leaks out of the AB cage due to the
imperfect cage basis. To observe the leakage from the initial cage, we focus on one
of the B sites outside of the cage, (n,41,5(t)). The approximation of the on-site
density at the next B site is given by:

J*(09)?

(nj1p(t) = T sin?(2.Jt) (t2+ﬁ> : (7.24)

The ED result and this approximation from Eq. (7.24) are shown in Fig. 7.8 when
d¢ = 0.17 and the (j + 1)p site used is then ¢ = 13. It can be seen that for small
time steps this perturbation fits very well, however, as t is increased the accuracy

diminishes. In this case (when d¢ = 0.17 and T' < 1), we have a maximum error
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Fig. 7.9 The on-site density of a pair of particles which are initially started at the
central ¢ = 10 site within an L = 19 chain, where ¢ = w. A snapshot is shown of
the on-site density (nl(t)) for t = 0,1,2,3,4,5. The inset shows the initial setup
with the dashed lines where the cage borders would appear.

of ~ 0.001 which is less than 1%, whereas if we examine ¢ = 0.017 the maximum
error is instead 7.29 x 1078 where the damping is of the order of 1073. We observe
that the occurrence of on-site density at (n;415(t)) follows a sinusoidal function,
which has an increasing amplitude as more of the particle leaks out of the AB
cage environment. When the on-site density (n;;1 5(t)) experiences a minimum,
some of its density spreads to the (j +2)4 (¢ = 15) and the (j + 1)¢ (¢ = 14)
sites, promoting further propagation away from the original cage.

7.4 Dynamics of a Pair of Particles

We now extend our discussion of the AB effect by examining a pair of particles
within the chain. A pair of particles is able to escape the cage as long as there is
an interaction between them, as motivated in Ch. 6. This is illustrated in Fig. 7.9,
where U/J = 1 and a pair of particles is initially loaded at the central B site,
¢ = 10. This analysis was carried out using ED [154]. From Fig. 7.9 it is clear
that although the cage basis is no longer intact, the leakage out of the sites that
are within the cage is still very gradual. To make this more evident, Fig. 7.10 is of
the on-site density <n££]B> at £ = 10, where ¢ = . Initially, the damping appears

to be similar to the damping caused by imperfect frustration in the single particle
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Fig. 7.10 The on-site density (n; g(t)) for j = 4 which is at ¢ = 10 with U = 1 for
a pair of particles which are loaded at the same center site. The dashed line is a
guide for the eye to observe the type of damping.

case (see Fig, 7.7) but a closer inspection reveals that the initial periodicity breaks
down in the pair case at t ~ 4.7, whereas in the single case this remained for
the same examined times. As the breakdown of the AB cage states is a result of
the interaction between the particles, it is unsurprising that the pair of particles
would evolve differently to a single particle with imperfect frustration, even if
there is a similar initial leakage out of the AB cage.

The typical pattern that leads to the oscillation within the on-site density at the
jp site is that some of the density from the B site spreads to the other A and C'
sites within the cage, then some of this returns to the central B site from the A
and C sites (less each time when the density is leaking out). The initial periodicity
of the on-site density is broken just after the peak at ¢t ~ 4.7, where there is a
peak at the central B site (jg), which should spread to the A and C' sites within
the cage ((j — 1)¢, ja,Jo, (7 + 1)4). Instead, only a fractional amount leaves the
site jp to spread to the A and C sites within the cage and a substantial amount
of the density leaks out from the A and C' sites into the B sites outside the cage
((j —1)p and (j + 1)p). This results in a second peak in (n; 5(t)), instead of a
trough which would have continued the cycle.

To investigate the leakage out of the AB cage further, an examination will be
performed of how the parameter U effects the time at which the particles can

escape the cage.
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7.4.1 The Effect of Interaction on Escaping the Cage

Once a pair of particles is loaded, it can escape the cage provided that U # 0.
When U < J, the particles interact less meaning that it is harder for them to
overcome the AB cage effect, however, when U becomes too large the effective
mass of the bosons is very large which will make tunnelling less energetically
favourable. There should be some optimal, or approximately optimal, U at some
point between these two extreme cases, that leads to the largest leakage for short
times. In order to investigate this, J = 1 is set and the amount escaping the

initial cage (Nou):

(out) = Y () = (nin) (7.25)

=1
is considered over time for different U parameters. Here the initial condition is
the central B site labelled =, meaning that the on-site density within the cage is
given by:
) = Y0 ) (726
te[E—2,5+2)

It is impossible to find an optimal U for longer time lengths due to the fact
that there is interference between particles leaking back into the cage and addi-
tional leakage to cages further away. In order to avoid this we focus on times
t < 1. Within this region, there is still some competition as to which U pro-
vides the maximal amount of escape from the cage over time. In Fig. 7.11 we
plot (n;,) for specified values of U against the time ¢, to illustrate the fact that
there appear to be optimal U values at given times (see the peaks in U = 7.5
and U = 9 for example). From the inset, it is also clear that there is a definite

region enclosed by the full range of U parameters where 1 < U < 30 in steps of 0.5.

To better illustrate that an optimal U exists for each specific time ¢ (when this
is small enough so that multiple interference is not occurring), we fix the time
and examine the amount that escapes against the parameter U in Fig. 7.12. An
example of (ny,) is shown for ¢ = 0.7 in Fig. 7.12a. It is apparent that the amount
that has escaped the cage is still very small at this time-step and it should be
noted that this is even smaller for smaller times. It is, however, clear that there is
a specific interaction strength U, which provides the maximal escape probability.
The normalised amount that has escaped the cage:

{(Nout)
max((Noyt))

<nout> = s (727)

is used for convenience to examine the peak positions rather than their amplitudes

which are dependent on the fact that the system has evolved for longer. It is
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Fig. 7.11 The evolution of the particles when the parameter U is changed. The
amount that has escaped the cage (n,y) is shown for different U values against
time ¢t. The inset is a plot of the range from U € [1,30] in steps of 0.5 in order
to illustrate that there is a clear boundary of the U parameters which will be
optimal at a given time ¢.

clear from Fig. 7.12 that there is a well-defined maximum point occurring at
different U parameters corresponding to a given time, except for when ¢ is very
small, specifically for t = 0.1 as its optimal U occurs past the range that we have
examined. In fact, not only is there a specific maximum, but it can be seen that
the oscillation with U parameters above and below the optimal one at a fixed time
all follow the same pattern. It can also be observed that as the time is increased
within this range, the U parameter which corresponds to the maximum amount

escaping from the cage decreases.

7.5 Dynamics of a System with Unit Filling

Lastly, it is informative to examine the system dynamics in a many-body case, so
we will examine the dynamics under unit filling. In this section, we will provide
some initial analysis that can be expanded upon. There are a number of extensions

that would be useful, such as analysing the entropy or entanglement spectrum
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Fig. 7.12 The dependence of (ny,) on U. (a): An example is given for ¢ = 0.7
against different interaction strengths U. (b): The dependence of (n,,:) on U is
considered for a range of ¢, where at each time step the value (n,,;) is normalised by
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its maximum, giving (n,y), so that it is more clear which U dominates excluding
the effect that as more time has occurred more particles will have escaped.

over time. Also if we apply a quench within the dynamics there are a number of
interesting aspects that can be explored, such as the occurrence of Mott domains
and their subsequent melting to superfluid, examined by Bernier et al. close to
unit filling, by varying the interaction strength [236]. Another interesting analysis
is the work conducted by Kasztelan et al. who performed an analysis of the
transfer efficiency by biasing the particles within one section (in their case one leg
of a two-leg ladder) and seeing how it spreads to the rest of the system [226]. In
order to perform our initial analysis, we will now rely completely on MPS methods
so we will briefly give a description of which method was considered the most

appropriate for our model.

7.5.1 Finding the Optimal MPS Implementation

As mentioned in Ch. 4, finding the best method to use for time-evolution can
be very model-specific. For our model using TEBD (or indeed tDMRG) is not
ideal because numerically our model contains next-nearest neighbour tunnelling
terms. Although adaptations to these methods exist which can handle longer-range
interactions they require more complicated procedures and attempts to do so can
lead to poor scaling [168, 169|. It is, therefore, preferable to use a different method
which is better equipped for longer interactions, instead. For these calculations
we use the OSMPS set of codes [149, 150] (see Ch. 3 and 4), meaning the two
methods that are left in our arsenal (though not the only methods available if

using other implementations) are TDVP and the Krylov based time evolution.
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Fig. 7.13 Comparison between the Krylov and the TDVP method for an example
case T'=1,U = 1.2, x =200 and L = 10 as the time-step size dt is varied. (a):
The evolution energy for the two methods as the step-size is changed. (b): The
CPU time required to perform the method and obtain the measures of observables
for each method.

We carried out a comparison of both the Kyrlov and the TDVP method in order
to decide which one is the most appropriate for the rhombi model. A comparison
was done of the number of sweeps, the truncation y, the number of steps and
varying the internal tolerances such as the Lanczos tolerance, which controls the

accuracy of the estimate of the evolution at each time step (see Ch. 4).

In order to perform a comparison, we chose a parameter close to the critical
point, U = 1.2J, as this is one of the places where the algorithm should perform
worst. In Fig. 7.13, an example of the time evolution up to the total time T"= 1.0
is shown with varying step-size using both the Krylov and the TDVP method.
From our comparisons we were able to draw the conclusion that both methods
converge under the correct scenarios. For example, in Fig. 7.13a once the step
size is reasonably small (6t < 2 x 1073 in this case) the two methods agree on
the value of the evolution energy E with reasonable accuracy. There is, however,
a substantial difference in the computation time between the two methods as
shown in Fig. 7.13b. TDVP is, therefore, the preferential method as it requires

less computation time.

