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Abstract

Topological systems are an exciting frontier of condensed matter physics, as well as having
deep relationships to quantum computing. Progress continues to be made both towards
building practical quantum computers and experimentally identifying topological features
in real materials. However, these attempts have to contend with the messiness of the real
world including the effects of finite temperatures.

In quantum computing thermal errors are studied through the framework of quantum
error correction. This allows a characterisation of how damaging these errors are, and has
provided many general results on the limits of how well given quantum codes can endure
thermal errors. In the first part of this thesis we study the typical response of one of the
best known quantum codes (the two-dimensional toric code) when subjected to thermal
noise. This typical behaviour is compared to the limiting bounds and we note differences
that arise due to entropic effects.

Topological features are typically properties of the ground state of a system. In some
cases this means finite temperatures can be damaging, washing out the topological prop-
erties with excitations above the ground state. But in other cases it has been shown that
topological systems can have their own unique finite temperature behaviours, which can
be used to identify them. In the second part of the thesis we study the topological model
Kitaev’s honeycomb. Fixing certain conserved quantities restricts the model to special
sectors, some of which carry topological phases. We begin by investigating an intrinsi-
cally finite temperature property of these topological phases, thermal edge currents. At
too high temperatures, close to the bulk gap, the topological behaviour of these currents
breaks down. However, we show that at lower temperatures they can be identified and
shown to have the expected properties such as robustness to perturbations. Following this
we investigate the thermal states of the full model. Our approach to this allows us to
probe the topological order of the model in a way that has not been done before and we

identify a number of interesting new features of the finite temperature physics.
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1.

Introduction

Topological order and quantum computing are deeply interrelated topics [1], both of which
are making the journey from theory to reality. In the last two years some of the largest con-
ventional computing companies (including Intel, IBM and Google) have joined a growing
field of start-up companies in unveiling small quantum computing prototypes [2]. Some of
these are already accessible to the scientific community through online access; allowing at
least one researcher to begin developing quantum computer games to run on these devices
and playfully test their limits [3]. Despite the progress made, however, many of the scala-
bility problems faced by these small computers and the technologies they are built on are
incredibly hard engineering challenges. In response a large part of the theory community
continues to focus on studying alternative approaches and searching for fundamentally
different physical architectures.

Topologically ordered systems offer one such alternative [4, 5]. Just as the material
physics of semiconductors makes them perfect for building classical computers, the prop-
erties of topologically ordered materials would make them natural candidates for construct-
ing quantum chips. Currently, however, there are still many gaps in the theoretical and
experimental understanding of topological systems. These gaps need to be filled if we hope
to be able to control them with the precision needed to carry out quantum computations.

My thesis reflects the close relationship between quantum computing and topological
order by being split between the two topics. This is partly a result of the environments
I have been lucky enough to be in during my PhD!, and partly comes down to the kind
of work I enjoy doing. The main focus throughout is studying thermal effects in these
different settings, and this is mostly carried out using heuristics and numerical data from
simulations. Though the focus is the same, the motivations vary. Finite temperatures
are known to be very damaging to quantum computers. The first part (chapters 2 and

3) relates to the effect of these thermal errors in a particular quantum computer design,

TImperial College’s quantum information group for the first year and Leeds University’s topological quan-
tum computing group after that.
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the toric code. Whereas the following chapters (chapters 4, 5 and 6) study finite temper-
ature phenomena in topologically ordered systems and topological phases, instead with
the motivation that these effects might be useful measurable signatures. Since the models
studied and tools used in these two parts are quite different I've split the background
material between chapters 2 and 4. Each of these background chapters aim to provide a
self contained introduction for the work that follows. The rest of this introduction sets up

the problems studied and gives a review of the relevant literature.

Chapters 2 & 3

One of the biggest hurdles to practical quantum computing is combating the effects of
noise. Quantum computers are highly sensitive to external noise as they rely on quantum
superpositions, which can easily decohere into classical mixed states. The main source of
decoherence is interaction with an external environment. However some level of coupling
to the outside world is unavoidable. This interaction could be intentional, such as when
inputting/outputting data or instructing the computer to perform an operation, or it could
just be our inability to perfectly shield the device from temperature or external radiation.
The breakthrough invention of quantum error correction codes [6-8], combined with fault-
tolerance threshold theorems [9], proved that these damaging effects can be handled and
corrected for. Additionally, studying such codes provided a framework for doing so. The
study of quantum error correction has been highly successful; many subsequent advances
have led to the design of extremely computationally powerful codes and robust error
correction schemes [10-14]. The language of codes has also proved to be a useful tool in
other areas, being applied as far afield as studying black holes [15].

One important goal of quantum error correction is searching for good quantum mem-
ories. These specialised codes would allow quantum states to be saved reliably, thus
enabling execution of arbitrarily long quantum programs. Theoretical work on quantum
memories separates between active and passive schemes. Active codes rely on the repeated
measurement of special error check observables [16]. The outcomes of these measurements
are processed with classical algorithms, called decoders, to choose a correction to apply.

This process is carried out in real time in order to stop small errors becoming large and
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problematic. Passive schemes, in contrast, try to find systems whose natural internal pro-
cesses protect encoded information without the need for constant external correction [17].
For example, by encoding information in the degenerate ground states of a gapped Hamil-
tonian system. Passive quantum memories whose storage lifetimes increase quickly as the
volume of the system is increased? are called self-correcting [18]. Whether self-correcting
quantum memories can be found is an important open problem. Besides how useful self-
correcting quantum memories would be, their discovery would also have deep foundational
implications. They would demonstrate stable complex quantum order in a macroscopic
system at finite temperature, breaking the separation we observe between the quantum
micro- and classical macro- worlds.

Unfortunately, many of the established results concerning self-correcting quantum mem-
ories are negative results. These come in the form of no-go theorems [19, 20] and general
statements about the decoherence times of memories interacting with generic thermal
environments [21-24]. These negative results show that many of the best studied quan-
tum memory proposals cannot be self-correcting. To avoid these no-go results, more exotic
models have been explicitly constructed by finding loopholes in their proofs. These achieve
better information storage times, though for the models where it is possible to obtain clear
results on storage times they only offer a weaker form of self-correction called partial self-
correction [25, 26]. Partially self-correcting models exploit an interesting connection to
classical glassiness to slow down the thermal growth of errors and protect the encoded
information. However, their storage times only increase slowly with system size® and
above a critical size their lifetimes cease to grow. Another interesting positive result is
that models defined in higher dimensions can exhibit self-correction [27, 28]. In particular
the toric code in four spatial dimensions has been shown to be self-correcting [29]. This
insight has led to attempts to construct self-correcting memories by embedding higher
dimensional code structures into three-dimensional space, using either fractal lattices [30]
or other techniques [31]. However, the complexity of these proposals makes them difficult
to definitively analyse. An even harder prospect is analysing quantum memory proposals

that are not exactly solvable. These are systems whose code properties are known but we

2Self-correction implies a storage times that increases exponentially with system size.
3Storage times of partially self-correcting quantum memories increase polynomially with system size.
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do not have exact expressions for the states of the models [13, 18]. This gap in knowledge
takes rigorous study of their storage times beyond what is possible with the tools currently
available. It has been argued that some of these proposals may be self-correcting.

An important theme in quantum memories is the interplay between energy and entropy.
Studies of passive quantum memories often make use of a heuristic called the Arrhenius
law. This estimates the lifetime of a memory based only on the energy costs of bad errors
that destroy the information encoded in the memory [17]. The minimum energy needed
to introduce such an error is called the energy barrier of the memory. The Arrhenius
law provides an estimate of the typical time we expect to wait for such errors to occur
naturally due to thermal fluctuations. Specifically, if the energy barrier is A the Arrhenius
law says we expect thermal processes to overcome this barrier and destroy the encoded

A/T where T is the temperature. Many no-go results actually

information in time 7 ~ e
prove bounds on these energy barriers [19, 20], for example by proving that they are
constants independent of system size. The Arrhenius law would then imply that the
lifetime must also be independent of system size. This is backed up by our knowledge
of classical memories, where an energy barrier that scales at least linearly with system
size seems to be necessary for self-correction. It was hoped that for quantum memories it
might be possible to do better than the Arrhenius law and achieve partial self-correction
even without a positively scaling energy barrier by using entropic protection [32]. In this
approach the geometry of the system is altered to try to ‘hide’ the low energy error paths.
Maximising entropy would then drive the evolution away from these paths toward higher
energy routes and increase the coherence time. However, more recent work seems to rule
out this possibility. Arrhenius-like relations rigorously linking the scaling of the energy
barrier to an upper bound on memory lifetimes have now been proven in a number of
cases [22—-24].

The Arrhenius law may function well as an upper bound, but it is dangerous to consider
it as a true estimate of the actual lifetime a memory will have. Classical examples exist
where a direct application of Arrhenius law misses important entropic effects that radically

decrease the lifetime of a memory [33].

Chapter 2 introduces the mathematical and numerical tools used to define and study
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quantum memories. This includes the construction of codes, the decoding of errors and
the modelling of finite temperatures.

In chapter 3 we investigate the actual expected memory lifetime of a well-known quan-
tum memory model, the two-dimensional toric code, and compare it to the Arrhenius law.
This is carried out using arguments from statistical mechanics and numerical simulations.
The work in this chapter was included in the publication: [17]. A similar study was pub-
lished by another group around the same time [34]. Our results agree with theirs in one
limiting case (low temperature/small systems), but due to different approaches taken in

the analysis we disagree in the other limit (high temperature/large systems).

Chapters 4, 5 & 6

Topological systems are an exciting frontier of condensed matter physics. Conventionally
the large-scale (emergent) behaviour of a material, described by its quasiparticle excita-
tions, has been categorised as either fermionic or bosonic. This encodes (amongst other
things) the exchange statistics, which describe how the quantum state changes if two
quasiparticles are swapped. For bosons there is no change at all. For fermions a simple
change occurs, which is undone if the quasiparticles are swapped a second time back to
their original positions. The quasiparticles of topologically ordered systems extend these
possible behaviours by allowing more general changes of the quantum state [35]. These
anyonic excitations live in two spatial dimensions; crucially this means looping one particle
around another (a double swap) is topologically distinct from doing nothing (no swaps).
Anyons are sensitive to the topology of these braid loops.

How general the state transformations generated by braids can be depends on the type
of anyons. The simplest type, Abelian anyons, can exhibit measurable interference between
particle trajectories that do or do not braid (this is demonstrated in the Aharanov-Bohm
effect [36]). Braids of non-Abelian anyons are more powerful and are sufficient to change
the result of quantum measurements on the anyons, for example their braids can perform
quantum teleportation between subsets of the particles [35]. The most powerful subtypes
of non-Abelian anyons are even known to be universal for quantum computing [37, 38],

meaning their braids alone can carry out any computational operation we would need.
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Discovering a physical system with these anyons, that we could precisely control, would
provide a strong physical basis for a future quantum computer.

Besides this connection, there is a deep relationship between topological order and
quantum error correction. In contrast to conventional phases of matter (such as solids,
liquids and gases, or even more exotic phases such as superconductors), topologically
ordered systems do not have a local order parameter. For a system with solid and gas phases
in order to find out what phase the system is in we only need to carry out measurements on
a small part, for example by measuring the density. The same is not true for topologically
ordered systems. In order to fully characterise their state you need to access the entire
system. This confers natural robustness against noise and perturbations, since locally
acting errors cannot decohere the non-locally encoded quantum state [17].

Another example of topological states of matter are topological phases [39]. These sys-
tems do not directly support anyonic excitations. Nevertheless, they still have important
links to topological quantum computing. Though their quasiparticles are not anyons,
physical defects in the system (such as vortices) can bind anyons [40]. As with topologi-
cally ordered systems, topological phases do not have local order parameters. Instead they
are characterised by topological invariants. These invariants, such as the Chern number in
two-dimensional systems [41], are properties of their ground states. Systems with topolog-
ical phases, such as topological insulators [42] and topological superconductors [43], have
gapped energy spectra making them insulators. In spite of this, however, they support
robust currents on their surfaces.

There is strong experimental evidence for the existence of topological phases in real
materials [42, 43]. Beyond this, it has also been possible to engineer topological phases
in quantum simulators using cold atoms [44-46]. In contrast, direct evidence of topolog-
ical order remains elusive. There are compelling indications that some real setups could
carry anyonic excitations, in particular fractional quantum Hall systems [47-49] and crys-
tals thought to be spin liquids [50]. However, no-one has yet conclusively demonstrated
braiding of real quasiparticles [40]. It is hoped that this will eventually be possible, or
alternatively that quantum simulator schemes could be extended to produce topologically

ordered states.
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An important theoretical model of topological matter is Kitaev’s Honeycomb [51]. This
model is the subject of chapters 4, 5 and 6. It is a two-dimensional spin model that is
exactly solvable, meaning it is possible to carry out a deep analysis of its properties. The
model has been shown to exhibit both topological order [52] and topological phases [51, 53,
54]. Chapter 4 gives the definitions of the model and describes its exact solution. It ends
with a brief dip into a tiny part of the (extensive) literature around the model’s properties.
This chapter is supported by appendix A, which provides an extended discussion of some
of the details of the calculation.

The compelling and beautiful thing about Kitaev’s Honeycomb is that its tractability
allows us to see the abstract properties (such as its anyons) emerging from the microscopic
details. In this vein chapter 5 studies the surface currents (in this case one-dimensional
edge currents) of the topological phases of the model using its exact microscopic solution.
The topological phases of the Honeycomb are topological superconductors, meaning charge
is not conserved and electrical currents are not possible. Instead the currents we study
are heat currents, which we study numerically. This is carried out in real-space allowing
us to demonstrate their topological robustness. Additionally, the real-space nature of the
operators could make it possible to experimentally probe the same observables in future
quantum simulator realisations of the model. This work was published as [55].

It is thought that certain crystals may come close to realising the couplings of Kitaev’s
Honeycomb [56, 57]. Continuing experiments on these materials are able to probe them in
ever greater depth [50, 58] leading to a recent increased interest in measurable signatures of
Kitaev honeycomb physics. Its thermodynamic properties are one such set of measurable
quantities. They have already received a great deal of attention [59-63]. A key finding has
been a signature of the fractionalisation of the spins in the behaviour of the specific heat.
Fractionalisation implies the presence of anyons, but cannot distinguish between different
types of anyons. Despite this success however, these previous studies have neglected an
important aspect of the topological order of the model that may help to further distinguish
the anyon types. Chapter 6 returns to the thermodynamics of the Kitaev Honeycomb,

paying close attention to these fine details.

Chapter 7 concludes by summarising the results of chapters 3, 5 and 6. The results
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presented are contextualised against other work in the field. After summing up, I end by

discussing future directions.

Though the subject matter varies the methods applied throughout the thesis are similar,
mostly relying on numerical simulations. I have included an appendix of ‘experimental’
details on these numerics, appendix B, and much of the original code is available on my
github profile Qchris-n-self.

Finally, appendix C documents work in progress that seeks to link chapters 5 and 6
by computing thermal conductivities for the full Kitaev Honeycomb model. Two schemes
are proposed for computing these quantities. One of these schemes involves computing
heat currents after a quenched perturbation, and may separately be of interest in probing

aspects of the non-linear response.
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2.

Background 1:
Quantum memories at finite temperature

This chapter provides the background on quantum memories and their interaction with
a thermal environment. It begins with an introduction to stabiliser codes in section 2.1.
Their construction is discussed in section 2.1.1 and the handling of errors in section 2.1.2.
The toric code is used as a particular example of a stabiliser code throughout this section
and its definitions are given alongside the more general ones. Following this, quantum
memory Hamiltonians based on stabiliser codes are introduced in section 2.2. Section 2.2.1
comments briefly on the relationship between quantum memories and topological order.
Section 2.3 describes the modelling of the quantum memory’s interaction with a finite
temperature environment as well as how it can be numerically simulated. Then the details

of the error decoding procedure we employ are outlined in section 2.4.

2.1. Stabiliser codes

This section is a brief review of the construction of quantum stabiliser codes using the
toric code as a particular example. This is purely to provide the necessary framework for
the work discussed in the following chapter. Many excellent introductions and in depth

reviews are available in the literature such as [16, 17].

2.1.1. Construction

Error correcting codes provide a way to store information robustly by using a large number
of physical qubits (the fundamental unit of quantum data) to encode a small number of
logical qubits. This is achieved by specifying a particular subspace of a much larger
Hilbert space as the logical degrees of freedom. The remaining degrees of freedom are
used to detect and attempt to correct errors. Stabiliser codes do this in an elegant way

by specifying a set of mutually commuting operators whose joint +1 eigenspace define the
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logical subspace, called the code space. This gives them an efficient description purely in
terms of these operators.

A stabiliser code is defined over n qubits. Quantum states of these qubits live in a
Hilbert space of dimension 2". The code space is defined within the full Hilbert space by
fixing the eigenvalues of m independent, mutually commuting operators. These operators

are called stabilisers S, where r = 1,...,m and the code space is defined by
Sy | W) = +1|T) for all r.

The stabilisers may all be chosen to be hermitian and so correspond to some set of ob-
servables. Fixing these stabiliser degrees of freedom restricts the Hilbert space dimension
of the code space to 2"~™ = 2F and so we encode k logical qubits.

In the case of the toric code the physical qubits are arranged on the links of a periodic
L x L square lattice, fig. 2.1, so that n = 2L?. Embedding this two-dimensional lattice in
three-dimensional space, the qubits live on the surface of a torus. The toric code has two
kinds of stabiliser operators: plaquettes operators B, that apply a Z to all qubits living
on the links around a plaquette, and star operators A, that act with an X on the links
adjacent to a vertex. Examples of these operators are shown in fig. 2.1(a). Here we have

used the convention of denoting the Pauli matrices with X, Y and Z, explicitly

The independent, commuting stabiliser operators are the generators of the Abelian
stabiliser group S = (S1,...,Sy) where —1 ¢ S, meaning the group S is composed of all
possible products of these generators S,.. The stabiliser group is a subgroup of the full
Pauli group of the n qubits, P, = (il, X1, Z1,...,Xn, Zpn). Here we have introduced the

notation that X, means Pauli X acting on qubit r, explicitly this is

X, =101 -1l @X® 1el®---a1.

r—1 n—r

The internal (logical) degrees of freedom of the code space are manipulated by logical

operators. These operators must not disturb the stabilisers, so commute with all elements
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Figure 2.1. — Building blocks of the toric code. (a) examples of the plaquette B, and
star A, stabiliser operators. Each plaquette p and vertex v, respectively, has a B, and
A, operator associated with it. (b) the two anti-commuting pairs of logical operators
of the toric code {X1,Z1} and {X3a, Z>}. (c) an element of the stabiliser group S € S
and one pair of logical operators {X 1, Z;} are drawn on a torus embedded in three-
dimensional space to illustrate their relationships to topology. The logical operators
run along different non-trivial cycles and only intersect at a single point. In contrast,
all elements of the stabiliser group form trivial cycles on the surface of the torus.
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of S. However, they cannot be part of the stabiliser group or they would act trivially
on encoded states. Logical operators can always be chosen as anti-commuting pairs of
observables from the Pauli group (Y;,Zl) € P,forl=1,... k where X; 7, = —Z; X,.
Additionally, logical operators from separate pairs will commute, that is X, Zy = Z, X,
when r # s. The logical operators are only defined up to their product with the stabiliser
group.

In the case of the toric code these conditions on the logical operators, that they must
commute with all the stabilisers but cannot be generated from a product of them, has a
topological interpretation. The logical operators of the toric code are strings of X or Z’s
that run around non-trivial cycles of the torus. Non-trivial cycles of the torus are loops
that cannot be shrunk to a point without cutting and gluing them closed again, intu-
itively they are loops that pass around or through the ‘hole’ of the donut. The toric code
encodes two logical qubits. The logical operators {X1, Z1} and {Xo, Zs} are illustrated
in fig. 2.1(b). To make the construction of these operators clearer, the Z logical operators
are strings on the edges of the lattice and each correspond to one of the two different
non-trivial cycles. The X logical operators that are conjugate to them are strings on the
edges of the dual graph (i.e. the lattice obtained by replacing plaquettes with vertices
and vice versa) and are associated with the opposite non-trivial cycle to their Z partner.
In this way the X; and Z; operators only meet at a single qubit and so anti-commute
with each other, whereas Z; does not act on any of the same quibts as X or Z and so
they commute (with the same being true for X1). In contrast to the logical operators,
the stabiliser group (products of the A, and B, operators) only contains strings that are
boundaries of regions of the lattice. In particular this includes strings with trivial topol-
ogy, meaning they can be shrunk to a point without cutting the string. It additionally
includes even numbers of non-trivial strings, which form the boundaries of ‘strip’ regions
that are periodic in one direction. Recall that logical operators are only defined up to
products with the stabiliser group, hence the Z and X operators defined above can be
deformed with these loops and still remain logical operators. One pair of logical operators
and an example element of the stabiliser group are drawn on a three-dimensional torus

in fig. 2.1(c) to help illustrate the role of topology.

22



2.1.2. Detecting and correcting errors

Modelling arbitrary errors acting on a quantum code is in general a hard problem. A
simplified approach that is often employed is to study Pauli error channels. These channels

act on a state of the code p through the error map

N(p) = (l—p)]l—i—ZpiEipEi where p:Zpi (2.1)

where E; € P, is the complete Pauli group of the n physical qubits. Errors such as these
act incoherently. They transform the state into a probabilistic mixture, described by
distribution p;, where each component suffers the Pauli error E;. Applying Pauli errors E;
to stabiliser states yields another stabiliser state, only with a different set of eigenvalues,
and thus the action of Pauli error channels on stabiliser codes can be efficiently simulated.
In contrast, arbitrary unitary operators acting on the code would also include coherent
components, which would enter eq. (2.1) in the form of terms like (E; p — p E;). These
cannot be efficiently simulated in general as their action would move the state out of the
stabiliser eigenbasis. This is problematic as errors such as these are likely to be common
in real quantum devices. Fully analysing the effect of coherent errors remains an open
problem and an active area of research [64-66]. However, recent progress suggests that for
large enough topological codes locally acting coherent physical errors result in an effective
error channel acting on the logical subspace that is incoherent [64]. This result, and others,
suggests that the simplified modelling of Pauli error channels is nevertheless an effective
way to analyse the robustness of quantum codes.

We will work only in the framework of Pauli error channels. Every member of the Pauli
group either commutes or anti-commutes with each stabiliser S..; therefore, if a non-trivial
error occurs its signature will be that some of the stabiliser eigenvalues will be flipped to
—1. The measurement outcomes of the stabilisers following an error E are called the error
syndrome. This syndrome is not unique as multiplying the error by any element of the
stabiliser group E' = E' S, S € S, will not change the syndrome.

Generic members of the Pauli group can be decomposed (up to phases) into strings of
operators acting on the toric code. Closed strings belong to either the stabiliser group

or the set of logical operators. Both of these commute with all the stabilisers so have
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Figure 2.2. — An open chain of errors on the toric code creates two non-trivial
syndromes by flipping the eigenvalue of the stabilisers at each ends. In this case the
flipped stabilisers are the B, plaquette operators indicated with red spheres.. Two
proposed correction operators result in either: (a) no damage to the encoded state
or (b) a logical error. In (a) and (b) the error that has occurred is indicated with
a solid red line as well as X operators on the qubits, and the proposed correction
operators are drawn as light/dashed lines. (c) a worst case error configuration for the
toric code. A decoder cannot reliably correct such an error.

trivial syndromes. Open strings, on the other hand, will anti-commute with the stabilisers
at the end points of the string and so generate a non-trivial error syndrome that will be
detected by measuring the stabilisers. Figure 2.2 (a) shows an open string of X’s causing
two flipped stabilisers, drawn as red balls, at the ends of the string.

We can try to correct an error by acting with a correction operator C. This operator
will be such that the product of the initial error £ with C has trivial syndrome. The
correction succeeds if C' ¥ € §, meaning the final action on the state is just multiplication
with a stabiliser, and fails if C' E = L for some logical operator L. The job of choosing a
correction operator C' is carried out by a decoder. One way to evaluate the strength of a
code is to consider the smallest worst case error. This is the error (or errors) that act on
the smallest number of qubits necessary to produce a syndrome pattern that is impossible

to reliably decode. Considering errors like these leads to the concept of code distance. The
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code distance, d, is defined as the weight (the number of qubits acted on non-trivially) of
the smallest logical operator. Since the logical operators are only defined up to products
taken with the stabilisers, the code distance is obtained by minimising the weight of the
logical operators with respect to the action of the stabiliser group. The smallest worst
case error will then be an error that acts on /5 qubits.

Toric code correction operators will be open string Pauli operators that produce the
same syndrome as the error. If the combined closed string (error plus correction) has
trivial topology the final operation applied belongs to the stabiliser group and the error
has successfully been corrected, fig. 2.2(a). However, if the total loop wraps around a
non-trivial cycle a logical error has occurred, fig. 2.2(b). For the toric code defined on
an L x L square lattice all minimum weight logical operators have the same weight of L
(these are the logical operators as drawn in fig. 2.1), hence the distance of the code is
d = L. The least-weight worst case errors are strings of length /o that wind halfway
around a non-trivial cycle, such as the error configuration drawn in fig. 2.2(c). Errors like
these provide no information to a decoder about what direction the error string lies in and
cannot be reliably corrected.

In principle it is not necessary to actually carry out the correction operation. If we can
decide through decoding that the correction we would like to apply is C' then we can store
this information and instead use it to adapt future elements of the computation in such a
way that the error is dealt with [16]. This correction operator C' is then called the Pauli
frame of the encoded state. Depending on the situation it will take different amounts
of effort to account for a non-trivial Pauli frame. For complex computations (involving
non-Clifford gates) this could mean having to alter the operators that are applied at later
steps of the computation. Whereas, in the simplest case it could mean we just have to

reinterpret the result of final measurement outcomes.

2.2. Quantum memory Hamiltonians

Quantum memories use energetic protection to try and suppress the development of prob-
lematic errors. Information is stored in the degenerate ground state eigenspace of a many-

body (N qubit) Hamiltonian, Hmem = —A Y, P; where P, € Py, such that errors have
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an energy cost and so are suppressed. This general setup is greatly simplified by restricting
the Hamiltonian terms to a stabiliser group over the qubits P, € S. In this case Hyen is
exactly solvable and we can use the language of error correcting codes to understand many
of its properties. The ground state eigenspace of Hyep, is the code space of the stabiliser
code S and the degeneracy of the ground state is resolved by the logical operators of the
code. Excitations are described by the eigenvalues of the stabiliser generators.

For the toric code the simplest such Hamiltonian is to use the stabiliser generators as
the interaction terms,

Hy = —% > B, - % > A, where A, >0. (2.2)
P v

It’s easily seen that the code states, for which all (B,) = (A;) = 1, minimises its energy;
therefore the toric code codespace is the ground state eigenspace. We can construct
projection operators onto the (—1) flipped eigenvalue of the stabilisers

1—-A
2 & ny=—5—

and, up to non-physical constant terms, rewrite the Hamiltonian using these projectors

Hie = A, Z np + Ay Z Ny . (2.3)
P v

This translates flipped stabilisers into quasiparticle excitations of two species n, and n,,.
In this view, the ground state subspace is the vacuum of these particles. Error operators
create and transport the n, and n,. As these particles live at the end of strings, both n,

and n, particles always exist in pairs.

2.2.1. Topological order and toric code anyons

The toric code Hamiltonian is a topologically ordered stabiliser Hamiltonian. A colloquial
definition of topological order is that there is no local order parameter to resolve the
degenerate ground states. We already know that the only operators that lift the degeneracy

of the ground states of the toric code are the non-trivial loop operators, the size of which
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scales with the dimensions of the system. Topological order ensures the ground state
degeneracy is robust to perturbations, such as stray magnetic fields [17]. Specifically, it
has been shown that for topologically ordered stabiliser Hamiltonians the gap induced in
the ground state subspace by weak local perturbations is exponentially small in the system
size [67]. If this was not the case such perturbations would lead to coherent dephasing
errors of the logical states, as different states in the code space would acquire different
phases under the Hamiltonian evolution of the system. This resilience is an essential
characteristic if the system is to serve as a quantum memory. However, this picture of
coherent errors is far from complete and misses some important aspects. For example
this neglects code preparation errors, when the state is not a perfect eigenstate of the
Hamiltonian, as well as the possibility that the perturbations induces dynamics in the
quasiparticle excitations that is damaging to the encoded information. For an extended
discussion of these topics see section ILF of [17]. Nevertheless, topologically ordered
systems provide the best known examples of physical systems whose natural properties
help to suppress quantum errors.