7.5.2 Propagation from Half of the Chain

Inspired by Kasztelan et al. [226], we have loaded two particles onto all sites in
the first half of the chain, leaving the rest of the chain empty, to see how they

transfer to the rest of the chain. This is evolved under the ¢ = 7 Hamiltonian
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(nl(2))
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Fig. 7.14 The evolution (nl) of the bosons for different times ¢, ¢ = 7, L = 22
and U = 1 obtained using TDVP with time steps 6t = 2 x 10~%. The initial state
is double occupation in the first half of the chain as shown in the inset. The
border of the occupied cages is shown by the grey dashed line. These results have
converged to a suitable tolerance. The connections between sites is shown at the
top of the figure, where squares correspond to the B sites, diamonds to the C'
sites and circles to the A sites.

to observe the cage restriction once again. In Fig 7.14 we have chosen to show a
chain of length L = 22, which is large enough so that the border effects should not
restrict /affect the movement of the particles into the first unoccupied cage. For
the initial times ¢ < 1 shown, the only oscillations are within the cage bases that
were already occupied. First, we will focus on the movement from the first half
into the second unoccupied half of the chain. The initial propagation is from site
¢ =11 (a C site) to site £ = 12 (an A site). It then slowly spreads from ¢ = 12
to £ = 13,14, 15 but does not spread into the B site in the next cage, £ = 16 for
t < 1. We do, however, expect that with longer times the propagation through

the system will result in a leakage into sites £ = 16 and beyond.
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Fig. 7.15 A comparison of the damped interference that occurs at (n4 g(t)) which
corresponds to £ = 10 and the Rabi frequency that corresponds to a pair of
particles with no interaction, i.e. U = 0.

As well as this spreading into the rest of the chain, there is an oscillation
between the A and the C sites within the loaded half of the chain. For sites
¢ =1,...,7 there is some semblance of the oscillations that were observed for both
the single and the pair particles. The B sites lose/gain density as the A and C
sites surrounding them gain/lose their on-site density, implying that the oscillation
back and forth still exists to some extent. This oscillation, however, has many
factors which makes fitting it difficult. The oscillations within a given cage are
affected by particles leaking out (due to interaction) and the interference of other
particles leaking into it from other cages. On top of this, more interactions can
take place within each cage as there are approximately two particles at each site.
In Fig. 7.15, we have plotted the oscillation at (ny g(t)) to illustrate its difference
from what the Rabi oscillation is for a pair of non-interacting particles. It can
be seen that there is no distinct period and that the amplitude has dramatically

changed due to all of the different interference effects.

It should also be noted that aside from 7 = 11 and j = 12, the A and C sites
beside each other (i.e. the ones that appear on the same side of the border of
the cage) have the same on-site density. As the evolution proceeds, it is likely
that the on-site density will continue to adjust so that all of the A and C' sites
have approximately equal density (aside from at the borders). This is, however,

beyond the times that we have reached with calculations.
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7.6 Conclusions and Further Analyses

In this chapter we have expanded our analysis of the 1-D BH rhombic chain by
considering how a particle (or a collection of particles) move through this system
depending on the amount of geometrical frustration implemented through the
flux ¢. In the fully-frustrated case we observe, as expected, full-frustration and
perfect AB cages meaning that regardless of the length of time that the system is
evolved for, a single particle cannot escape the cage. For this case, the movement
of the single particle can be described by a Rabi oscillation where the on-site
density probability oscillates between the particle being in the B site or spread
across the A and C' sites which form the cage. If, however, we have imperfect
or no frustration, a single particle can escape the cage over time. Additionally,
if we have full frustration and a pair of interacting particles, as motivated by
the occurrence of the PLL in the static case, the particles are able to leak out
of the cage restriction. We finally performed a full many-body calculation that
could be realised experimentally. In the case where half of the chain is initially
doubly filled, a similar oscillation takes place within the cages. We also expect the

particles to leak into the unoccupied cage basis sites with longer times of evolution.

As this is an initial analysis, there are still a number of aspects that can be
investigated further. More perturbation analysis could be carried out of the single
particle under imperfect frustration to observe the damping of sites within the
initial cage. A closer comparison could also be performed of the leakage from
the cage resulting from imperfect flux with a single particle or from a pair of
particles, to identify more precisely the differences in the leakage as a result of
having interactions between the pair of particles.

In the case of unit average filling, it would be informative to measure the entan-
glement and the von Neumann entropy to see how these vary with time evolution.
Further analysis can be done on this model under time dynamics to discover the
effect of both linear and instantaneous quenches with time. A quench can be
done of the ¢ value to observe the changes from LL to PLL or by varying the
interaction to observe the MI to gapless transitions. The bias of particles within
certain sites of the system can also be examined under quenches to obtain an

estimate of the transfer efficiency throughout the chain.



CONCLUSION

“So long and thanks for all the fish.”
Douglas Adams, The Hitchhiker’s
Guide to the Galaxy

The work within this thesis has been orientated around quantum lattice sys-
tems. In particular, an analysis has been done of quantum critical phenomena, as
this provides a number of very interesting features to explore. Explorations of
more complex critical phenomena (or measures of it) are becoming more in-depth
and attainable. This is as a result of improved theoretical methods to provide
approximations [120, 155] and due to advancements within experimental setups
[14, 29]. There are a number of advancing experimental implementations but we
have limited ourselves to focusing on experiments involving ultracold atoms, some
of which were motivated in Ch. 2. These have advanced greatly, allowing the
control and probing of a single atom at a time through the single atom microscope,
which was first realised with bosonic rubidium atoms in 2009 |29, 110, 111].

Within Ch. 3 and Ch. 4 we have provided a detailed description of some
theoretical methods that can be used for approximating the ground state and the
dynamics of a 1-D quantum lattice system. The methods that we mostly focused
on are those that require the use of a renowned ansatz, called the matrix product
states (MPS) [120]. This provides a very efficient way of representing states as
a tensor product of a representation on each site. The main method to perform
simulations to obtain the ground state is the DMRG method, which was first
set up by White [121, 125] in 1992. We have also explored briefly a number of
implementations of these methods and have provided a comparison in one simple

case.
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We have described a number of methods within the MPS ansatz to obtain the time
evolution of a given state. Two of these methods, TEBD and the almost equivalent
tDMRG only perform well for systems with nearest-neighbour interactions, which
makes them unsuitable for the time analysis we perform later in Ch. 7. The Krylov
and the TDVP methods are equipped for longer interactions and tunnellings. We
have also commented on the fact that the time simulation methods can be very

model dependent meaning that they should be chosen with care.

We use the DMRG method to explore the critical phenomena within 1-D

10QPTs in Ch. 5. We analysed pairwise entanglement behaviour in diverse
10QPTs driven by Hamiltonians with only nearest-neighbour terms. Our analysis
expanded upon the work of Campostrini et al. [36, 54|, who provided a FSS for
10QPTs. Entanglement is an invaluable resource when dealing with quantum
correlations, which motivated us to examine if it followed the same FSS that other
physical observables, such as the magnetisation, were shown to. We studied the
concurrence in the spin-1/2 Ising model with a transverse and longitudinal field
and the entanglement negativity within the spin-1 XXZ model of the two central
spins.
This work motivates the dramatic importance of finite-size effects when a 10QPT
occurs in the nearby region of a multi-critical point containing also a 20QPT.
Without caution, the finite results can lead to incorrect interpretation of the QPT's,
as the pairwise entanglement measures are continuous across the phase transition,
while their first derivatives are not. We investigated this feature further and found
that the behaviour of the entanglement measure arises from the two-body reduced
density matrix elements, which for two-body local Hamiltonians, are linked to the
non-analyticities of the ground state energy.

We have demonstrated that for finite systems, the order of the QPT in symme-
try broken phases is given by the scaling behaviour of their bipartite entanglement
and not by its non-analytical character. This can be used for determining the
order and boundaries of quantum phase transitions near multi-critical points.
A further analysis could be done of non-symmetric cases (i.e. of transitions of
non-Ising type) in addition to the Néel/ Large-D transition to see if a more precise

scaling behaviour can be observed.

To explore more aspects of critical phenomena, we examined frustrated systems,
specifically the geometrically frustrated quasi-1-D chain of rhombi. In Ch. 2 we
motivated that exploring critical phenomena lends itself to a number of interesting
features, such as the occurrence of energy flat-bands, a localisation effect as a

result of AB caging |77] and the possibility of particles forming pairs.
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The chain of rhombi is a very relevant model which has received increasing
attention for a number of reasons. One motivation for using a rhombi chain
that has been shown, is that it forms bound Cooper pairs (of charge 4e) within
JJAs, which has possible applications towards quantum computing. We have also
mentioned that this model should be realisable experimentally with ultracold
atoms using a single atom microscope and shaking of the lattice barrier ampli-
tudes [102-104, 215] to imprint the phase on the tunnelling matrix elements. A
recent work by Mukherjee et al. [194] has also motivated the realisation of such
a model in a photonic lattice. If an experimental realisation is being done of
many-body particles to obtain the PLL, then it is more appropriate to use an
experimental setup which has a larger region of PLL away from perfect flux ¢ = m,
to make the experiment more resilient against errors. The robustness is increased
by introducing the frustration through modulation of the tunnelling amplitude

instead of through an applied magnetic flux.