The quasiparticles of the toric code introduced above, n, and n,, are Abelian anyons.
Specifically, they belong to the quantum double of the Abelian group Zs [35]. The quasi-
particles are conventionally labelled e and m. This anyonic picture gives another view of
the logical states. Any string operator can be viewed as the trajectory of a pair of e or
m particles moving over the lattice. Therefore, logical operators correspond to particles
winding around a non-trivial cycle of the torus before finding each other and annihilating.
This annihilation returns the system to its ground state but leaves its particle flux. In
the lattice model of the toric code this particle flux corresponds to a closed string with
non-trivial topology (the logical operator), which has generated the motion of the parti-
cle. Measurement of the conjugate logical operator can detect the presence or absence of
this flux loop. A physical picture of the logical degrees of freedom is that they are the

occupations of these winding fluxes.
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2.3. Modelling finite temperatures

We are interested in errors arising from the interaction between the quantum memory and a
thermal environment. The thermal environment is modelled by a large auxiliary quantum
system. The initial state of this auxiliary system is a thermal state at temperature 1" and
we call it a thermal bath. The interaction between the memory and the bath causes the
two systems to become entangled. Thus, over time it becomes harder to reliably extract
the information initially stored in the memory when we can only perform measurements
on the memory’s degrees of freedom.

In order to have a tractable model of the interaction between the memory and the bath
we assume the coupling is weak and that the bath is much larger than the memory. Under
these assumptions, the state of the bath effectively does not change due to the interaction
and it can be considered to remain in a thermal state at all times. For all practical
purposes, the information transferred from the memory into entanglement is now lost all
together. This is the Markovian limit. For a thermal bath in this limit the memory evolves
towards its Gibbs state

o= 3 e 2.0
J
where |e;) are some complete set of energy eigenstates of the memory with energies ¢;,
B = 1/T is the inverse temperature of the bath (with Boltzmann’s constant set equal to
one) and Z =3, eP¢ is the canonical partition function.

An additional assumption gives a particularly simple model of the dynamics. If we
assume that the memory-bath interactions are local and independent then the memory
dynamics can effectively be described by a rate equation. We can visualise such a bath
as injecting or extracting lumps of energy from the memory so causing jumps between
energy eigenstates. Each jump occurs with some characteristic rate that depends only
on the energy difference. If V' is a process jumping the memory from energy ¢; to €y, so
causing the energy of the bath to change by wy = — (g7 —¢;), then it occurs with frequency

K wy

vl (2:5)

Y(wy) =

where k has units of 1/(energy x time) and sets the timescale of energy exchange between
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the memory and the environment. These rates can be seen to satisfy the property of

detailed balance, v(wy) = eV (—wy).

2.3.1. Deriving the rate equation

We will give the derivation of the rate equation, eq. (2.5), from a weak coupling of the
memory to a thermal bath [68]. Very general and powerful mathematical frameworks have
been developed in order to derive weak coupling master equation [69]. These methods
provide a more rigorous route to obtaining eq. (2.14). Rather than being rigorous, the
aim of this derivation is to highlight the physical origins of the different parts of the final
result as well as the assumptions involved in reaching it.

Rather than being rigorous, the aim of this derivation is to highlight the physical origins
of the different parts of the final result as well as the assumptions involved in reaching it.

The memory, with Hamiltonian H ey, interacts with a bath described by Hpin. The
initial state is an uncorrelated product state between a pure state of the memory and the
thermal state of the bath, pior = |[UNV| ® pyn. Taking a generic form of the interaction

gives a total Hamiltonian

H = Hmem®]lbath+]lsys®Hbath+ZWa®fa = Hy+Hp+Hy,

[e%

where W, and f, are assumed to be hermitian and act on the memory and bath re-
spectively. The interaction operators on the memory W, are ergodic, meaning that the
interaction can address all states of the memory (there are no dark states that decouple).
To describe the dynamics we move to the interaction picture. Interaction picture operators

are denoted with a tilde and defined by O = e(Hu+Hp)t ) o~i(Hu+HB)t The state prop of

the coupled memory and bath evolves according to

%ﬁtot = _i[ﬁf(t)a ﬁtot(t)] . (26)

A formal solution to eq. (2.6) is obtained by integrating both sides. This formal solution
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can then be substituted back into the right hand side of eq. (2.6) to obtain

o s .

s = L0, 0)] = [ s 0. [r(5). (5] (27)

We are only interested in the dynamics of the memory so we next trace out the bath to
find the evolution of the reduced state p = tryan(pot). The partial trace of the first term
on the right hand side can be chosen to vanish, tryaen([H7(t), fot(0)]) = 0. In particular
this will be the case since the initial state of the bath, the thermal state, is diagonal in
its energy eigenbasis. Whereas the interaction operator acting on the bath is off-diagonal,
since it encodes energy exchanges between the memory and the bath. The derivation so
far is exact, we now begin to simplify eq. (2.7) with approximations.

In the weak coupling limit we make the Born approzimation. This replaces piot(s) on
the right hand side of eq. (2.7) with the factorised p(s) ® pg, at all times. The reduced

dynamics of the memory are then described by

Sp=- /0 ds teyaen (L1 (1), [H1(5). 7(s) © purl)) (2.8)

One possible justification of this is that, since the coupling is weak, the state of the bath
effectively does not change. Or if it does, then since it is so much larger than the memory
it relaxes back to its thermal state on timescales that are so short the change can be
neglected. However, a more sophisticated analysis can show that this does not need to
be the case [70]. Even in the weak coupling limit the state of the bath might change but
eq. (2.8) remains the correct description of the reduced dynamics of the memory.

If we substitute the expression Hy = >, W, @ f, into eq. (2.8) and expand the double
commutator we find it is possible to use the cyclic property of the trace to refactorise the

integrand into

2h=-3 /0 s (W (1), Wi (5)7(5)] et (1) ()t
o,

W), 55)Wa ()] trvarn (Fo (5) Fa D)) ) - (2.9)

The correlation functions Cyp(t1,t2) = trpath (fa(t1) fo(t2)ptn) now encapsulate all remain-
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ing reference to the bath. Since pyy is a stationary state, these correlations only depend
on the time difference, Cyp(t1,t2) = Cup(t1 — t2). To continue, we expand the operators

W, in terms of their Fourier components. Using the definition of the interaction picture

operators, we find these are given by

Wa(t) _ eiHmemt W, e—iHmemt _ Z Va(w) eiwt )
w

The set of w are energy differences between different eigenstates of Hyem and the operators
Vo (w) are the parts of W, that couple those two different energies. We note that since the
W, are hermitian this means Vy(—w) = Vi (w). Substituting into eq. (2.9) and changing

the integration variable to 7 =t — s gives

o=y / dr ¢!t v ([vaw Va()(t — 7)) Cas(7)

O(,B w,V

~ Va(w), jlt — 7)Va(w) %(—T)) . (2.10)

We now make a rotating wave approzimation and say that the only terms that will con-
tribute to the sum over w and v are those where v is equal to —w. Other terms will average
out due to the fast oscillating '@ )¢,

The time taken for the bath to relax back to equilibrium is much shorter than any
timescale of the memory. We therefore expect the bath correlation functions to be peaked
around 7 = 0 and decay very fast. While, in the same amount of time we expect the state
of the memory to hardly have changed. This justifies replacing p(t — 7) inside the integral
with p(t) and extending the upper bound of the integral to infinity. This is the Markovian

approrimation, since in this regime the future evolution of the memory is determined only

by its current state and not its history. The equation of motion is now

5= =% (Walwh Vit [ arerCustr

a7ﬁ w

—[Va(w), pVa(—w)] /000 dT@inCﬁa(—T)) ) (2.11)

To simplify further we define the matrix Cop(w) = [;° dre™7Cop(7), which is equal

to the first integral. Using the fact that Cpga(—7) = C}5(7), the second integral is given
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by I' 5(—w). We break I'ys into its hermitian and anti-hermitian parts and write it as

Cap(w) =12 gap(w) + /2 hap(w) where

o0

G05() = Tap() + T (w) = / dreT Clag(r)

—0o0

hap(w) =/i(Fap(w) — Tos(w)) -

Note that the hermitian part gog(w) is the Fourier transform of the bath correlation
functions. Substituting these expressions into eq. (2.11) and manipulating eventually

gives

E?tﬁ — % ZZ ( — i hap(w) [Va(w)Va(—w), pl+

o, w

00 () (2 Vi)V () — (V@) V(o). ﬁ})> L e

The first term, typically called the shift Hamiltonian, renormalises the energy levels of
the memory. It has been shown that this term cannot speed up the decoherence of the
memory [21, 24] and so for simplicity we will neglect it when studying the dynamics.

We now start to make choices about the type of bath the memory is coupled to and the
details of the interaction. We independently couple each physical qubit to a bath made
up of an infinite number of harmonic oscillators. An ergodic choice of W, that act on
single qubits are Pauli X’s and Z’s. We additionally assume that the Pauli X and Z
thermal errors on a single qubit are independent. The independent coupling means there
are no correlations between different baths, gos(w) = ga(w) dop. Finally, returning to the
Schrodinger picture, we arrive at the Markovian master equation for the reduced dynamics
of the memory

p= —i[p, Hmem] + L(p) , (2.13)

where the Liouvillian super-operator £ encodes the effect of the environment on the mem-

ory and is given by

£0) =50 0a(e) (Vale) Vil = Vel Vale). ) (2.14)

The power spectrum of the bath g,(w) describes how quickly or slowly the bath can

exchange energy with the memory. It must satisfy detailed balance gq(w) = €™ go(—w)
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in order to ensure the thermal state of the memory is the equilibrium state.

The initial state of the memory is a pure ground state. This is the case we will often
consider in the quantum memory setting, however all of the following also applies to states
that are mixed in the energy eigenbasis of the memory for example probabilistic mixtures
of different ground states. If there is no initial coherence in the energy eigenbasis the dy-
namics described by eq. (2.13) cannot introduce coherence between energy eigenstates [21].
The density matrix of the memory will therefore be diagonal in the energy eigenbasis at all
times in the evolution p(t) = >, pi(t) |ei)(e;|. Substituting this form of p into the master

equation we can show that it takes on a classical form

Pe =Y (Tjorpj — Thsj Pi) (2.15)
J#k
where I';_,;, is the rate of transition from state j to k. If we assume the g,(w) satisfy
detailed balance we find the following expression for the rates. Let V' be a process that
causes the transition j — k& with change in the energy of the bath wy = —(e, — €;), the
rates are then written
g(wv)

Ljse =T(wv) = m- (2.16)

With the final assumption that the bath has Ohmic spectral density and large cut-off
energy, g(wy) < wy, eq. (2.16) yields the rate equation, eq. (2.5). This choice of bath
power spectrum is motivated by the spin-boson model [71].

If we were studying the decoherence of a specific physical architecture for a quantum
memory (such as trapped ions or NV centres in diamonds) we could not neglect the
constant prefactor of g(wy) = kwy. This constant x sets the fundamental timescale for
interactions between the memory and bath in physical units. However, when studying
quantum memories from a quantum coding perspective we are motivated by the more

abstract question of how the coherence time scales with temperature and system size.

2.3.2. Coherence time

An error correcting scheme can only really be evaluated in the context of some particular

error model and different error models will have different figures of merit. In the case of
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thermal errors evolving under some master equation this is the coherence time.

The coherence time 7 is defined differently in different studies. However, the principle
is that 7 quantifies the time up to which we expect to be able to reliably recover stored
information from the memory using a decoder. Some possible definitions are that 7 is the
expectation value of the time the decoder first fails, or that 7 is the time that the decoder

success rate first falls below some threshold such as 99%.

2.3.3. Simulating thermal physics

Under the simplifying assumptions made above, the thermal decoherence of the memory
is described by a classical master equation, eq. (2.15), with transition rates that only
depend on energy differences, eq. (2.5). To study the effect on encoded information, the
time evolution of an initial pure ground state under these dynamics can be approximated
with Monte Carlo methods [72, 73]. The rest of this section outlines the steps of the
evolution algorithm we employ.

At time ¢ = 0 the memory is in an energy (and logical) eigenstate, |¥p). As time
progresses, thermal processes jump the system to other energy eigenstates by applying
single spin X or Z operators. These jumps occur probabilistically producing a mixed
state p(t) for times ¢ > 0. We numerically sample from the ensemble p(t) by averaging
over many simulated sequences of discrete jumps between pure states |Wg) — Vi |[¥g) —
VoVi |[Wg) — ..., where the processes Vi, V3, ... and the times they occur tq, to, ... are
chosen randomly with appropriate probabilities.

After i steps the simulation time is ¢; and the memory is in state |¥;), which has energy
;. For all possible thermal processes that can occur V', we evaluate their rates ~y(wy)
with respect to ¢; and e, which is the energy of V' |¥;). The time we would expect to
wait for each V' to occur is exponentially distributed with rate v(wy ). Therefore, the time
we expect to wait for any process to occur is also exponentially distributed with total
rate R =)y, v(wy). The time until the next jump t;41 = ¢; + 6t can then be chosen by
drawing from this exponential distribution using the formula

In(r)

5t =—
R )

(2.17)
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where r is a random number chosen uniformly from the interval (0, 1].
The relative likelihoods of each possible V' occurring at time t;4; are also given by the
rates. The probability that V' will be the next process to take place is

¥(wv)
-

pv = (2.18)

Using these probabilities we randomly select the next thermal process V;y;. This gives
the state after the next jump |W,;11) = V41 |¥;). Unless the simulation has met some stop
condition we now update the rates y(wy) and repeat the above to continue to the next
step. (As a practical note, since the toric code Hamiltonian is a sum of local commuting
terms only a small number of the v(wy) will have changed. We can identity these and
only recompute the rates where necessary.)

This simulation scheme can easily be extended to simulate the evolution of initial mixed
states of the memory. In this case the pure state chosen at the start of the simulation |¥)
would be chosen at random by drawing from the probability distribution corresponding

to the mixed state at t = 0.

2.4. Decoding errors

In active memories errors are handled through a repeated loop of measuring stabilisers,
decoding errors and applying corrections. Though their application is more limited than
in active schemes, decoders still play an important role in passive memories. An ideal
passive memory would be left untouched while storing information. However, we would
still want to decode when reading out the stored state. This final decoding step will always
be necessary to remove residual errors, even for a truly self-correcting memory [17]. To
reiterate a previous point, the coherence time 7 is defined in relation to this decoding step.
It quantifies how long we expect to be able to wait and still reliably decode. As such the
particular choice of decoder will effect the value of 7, though we do not expect the general
scaling of 7 with temperature and system size to change.

The job of a decoder is to begin with an error syndrome pattern and choose a correction

operator that will remove all error syndromes in a way that is least likely to cause logical

35



errors. For the toric code this means closing open strings into closed strings. The decoder
succeeds if all the resulting closed strings have trivial homology, and it fails if the final
operator has non-trivial homology. When decoding the toric code we can choose to only
address Pauli X errors and their error syndromes of plaquette stabilisers. Pauli Z errors
and the associated flipped star stabilisers can be dealt with independently using the same
procedure.

There are many types of decoders developed for different situations [27, 74-77]. These
can be specialised to particular codes or widely applicable to broad classes of codes. The
decoder most often applied to the toric code is a specialised decoder, the minimum weight
perfect matching algorithm [27]. However, we instead employ one of the most flexible types
of decoder: a hard decision renormalisation group (HDRG) decoder, which is alternatively

called a clustering decoder [25, 78].

2.4.1. Clustering decoder

A clustering decoder divides the syndromes into spatially local subsets, clusters, that can
be corrected by local operators. With respect to constructing the clusters, local is taken
to mean that there is some length z such that for every syndrome in the cluster there
is at least one other member of the cluster that is at most distance z away. The cluster
can be corrected locally if it is possible to remove all syndromes in the cluster with a
correction operator that acts only on the physical qubits within a box bounded by the
edges of the cluster. Such a cluster is called neutral. In the case of the toric code it
is particularly easy to identify neutral clusters as it simply means they contain an even
number of syndromes. If there are still un-neutralised clusters amongst the set of length
z clusters the size is increased z — z + 1 and the set of z + 1 clusters is considered. This
is repeated until all the clusters are neutral. The choice of linearly growing clusters is one
particular choice, it is also possible to consider exponentially growing clusters z — 2z [25]
or other growth schemes. The algorithm is greedy in the sense that once all the clusters
of length z have been constructed if any are found to be neutral the correction operator
is applied straight away before constructing the z + 1 clusters. The syndromes in those

clusters then disappear and are not included in the z + 1 clusters. (It is known that
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Figure 2.3. — Distances of all sites from a central site (site-0) labelled on a 6 x 6
toric code, based on the distance metric described in the text. The (d) or (nd) labels
indicate sites linked to site-0 by degenerate or non-degenerate paths of a given length.
Sites on the left/top edge of the lattice are faded out to indicate they are repeats of
the same site labelled on the right/bottom edge due to the periodic boundaries. For
distances 3(nd) and greater the finite size of the system effects the number of sites
at each distance. In particular, there are only two distinct sites at distance 3(nd)
rather than four. Additionally, there are no sites at distance 4(nd) or 5(nd). The
most distant site is at distance 6(d) and there is only one such site.

relaxing this greediness can improve the success of the decoder [79].) Additional to the
locality condition on the clusters, non-neutralised clusters cannot overlap spatially. For
every member of each cluster, all the remaining syndromes within distance z must be a
member of the same cluster. We will next give an example of applying this algorithm to
a particular toric code error to make the steps of the procedure clearer. However, before
that, in order to properly define the size of a cluster a distance metric is needed.

The distance z between plaquettes is taken to be the minimum number of operators
needed to connect the two plaquettes by an error chain (this is the Manhattan distance on
the square lattice). An additional complication is added as an entropic correction [77]. For
z > 2 some pairs of plaquettes are connected by multiple chains of length z while others
are only connected by a single path of length z. Entropic considerations mean the two
sites connected by multiple paths are more likely to be linked together by an error chain
of length 2z than the two with only a single path. These entropically favoured sites with
degenerate paths of length z are considered closer together than sites with non-degenerate

paths of the same length, in the sense that they are treated as two separate increments of
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the algorithm. This distance metric is illustrated in fig. 2.3.

To help illustrate the steps of algorithm, consider the pattern of errors on the 5 x 5 toric
code shown in fig. 2.4(a). The syndromes are drawn as well as the actual error strings,
which are unknown to the decoder. The first step is an initialisation step. At z = 0
clusters are created for each syndrome containing only the syndrome itself, fig. 2.4(b).
Increasing the search distance to z = 1, nearest neighbour syndromes are joined into
clusters. This leaves three independent clusters, fig. 2.4(c), one of which is neutral. The
neutral cluster is indicated in blue and the (in this case unique) correction operator is
shown. The algorithm now proceeds separately through distances z = 2(degenerate) and
then z = 2(non-degenerate) trying to expand the clusters. The two remaining clusters do
not become joined at these distances. At z = 3(degenerate) the two remaining cluster join
and become neutral, fig. 2.4(d). A possible choice of correction operator acting within the
box bounding the cluster is also shown. The z = 1 neutral cluster is not shown here since
as soon as it became neutral after z = 1 the correction operator was applied. Finally,
fig. 2.4(e) shows the combined action of the initial error and the correction operators. In
this case the decoder has failed. The combined operator decomposes into a non-trivial
loop of X’s in both the vertical and horizontal directions meaning a logical X has been
applied to both stored qubits. Using X stabilisers to deform the error chain we can bring

it into the shape of the logical operators as originally defined, fig. 2.4(f).

2.4.2. Testing for success

We will simulate the building up of errors in the memory and then some time later try
to decode. Rather than explicitly construct correction operators and check the homology
of the final operator we instead take the following approach to testing if the decoder has
been successful.

A choice of logical operators is fixed, for example Z; and Z, are chosen to be the
strings of Z’s applied to the qubits shown in fig. 2.5. With these operators specified,
we can find the Pauli frame of the logical qubits induced by the errors. In the example
of fig. 2.5(a) none of the physical error strings intersect the logical operators and so the

logical Pauli frame is just identities. This is compared to the logical Pauli frame deduced
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Figure 2.4. — Tllustration of the working of the decoder. (a) The initial error
pattern, the syndromes (red spheres) become the input for the decoder and the error
strings are unknown. (b) Beginning of the algorithm, search distance d = 0. Trivial
clusters are created (red boxes). (c) Search radius is expanded to d = 1 and all
syndromes within that distance of each other are clustered. The lower left cluster
is neutral and a correction operator that will remove these syndromes is shown. (d)
When d = 3(degenerate) the remaining clusters combine and become neutral. A new
correction operator is shown, in addition to the previously applied correction. (e) The
total operator applied to the lattice. (f) Deforming the total operator with stabilisers
to recover the two X logical operators shown in fig. 2.1. This means the decoder has
failed and a logical error has occurred.
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Figure 2.5. — Assessing decoder success by comparing the actual Pauli frame of

the logical qubits to the Pauli frame deduced by the decoder. (a) based on the fixed
choice of logical strings Z; and Z, the actual Pauli frame of the logical operators is
trivial. (b) the result of decoding means that X strings will have to cross Z; and
Z5 to remove the cluster highlighted. Thus giving a deduced Pauli frame that has
bit-flips on both logical qubits.

by the decoder. At the end of decoding we identify the clusters that intersect with our
choice of logical operators. This is only the large cluster shown in fig. 2.5(b). For each
logical operator we compute the particle fluxr crossing the logical string. In this case, for
both Z1 and Zs, there is an odd number of syndromes on each side of the logical strings.
This means that any correction operator will need to transport an anyon across Z; and
across Zs. Therefore, the deduced Pauli frame is that a bit-flip has occurred to both
logical qubits.

If the future results of computations are adjusted according to our guess of a bit-flip
Pauli frame we will introduce a logical error into our computation. This again means
that the decoder has failed. Since this method only requires us to count the number of
syndromes on each side of fixed logical strings it is a highly efficient way to assess decoder
success.

Finally, before progressing to consider thermal errors we benchmark our implementation
of the decoder against independent identically distributed (i.i.d.) errors to show it behaves
as expected. For different size L x L toric codes we randomly apply X errors to the physical
qubits with probability p. These errors are decoded and each time we check whether or not
the decoder has succeeded. This is repeated for N = 1000 samples and the fraction that
succeed gives the probability of successfully decoding Pysycc. Figure 2.6 plots Pysyce against

the physical error rate p. We see evidence of a critical threshold error rate p* ~ 8.4%—8.5%.
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Figure 2.6. — Decoder success rate when attempting to correct i.i.d. noise as a
function of the physical error rate p for different system sizes. We see the expected
crossover behaviour for increasing system size and can identify a critical error rate
approximately in the range 8.4% to 8.5%.

This is indicated by the crossing of the curves corresponding to different system sizes [78].
For physical error rates p < p* the probability of success Pyycec increases with increasing
system size, since larger sizes act as an increasingly strict constraint on which errors of a
given density can cause the decoder to fail. Whereas for p > p* the opposite is true, it
becomes increasingly harder to find an error pattern that does not cause a logical error,
and the system size scaling is reversed. A more careful analysis of the system size scaling

would be needed to more precisely identify the value of the critical error rate [77].

2.5. Summary

This chapter has given an introduction to the quantum memories framework and described
the simulation methods employed to study the toric code in the next chapter. This began
with a review of the stabiliser formalism for quantum error correcting codes. Followed
by a discussion of the related idea of quantum memory Hamiltonians, which seek to use
energetic suppression of errors to protect encoded information. The second half of the
chapter contained an in depth account of the master equation methods used to simulate
finite temperature environments and the decoding procedure we will use to correct errors.

In the following chapter we study the coherence time of the toric code quantum memory.
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The memory is initialised in a pure state and allowed to evolve in contact with a thermal
environment. We seek to dissect the coherence time, so we consider different timescales at
different points in the chapter. However, our primary definition of the coherence time 7
is the expectation value of the time the decoder first fails. This is estimated by applying

a clustering decoder to the thermal errors.
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3.

Understanding coherence
times of the toric code

In this chapter we carry out a numerical experiment to quantify and explain the coherence
time of the toric code as a finite temperature quantum memory. It is well established that
the two-dimensional toric code is a poor thermal memory. Rigorous upper bounds have
been placed on its coherence time, which are constants independent of system size [21, 23].
However, it is still informative to study the mechanics of its thermal decoherence. We will
find that the toric code shares some important features with more complex and thermally
robust models, so that studying the toric code can help us to more clearly understand
their coherence times. The key similarity is that we find different coherence time scaling
in two different regimes. One for small system sizes and another for large systems, with
these limits defined with respect to a thermal length scale that depends on temperature.
The small system limit is characterised by a coherence time that does depend on the size
of the system. Though in the case of the toric code this scaling is bad as increasing the
system size makes the coherence time shorter. In contrast, the coherence time for large
systems is independent of system size and only depends on temperature. This is the same
generic behaviour seen in models exhibiting partial self-correction [25], though in those
cases the finite size scaling for small systems is positive rather than negative.

The Hamiltonian for the toric code memory is given by eq. (2.3). For simplicity we take
A, = A, = A, though in fact, we only need to consider one species of excitations (as
noted in the definitions of the decoder we use). We study the plaquette excitations. Finite
temperatures are modelled and simulated as described in section 2.3 and the thermally
introduced errors are decoded with the clustering decoder detailed in section 2.4. We
use the statistical mechanics of two-dimensional random walks to describe and model the
motion of thermally excited toric code anyons.

The crucial weakness of the toric code is that once a pair of anyons has been created,

which has energy cost 24, the anyons can diffuse with no additional energy cost. A clear
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physical picture of the theoretical upper bound on coherence time is that it is the time we
expect to wait for the creation of a single anyon pair, whose winding can create a logical
error 7 < €248 [21, 23]. This agrees with the Arrhenius law heuristic. Our numerical

~

results, however, show that the coherence time in the large system limit does not saturate

this bound and is in fact exponentially worse, scaling as 7 ~ 25,

3.1. Thermal excitations and random walks

At any temperature 5 there is a critical system size below which we only expect a single
pair of excitations to be present at any time in a finite size L x L system. We can
deduce this thermal length scale L* by considering the density of anyons in equilibrium.
In thermal equilibrium we would expect the average density of excitations to scale like

p ~ e 28 From this it follows that the number of anyon pairs present is

L?p L?e 2B

This gives a critical size L* ~ e®8/2. For systems smaller than this we have (N) < 1,
meaning the probability that there is more than a single pair of anyons on the lattice is
negligible. The thermal decoherence of encoded information will then occur as the result
of the behaviour of just this single pair of anyons. In contrast, for larger system sizes
(or higher temperatures for the same system size) where (V) > 1 many anyon pairs are
present and we expect the interplay of the separate pairs to dominate the coherence time of
the system. These different system size regimes of the toric code are illustrated in fig. 3.1.
We will deduce estimates for the coherence time in both these limits and then compare
these estimates to numerics. We first consider the small system limit before moving on to

large systems.

3.1.1. Small system limit

For small systems we typically expect a single pair of excitations to cause the toric code
memory to fail. We estimate the coherence time as Tyman = 7¢ + Tm, Where 7. is the time it

takes for this pair to be created. We denote by 7, the time it takes for the anyons to diffuse
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Figure 3.1. — Typical string-like error configurations for the different system size
limits of the toric code at finite temperature. Configurations that cause the decoder
to fail are also depicted. (a) when the system is small we only expect a single pair
of anyons. (b) the decoder fails when the single pair is separated by more than L/2.
(c) for large sizes the system contains many pairs with average spacing A = pfl/ 2,
(d) the decoder begins to mismatch pairs, failing when an error chain percolates.
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across the lattice up to a separation %/5, such that encoded information is irrecoverable
by quantum error correction. We show such an un-decodable configuration in fig. 3.1(b).
Since we are only interested in the displacement between a single pair of anyons we treat
one member of the pair as fixed with the other moving relative to it. When the anyons
are not neighbours they move independently as an unbiased random walk. Using this
description we can estimate the diffusion time 7,,.

The typical number of steps required for a two-dimensional random walker to reach a
distance ©/5 from its starting point is (/2)2. Using the noise model described in section 2.3
the timescale of random walk steps is !/ 8v(0), Where the factor of 8 counts the number of
processes on the lattice that move anyons. We thus obtain

1 [L\? BL?
Tm = 5500) <2> =350 (3.2)

To estimate 7. we note that the energy cost of pair creation is 2A. Again applying the
noise model from section 2.3, pairs are created from the vacuum at rate Ry = 2L% v(—2A).
This implies the time we wait to see a creation event is /z, ~ €?*?/(kAL?). However,
not all pairs diffuse to the required distance. Some creation pairs will instead fuse back to
the vacuum (self-annihilate) at some point later in time. By analysing the random walks
the pairs make we can quantify the effect of these self-annihilations on the dynamics.