The chain of rhombi was used by Vidal et al. [77] to coin the term AB cages,
where each rhombi was shown to localise the movement of the particle due to the
AB effect. We performed a detailed analysis of the model under full-frustration
(which is implemented by applying a magnetic flux of 7 to each rhombus) to
confirm that a localisation occurs due to the AB effect. Through consideration
of the single-particle case we obtained the eigenstates of the AB cage, which
correspond to flat energy bands when ¢ = 7 and provide some motivation of
the terms that arise. A further analysis that could be done within this model is
a direct projection of the Hamiltonian onto the flat-band as performed in Refs.
[80, 81, 96, 191].

We then examined this model under unit filling and found that when the interac-
tions dominate we obtain the MI. When the tunnelling dominates, the particles
form pairs and are able to escape the cage effect, causing the system to enter into
a PLL phase. A different analysis could be carried out of the mean-field theory
describing the pair of particles to see more clearly how the pair moves within the
system [81, 240]. This could also be used to confirm our intuition that for large
tunnelling, the PLL phase has the exact same features as the LL but travelling as

bound pairs.

As we have motivated in the Ch. 2 and Ch. 5, entanglement is an invaluable
resource for obtaining more information about the nature of quantum systems,
which led to our exploration of both the entanglement spectrum and the scaling
of the von Neumann entropy of the reduced density matrix of a block against its
length. The von Neumann entropy is unable to distinguish between the two phases

LL and PLL arising from the non-frustrated and fully-frustrated case. Exploring
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the entanglement spectrum, though requiring a more in-depth analysis shows a
fundamental difference within the two phases. This analysis could be expanded

on by enforcing the Zs symmetry within the model to allow for a sensible F'SS.

In Ch. 7 we expanded our analysis of the AB cage effect by examining how
particles evolve throughout the system with time. We found, as motivated in
the previous chapter, that a single particle under full frustration is unable to
break out of the AB cage it begins in. This effect also held for multiple particles
with the interaction strictly set to zero. The movement of a single particle (or
non-interacting particles) which are strictly localised within a cage is described by
a Rabi oscillation, where the particles move between the central (B) hub site and
the four rim (A and C) sites surrounding it. The AB cage is no longer able to
strictly enforce localisation when imperfect flux is loaded, meaning that there is
some probability of leaking out of the cage. We have used perturbation theory in
order to calculate what the probability is of a particle leaking out onto the next B
site, which is still relatively small for 6¢ = 0.17. As expected by the occurrence of
the PLL phase, the AB cage also breaks down when there are multiple interacting
particles that can form pairs. We have shown that a single pair within a cage,
has a probability of leakage, which also damps the Rabi oscillations and then
destroys them, within the cage over time ¢. Further analysis could be done using
perturbation theory, perhaps even for a pair of particles, to observe more precisely

how the particle moves throughout the system.

Lastly, we performed a brief analysis with unit average filling of the particles
loaded into half of the chain and observed that the particles move very gradually
for initial times as they interact with particles in the first half of the chain, within
each cage. Longer times could be explored to confirm that we observe the particles
leaking out of the cages that they initially occupied. With unit filling there are a
number of further analyses that would prove illuminating. This includes examining
the time-evolution of the von Neumann entropy and the entanglement spectrum to
observe how their structures vary with time. Additionally, performing a quantum
quench either with the parameter J or ¢ so that we cross into the different phases
from gapped to gapless or between the two gapless LL. and PLL could provide

further insightful information.

To summarise, this thesis has explored quantum critical phenomena within
quantum lattice systems by focusing on measures of entanglement and its scaling
features surrounding a 10QPT. We have also provided an analysis of a model with
geometric frustration through the chain of rhombi. This provided a platform to

explore a number of interesting effects, including how the localisation is enforced
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through the AB cage effect and how the particles form pairs to overcome this
when it is more energetically favourable to tunnel. There are still a number of
extensions that can be performed on these works in order to further understand the
properties and features that we have illustrated, some of which we have motivated

above.

Further exploration of measures of quantum lattices and the identification
of phases through theoretical techniques is crucial to understanding how the
phenomenon behaves surrounding critical points of different types and also to
motivate how to perform the experimental realisation of these systems. Despite all
of the advancements within experimental techniques, performing experiments with
many body lattices is still very challenging. Any optical experiment can suffer
from losses, which decrease the total power during propagation and these must be
carefully optimised within the experimental realisation. It also remains a constant
open experimental challenge to be able to explore experimental systems with
larger system sizes and with longer coherent evolution times [23, 29]. The efforts
being put in to achieve these experiments, makes a corresponding theoretical

study of the phenomena on larger scales or in deeper depth even more crucial.
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D

CAGE BASIS FOR THE RHOMBI MODEL AT
FULL-FRUSTRATION

This appendix contains the Mathematica of the AB cage eigenbasis formulation of
the single particle within the the quasi-1-D rhombi chain at full frustration ¢ = .
This corresponds to the work done in Ch. 6. Specifically the work done within
this script is in order to replicate Eq. (6.7), (6.9) and (6.8), which are the different
components of the Hamiltonian in the AB cage eigenbasis. This is split into two
main sections: the initial setup to change the cage basis and then simplification
of the interaction terms to the form shown in the aforementioned equations. The
tunnelling is neglected as this merely forms the bands at —2.J, 0 and 2.J.
Throughout this script, expressions should be read as normal ordered (wfw),
which is not automatically evident, because in the notebook we denoted wdag—w'
and this follows w in the alphabetical order employed by Mathematica, instead of

preceding it as we would wish.
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In[1]:=

SetOptions[SelectedNotebook[],
PrintingStyleEnvironment -» "Printout", ShowSyntaxStyles - True]

Initial setup of the cages

Defining the boundary conditions and the free Hamiltonian

In[2):=

Here we define which boundary condition is being used. For the purposes of the thesis, only the full
rhombi case was used (see Fig. 6.1). The alternative case is where only the full cells are retained so
an additional A site is added at the start and an additional C site at the end.

R = 65 (¥xnumber of full rhombi 1in the chainx)

L =R+ 1; (xnumber of cells in the chain, with our boundary conditionsx)

(*in case of full rhombi, we should run the index from 1 to 3L-2 == 3R+1 %)
(*in case of full cells,

we should 1dinstead run the extremes of the index from 0 to 3L-1 ...x)

bc = "fullrhombi"; (+"fullrhombi" or "fullcells'"x)
{Smin, Smax} = Switch[bc,
"fullrhombi", {1, 3L-2},
"fullcells", {06, 3L-1}
13

S = Smax - Smin + 13 (xnumber of sites 1in the chainx)

(*encode/decode the site position from the coord‘inate/basis index
into the running index of the 1D mapping, same as in MPS/DMRG

j = cell index // s = site index (A,B,C) corresponding to (1,2,3) )
enc[{j_, s }1=3%(j-1)+(s-1);
dec[ind_] = {Quotient[ind, 3] +1, Mod[ind, 3] +1};

(*Array[dec,S]"//MatrixFormx)
Clear [Htmp, Hfree]
Htmp = -SparseArray|{
{7ndi_, ind2_} /;
((dec[7nd1+ (Smin-1)][[2]] = 3) && (dec[7nd2 + (Smin-1)][[2]] = 2) &
(dec[7nd1+ (Smin-1)][[1]] == dec[7nd2+ (Smin-1)][[1]1])) -» +1,
{indi_, ind2_} /3 ((dec[indl+ (Smin-1)][[2]] = 3) &&
(dec[7ndz+ (Smin-1)][[2]] = 2) &&
(dec[ind1+ (Smin-1)][[1]]1+1 ==dec[7nd2+ (Smin-1)][[1]1])) » -1,
{indi_, ind2_} /; ((dec[indi+ (Smin-1)][[2]] = 1) &&
(dec[indz+ (Smin-1)][[2]] = 2) &&
(dec[7nd1+ (Smin-1)][[1]] == dec[7nd2+ (Smin-1)][[1]])) » +1,
{ind1_, ind2_} /5 ((dec[indi+ (Smin-1)][[2]] = 1) &&
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(dec[7nd2+ (Smin-1)][[2]] = 2) &&
(dec[ind1+ (Smin-1)][[1]]1-1==dec[7nd2+ (Smin-1)][[1]1)) -» +1
}s 1S5 S}];5
Hfree = Htmp + Htmp';

Hfree // MatrixForm

Tally[Sort[Eigenvalues[Hfree], Greater]]

(xcheck that the eigenvalues are the ones we would predict on paperx)
= {{2, R-1}, {Switch[bc, "fullrhombi", /2, "fullcells", V3], 2},
{0, Switch[bc, "fullrhombi", R-1, "fullcells", R+1]},
{switch[bc, "fullrhombi", -4/2, "fullcells", —\/?] » 2}, {-2, R-1}}

Out[12)//MatrixForm=

0
-1

o (o)

|
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(o]
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|
=
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| |

OOGG@OOHH
[oNocNoNoNoNO]
ol
OOGGHH

ouna- {{2, 5}, {2, 2}, (0, 5}, {-V2, 2}, (-2, 5}}

ou14)= True

Defining Aharanov-Bohm cages

In this subsection we define the Aharanov-Bohm cages i.e. the localised eigenvectors correspond-
ing to each (flat) energy band and perform some checks on them.