We wish to estimate the probability that a pair does not self-annihilate before reaching
separation /5, we denote this as II(L, 3). The motion of the pair (when the anyons do
not neighbour each other) is described by an unbiased random walk. The probability that
a two-dimensional random walk on a square lattice does not return to its origin in the
first n steps scales as !/ In(n)- On average we need the walker to avoid self annihilation
for (%/2)? steps. We can therefore expect a factor of [2In(#/2)]~! in II. Additionally, we
know that when the anyons neighbour each other there is a temperature dependent bias
towards self-annihilation since 7(2A)/7(0) ~ AfS. The probability that they separate rather
than annihilate should then include a factor ~ 1/(1+ AAfS) to account for this bias, where

A is some constant and AAS is the relative chance the anyons annihilate when they are
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Figure 3.2. — Log-linear plot of the reciprocal of II plotted against L, for a range
of B values. We find /i1 grows linearly with In(*/5). The Inset shows the gradient of
the fits in the main plot as a function of 8.

nearest neighbours. The probability II(L, ) then takes the form

1 1
II(L,B) ~ . .
(L, B) 1+ AAB1In (£/5) (3.3)
Combining these elements, we expect a creation timescale
11 e
e~ —— ~ ————(1+ AAB) In (Y/5) . 4
T ROH HAL2( + ,8)1’1(/2) (3 )

The total coherence time is Tymail = 7¢ + Tm. In the small-system limit time 7. is the
dominant contribution to Tyman due to its exponential dependence on S.

To test these predictions we study the system evolving in this limit using different
numerical experiments with various initial conditions and employing some variations to
the physical noise model. We separately estimate II(L,3), 7. and 7, using numerical
simulations. To compute the probability II(L, 3) we alter the standard simulation scheme;
rather than beginning in a ground state we initialize the system with a single pair of
anyons present on the lattice. These initialised anyons are nearest neighbours on the
lattice mirroring the situation after a thermal creation event. Additionally, we set the rate

of creation equal to zero such that no additional pairs of anyons are created. In this way

47



we model only the random motion of a single pair of anyons walking across the lattice. We
evolve the system until either the separation of the anyons reaches the Euclidean distance
L/y, or the pair meets at a common point on the lattice and annihilates. The quantity II
is estimated as the fraction of samples that reach separation ©/5 rather than annihilating,
we estimate by sampling over 10% trials. The results we obtain are shown in fig. 3.2. The

fit we find to the data is

% = (0.108 + 0.513A8) In(L/5). (3.5)
This is in good agreement with the scaling form we hypothesised in eq. (3.3), where
constant A =~ 5.

We next numerically investigate the scaling of 7. and 7, with L and . Timescale 7, is
the typical wait time for the creation of the pair of anyons that will cause a logical error
and 7, is the average length of time from their creation until they reach a logical distance,
L/5, from each other. To find these values we simulate the thermal evolution of the system
prepared in a ground state. We attempt to decode the lattice after each event that occurs
due to the noise simulation, and the simulation is stopped once the decoder fails. Every
time a pair of anyons is created its creation time is recorded, this information is discarded
if the pair later annihilate. We test the prediction that the environment never creates
more than a single pair of anyons at a given time and see it to be valid. Estimates of the
creation timescale 7. and diffusion time 7,, are obtained by averaging over 103 simulations.
The data for each is plotted in fig. 3.3 and fig. 3.4 respectively. Our data correlates well

with the forms we expect, which are eq. (3.2) and eq. (3.4). We find numerical fits

e1.99Aﬁ 1

kAT = 0.028ABL% and kAT = 01505517 »

where we take the function IT to be the one we evaluated numerically, eq. (3.5).
The Arrhenius law estimate of the toric code coherence time 7 ~ ¢*28. We have shown
that in the small size regime the leading contribution to the coherence time is 7., given by

eq. (3.4). If we neglect the sub exponential 3 dependence inside /11, we can approximate
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Figure 3.3. — Log-log plot of the contribution to the coherence time from pair
creation 7. as a function of L for a range of §. We expect 7. to include a factor
of 1/TI(L, 8), which we have separately found numerically, so we divide this away.
Estimates are obtained over 1000 simulations. The fits are linear and all have similar
gradient with mean of -2.01. Inset is the intercept of the linear fits as a function of
B. Overall we see a dependence 7, = 0.150(e!?9 /L2:91)(1/IT), which is in excellent
agreement with the predicted behaviour given in eq. (3.4). In our data A and k are
both separately set equal to one. Equivalently, 7. is measured in units of 1/(kA) and
B in units of 1/A.
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B
Figure 3.4. — Contribution to the coherence time from anyon motion 7, plotted

against 3 for a range of system sizes L =50, 52, 54, ..., 100. By dividing 7,, by L? we
see data collapse of different system sizes. The linear fit displayed uses the average
values of the fit parameters obtained from the separate system sizes 7, ~ 0.028 3L?2.
Again A and k are both separately set equal to one, which is equivalent to measuring
Te in units of 1/(kA) and (5 in units of 1/A.
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the coherence time by

248 ln(é/ 2. (3.6)

Tsmall ™~ €
We see that as L becomes larger the coherence time of the toric code decreases polynomially
with L up until the critical size scale L* ~ ¢®#/2. At this point the system transitions

from the small size limit into the large size regime. We next show that for large systems

the lifetime loses any dependence on system size and is determined only by .

3.1.2. Large system limit

In the large size limit thermalisation creates many anyons. In this regime the equilibrium

density of single anyons is p ~ e 2P,

On average, anyon pairs are created uniformly
throughout the system and each can expect to solely occupy an area of approximately
%/,,. We approximate this area as a square of linear size A = (°/3)71/2 ~ ¢28/2 as shown
in fig. 3.1(c). The probability the decoder fails becomes appreciable once some fraction
of pairs separate to distance A such that an error chain can percolate, as illustrated in
fig. 3.1(d).

Within a single A x A region the evolution proceeds like the small size case, i.e. there
will be a creation event and the anyons subsequently diffuse apart. We consider a region
as having failed once its anyons move closer to anyons from neighbouring regions than to
each other. Assuming each region evolves independently, the time the system decoheres
Tlarge 15 estimated by the time the typical region fails. This is given by eq. (3.6) where we
set 1/5 = A. Applying eq. (3.2) and eq. (3.4) where we also set //3 = A gives the diffusion

and creation timescales 7,, A ~ BA2?/k ~ Be®F /K and

2A8
Vel

Te

1+ 5A8) In(A). (3.7)

To get an expression in terms of § we write A = Ce®#/2, where C accounts for the

constants absorbed into p. Then substituting A into eq. (3.7) and rearranging
Ap

e
~——(1+rA A%3? :
Te,A HJA( +r 5—"8 B )7 (38)

where r and s are new constants related to those already introduced. In contrast to
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the small size case the timescales for creation and diffusion have the same exponential
dependence on 3, therefore we expect them both to contribute appreciably to the coherence

time. Combining terms we obtain high-temperature coherence time

8A
€
Tlarge = Te,A + Tm,A = E(l + r,AIB + 3A252) ) (39)

where ' also includes the motion contribution. This simple modelling ignores thermal
effects that can now take place such as pair fusion, where two anyons from different pairs
fuse to vacuum combining their strings to form a longer string. Processes such as these
will alter both the diffusion speed and the pair self-annihilation probability. As a result we
do not expect this model to give good predictions of the values of ' and s. However, we
do expect it to correctly predict the general features of the high temperature dynamics. In
particular the altered exponential dependence on 8 and the system size independence of
the lifetime. If we ignore its sub-exponential 5 dependence the large size coherence time
is approximated by

Thigh ™~ eAﬁ . (3.10)

This is also exponentially growing with 5 but at a much slower rate than the Arrhenius
law would predict.

We simulate the system evolving in this regime in order to test our assumptions and
verify our predictions about the dynamics. First, we confirm that the anyon densities at
the time the decoder fails obeys p ~ e~2# and that the typical number of anyons is always
large, (V) > 1, for the parameter ranges we consider. In order to test that the average
motion is the main decoherence mechanism, rather than rare anyon pairs that move fast
and separate to logical distances /5, we probe the distance between anyon pairs at the
time the decoder fails. During the simulation anyons that are created together are marked
as a member of their given creation pair. At the end of the simulation we measure the
Euclidean distance between each marked pair. If two anyons from two separate pairs fuse,
the remaining two unpaired anyons on the lattice are marked as members of the same
pair. As one might expect, we find that pairs created from a fusion of two separate pairs
do typically achieve a greater separation. However, this effect is small with respect to the

average data. Our numerical results show that the average separation between all anyon
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Figure 3.5. — Coherence time of the large size toric code as a function of g for a range
of system sizes L =100, 120, ... 200. Estimates are averages over 1000 simulations.

Shown are fits to the form of eq. (3.9). Inset is the non-exponential part of the scaling
obtained by dividing off e?. We observe only small variations in the fit parameters
between system sizes and their averages give: Thign = 0.56 1018 (1 +0.283 + 0.3152).
Here A and x have both been separately set equal to one, which is equivalent to
measuring 7 in units of 1/(kA) and § in units of 1/A.
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Figure 3.6. — Log plot of average separation between paired anyons at the time
the decoder fails as a function of 3, for system size L = 200. This is typical of
our results for different system sizes. The solid line is a fit to the data with linear
gradient approximately 0.49 in this Log plot, consistent with scaling (reep) ~ e25/2.
The dashed line is the maximum value of the separation, averaged over the simulation
runs, which is seen to be much less than L/2. In this plot A is set equal to one, which
is equivalent to measuring £ in units of 1/A.
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Figure 3.7. — Approximate system size independence of the large system size
coherence time. Plots of 7 on a Log scale against L for different temperatures g =
2.0, 2.5, ... 5.0. Linear fits show very small negative gradients ranging from -0.03 for

the lowest value of 8, down to -0.06 for the highest 5. However, zero gradient is well
within the 95% confidence interval of each fit. Again A and x are both separately set
equal to one, or equivalently 7 is measured in units of 1/(kA).

pairs grows like ePAB/2 as predicted. In addition we find that the maximum separation
between any pair is always much less than /5. The scaling of the average and maximum
separations with [ are shown in fig. 3.6. These observations confirm that the decoherence
results from the average motion of anyons in local regions.

As with the small system case, to find the coherence time we begin with the system in
the ground state and evolve it under the thermal noise model. We attempt to decode after
each time step and the coherence time is computed as the mean time the decoder first
fails. Figure 3.5 shows the coherence time as a function of 5. We see a clear dependence

Ap

on e~F with a sub-exponential quadratic component as predicted by eq. (3.9). In fig. 3.7

the coherence time is plotted as a function of system size and we see strong evidence that

7 is independent of L.

3.2. Conclusions

We have examined the thermal motion of toric code excitations that lead to a failure of

the toric code as a quantum memory. The dynamics were modelled using the statistical
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mechanics of two-dimensional random walks. We identified two regimes with distinct
scaling behaviours of the coherence time. Small systems are characterised by a coherence

time that depends on temperature 8 and system size L through

- 20 (L/2). (3.11)

L2

This is the behaviour expected from the Arrhenius law, corrected by a finite size factor.
The finite size correction encodes the entropic drivers of decoherence. Namely, as the
system grows larger there are more physical qubits that can suffer the initial pair creation
error. Thus causing the coherence time to decrease with volume as !/;2. This is offset
by the increased difficulty now faced by the anyon pair of completing a random walk that
causes a failure. However, this defensive effect has much weaker dependence on system size
only growing with In(L). The net result is that growing entropy causes the coherence time
to decrease with increasing system size. Above a critical system size L* ~ ¢®5/2 the scaling
of 7 transitions towards its large size behaviour. In this limit 7 becomes independent of
L and scales as 7 ~ e®?. At the critical L* the entropy becomes strong enough to create
many anyonic excitations in the system. These diffuse, overlap and the error percolates
causing decoherence. The same entropic considerations dominate the failure of partially
self-correcting memories above a critical size. The behaviour predicted by our analysis

was tested with numerical simulations and we found it to be in good agreement.
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4.

Background 2:
Kitaev’s Honeycomb

This chapter introduces the Kitaev Honeycomb model and outlines its solution, as origi-
nally obtained by Kitaev [51]. In section 4.1 the model is defined in terms of a lattice of
spins. Section 4.2 then describes Kitaev’s fermionisation scheme that represents the spins
as Majorana fermions. This leads to an efficiently solvable problem of superconducting
fermions on a lattice, giving an explicit form for the states of the model. A complete

account of diagonalising the fermionic degrees of freedom is given in appendix A.

4.1. Spin Model

The model is defined for spins on a honeycomb lattice. Spin-1/2 particles are placed at
the vertices, and interact anisotropically with their nearest neighbours. Weak three-body
interactions are also included in the Hamiltonian to explicitly break time-reversal sym-
metry. These three-body interactions can be justified as the perturbation coming from a
weak magnetic field [51] or, in the context of quantum simulators, as an engineered inter-
action [80, 81]. The interaction terms do not commute with each other making the model
highly frustrated and in general very difficult to solve. However, it has an extensive num-
ber of conserved quantities associated with stabiliser-like operators on all the hexagonal
lattice plaquettes that can be exploited to find a solution.

To describe the Hamiltonian the links of the honeycomb lattice are divided into three
types (o = z,y,z) based on their spatial orientation. Each of these links is associated
with a two-body interaction term that acts on the two spins at the end of the link with
Pauli operators o, and strength J,, as illustrated in fig. 4.1(a). Note that, following the
convention used in literature on the Kitaev Honeycomb, we have changed notation from

the previous chapters and the symbols o, o, and o, will now be used to denote the Pauli
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Figure 4.1. — The Kitaev Honeycomb in the spin-picture. Spin-!/5 particles are
located at the vertices of a Honeycomb lattice. (a) two-body terms of the Hamiltonian
with strengths J,, J, and J, act along z-type, y-type and z-type bonds. (b) the six-
body plaquette operator W, that commutes with all terms in the Hamiltonian. (c)
three-body Hamiltonian terms with strength K.

matrices, which are given explicitly by

Similar to the notation used previously, ! means an operator that acts on spin i with
a Pauli o, and on all the other spins with the identity. The product of the two-body

operators around each plaquette p generates a Hermitian operator

_ 12 o’clock _2 o’clock 2 o’clock _4 o’clock 4 o’clock _6 o’clock
W, = (O'y oy, ) (o lop ) (o5 o, ). ..