In[15]:=
(xDefine and check the definition of cages in the bulkx)
Clear [ww]
Do|
Do|
ww[{j, a}] = Normalize[SparseArray|{
{indi_} /; ((dec[7ind1+ (Smin-1)][[2]] = 3) &&
(dec[ind1+ (Smin-1)][[1]] =3j-1)) > If[a#0, -1, +1],
{ind1i_} /5 ((dec[indi+ (Smin-1)][[2]] = 1) &&
(dec[7nd1+ (Smin-1)][[1]] =3j)) » If[a#0, +1, -1],
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{ind1i_} /5 ((dec[indi+ (Smin-1)][[2]] = 2) &&
(dec[7nd1+ (Smin-1)][[1]1] =3)) » -2a,
{ind1i_} /; ((dec[7ndi+ (Smin-1)][[2]] = 3) &&
(dec[7ndi+ (Smin-1)][[1]1] =3)) » +1,
{indi_} /; ((dec[7ind1+ (Smin-1)][[2]] = 1) &&
(dec[7nd1+ (Smin-1)][[1]] =7+1)) »+1
b sl
» {2y -1, 1}];
s {3, 2, L-1}];

Tally[Flatten[
Table[Table[Hfree.ww[{j, a}] = +2aww[{]j, a}], {a, -1, 1}1, {j, 2, L-1}111;
%= {{True, 3% (R-1)}}; (xgives True «)

(xDefine and check the definition of cages on the edgesx)
Clear[ee];
Switch|[bc,

"fullrhombi",
Do
ee[{1, a}] = Normalize[SparseArray|{
{ind1_} /5 ((dec[7ndi+Smin-1][[2]] ==2) && (dec[7ndl+Smin-1][[1]] =1)) >
V2 a,
{ind1i_} /5 ((dec[7ndi+Smin-1][[2]] = 3) &&
(dec[indl+Smin-1][[1]] =1)) > +1,
{ind1i_} /5 ((dec[7ndi+Smin-1][[2]] = 1) &
(dec[indl+Smin-1][[1]] =2)) » +1
IERCHIE
» {25 {-1, 11} ]

Do [
ee[{L, a}] = Normalize[SparseArray|[{
(*{1_,1_}>-2.,%)
{indi_} /5 ((dec[7ndl+Smin-1][[2]] = 3) &&
(dec[indl+Smin-1][[1]] =L-1)) > If[a#0, -1, +1],
{ind1_} /5 ((dec[7ndi+Smin-1][[2]] = 1) &&
(dec[indl+Smin-1][[1]] =L)) > If[a#0, +1, -1],
{ind1_} /5 ((dec[7ndl+Smin-1][[2]] = 2) &&
(dec[indi+Smin-1][[1]] = L)) »-V2 a
b sH]]s
» {25 {-1, 131] 3,

"fullcells",
Do
ee[{1, a}] = Normalize[SparseArray|[{
(indi_} /3
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((dec[7ndz +Smin-1][[2]] = 1) & (dec[7ndl+Smin-1][[1]] =1)) » +1,
{ind1i_} /5 ((dec[7ndl+Smin-1][[2]] = 2) &&
(dec[7nd1+Smin-1][[1]] =1)) » -V 3 a,
{indi_} /5 ((dec[7ndl+Smin-1][[2]] = 3) &&
(dec[ind1+Smin-1][[1]] =1)) > +1,
{ind1i_} /5 ((dec[7ndi+Smin-1][[2]] = 1) &&
(dec[indl+Smin-1][[1]] =2)) » +1
b 5115
» {2, {-1, 1}}];
Do|[
ee[{L, a}] = Normalize[SparseArray|{
{ind1i_} /5 ((dec[7ndi+Smin-1][[2]] = 3) &
(dec[indi+Smin-11[[1]] =L-1)) > -1,
{indi_} /5 ((dec[7ndl+Smin-1][[2]] = 1) &&
(dec[indl+Smin-1][[1]] =L)) > +1,
{ind1_} /5 ((dec[7ndi+Smin-1][[2]] = 2) &&
(dec[indl+Smin-1][[1]] = L)) » -3 a,
{ind1i_} /5 ((dec[7ndi+Smin-1][[2]] = 3) &&
(dec[indZ+Smin-1][[1]] =L)) »+1
b 5115
» {2, {-1, 1}}];
(*The presence of the extra sites
induces two extra zero modes at the edgesx)
ee[{1, 0}] = Normalize[SparseArray|{
{indi_} /;
((dec[7nd1 +Smin-1][[2]] = 1) & (dec[7ndl+Smin-1][[1]] =1)) - -2,
{ind1i_} /5 ((dec[7ndi+Smin-1][[2]] == 3) && (dec[7ndIl+Smin-1][[1]] =1)) >

+1,
{ind1_} /5 ((dec[7ndi+Smin-1][[2]] = 1) && (dec[7ndl+Smin-1][[1]] =2)) >
+1
b s
ee[{L, 0}] = Normalize[SparseArray|{
{indi_} /;

((dec[ind1 +Smin-1][[2]] == 3) & (dec[7ndl+Smin-1][[1]] =L-1))
{ind1i_} /5 ((dec[indi+Smin-1][[2]] = 1) && (dec[7ndl+Smin-1][[1]] =L)) >
+1,
{indi_} /; ((dec[7ndi+Smin-1][[2]] = 3) && (dec[indl+Smin-1][[1]] =L)) >
-2

}s 153]]5

{
1
-

]

Tally[Flatten[Table[Table[Hfree.ee[{], a}] =
+Switch[bc, "fullrhombi", V2, "fullcells", \/?] aeel[{j, a}l,
{a, {-1, 1}}], {3, {1, L}}]]] ;5 (+gives {{True,4}}x)
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If[bc = "fullcells",
Tally[
Flatten[Table[Table[Hfree.ee[{j, a}] == +aee[{1, a}], {a, {O}}], {j, {1, L}}1]1]
]
(xDefine the transformation between the standard and cage basis,
and 1ts inverse/transpose *)
Clear [modes, basis, U]

(¥xmodes = list of cage / edge mode names,
useful later for symbolic calculationsx)
modes = Join|[
Switch[bc, "fullrhombi", {}, "fullcells", {e[{1, 0}]}],
Table[e[{1, a}], {a, {-1, 1}}],
Flatten[Table[w[{]j, a}1, {j, 2, L-1}, {a, -1, 1}], 1],
Table[e[{L, a}], {a, {-1, 1}}1,
Switch[bc, "fullrhombi", {}, "fullcells", {e[{L, O0}]1}]
15

(*U==cage2standard- N.B. this is no longer the parameter for the on-
site 1dinteraction, which is set to 1 in the Chpt. 6 x)

U = Transpose[modes /. {e » ee, w-> ww}];

Print["U(1:14,1:14)=" MatrixForm[U[[1 ;; 14, 1 ;; 14]1]]

Print["U'.Hfree.U=", U'.Hfree.U // FullSimplify // MatrixForm]

(xstandard provides the list of standard

modes as linear combinations of cage/edge modesx)
standard = Factor [U.modes];

Print["standard=" MatrixForm[standard]]

(¥xmodes = list of single site names, useful later for symbolic calculationsx)
(xone could also use the notation of -indicesx)
basis = Table[bos[ind], {ind, Smin, Smax}];

(xcage provides the list of cage modes

as linear combinations of standard modesx)
cage = Factor[U'.basis];
Print["cage=" MatrixForm[cage]]

(*a symbolic simplification of symbolsx)

conjdagsimpl = {Conjugate[e[aaa ]] - edag[aaa],
Conjugate[w[aaa_]] -» wdag[aaa], Conjugate[bos[aaa ]] - bosdag[aaa]};

(*FullSimplify[standard*]/.conjdagsimpl;x)
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In[34]:=

standard=

cage=

N =

TN
INEEST

V2w, -
V2w, -n

(V2 w2, -1+ 2wi(2, @)1+ V2 w(2, 1)
(V2 w2, -11) v 2wi2, 0}] + V2 wi(2, 1)) + V2 w({3,

w({3,-1}]-w[(3,1]]

e[{1,-1}]-e(({1,1}]

Ney

-wi(2,1}]

5

-2 w3,

Ney

+2w({3, 0}] +vV2 w((3, 1}] -2 w[(4,
+2w[{3, 0}] + V2 w[{3, 1}] + V2 w[(4,

wi{4,-1}]-w({4,1}]
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1))+ 2w[{(3,
1)) - 2w[{3,

-1}] +2w[{4,
-1} -2w({4,

-1}] +2w[{5,

-1}] - 2w[{5,

-1}] +2w[{6,
-1}] -2w[ {6,

(2ef(1, -1}) +2e[(1, 1] - V2 w((2, -1}] +2w[(2, 0}] -2 w[(2, 1}])
(2e[{l, “1}) +2e[{1, 13] V2 w[

wi(2,-1)

2, -1}] - 2w[(2, 8)] + V2 w((2, 1}]]

0}] -V2 w[{(3,
0}] +V2 w((3,

0}] -V2 w4,
0}] +V2 w[{4,

0}] -V2 w[{(5,
0}] +V2 w[(5,

0)] -V2 w[(6,
0}] +V2 w[{(6,

J2
(V2 w4, -13) s 2w((4, 03] + V2 w{4, 1}] - V2 w((5,
%(Jz_w[m, “1}) +2w([{4, 0}] +V2 w[{4, 1}] +V2 w([{(5,
w[{5,-1}]-w[{5,1}]
z
(V2 wies, -1y v 2w, 0)] + V2 wi(5, 1)) - V2 wi{s,
§(ﬁwus, “1}] +2w[ (5, 0}] +V2 w({5, 1}] +V2 w[{(6,
w[{6,-1}]-w[(6,1}]
J2
%(—2e[(7, “1}] -2e[{7, 1}] +V2 w[{6, -1}] +2w([{6, 0}] +/2 w[{6, l}])
i—(Ze[{?, “1)]+2e[(T, 1}] + V2 w((6, -1}] +2w[{6, 0}] +3/2 w[(6, l)])
e[{7,-1}]-e[{7,1}]
Jz
L (\/2 bos[1] +bos[2] +bos[3])
L (4/2 bos[1] +bos[2] +bos[3])
_ bos[2]-bos[3]-2 bos[4]-bos[5]-bos[6]
22
3 (bos[2] - bos[3] +bos[5] +bos[6])
_ bos[2]-bos[3]+2 bos[4]-bos[5]-bos[6]
22
_ bos[5]-bos[6]-2bos[7]-bos[8]-bos[9]
242