6 o’clock _8 o’clock)(G_S o’clock0_10 o’clock)(o_lo o’clock012 o’clock)

X (Uy Oy z z T T

— 0;2 o’clockag o’clockgg o’clockag o’clockag o’clocko_s o’clock (4‘1)
where we have used the reference of points on a clock face to index the spins around
the plaquette. This plaquette operator is illustrated for a single plaquette in fig. 4.1(b).
Three-body interaction operators are chosen so as to commute with these W,,. This allows

six different types of three-body operators, each illustrated in fig. 4.1(c). These are copied
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and pasted everywhere on the lattice. The Hamiltonian can then be written

H=—-J, Z olol —J, Z 0;05 —J, Z ool - K Z O’;O’idf, (4.2)
(4,4):@ (i5)y (4,5):2 (4,5,k)
where the notation (4,7) : @ means the sum runs over all a type links with 4, j being the
spins at the ends of the link and the triples of the three-body terms (i, j, k) are described
previously. The coupling constants J, set the strength of each of the nearest-neighbour
interactions and K < J sets the strength of the three-body terms.

The plaquette operators W), commute with the Hamiltonian as well as with each other,

[H,Wp] =0 for all p

[Wpan] =0 forp#q,

meaning the eigenvalues of the W), are constants of motion. Therefore, H is block diagonal
in the basis of the W),. A clever transformation of the spins to fermions explicitly separates
out these plaquette degrees of freedom and solves the model (up to diagonalising a matrix
that is polynomially big in the number of spins). There are different ways to carry out

the fermionisation [51, 82-84] but here we describe Kitaev’s approach [51].

4.2. Exact solution

This section describes Kitaev’s solution to the model. This involves a transformation from
spins to Majorana fermions, so the section starts by defining these fermions. Following
this, the steps of the transformation are given as well as the translation of all important
quantities from the spin picture to the Majorana representation. This ends with a discus-
sion of the interpretation of the Majorana representation in terms of vortices and gauge
fields. The diagonalisation of the fermionic degrees of freedom is then shown. The section

ends with a short review of the properties of the solutions.
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4.2.1. Majorana fermions

The transformation represents the original spins with a particular type of fermion called

Majorana fermions. These are real fermions described by operators ¢ with the properties:
- hermitian ¢ = ¢f,

- square to the identity ¢? = cfe =1,

- pairwise anti-commute cc’ = —cc .

These Majorana are distinct from complex fermions (such as those we would conventionally
use to describe electrons in solids), which have separate creation and annihilation operators
al and a. But the two representations are interchangeable, any complex fermion can be

described by two Majorana ¢ and ¢’ through the transformation

c+id i c—ic
= e . 4.3
L, (43)

4.2.2. Kitaev’s fermionisation

Under Kitaev’s fermionisation each spin site, fig. 4.2(a), is represented by four Majorana
operators ¢;, b¥, b and b7, fig. 4.2(b). The Hilbert space acted on by these four operators
is redundantly large for representing the spins. Two Majorana describe a single complex
fermion whose Hilbert space has the same dimensions as a spin-!/5 particle, so the Hilbert
space of the four operators {c;, b%,b?,b?} is twice as large as is needed. A solution to this

problem is to specify half the states spanned by {c;, b*,bY,b7} as physical and the rest

1771 7

as unphysical. An operator that divides the Majorana Hilbert space in half is the total
fermionic parity

Arbitrarily, the eigenstates of D; with +1 eigenvalue are chosen as the physical states.

The Pauli operators of the spins are expressed in terms of the Majorana as

0a = ib%c,

where these 6 obey the correct algebra when restricted to the physical subspace.
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Figure 4.2. — Transformation from spins to Majorana. (a) the original spins of

the Honeycomb model, described by Pauli operators {1,0,,0,,0.}. (b) each spin is
represented by four Majorana modes 6%, bY, b* and c. Physical states in this Majorana
representation are eigenstates of operator D with eigenvalue +1. (c¢) link operators
@j; measure the fermionic parity of pairs of x/y/z Majorana along x/y/z type links
between nearest-neighbour spin sites.

The ¢; Majorana become the physical degrees of freedom living at each lattice site. In
contrast, the b3 Majorana are hybridised along links to form fermionic parity observables.
These link operators are defined by wu;; = ib;?‘b? for each of the x, ¥ and z links, as illus-
trated in fig. 4.2(c). The wu;; are anti-symmetric, uj; = —u;;, and Hermitian. Additionally,
they square to the identity meaning they have eigenvalues 1. An efficient way to encode
a pattern of u;; eigenvalues is to draw the lattice links as arrows as in fig. 4.3, such that the
arrowhead indicates the ordering (i, j) that gives +1 eigenvalue. In the Majorana repre-
sentation the plaquette observables W), are expressed as products of these link operators.

Let p be the eigenvalue of W), and [;; the eigenvalue of u;; then

P = H lij - (4.5)

(i,5) €0p

The sequence (i,5) — (j,k) — ... should hop in one direction around the plaquette to
avoid any possible ambiguities from the anti-symmetry of the the u;;.
The Majorana Hamiltonian H is written in terms of the lattice Majorana ¢; and the

link operators w;; and has the form

_ 7 7
H = Z Z <2Jij Ujj Ci Cj + 2K Zk: Uik Wik Dy ¢ Cj) = Z Z Aijcicj . (46)
0]

1,7

In the physical subspace H is equivalent to the spin Hamiltonian, eq. (4.2). This Hamil-
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Figure 4.3. — Majorana representation of the model in the no-vortex sector, based
on Kitaev’s fermionisation. (a) lattice Majorana ¢ and link operators u;;. The arrow
indicates the (4, j) ordering that gives +1 eigenvalue. (b) two-body spin interactions
become nearest-neighbour Majorana parity weights. (c) three-body spin interactions
give next-nearest-neighbour Majorana parity weights. (d) the plaquette operators
become the Wilson loops of the u;; gauge field.

tonian is still hard to solve, however, as the ¢; are coupled to the dynamic u;; degrees of
freedom making the model still highly interacting. The next step is to use the physical
symmetries to restrict to particular subspaces where the u;; become static and the lattice

of Majorana becomes free and easy to solve.

4.2.3. Vortex sectors and gauge fixing

As discussed in the spin picture, the plaquette operators W, commute with the Hamilto-
nian and hence H is block diagonal in the basis of W, eigenstates. These blocks, labelled
by the eigenvalues of the W), operators, are called the sectors of the model. In addition
to the plaquette observables, H commutes with the u;j so the link operators are local
symmetries within the Hilbert space of the {¢;, b¥,bY, b7} Majorana. However, comparing
this back to the spin picture these conserved link variables do not seem to correspond
to any spin constants of motion. This complication has arisen from the fact the u;; do

not commute with the physical subspace operators D;. The w;; anti-commute with the

D; meaning the physical states do not have well defined values of u;;. In fact, it can be
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shown that the spin states obtained by projecting from a state of well defined u;; into the

physical subspace,

2 )

[Wepin) = P |Wy,,) where P = H (4.7)
i

become superpositions of many wu;; patterns [85]. However, the physical observables such
as energy, H, and W, do commute with D; and so are invariant under applying projector
P. This observation gives an interpretation of the u;; as a Zg lattice gauge field, with the
W), the associated observable Wilson loops. Negative, -1, eigenvalues of W), signify that a
7 flux, or vortex, lies on the plaquette. Negative eigenvalues of u;; can be interpreted as
an unphysical string passing perpendicularly through the edges of the lattice. These open
strings must terminate on 7 fluxes. The D; fulfil the role of local gauge transforms of the
u;; field. Specifically they act to locally deform these strings around vertices. Particularly
important sectors of the model are often named with reference to this perspective. The
uniform W, = +1 configuration is called the no-vorter sector. By Lieb’s theorem the
no-vortex sector contains the ground state [51, 86]. We will also reference the uniform
W, = —1 configuration, which is called the full-vortex sector [53]. These are amongst
many others that have been identified as having interesting properties [54].

The realisation that the u;; act as a gauge field to the W),, with classical configurations of
the two linked through eq. (4.5), means that we can choose to restrict to a single sector by
fixing the values of the u;;. This choice will not be unique, but as long as the observables
we want to evaluate using the fermionic states are gauge invariant (commute with D;) the
exact choice will not matter. Fixing u;; values then transforms the Majorana Hamiltonian
eq. (4.6) into a solvable problem of superconducting fermions on a lattice described by

o 2L?
H= Z Ajk CjCk (48)
J,k=1

RSP

where Ajj is now just a matrix of numbers rather than Hilbert space operators. This
describes superconducting fermions since if we were to change into a basis of local complex
fermions (for example by pairing the two Majorana along a z link) the Hamiltonian would

contain both hopping and pairing terms of these complex fermions.
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There are still some details of the gauge fixing and the projection procedure, eq. (4.7),
that we have not discussed. These details will become important when considering the
finite temperature states of the Honeycomb model, and we will return to them chapter 6.
In the rest of this chapter we will outline the fermionic solutions of the superconducting

Hamiltonian H and discuss some of its physical properties.

4.2.4. Normal modes

Following the gauge fixing described in the previous section, a complete solution for a finite
size lattice of L x L plaquettes, is obtained by diagonalising the 2L? x 2L? Hermitian
matrix (iA;;) of eq. (4.8). The matrix Aj; is anti-symmetric and real valued. There
are two important normal forms of A;;, a diagonalisation using complex matrices and a

block-diagonal form using real matrices, given respectively by

A=UDUT (4.9)

A=QxQT (4.10)

where U is unitary, D diagonal, @) orthogonal and ¥ is (2 x 2) block-diagonal. For an
extended discussion of these matrices, and the relationships between them, see appendix A.
(Numerically we prefer to solve for @Q & X over U & D, see note B.1.1.) The eigenvectors
of (iA;i), the columns of U, encode the transformation from Majorana c; to fermionic

diagonal modes f,, f}, ,

o= 3 VE (gl £+ ) 1) (411)

where u,, is the eigenvector corresponding to the eigenvalue ¢, and the (...)* in the second
term is complex conjugation. Note that this sum has L? terms. The matrix (i4;;) only
has ¥/ unique eigenvalues, which occur as plus/minus pairs. We choose ¢, > 0 to be the

set of non-negative eigenvalues. An alternative representation of the energy eigenmodes

is in terms of Majorana normal modes b/, by given by

1
%:ﬁ+h,%:gw—ﬁ)WMWp:L“wﬁ.
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(Analogous to eq. (4.11), the columns of matrix @ relate these Majorana normal modes
to the lattice Majorana ¢;.) Expanding the Hamiltonian in the energy eigenbasis, and

alternatively in terms of the Majorana normal modes, it becomes

N/2 . N
o = sp(fgfp—%) = 2D ey (4.12)
p=1 k=1

The energy eigenvalues of the fermions, €, depend on the matrix A and on the vortex
sector in particular. As previously mentioned, the ground state of the model corresponds
to the no-vortex sector where all W, have eigenvalue +1. For the full model H, there are
two types of excitations above the ground state, fermions and vortices. Creating a quasi-
particle excitation of H inserts a fermion into the system at an energy cost. Similarly,
flipping the eigenvalues of a pair of the W), by inserting an open gauge string creates two
vortices. This new vortex sector has its own fermionic Hamiltonian H with higher ground
state energy than the no-vortex sector, describing the energy cost of creating vortices.

An important set of quantities characterising states of the fermions are the two-point
Majorana correlation functions. In fact, simple states such as the ground state and the
thermal state are completely characterised by these quantities. In the energy eigenbasis

the two-point correlations are given by

wmzm;xwmﬁ+mmﬁﬂhmﬂ+Wﬁh)
_mgx ol F3F§ + Lplslaagli £ Fy - )3yl S ]
)3 ugli fofy)
_m§:(@ o) i S8 Ty () T S+ [ ) T S f

uy () T Fo ) - (4.13)
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4.2.5. Topological phases, the toric code and Ising anyons

There are two complementary perspectives on the Honeycomb model. For fixed vor-
tex sector it is a model of free Majorana fermions, eq. (4.8). In some of these sectors
the spectrum is gapless, but in others the fermions can be gapped and carry topological
phases [51, 53, 54]. Introducing vortex defects may radically change the fermionic prop-
erties, for example by localising bound zero energy states at the vortex cores [40]. These
bound fermionic states can, in turn, encode the exotic properties of anyons such as their
braiding when the fermionic state is interpolated adiabatically between different vortex
sector [52]. Alternatively, at low energies, the full spin model eq. (4.2) is a topologically
ordered lattice model with two types of excitations: fermions and anyons. Depending on
the parameter choices these anyons may be Abelian toric code anyons or non-Abelian Ising
anyons.

Before moving on to outline the phase diagram of the model, we briefly introduce the
notation we will use discuss the particles of the different anyon models [35]. (We will
describe the fusion rules of the models, but not the braiding rules as we will not need
them.) Fusion rules are written a x b = c¢. This tells us that if particles a and b are
brought close together then they act as if they were a particle of type ¢, when viewed on
scales much larger than the separation between them. The particle types of the toric code
are the vacuum 1, the anyons e and m and the fermion € = e X m, which corresponds to
fusing an e and m anyon together. The e, m and € particles are all their own anti-particle,
e.g. exe = 1. In the Ising anyon model, the particle types are the vacuum 1, the fermion ¢
and the Ising anyon o. The Ising anyons satisfy the non-Abelian fusion rule o x o = 1+41).
Namely, if two o are brought together they can either fuse to give the vacuum, 1, or a
fermion, v. Again, the fermion is its own anti-particle ¢ x ¢ = 1.

The phase diagram of the no-vortex sector [51] is shown in fig. 4.4. The dependence on
Jz, Jy and J, (all chosen positive and real) is drawn with K taken fixed and small. (It
is also possible to drive phase transitions by tuning K to large values with the J’s fixed.)
The central point corresponds to J, = J, = J,, and the corners of the diagram are the
limiting cases of sending two of the J’s to zero. There are four distinct phases, the B phase

at the centre and three A phases that occurs in the corner regions. Taking the example
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Figure 4.4. — Phase diagram of the no-vortex sector of the Kitaev honeycomb over
parameters J, Jy, and J,. There are four distinct phases A,, A,, A, and the central
B phase. The boundary of the B phase with A, occurs along the line J, = J, + Jy,
and similar for A, and A,.

of the lower left corner, the boundary between A, and B occurs when J, = J, + J..

The B phase carries a topological phase. However, while K = 0 the fermions are
gapless, destroying the topological properties. Breaking time-reversal symmetry by setting
K > 0 opens a gap in the spectrum, allowing the topological features to manifest. This
is quantified by the bulk Chern number [41]. The Chern number can be written as an
integral over individual spectal bands in momentum space. However, we will instead write

it in terms of spatial two-point correlations (see Appendix C of [51]) as

v= ? DY N (e ejer) (ene) — (ciek) (enes) (cies)) - (4.14)

i€A jEB keC

where A, B and C' are subregions of the lattice such that A shares a boundary with both
B and C, but all three only meet at a single point. Additionally, the three together
should be enclosed within a topologically non-trivial loop. Finally, the ordering of A, B
and C should be counter clockwise. The regions are sketched schematically in fig. 4.5.
Using eq. (4.13) the Chern number can be evaluated for arbitrary states. (It is proven
in [51] that in the translationally invariant case this expression is equivalent to the more
conventional integral expressions in momentum space. In other cases it can be considered a

generalisation of the translationally invariant case.) Evaluating v for the fermionic ground
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Figure 4.5. — Arrangement of regions A, B and C within the system (outer bound-
ary) used to compute the Chern number from spatial two-point correlations, eq. (4.14).
A, B and C only all meet at a single point, their arrangement is counter clockwise
and combined together they are bounded by a topologically trivial curve.

state of the B phase using eq. (4.14) gives v = +1. The Chern number encodes important
information about the thermal transport (which we will return to in chapter 5) and the
properties of vortex excitations. Vortex defects in the B phase bind Majorana zero-modes
and behave (at large separations) like non-Abelian Ising anyons o [52].

All of the A phases are gapped for all values of K. They do not carry topological
phases. Their Chern number is trivial v = 0. Vortex defects in the A phases behave
as Abelian anyons. In fact, Kitaev showed using perturbation theory (e.g. in the case
Jy > Jy, J.) that the A phases are each equivalent to the toric code [51]. The vortices
of the A phases map to the e and m anyons of the toric code, though the details of this
mapping is different for A,, A, and A,. As an example, if we choose to make J, > J,, Jy
the vortices living on alternating rows of plaquettes are identified with e or m toric code
anyons respectively [51]. (An eccentricity of the Kitaev honeycomb’s representation of the
toric code is that it supports states with a single e particle and a single m particle, which
are not allowed in the stabiliser description of the toric code (chapter 2). We will explain
how this is possible at the beginning of chapter 6.)

The picture described by the phase diagram breaks down for vortex sectors far from the
ground state. Non-topological interactions between the vortices can drive the system into
new regimes. Regular patterns of Ising vortices can produce novel emergent topological
phases with different Chern numbers [53, 54]. A particular example of this is the full-
vortex sector (all W), = —1), which has v = %2 [53]. Disordered configurations of Ising

vortices at high enough density create a thermal metal [87]. This is a gapless phase with
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a divergent density of states at zero energy [88, 89]. We will return to a discussion of this

exotic metallic phase in chapter 6.

4.3. Summary

This chapter gives a minimal introduction to the deep and complex physics of the Kitaev
Honeycomb, starting with its definition as a spin model and leading up to Kitaev’s solution
in terms of vortices and fermions. It ends with a brief discussion of the physical properties
of the solution in different regimes. Among these properties is the presence of topological
phases in the physics of the fermions. The next chapter returns to this topic to study edge
currents in the topological phases of the honeycomb model.

To again highlight a particularly important aspect of the transformation from spins to
fermions and vortices, the fermionic states must be projected into a particular subspace of
their Hilbert space to match up to spin states. This issue will be returned to in chapter 6

in order to study the thermodynamics of the full spin model.
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5.

Topological edge currents

In this chapter we study topological edge currents in Kitaev’s honeycomb. This is a
signature of the bulk-boundary correspondence exhibited by topological phases [51, 90].
Edge currents are a property of single vortex sectors, arising from the topological phases
of the fermions in these sectors. Therefore, in this chapter we restrict our attention to
the fermions living in certain special fixed vortex sectors. Additionally, since we are only
interested in the physics of the topological phases we do not project the fermionic states
into the spin subspace. The topological phases of Kitaev’s honeycomb are topological

superconductors [43].

Topological superconductors are extremely secretive. They do not conduct charge cur-
rents, they expel magnetic fields and their topological signatures are hidden from any
local observable [43]. Through an effective gravitational description it has been shown
that this “dark matter” of solid-state physics gives rise to a conformal field theory (CFT)
at its boundary [90]. This CFT description of the topological edge states is remarkably ro-
bust. Unlike genuinely 1 + 1-dimensional CFT, associated with fine-tuned critical points,
these edge CFT typically persist across finite regions of the superconductor parameter
space. This makes such systems an exciting medium for investigating direct signatures of
conformal invariance both theoretically and experimentally.

There is a tight relationship between the Chern number v, which describes the bulk
physics, and the central charge ¢ of the edge CFT. They are related by ¢ = ¥/ [90].
Conformal field theory predicts the topological states living on the edge will carry an
energy current that scales as Icpp = /12 kQB/ ncT? with temperature T, which must be
small [91-93]. Here kp is Boltzmann’s constant and h is Planck’s constant, these fix the
units of Icpr to be energy / time. In the rest of this chapter we will set kg and h to
one. Practically, however, the edge states are not perfectly isolated from the rest of the
system. They have a finite penetration into the bulk, which has its own thermal behaviour.

Inevitably these behaviours will mix and a natural question is whether it is still possible
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to obtain conclusive signatures of CFT thermal properties.

Here we investigate the edge physics of a topological superconductor using Kitaev’s
honeycomb model as a microscopic description. We begin by considering the competing
factors that would cause the behaviour to depart from the ideal CFT scaling as T' becomes
large and as T" — 0. This allows us to identify the range of temperatures for which the
currents can be expected to obey the CFT prediction, section 5.1. Following this, in
section 5.2 we construct an energy current operator and study its behaviour including its
dependence on temperature and its topological robustness. We probe the edge currents
in three different topological phases of the Kitaev honeycomb: the toric code phase with
v = 0, the B of the no-vortex sector with ¥ = 1 [51] and the topological phase of the
full-vortex sector with v = 2 [53]. This section ends with a closer examination of one of
the ways the currents depart from their idealised behaviour, which is the finite size scaling

we observe at zero temperature.

5.1. Ideal temperature range

Consider the honeycomb lattice in a phase with non-trivial Chern number, wrapped around
a cylinder with a perimeter of length L and height D. In this case the Hamiltonian can
be solved using plane wave solutions in the periodic direction, which we chose to be the
z direction. These solutions are given by uy 4(x,y) = va(y) eP* where p = (2m/L)n with
n=12,...,Lis a momentum index in the x direction. The index d = 1,2,..., D labels
the different solutions v4(y) of the one dimensional problem in the open direction. The
energies of these states are plotted in fig. 5.1. Both positive and negative energies are
shown, however, as discussed in section 4.2.4 these do not all correspond to independent
states. Positive energy states describe the possible quasiparticle excitations. The ground
state corresponds to filling all of the negative energy states.

A non-zero Chern number indicates that the spectrum contains chiral midgap modes [41].
These modes have linear dispersion and are exponentially localized on the boundaries of
the system, as shown in fig. 5.1. Thermal excitation of these modes give rise to an en-

ergy current on the edge. It is possible to heuristically estimate this current. At low
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Figure 5.1. — Energy eigenvalues of the Hamiltonian (Left) for a cylinder of perimeter
L and height D, as a function of momentum in the periodic direction p = (27/L) n for
n=1,2,..., L. Each value of p corresponds to D different energies, each associated
to different solutions of the one dimensional problem in the open direction. The bulk
energy gap, A, of the model and the discretisation gap, de, due to the length of the
edge L are shown. Of particular interest are the edge states, which are highlighted in
red and green. In the continuum limit . — co these would make up two midgap bands
that cross at p = m. Close to zero energy states of the two bands are exponentially
localised at opposite ends of the cylinder (Right). In contrast all bulk states, above the
bulk gap A, vanish on the open boundaries. Chiral energy currents flow in opposite
directions on the two edges are indicated by the arrows (Right).

temperatures T' compared to the bulk energy gap A, the current is given by

p)<A
L= [ mae) <)o) 57 ~ Z Wy, (6
e(p)20 pe(p)>de
where ng(e) = 1/(1 + %) gives the fermionic occupancies, v(p) = de/dp is the velocity
of the edge mode and £(p) is the edge mode’s dispersion relation, shown in fig. 5.1 (Left).
Intuitively, the expression e(p) v(p) combines the energy the edge mode is carrying with
the rate at which it is being transported. Multiplying this with the probability the mode
is occupied, ng(e), then gives the expectation value of the amount of energy transported
along the edge per unit time. The linear dispersion of the edge mode means energy is
transported in one direction along the edge (i.e. the current is chiral) and, since the
dispersion of the two edges is in opposite direction, energy flows in opposite directions on
the two boundaries. This is indicated by the arrows on the right panel of fig. 5.1.
In the limit of infinite size the edge modes of the cylinder are gapless around p = 7. A

finite circumference L induces an infra-red cut-off given by de ~ 1/L due to the discreteness
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of the momentum values p.. Additionally, the bulk gap A naturally sets an ultra-violet
cut-off. (A is evaluated by imposing periodic boundary conditions in both directions.)
These conditions determine the limits of the sum eq. (5.1). If we send de — 0 and
A — oo then the integral can easily be computed and eq. (5.1) evaluates to the CFT
current, Icpr = "/12¢T?, exactly. However, these limits place bounds on the range of

temperatures at which we expect to see CF'T current behaviour, given by
L'« T<A. (5.2)

Furthermore, eq. (5.1) assumes perfect distinguishability of the edge modes. While this is
energetically possible, it cannot be achieved by local position measurements of the current.
Indeed, while edge modes are exponentially localized they still have a finite penetration
into the bulk of the system, as shown in fig. 5.1 (Right). Hence any attempt to probe
them theoretically or experimentally from a microscopic model needs to consider current

contributions from all states, not just the midgap modes [51].

5.2. Energy Currents

In section 5.2.1 we construct an energy current operator and express it in terms of two-
point fermionic correlators. Section 5.2.2 shows the behaviour of the thermal currents
I(T) for various topological phases. The currents are seen to yield the central charges.
Additionally, we show that when the system parameters are varied the currents can be
used to cleanly signal topological phase transitions at finite temperature. In section 5.2.3
we show the topological nature of the central charge by studying its resilience to random

disorder and boundary defects. Finally in section 5.2.4 we address the currents at 7" = 0.

5.2.1. Defining a current operator

As outlined in section 4.2, for fixed vortex sector the spin system reduces to one of free

Majorana fermions whose Hamiltonian H is given by

N
H= Z h; where h; = Z Ajpejcy (5.3)
j k=1

PSS
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where Aj;, = £J, when j and k are nearest neighbours, A;, = =K when they are next-
nearest neighbours and A, = 0 otherwise. We have separated the Hamiltonian into a sum
of terms h; centred on site j. Although the sum defining h; is over the whole lattice, the
couplings Aj;, are short range and so these terms have localised support about site j. An
energy current operator is defined through the Heisenberg equation for the local energy

terms, given by

d = ,
ahj = —Z[H,hj] = —’LZ[hk,hj] = ijk, (5.4)
k k

where the final step defines the current operator I, = —i[hy, h;]. This is the differential
form of a lattice continuity equation for energy, linking the rate of change of energy at one
lattice site to the current it exchanges with other lattice sites.

We next expand the current operator in terms of the lattice fermions ¢; to obtain an
expression for I;;, based on two-point correlators. It is useful to break up the local energy

terms h; and hj in the following way

i i
hi = ZZAlekCl = | Awicres + Y Apcrar |
! I#j
with an analogous expression for h;. When expanding the commutator, the terms then
group together so that it is easy to identify which vanish. The current operator becomes
i

Ly = 15 ArjAji [Ckcjacjck]+§Aijjm [CkCﬁCernH;Aszjk [cker, cje]
m J

+D ApAji e, el + > AgAjm [excr, ¢jem)
145 ey

The first term vanishes since cicjcjcr, = cjcpcpc; = 1. Similarly, we can show that since
the four indices in the last term are different that commutator also vanishes. Manipulating

the other terms yields

)
Ijk = g Z Aijjm CkCm + Z AklAjk: ccy — Z AlclAjl CkCj | - (5.5)
m#k I#] I#5.k

Substituting the expression for icjc;, from section 4.2.4 we can write the current operator
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in terms of the energy eigenmodes. Expectation values of the current operator can easily
be obtained in the energy basis. The non-zero elements are associated with the particle

and hole occupations given by,

- 1
( gfq> = l/g tr(e_BHf;fq> = W(Spq

— eﬂap

ot =Yz (M8} = Gy e

where Z = tr(e™?H) is the partition function. (A wectorised expression for the current
operators which is faster to evaluate is given in note B.1.5.)

The edge current is computed as the total net energy flux on an edge, we first compute
the net energy flux around the cylinder as a function of height y. Then we sum up all
these local currents between the middle of the system and the boundary, as shown with

the dashed line on fig. 5.1 (Right), to obtain

I(Ty= > | > @) . (5.6)
y=D/2 \(G:k):y
The inner sum is performed over links (j, k) that cross the cut at height y, while the outer

sum captures the current on one edge only.

5.2.2. Central charges

We are now in a position to study the behaviour of the energy currents I(7") as we vary the
temperature 7. Before we can compare the scaling of I(7T') with the CFT prediction, Icpr,
there are two aspects of the energy current we need to address. These are the contribution
from the bulk and the bounds set by condition (5.2).