L (bos[5] - bos[6] + bos[8] +bos[9])
_ bos[5]-bos[6]+2bos[7]-bos[8]-bos[9]
22

_ bos[8]-bos[9]-2bos[10]-bos[11]-bos[12]
242
% (bos[8] -bos[9] +bos[11] + bos[12])
_ bos[8]-bos[9]+2 bos[10]-bos[11]-bos[12]

22
_ bos[11]-bos[12]-2bos[13]-bos[14]-bos[15]

22
(bos[ll] -bos[12] + bos[14] + bos[15] )
_ bos[11]-bos[12]+2bos[13]-bos[14]-bos[15]

242
_ bos[14]-bos[15]-2bos[16]-bos[17]-bos[18]

22
(bos[14] - bos[15] + bos[17] + bos[18] )
_ bos[14]-bos[15]+2 bos[16]-bos[17]-bos[18]
22

(—bos[l?] +bos[18] +\/7bos[191)

NE N

(—bos[l?] + bos[18] —ﬁbos[lg])

1)
1)

1}7)

1}7)

117)
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Computing interaction terms & symmetries in the AB-cages basis, see Vidal-
Doucot PRL Egs. 3-5

Computing interaction terms & symmetries in the AB-cage basis, see Egs. 3-5 in B. Dougot and J.
Vidal, Phys. Rev. Lett. 88, 227005 (2002).

In[36]:=
(*We compute here the density and the on-
site 1interaction operators 1in the new basis,
normal ordering is assumed, i.e. all dag come before all non-dag...x)
density[ind ] :=
Expand[standard[[7nd - Smin + 1]]* standard[[7nd - Smin+1]]] /. conjdagsimpl

1
interaction[7nd_] := Expand [ — standard[[7nd - Smin + 1]]*standard[[7nd - Smin + 1] 1*
2
standard[[7nd - Smin+1]] standard[[7nd - Smin+1]] ] /. conjdagsimpl

(xLet us have a closer look at the Hubbard on-

site interaction: sum it over the three sites around a rhombusx)

Do[
Print["Rhombus index ", jjl; (xcycle on rhombus -indexx)

ind® = enc[{jj, 2}]; (+«four-fould coordinate site, type Bx)
indl = enc[{jj, 3}]; (xfour-fould coordinate site, type Cx)
ind2 = enc[{jj+1, 1}]; (xfour-fould coordinate site, type Ax)
expr =

interaction[ind@] + If[jj <R+ 1, interaction[indl] +interaction[ind2], 0];

(*Notice that in sites that participate with the same cages,

a lot of terms appear with opposite signs and cancel out once summedx)

If[jj<R+1,

Print["Addend lengths ", {Length[interaction[ind@]],
Length[interaction[indl]], Length[interaction[ind2]], Length[expr]}]];

(*We perform a check to confirm that that the parity of combined
occupation of the three cages centered around each site 1is preservedx)
Which[2 < jj <R,
Print["total cage wjj,'" wjj,z) ",
Sort[Tally[ (Sum[bb Count[#, w[{j]j, aa}]°"], {bb, 1, 4}, {aa, -1, 1}] +
sum[bb Count[#, wdag[{j]j, aa}]""], {bb, 1, 4}, {aa, -1, 1}]) &/e
Table[expr[[ii]], {i1, Length[expr]}]]] // MatrixForm];

(¥The single cage states alone do not, however, preserve the parityx)
Print["single cages ",
Table[Sort[Tally[(Sum|[bb Count[#, w[{jj, aa}]""], {bb, 1, 4}] +

Sum|[bb Count[#, wdag[{jj, aa}]1°"], {bb, 1, 4}]) &/e
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Table[expr[[ii]l], {i1, Length[expr]}1]], {aa, -1, 1}] // MatrixForm];,

JJl =1,
Pr'int["total cage e, ey ",
Sort[Tally[ (Sum[bb Count[#, e[{j], aa}1°"], {bb, 1, 4}, {aa, {-1, 1}}] +
sum[bb Count[#, edag[{j], aa}]""], {bb, 1, 4}, {aa, {-1, 1}}]) &/e
Table[expr[[ii]], {i1, Length[expr]1}]]] // MatrixForm];

(*Nor do they preserve the parity for the edge statesx)
Print["single cages ",
Table[Sort[Tally[(Sum[bb Count[#, e[{jj, aa}]""], {bb, 1, 4}] +
sum[bb Count[#, edag[{j]j, aa}]""], {bb, 1, 4}]) &/e
Table[expr[[ii]l], {i1, Length[expr]}1]], {aa, {-1, 1}}] // MatrixForm];,

jj =R+1,
Pr'int["total cage ep.1,a‘” era,z™ ",
Sort[Tally[(Sum[bb Count[#, e[{jj, aa}]""], {bb, 1, 4}, {aa, {-1, 1}}] +
sum[bb Count[#, edag[{jj, aa}]""], {bb, 1, 4}, {aa, {-1, 1}}]) &/e
Table[expr[[ii]], {i1, Length[expr]}]1]] // MatrixForm];

I3
Print["-—--— - "
9 {JJ’ 11 R+1}]

Rhombus index 1

Addend lengths {9, 225, 225, 117}

0 36
2 72
4 9

o) (5] (2] (5] 3]
) 152 (2] (5] (3]

total cage e1,.'" e1,s"

single cages

Rhombus index 2

Addend lengths {9, 441, 441, 225}

0 36
2 153
4 36

7] (2 ) () (2] (3

)
single cages (10) (1) (2)
)

total cage wjj,o'" wyj,p""

17

Lir) () (s

Rhombus index 3

Addend lengths {9, 441, 441, 225}
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total cage wjj,o'" wjj,s"")

(127) (712) (321

single cages (127) ( 1 ) (

7] () () (2] (3

Rhombus index 4

Addend lengths {9, 441, 441, 225}

0 36
2 153
4 36

RONEYNE

single cages (lo ) ( 1 ) ( 1

total cage wjj,o'" wjj,p""

17

(127) (%;) (;i

Rhombus index 5
Addend lengths {9, 441, 441, 225}

0 36
2 153
4 36

laae) [72) (1) (3) (2)
single cages (127) (712) (321;

(127) (;;) (;a

total cage wjj,o'") wyj,0")

Rhombus index 6

Addend lengths {9, 225, 225, 117}

0 9
total cage wij,o'" wij,s" |2 72
4 36
0 1 ) 2 ) (3 ) 4
52 40 20 4 1
single cages 0 1 ) 2 ) (3) 4
52 40 20 4 1
0 1 ) 2 ) (3 ) 4
52 40 20 4 1

Rhombus index 7

total cage eri1,0‘”) eri1,s'” (4 9)
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Quick checks
Performing some quick checks to make sure the cage basis is correct.

nizei= eigspace = Orthogonalize[NullSpace[Hfree - 2 IdentityMatrix[S]]];

eigspace // MatrixForm;
eigspace.eigspace’ // MatrixForm

Out[40]/MatrixForm=

10000
01000
006100
00 0610
00001

na1:= jj = 23 (*rhombus indexx)
ww[{jj, +1}] // Normal
ww[{jj+1, +1}] // Normal
(xmodes are already normalisedx)

1 1 1 1 1
outez- {0, - , s m , ,0,0,0,0,0,0,0,0,0,0,0,0,0}
242 242 V2o 242 242
1 1 1 1 1
,0,0,0,0,0,0,0,0,0,0}

Out[43]= {0, 0, 0,0, -

22 a2z N2 2vE 2z

4= eigspace. {ww[{jj, +1}], ww[{jj+1, +1}]}" // MatrixForm // Simplify

Out[44])//MatrixForm=

1 1
V5 V5
1 1
245 245
1 o1
243 23
_ 1 1
Ve Ve
1 1
V2o V2o

Simplification of the interaction in the cages

Defining the interaction in the cage basis for A,B,C on a given cell.

The following interaction definitions only make sense within the bulk of the cage, so 3<=cell <=L -

2. Here we are extracting the interaction terms in order to be able to simplify them later.
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inas= cell = 43 (» This means that in the further
calculations we are focusing on points between cells 3 and 4,
the other bulk terms follow by translational invariancex)
(*indb=1inda+1, indc=inda-1 or +inda+2x)
cageinta[indin_] :=
Expand[ (standard[[enc[{7ndin, 1}]]]1* standard[[enc[{7indin, 1}11])
(standard[[enc[{7ndin, 1}]]]1* standard[[enc[{7ndin, 1}]11])] /. conjdagsimpl
cageintb[7ndin_] := Expand|
(standard[[enc[{7indin, 2}]]1]1* standard[[enc[{7ndin, 2}1]1])
(standard[[enc[{'ind'in, 2}]]11*standard[[enc[{7ndin, 2}] ]])] /. conjdagsimpl
cageintc[indin_] := Expand]
(standard[[enc[{7ndin, 3}]]1]1* standard[[enc[{7ndin, 3}1]])
(standard[[enc[{7ndin, 3}]]]1* standard[[enc[{7ndin, 3}11])] /. conjdagsimpl
Print["Number of A_j, B_j, C_{j-1}, C_j and A_{j+1} terms that make
up the 5 sites within a given cage: A_", Length[cageinta[cell]],
"B_", Length[cageintb[cell]], "C_", Length[cageintc[cell-1]],
"C2_", Length[cageintc[cell]], "A2 ", Length[cageinta[cell+1]]]
Print["Total number of terms in a cell=",

Length[Expand[cageinta[cell] + cageintb[cell] + cageintc[cell-1]]]]

Number of A_j, B_j, C_{j-1}, C_j and A_{j+1} terms that
make up the 5 sites within a given cage: A_441B_9C_441C2_441A2_441

Total number of terms in a cell=225

Now we perform an approximation of the lowest band projection. This would correspond to filter
out all terms involving higher bands:

at least, this is giving a brute-force approach to obtain the first order expression, useful for J/U >>1,
while higher orders could be obtained by perturbation theory, see e.g., the references by Tov-
masyan et al.

5= LBproj = {w[{a_, 0}] » 0, w[{a_, 1}] » 0, wdag[{a_, 0}] » 0, wdag[{a_, 1}] » 0}
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ins2:= (*Properly summed,
this will give the interaction-induced terms in the lowest band,
which we have simplified in Eq. (6.10) =)

+interaction[enc[{4, 2}]] +

1 ('interact'ion[enc[{4, 1}]] +interaction[enc[{4, 3}]] +
2

interaction[enc[{3, 3}]] +interaction[enc[{5, 1}]]) /. LBproj // Expand

1 1
ousz= ——w[{3, -1}]?wdag[{3, -1}]%+ w[{4, -1}]2wdag[{3, -1}]2+
128 128
1
3—2w[{3, -1}]w[{4, -1}] wdag[{3, -1}] wdag[{4, -1}] +

—— w[{3, -1}]?>wdag[{4, -1}]2%+
) g[{ ) }]
128

iw[{4, -1}]? wdag[{4, -1}]%+ : w({5, -1}]?wdag[{4, -1}]1%+
128

64
1
3—2W[{4, -1}]w([{5, -1}] wdag[{4, -1}] wdag[{5, -1}] +

i _ 2 _ 2 1 _ 2 _ 2
w({4, -1}]°wdag[{5, -1}] +128W[{5, 1}]°wdag[{5, -1}]

128

Finding the terms with \tilde{U} coefficients (Eq. (6.7) )

Finding the terms that have on-site interactions and cage flavour flips around a given hub (i.e the
termsin Eq. (6.7)).

It should be noted that A will only include j and j-1 terms, B only includes j terms and C will only
include j and j+1 terms where j is the cell that each one occurs on. This means that C from the
previous cell and A from the next cell both have an influence on the current cell being looked at.
Either all 5 sites within a cage can be considered or to simplify the problem only the C_{j-1}, B_{j}
and the A_{j} can be considered.

In[53]:=
Ub[cell ] :=With[{expr = cageintb[cell]},
expr /. {
f [{a_, _}]1=0/;a¢cell
}
1
Uc[cell ] :=With[{expr = cageintc[cell]},
expr /. {
f [{a_, }]1=0/;a¢#cell
}
] (*This is only the part of C that is actually 1in cellx)
Ucall[cell_ ] :=With[{expr = cageintc[cell]},
expr /. {
f [{a_,_}]1=»0/;a¢cell
}
] + With[{expr = cageintc[cell]},
expr /. {
f [{a,_}]=»0/;az¢tcell+1

13
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}
] (*xThis is the total contribution of U_c terms to the cell of -nterestx)
Ua[cell_ ] :=With[{expr = cageinta[cell]},
expr /. {
f [{a_, }]1=0/;a¢cell
}
] (*xThis is only the part of A that is actually in cellx)

Uaall[cell ] :=With[{expr = cageinta[cell]},

expr /. {
f [{a_,_}1»0/;a#cell
}
1 +With[{expr = cageinta[cell]},
expr /. {
fl{a_, _}1=»0/;a¢cell-1
}

Print["Ua_", Length[Ua[cell]], "Ub_", Length[Ub[cell]], "Ucback_ ",
Length[Uc[cell-1]], "Uafor_", Length[Ua[cell+1]], "Uc_", Length[Uc[cell]]]
Length[Ua[cell] + Ub[cell] +Uc[cell]];
Length[Ua[cell] + Ub[cell] +Uc[cell] + (Ucall[cell-1] -Uc[cell-1]) +
(Vaall[cell+1] -Ua[cell+1])] ;(+we want to inc. j-1,
j and j+1 to find which of the j components cancel out.x)
Print["--—————————-- tilde{U} terms----———————-- "]
Utildecell = Ua[cell] +Ub[cell] +Uc[cell] +
(ucall[cell-1] -Uc[cell-1]) + (Vaall[cell+1] - Ua[cell+1])
(*xTeXForm([%] ;) (*xThis should be the pattern regardless of if cell 1is a
different value provided that cell 1is at least 2 in from the edge...x)
Print["Number of Utilde terms: ", Length[Utildecell]]

Ua_36Ub_9Ucback_36Uafor_36Uc_36
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ouez- — W[ {4, -1}]1*wdag[{4, -1}]? + iwm, 0}1%wdag[ {4, -1}]%-

w({4, -1}]w[{4, 1}] wdag[{4, -1}]°+ 15—6W[{4, 1}]*wdag[ {4, -1}1%+

w[{4, -1}]w[{4, 0}] wdag[{4, -1}] wdag[{4, O}] +

w({4, 0}]w[{4, 1}]) wdag[{4, -1}] wdag[{4, 0}] +

w[{4, -1}]%>wdag[{4, 0}]%+ %w[{4, 0)]%2wdag[{4, 0}]%+

w[{4, -1}]w[{4, 1}] wdag[{4, 0}]%+ iW[{4, 1}]*wdag[{4, 0}]% -

w[{4, -1}]%wdag[{4, -1}] wdag[{4, 1}] + iw[{4, 0}12wdag[{4, -1}] wdag[{4, 1}] +
w[{4, -1}] w[{4, 1}] wdag[{4, -1}] wdag[{4, 1}] -

w[{4, 1}]%>wdag[{4, -1}] wdag[{4, 1}] +

wi{4, -1}] w[{4, 0}] wdag[{4, 0}] wdag[{4, 1}] +

-
|I—‘N\I—‘(XJ|w-l>|U1(XJ|WA|I—‘OO|I—‘N\I—‘N\I—'OO|wCﬁ‘m

w({4, 0}]w[{4, 1}] wdag[{4, 0}] wdag[{4, 1}] +

— N
owl“"

w({4, -1}12 wdag[{4, 1}]2+ iw[{4, 0}]1%wdag[ {4, 1}]%-
8

® |w

5
wi{4, -1}]w[{4, 1}] wdag[{4, 1}]%+ Ewm, 1}]2 wdag[{4, 1}]°

Number of Utilde terms: 20
ne4= Print["1st order projection on lowest band: ", Utildecell /. LBproj]

5
1st order projection on lowest band: — w[{4, -1}]%wdag[{4, -1}]?
16

Finding the terms with \tilde{V} coefficients (Eq. (6.8))
Here we find the terms corresponding to interactions and correlated flips between nearest neigh-

bour hubs, which are shown in Eq. (6.8) where the coefficient has been labelled \tilde{V}.

Defining the V terms so that they can be selected

Firstly, we extract any of the terms of type \tilde{V} (Eq. (6.8)) that include the cell j in them, i.e.
terms between j-1 and j or terms between j and j+1 of the correct form.
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In[65]:=

(*A only includes j-1 and j. C only includes j+1 and j. B dincludes only jx)

Veplus[cell_] :=Module[{a, b, f},
With[{expr = cageintc[cell]},
expr /. {
s:iwdag[{a_, _}Yl wdag[{b_, _}Ylw[{a_, _}YIwl[{b_, _}1/;
(sorte{a, b} = {cell, cell+1}) = f[s]
} 7/ Replace[#,
{s_Times /3 ' MatchQ[s, f[__] *
{1}
] & // ReplaceAll[#, f[s___]+» s] &

]+~ 0},

Vamin[cell_] := Module[{a, b, f},
With[{expr = cageinta[cell]},
expr /. {
s:iwdag[{a_, _}Yl wdag[{b_, _}YIw[{a_, _}YIwl[{b_, _}1/;
(sorte{a, b} = {cell-1, cell}) = f[s]
} 7/ Replace[#,
{s_Times /; ' MatchQ[s, f[__]=*
{1}
1 & // ReplaceAll[#, f[s_ 1> s] &

1=»0},

Length[Vcplus[cell-1]];

Length[Vamin[cell]];

Length[cageintc[cell-1]];

(xThe majority of the terms do not fall into these special casesx)

Print["Cback_ ", Length[Vcplus[cell-1]], "A ", Length[Vamin[cell]],
"C_", Length[Vcplus[cell]], "Afor_", Length[Vamin[cell +1]]]

Vpartcage[cellin_] :=Vamin[cellin] +Vcplus[cellin-1];

(*We can only consider these 2 to simplify as will be replicatedx)

TeXForm[%] ;

Vcage = Vcplus[cell-1] + Vamin[cell] + Vcplus[cell] + Vamin[cell + 1];
(»if we want to consider the cage as a wholex)

Length[Vcage]

Print["Number of terms 1in Vtilde between C_j-1 and A_j: ",
Length[Vpartcage[cell]]]

(*But the Vtilde (and the J as we will see later)

contain an h.c in all of their terms:x)
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Cback_81A_81C_81Afor_81
162

Number of terms in Vtilde between C_j-1 and A_j: 81

Print["1st order projection on lowest band: ", Vcage /. LBproj]
1st order projection on lowest band:

1
gW[{3, -1}]w({4, -1}] wdag[{3, -1}] wdag[{4, -1}] +

1
gW[{4, -1}]w[{5, -1}]) wdag[{4, -1}] wdag[{5, -1}]

Step 1) Check that all the termsin V have an h.c

We can reduce the complexity of these terms by only retaining one half of the Hermitian conjugate.
A few possible terms of V have their h.c self-contained so remove this first, then we perform a check
to ensure that all of the other terms have an Hermitian conjugate also contained within the cage
basis of the Hamiltonian.
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n77= Vpartmatch = Module[{a, b, f},
With[{expr = Vpartcage[cell]},
expr /. {
s twdag[{cell-1, a }]
wdag[{cell, b_}]w[{cell-1, a }Jw[{cell, b_}] = f[s]
} // Replace[#,
{s_Times /; ! MatchQ[s, f[__]1*___] =0},
{1}
] & // ReplaceAll[#, f[s___]+» s] &
1
13

Module[{a, b, c, d},
With[{expr = Vpartcage[cell] - Vpartmatch},
For [a=-1,a<1, a++,
For[b=-1,b <1, b++,
For[c=-1,c<1, C++,
For[d=-1,d=<1, d++,
(¥Print[a,b,c,d]*)
(*Print[
Coefficient[testcase,{w[{3,a}] w[{4,b}] wdag[{3,c}] wdag[{4,d}]}]]
Print[Coefficient[testcase, {w[{3,c}] w[{4,d}]
wdag[{3,a}] wdag[{4,b}]}]1]%*)
If [Coefficient[expr, {w[{3, a}] w[{4, b}] wdag[{3, c}] wdag[{4, d}]}] #
Coefficient[expr, {w[{3, c}] w[{4, d}] wdag[{3, a}] wdag[{4, b}1}],
Print["False", a, b, c, d];
Print[
Coefficient[expr, {w[{3, c}] w[{4, d}] wdag[{3, a}] wdag[{4, b}1}1];
Print[Coefficient[expr, {w[{3, c}] w[{4, d}]
wdag[{3, a}] wdag[{4, b}1}111];

Step 2) Retain only one part of the h.c

Now that we have confirmed that each term has a corresponding Hermitian conjugate we only
retain one of the possible h.c terms. N.B the terms that had their h.c self-contained are Vpartmatch

and these are merely divided by 2.
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Print["Original length before h.c taken: ", Length[Vpartcage[cell]]]
Print["Hamiltonian terms which have h.c self-contained: ", Length[Vpartmatch]]
exprhcin = Vpartcage[cell] - Vpartmatch;
Module[{a, b, c, d},

exprhc = exprhcing

For [a=-1,as1, a++,

For [b: -1, b <1, b++,
For [c=-1,c=s1, c++,
For [d=-1,d=s1, d++,

If [Coefficient[exprhc, {w[{3, a}] w[{4, b}] wdag[{3, c}] wdag[{4, d}]}] ==
Coefficient[exprhc, {w[{3, c}] w[{4, d}] wdag[{3, a}] wdag[{4, b}]1}],
exprhc = exprhc—(Coefficient[exprhc,w[{3,c}]w[{4,d}]wdag[{3,a}]
wdag[{4, b}]]) w[{3, c}]w[{4, d}] wdag[{3, a}] wdag[{4, b}];

Clear[exprhcin]

Length[Vpartmatch];

Vherm = exprhc;

Print["Number of Hermitian terms extracted: ", Length[Vherm]];

Length[Vpartmatch];

Vhermnew = Vherm + Expand [Vpartmatch /2] ;

Print["Total number of terms kept in h.c of Vtilde type terms: ",
Length[Vhermnew] ]

Original length before h.c taken: 81

Hamiltonian terms which have h.c self-contained: 9

Number of Hermitian terms extracted: 36

Total number of terms kept in h.c of Vtilde type terms: 45

Step 3) Collect together the V terms

Now we try to sort these terms in a logical sense so that the form they take will be more self-evi-
dent.
We have the case which have the self-contained h.c from above (9 terms)

Print["Terms of which contain a w and wdag of the same type for each: ",
Length[Vpartmatch]]
Expand[Vpartmatch /2]

Terms of which contain a w and wdag of the same type for each: 9

Now let’s consider what other ones make up these 45 terms-> 36 left.



191

20 | AharanovBohmCagesthesisfin.nb

ine2;= Vhermother = Vherm;
Length[Vhermother];
(* Number of terms remaining after Vpartmatch is removedx)
Vhermmatch = Vpartmatch/z; (xremoving the h.c partx)
(«Finding the terms that have wdag(cell-1) and w(cell-1) on the same bandx)
Vhermmatchfirst = Module[{a, b, f},
With[{expr = Vhermother},
expr /. {
s :twdag[{cell-1, a }]
wdag[{cell, b_}]w[{cell-1, a }Jw[{cell, c }] = f[s]
} // Replace[#,
{s_Times /; ! MatchQ[s, f[__]1*___] =0},
{1}
] & // ReplaceAll[#, f[s_ ] +» s] &
1
15
Print["Number of terms which have wdag(cell-1)
and w(cell-1) on the same energy band (and w(cell) and
wdag (cell) on different bands): ", Length[Vhermmatchfirst]]
Vhermmatchfirst // Simplify;

(«Finding the terms that have wdag(cell) and w(cell) on the same bandx)
Vhermmatchlast = Module[{a, b, f},
With[{expr = Vhermother - Vhermmatchfirst},
expr /. {
s:twdag[{cell-1, a }]
wdag[{cell, c }lw[{cell-1, b }Jw[{cell, c }] = f[s]
} // Replace[#,
{s_Times /3 ! MatchQ[s, f[__]1*___1 =0},
{1}
] & // ReplaceAll[#, f[s___]+» s] &
1
15
Print["Number of terms which have wdag(cell)
and w(cell) on the same energy band (and w(cell-1) and
wdag(cell-1) on different bands):", Length[Vhermmatchlast]]
Vhermmatchlast // Simplify;

Number of terms which have wdag(cell-1) and w(cell-1) on the
same energy band (and w(cell) and wdag(cell) on different bands): 9

Number of terms which have wdag(cell) and w(cell) on the same
energy band (and w(cell-1) and wdag(cell-1) on different bands):9

Classifying the remaining terms (18 left)

niio1= Vhermrest = Vhermother - Vhermmatchfirst - Vhermmatchlast;
Print["Number of terms left over: ", Length[Vhermrest]]
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(*Number of terms remaining unclassifiedx)
Vhermrest;

(*Finding the terms that have both wdags on the same band and both w

terms on the same band but don't match the previous requirementssx)
Vhermrestbothsame = Module[{a, b, f},

With[{expr = Vhermrest},
expr /. {
s :twdag[{cell-1, a }]

wdag[{cell, a }]w[{cell-1, c }Jw[{cell, c }] = f[s]
} // Replace[#,

{s_Times /3 ! MatchQ[s, f[__]1*___1 =0},
{1}
] & // ReplaceAll[#, f[s___
1
13

] s] &

Print["Number of terms which have the both wdags
occupying the same band and both w occupying the same band

(but not the same as each other): ", Length[Vhermrestbothsame]]
Vhermrestbothsame;

(xFinding the terms that have both w terms on

the same band and the wdag terms on different bandsx)

Vhermrestsame = Module[{a, b, f},
With[{expr = Vhermrest - Vhermrestbothsame},
expr /. {

s :wdag[{cell-1, a }]

wdag[{cell, b_}]w[{cell-1, c }Jw[{cell, c }] » f[s]
} // Replace[#,

{s_Times /; ! MatchQ[s, f[__]1*___] =0},
{1}

] & // ReplaceAll[#, f[s___]+» s] &

Vhermrestsame // Simplify;
Length[Vhermrestsame] ;

(xFinding the terms that have both wdag terms

on the same band and the w terms on different bandsx)
Vhermrestdagsame = Module[{a, b, f},

With[{expr = Vhermrest - Vhermrestbothsame},
expr /. {

s twdag[{cell-1, a }]

wdag[{cell, a }]w[{cell-1, b }Jw[{cell, c_}] = f[s]
} // Replace[#,
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i

{s_Times /; ! MatchQ[s, f[__]*___] =0},
{1}
] & // ReplaceAll[#, f[s

]+ s]&

Length[Vhermrestdagsame] ;

Vhermrestdagsame;

(* But h.c of Vhermrestdagsame is in the same form as Vhermrestsame so we
can re-order the terms to make this one simplified section of terms

*)

(» Changing the Vhermrestdagsame to be +its h.cx)

Vhermrestdagchanged = Vhermrestdagsame /. wdag -» wnew;

Vhermrestdagchanged = Vhermrestdagchanged /. w - wdagnew;

Vhermrestdagchanged = Vhermrestdagchanged /. wdagnew -» wdag;

Vhermrestdagchanged = Vhermrestdagchanged /. wnew - w;
Length[Vhermrestbothsame] ;

Length[Vhermrestsame];

Length[Vhermrestdagchanged] ;

(¥xDefining Vhermrestsameboth to have the h.c of Vhermrestdagsame and
Vhermrestsamex)Vhermrestsameboth = Vhermrestsame + Vhermrestdagchanged;
Print["The number of terms which have the w terms occupying the same band and

the wdag terms occupying different ones: ", Length[Vhermrestsameboth]]

Vhermlastsamecomb = Vhermrestbothsame + Vhermrestsameboth;
Length[Vhermlastsamecomb] ;

(*The remaining 9 terms that have not been classified elsewherex)
Vabsolutelast =

Vhermrest - Vhermrestbothsame - Vhermrestsame - Vhermrestdagsame // FullSimplify;
Print["Number of terms of type V remaining: ", Length[Expand[Vabsolutelast]]]

Number of terms left over: 18

Number of terms which have the both wdags occupying the same band and
both w occupying the same band (but not the same as each other): 3

The number of terms which have the w terms occupying
the same band and the wdag terms occupying different ones: 6

Number of terms of type V remaining: 9

nding the \tilde{J} coefficients (Eq. (6.9))

Here we define the terms that describe the pair tunnelling possibly with flips between nearest-
neighbour hubs that are in Eq. (6.9).

Define the \tilde{J} type terms
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Firstly, we collect together all of the terms of type \tilde{J} that include the cell of interest, i.e. all of
the tunnellings between cell-1 and cell and cell and cell+1. We decide to actually use only the terms
in cell-1 and cell as this will be repeated (in the cell and cell+1 case).

niize= Je[celluse ] &= Module[{a, b, f, g, h, i, j, k, 1},
with[{expr = cageintc[celluse]},
expr /. {
st (wdag[{a_, g}l wdag[{a_, h_}] |wdag[{a_, 7_}1%) (wl{b_, F_}YIwl[{b_, k_}1|
w[{b_, 1_}1%) /; Sorte{a, b} = {celluse, celluse +1} » f[s]

}// Replace[#,

{s_Times /; ! MatchQ[s, f[__]*
{1}

] & // ReplaceAll[#, f[s___ 1+ s] &

] =0},

]

] (*terms coming from the C site that contain the cell of 1interestx)
Length[cageintc[cell-1]];
Length[Uc[cell-1]];
Length[Vcplus[cell-1]];
Length[Jc[cell-1]];

Ja[celluse_] :=Module[{a, b, f, g, h, 1, j, k, 1},
w-ith[{expr = cageinta[celluse]},
expr /. {
st (wdag[{a_, g }] wdag[{a_, h_}] |wdag[{a_, 7_}1%) (WI{b_, F_}IwWl{b_, K }]|
wl{b_, l_}]z) /3 Sorte{a, b} == {celluse-1, celluse} » f[s]
} 7/ Replace[#,

{s_Times /3 ' MatchQ[s, f[__]1*___] =0},
{1}
] & // ReplaceAll[#, f[s___]+» s] &

]

] (»terms coming from the A site that contain the cell of -interestx)
Length[Ja[cell]];
Print["Cback", Length[J[cell-1]], "A", Length[Ja[cell]], "C", Length[Jc[cell]]]
Print["Number of terms for a given cell of type J: ",

Length[Jc[cell-1] +Ja[cell]]]
Jpart[cellin_] :=Jc[cellin-1] +Ja[cellin];
Jcage[cellin_] :=Jc[cellin-1] +Jc[cellin] +Ja[cellin] +Ja[cellin+1];

(¥Defining all of them so that we can project with whole cagex)

Cback1A72C72

Number of terms for a given cell of type J: 72
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nia7= Print["1st order projection on lowest band: ", Jcage[4] /. LBproj]
1st order projection on lowest band:

x w[{4, -1}]%wda 12 B -1}]? -1}]?
s gl{3, -1}]°+ w[{3, -1}]°wdag[{4, -1}]°+

32 32
1 192 a2, 1112 12
w[{5, -1}]“wdag[{4, -1}]°+ w[{4, -1}]°wdag[{5, -1}]

32 32

In[138]:=

Step 1) Check that all the terms of \tilde{J} type have a h.c

Again we simplify the number of terms we are looking at by removing the h.c of each J term. This is
the check that a h.c term does correspond for each term.

njiso= Module[{a, b, c, d},
With[{expr = Jpart},

If [Coefficient[expr, {w[{cell, a}] w[{cell, b}]
wdag[{cell-1, c}] wdag[{cell-1, d}]}] # Coefficient[expr,
{w[{cell-1, c}]w[{cell-1, d}] wdag[{cell, a}] wdag[{cell, b}1}],
Print["False"]
Print[Coefficient[expr,
{w[{cell, a}] w[{cell, b}] wdag[{cell -1, c}] wdag[{cell-1, d}]}]]
Print[Coefficient[expr, {w[{cell-1, c}]w[{cell-1, d}]
wdag[{cell, a}] wdag[{cell, b}]}1]

Step 2) Retain only the h.c of terms of type \tilde{J}

Now we only retain the one of each pair of h.c terms, already restricting the order of the terms so
that it will be easier to sort them.
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niaop= Jaherm[celluse ] := Module[{a, b, f, g, h, i, j, k, 1},
with[{expr = cageinta[celluse]},
expr /. {
s: (wdagl[{a_, g }] wdag[{a_, h_}] |wdag[{a_, 7_}1%) (wl{b_, 7_}IWI{b_, k }]|
wl{b_, 1_}1%) /; {a, b} = {celluse-1, celluse} =» f[s]
} 7/ Replace[#,
{s_Times /; ' MatchQ[s, f[__]=*
{1}
] & // ReplaceAll[#, f[s___]+» s] &

1=»0},

]
]

Jcherm[celluse_] := Module[{a, b, f, g, h, i, j, k, 1},
With[{expr = cageintc[celluse]},
expr /. {
st (wdag[{a_, g}l wdag[{a_, h_}1 |wdagl[{a_, 7_}1%) (Wl{b_, F_}YIw[{b_, k_}1|
wl{b_, 1_}1%) /5 {a, b} = {celluse, celluse+1} = f[s]
}// Replace[#,
{s_Times /; ' MatchQ[s, f[__]=*
{1}
] & // ReplaceAll[#, f[s ]+ s] &

] >0},

Length[Jcherm[cell-1]];

Print["JCback_", Length[Jcherm[cell-1]], "Ja_", Length[Jaherm[cell]],
"JCback+Ja_", Length[Jcherm[cell - 1] + Jaherm[cell]]]

Jhermcage = Jcherm[cell - 1] + Jaherm[cell];

Print["Number of J terms only retaining h.c: ", Length[Jhermcage]]

Jhermcage;

FullSimplify[Jhermcage];

JCback_36Ja_36JCback+Ja_36

Number of J terms only retaining h.c: 36

Step 3) Collect together the \tilde{J} terms
Combining the terms of type \tilde{J} into different types.

In[148]:=

(*The terms such that both wdag terms are on

the same band and both w terms are on the same bandx)

Jhermbothsame = Module[{a, b, f, g, h, i, j, k, 1},

With[{expr = Jhermcage},
expr /. {
s:wdag[{a_, 7_}1%>w[{b_, 1L_}1%2/; Sorte{a, b} = {cell-1, cell}  f[s]
} 7/ Replace[#,

{s_Times /3 ' MatchQ[s, f[__]1*___1 =0},
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{1}
] & // ReplaceAll[#, f[s___]=»s] &
15
Simplify[Jhermbothsame];
Print["Terms which have both w on the same band and which
have both wdags on the same band: ", Length[Jhermbothsame]]

(* Terms that have wdag(cell-1) on the same band and w(cell)
on different bandsx)Jhermsame = Module[{a, b, f, g, h, i, j, k, 1},
W'ith[{expr = Jhermcage - Jhermbothsame},
expr /. {
s:wdag[{a_, 7_}1*wl{b_, L_}Iw[{b_, m }] /3
Sorte{a, b} = {cell-1, cell} :» f[s]
} 7/ Replace[#,
{s_Times /3 ! MatchQ[s, f[__]1*___1 =0},
{1}
] & // ReplaceAll[#, f[s

]+ s] &

]
13
Print["Number of terms which have wdags(cell-1) on the

same band and w on different bands: ", Length[Jhermsame]]
Jhermsame;
Jhermrest = Jhermcage - Jhermbothsame - Jhermsame;

(x Terms that have w(cell) on the same band and wdag(cell-1) on
different bands+)Jhermdagsame = Module[{a, b, f, g, h, i, j, k, 1},
With[{expr = Jhermrest},
expr /.
s:w[{a_, 71_}]1*wdag[{b_, 1L}l wdag[{b_, m_ }] /;
Sorte{a, b} = {cell-1, cell} :» f[s]
} // Replace[#,
{s_Times /; ! MatchQ[s, f[__]1*___] =0},
{1}
] & // ReplaceAll[#, f[s___]+» s] &
]
15
Print["Number of terms which have w(cell) on the same
band and wdag on different bands: ", Length[Jhermdagsame]]
Jhermlast = Jhermrest - Jhermdagsame;
Print["Number of terms remaining unclassified of tilde{J} type: "
Length[Jhermlast]]
Simplify[Jhermlast];

Terms which have both w on the same band and which have both wdags on the same band:

9
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Number of terms which have wdags(cell-1) on the same band and w on different bands: 9
Number of terms which have w(cell) on the same band and wdag on different bands: 9

Number of terms remaining unclassified of tilde{J} type: 9

Check if there are any remaining terms

Lastly, we perform a check to make sure that all terms are included in types \tilde{U}, \tilde{V} and
\tilde{J}. We are considering the terms that come from A_j, B_j and C_j-1 only here.

niieo= cageconsider = cageinta[cell] + cageintb[cell] + cageintc[cell-1];
Print["Number of terms in considered cage: ", Length[cageconsider]]
(*removing the U partsx)
Other = cageconsider - Uaall[cell] -Ucall[cell-1] -Ub[cell];
Print["U_terms: ", Length[Uaall[cell] +Ucall[cell-1] +Ub[cell]]];
Print["Removing U: ", Length[Other]];
Other = Other - Vpartcage[cell];
Print["V_terms: ", Length[Vpartcage[cell]]];
Print["Removing V: ", Length[Other]];
Print["J_terms: ", Length[Jpart[cell]]];
Other = Other - Jpart[cell];
Print["Removing_J: ", Length[Other]];

Number of terms in considered cage: 225
U_terms: 72

Removing_U: 153

V_terms: 81

Removing_V: 72

J_terms: 72

Removing_J: 0
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