The prediction of CF'T is that the currents should vanish at T' = 0 in the thermodynamic
limit, L — oo. By carrying out a finite size scaling analysis of our data I(T' = 0) we find
that this is not the case. We identify a non-zero value Iy = I(T' = 0,L — o0) at zero-
temperature, as shown in fig. 5.2 (Left), the value of which depends on the microscopic
parameters of the model. In order to compare the energy currents of different phases we

subtract the Iy contribution. This is equivalent to considering the conductivity (the rate
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Figure 5.2. — Low and high T behaviour of I(T"). (Left) In the low-T case increasing
system size, L, recovers the T2 behaviour at lower temperatures. (Right) In the high-
T case increasing K o A delays the divergence of the curves. The (Left) panel
includes the Iy offset, whereas we have removed it from the (Right) panel. In both
plots J = 1. In the (Left) plot K = 0.15 and in the (Right) plot L = 60.
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Figure 5.3. — Edge current for the no-vortex sector (NV), full-vortex sector (FV)
and Toric Code phases (TC) as a function of 72%. The currents are shifted to pass
through the origin, clearly revealing the T2 scaling. The central charges correspond
to dotted line for ¢ = 0, dashed line for ¢ = 1/2 and dashed-doted line for ¢ = 1. In
these plots we set K = 0.15. For the NV and FV plots we set all J = 1, and for the
TC plot we take J = 0.1. Each is plotted for system size L = 60.
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Figure 5.4. — Edge currents indicate a transition between different topological phases
at finite temperature. Here we vary J, = J, = J for fixed J, = 1, corresponding
to the path through parameter space shown on the triangle. Scaled edge currents
I/T? are plotted against J for different values of T. We see a jump through the
phase transition that sharpens with decreasing 7. (Inset) I against T2 plotted for
the values of J indicated on the triangle. The currents are seen to be robust in the
topological phase (red and green crosses) and vanish in the Toric code phase (orange
and blue crosses). These plots are for L = 52 and K = 0.15.

of change of current with 7") rather than the net current value.

Condition (5.2) puts bounds on the temperature range we expect to see CFT scaling.
In fig. 5.2 we plot the currents at the low-T" and high-T" ends of these bounds, for the
no-vortex sector. We see the finite size dependence of the low-71" bound. In the low-T" plot
we have not removed the zero temperature value, meaning as L is increased the currents
at T = 0 tend to Iy. This generic low-T" behaviour is seen for all model parameters. In
contrast at large T" the currents are sensitive to the bulk gap A but independent of system
size. We observe that the temperature at which I starts to clearly deviate from 72 scaling
(greater than a 10% difference) grows linearly with A. To summarise, we have verified
that the temperature range of interest has lower and upper bounds that scale proportional
to the inverse system size and the energy gap respectively.

For temperatures inside the bounds of condition (5.2) we find energy currents that scale
as CFT predicts. To demonstrate this we plot I(7') against T2 for the Toric code, no-
vortex and full-vortex phases in fig. 5.3. We find the currents are in excellent agreement
with the CFT predictions where for TC, ¢ = 0, for NV, ¢ = !/5 and for FV, ¢ = 1.

Since the central charge only takes rational values [94] the current I(7T') should jump
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Figure 5.5. — Robustness of the edge currents to J and K disorder (Left) and lattice
boundary defects (Right). In the (Left) plot we add a random component to either
every J term in the Hamiltonian or every K term. We plot curves for |[0.J|/J and
[0K|/K = 0.01 and 0.1, setting J = 1 and K = 0.1, for L = 40. Each point is
averaged over 100 disorder realizations. In both cases the energy currents remain
unaffected.

as we move between two phases with different Chern numbers. This gives I(T") the useful
property that it identifies topological phase transitions at finite temperatures. In fig. 5.4
(Right) we plot the energy currents as we transition from the TC to NV phases at different
temperatures. The specific transition we probe is achieved by tuning the J couplings, and
is illustrated by the parameter-space diagram on the left of fig. 5.4. Higher temperatures
are seen to smear out the transition and at the critical point we find a crossing between the
different temperature curves. As the finite temperature behaviour of the energy currents is
determined by the CFT at T" = 0 the currents are a useful tool to characterize topological

phases at finite temperature.

5.2.3. Topological robustness

The origin of the energy current I(7") is topological, so we expect it to be robust against
local perturbations to the Hamiltonian. We have investigated this property in two settings.
First we introduced disorder to the couplings J and K. We begin with the no-vortex sector
and add a random component to either every J or K value so that e.g. J — J+ &J where
0J is a uniform random number between —|dJ| and |§J|. The currents are averaged over
disorder (I(T)) and plotted as a function of T2 for disorder strengths |§.J|/J and |K|/K

of 1% and 10%, as shown in fig. 5.5 (Left). We see no impact of this disorder on the
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Figure 5.6. — Finite size scaling analysis of the zero-temperature current in the
no-vortex sector. This is carried out by fitting values I(0, L) for L = 10,12,...,52 to
eq. (5.7), while varying J and K within the no-vortex phase with J, = 1. (Left) We
plot the extrapolated values I as a function of the fermion gap A. The relationship
is non-unique. Onto the plot we have added the path of a single J while K increases.
(Right) The pre-factor © and scaling exponent v are plotted over J and K. We see
for most parameters v ~ 2. Interestingly, © is not found to have its CFT predicted
value /12 ¢ (where ¢ = 1/2) over most of the range investigated.

currents. Additionally, we introduce a boundary defect by removing sites from the edge.
The energy currents near this defect are plotted in fig. 5.5 (Right). We find the impact
of the defect is to divert the edge current around the missing lattice sites. A current of

equal intensity flows along the new edge.

5.2.4. Currents at 7'=0

We now give a fuller account of the currents at zero temperature, I(T' = 0). We previously
observed that at zero-temperature the current includes strong finite size effects as well as an
offset Iy. These different elements are investigated by fitting values I(T = 0, L) computed

for different system sizes L to a scaling form

0
HT=0.L)=1I+ ;- (5.7)

Finite size scaling is also found in conformal field theory. At T'= 0 CFT predicts that the
currents should depend on the circumference of the edge L through the scaling relation

I(L) = (7/12) c L=2. (The energy current is predicted to be the 7 — 2 component of the
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energy-momentum tensor. An elementary conformal mapping shows that on a cylinder
(Ty) = wc/12L2 [94].)

We plot the values obtained for v, © and Iy over a range of system parameters in the
no-vortex phase in fig. 5.6. The fits are obtained by computing I(T, L) at T = 10~ for
system sizes L = 10,12,...,52 and fitting to eq. (5.7). We vary J and K and find good
agreement of v with the CFT exponent v &~ 2 for most values of the couplings. The value
of v depart from 2 at small K and small J and we attribute this to quasi-critical effects as
the gap becomes small [95]. The extrapolated values Iy show a complicated dependence
on the system parameters. In particular we note that by varying K for constant J we
can alter the value of Iy without changing the gap A, as shown by the red trajectory
plotted on fig. 5.6 (Left). In addition, the pre-factor © does not correspond to the CFT
prediction © = (7/12) ¢ over most of the range of J and K. Hence, Iy and © are strongly
dependent on the microscopic parameters of the model, unlike the predictions of CFT. This
demonstrates that, due to their chiral nature, the bulk states also contribute significantly

to the energy current.

5.3. Conclusions

In conclusion we have presented a method to obtain the energy currents of a topological
phase from a microscopic model. We have studied the topological properties of these cur-
rents at finite temperature and the corresponding transitions between different topological
phases. Our results confirm predictions made using an effective description in terms of
conformal field theory [51].

Such CFT descriptions have been studied extensively at both the effective and micro-
scopic level in the context of edge states of the quantum Hall effect [96, 97], but there is
a major distinction between that setting and ours. Here, we have focused on the thermal
transport appropriate to a topological superconductor as opposed to the charge currents
found in the quantum Hall effect.

We have seen that due to their CFT origin the energy currents are able to discriminate
clearly between different topological phases at finite temperature. Moreover, we have

demonstrated that these currents are very robust. Unlike the fragile physics of criticality
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that typically has zero measure in the parameter space, the central charges evaluated
through edge energy currents are robust against significant variations of the Hamiltonian
parameters. We demonstrated that, due to their topological origin, these currents are also
robust against bulk disorder or even the introduction of boundary defects. This resilience
makes them the ideal method to experimentally probe topological superconducting phases

and reveal their conformal behaviour.
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6.

Kitaev’s honeycomb at finite temperature

This chapter studies the Kitaev honeycomb spin model at finite temperature by exploiting
its exact solution in terms of fermions and vortices. Kitaev’s solution of the honeycomb
model separates the spin degrees of freedom into fermions and a gauge field whose physical
excitations, the Wilson loops, are the vortices. However, the two are not independent. The
state of the gauge field determines the fermionic spectrum, but the connection goes even
deeper. The states of the fermions must be projected into a particular subspace in order
correspond to spin states and, as shown by [85], this projection further couples the state of
the gauge field with the allowed total parity of the fermions. The consequences of this state
level coupling between the gauge field and the fermions have never been fully explored.
In this chapter we will first investigate some of the effects this has. In particular we will
argue that it plays an important role in enforcing the fusion rules of the quasiparticle
excitations and that it determines the topological degeneracy of the ground states of the
model. The projection of the fermions is extended to finite temperatures and combined
with a Monte Carlo procedure that samples from finite temperature gauge configurations
in order to study the finite temperature properties of the spin model.

The finite temperature physics of the model has previously been studied by other au-
thors [98, 99]. However, these studies have neglected some of the finer points of the model.
In particular the projection of the fermionic states, which we show at the beginning of this
chapter gives rise to many of the topological properties of the model. By incorporating
these elements we are able to identify some of the topological properties of the model,
such as its topological ground state degeneracy, in its thermodynamics. Following this,
we study one of the interesting high temperature behaviours of the model that has not
received the close attention it deserves before. Namely, the emergence of a thermal metal
(an exotic heat conducting phase) from the Ising anyon phase at high temperature.

The chapter is organised as follows. A procedure to compute projected finite temper-

ature expectation values for the fermions is described in section 6.1. During this section
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we discuss some of the consequences of applying the projector. These consequences are
further explored in section 6.2 where we consider the ground states of the model and show
a link between the topological degeneracy of the ground states and the fermionic projec-
tion. Section 6.3 outlines the Monte Carlo approach we use to study the finite temperature
behaviour of the full model. Finally, our results for the spin model thermodynamics are

discussed in section 6.4.

6.1. Thermal states of the fermions

In this section we study the thermal states of the fermionic degrees of freedom. After a
transformation from the original spin-1/2 particles, the fermions are described by super-
conducting Hamiltonian H. However, the cost of obtaining this simplified representation
is the need to apply a projector P to the fermionic states in order to obtain physical (spin)

states. The physical projector is given by

P:H 5 =SPo, (6.1)

where the second equality was proven by Pedrocchi et al. [85]. Crucially, they showed that
P divides up such that & acts purely on the gauge degrees of freedom u;; and Py fixes
a physical parity for the allowed occupancies of the fermion eigenmodes. The projector
S puts the gauge field into a superposition of all possible (topologically trivial) string

configurations consistent with the vortex pattern, and for a square system Py is given by

Py = % 1+ det(Q) < (12_[]) u”>]—' . (6.2)

In this case, the i of the (4,j) pair in the product over w;; is chosen to always be the
member of the black sublattice as drawn in fig. 4.3. The orthogonal matrix @ is the
matrix that brings the H into Majorana normal form, eq. (4.10). Operator F counts the

parity of the occupancies of the diagonal fermions f,, fg, and is given by

F=1Ja-2£1)
p

81



The eigenvalues of F are +1 (when an even number of modes are excited) and -1 (when
the number is odd). The projector Py therefore projects either onto even or odd fermion
parity depending on the gauge configuration, encoded in the value of det(Q) H(i, ;) Uij- As
noted in [85], importantly this factor is invariant under local gauge transformations D;,
which is the same as saying that Py commutes with S.

This coupling of the gauge field and the total fermion parity plays an interesting role
in the emergent physics of the model. In particular, it enforces the anyonic fusion rules
and sets the topological degeneracies (which we will consider in detail in section 6.2). The
clearest example of this is found in the fusion rules of the toric code. Recall that the
toric code has three particle types e, m and €, which are all their own antiparticles. All
allowed particle configurations should be connected to vacuum, meaning if we fuse all the
particles present nothing remains. In the honeycomb model this condition is enforced by
the fermion parity projection. The honeycomb vortices correspond to e and m anyons
and the fermionic quasiparticles to e. An even fermion parity implies that only states
containing even numbers of ¢ quasiparticles are permitted, whereas odd parity means
there is a residual e particle left over when all the other fermions are annihilated together.
For both the no vortex sector and sectors that contain pairs of e (or m) type vortices we
find that the fermion parity projects to even parity, which correctly restricts us to states
with total vacuum charge. Whereas, considering sectors that contain odd numbers of e
and m vortices we find the fermion parity projects to odd parity. In this slightly odd way
the net particle charge in the system remains vacuum, ¢ X e X m = € X € = 1, even though
the two fermions (the quasiparticle fermion and the e x m fermion) manifest in entirely
different degrees of freedom.

Consider computing the expectation value of a spin observable O for the projected
physical state \\I’Spin> =SSPy |\Ifu2.].>, where ‘\Ilu”> is a fermionic state with support in a
single vortex sector, calculated from some fixed pattern of u;;. The projector S decomposes

into a sum over products of D;. We can therefore address S by showing that
[O,D;] =0 foralli, (6.3)

where O is the spin observable O translated into the fermion picture. This should be the
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case for all physical quantities as the wu;; are gauge degrees of freedom.

Whereas S can be handled just by studying the operator O, the part Py unavoidably
depends on the state ‘\Ilu”> More generally, we will want to consider mixed states de-
scribed in the fermionic picture by density operator p. Assuming that the observable obeys

condition (6.3), the projected expectation value is given by
(0) = tr(58730 pSPy) = tr(@ﬁS'PQ) .

We have used the that fact that if an operator O commutes with S then it also commutes
with Py. This can be seen to be true by considering the original expression for the full
physical projector P = [],Y/2(1 + D;), from this it is clear that if an observable meets
condition (6.3) then it commutes with the full P. For simple states, such as the thermal
state, the density operator is diagonal in the energy eigenbasis. Additionally, projector Py
is diagonal in this basis. Therefore, we can complete the trace in the basis of quasiparticle

excitations to give

(0) =) p(n)O(n)M(n), (6.4)
{n}

where the vector n = (ni,ng,...) gives the quasiparticle occupancies ny = 0,1 of the
modes ¢q. The probability weight of pure state n in the mixed state is given by p(n). The
quantity O(n) is the observable evaluated for n. Lastly II(n) = 0 or 1 kills terms that do
not obey the parity condition.

Similarly we can use this approach to study the projected partition function of the

fermions. The partition function encodes the thermodynamics of the fermions and nor-

malises the thermal state probabilities p(n). We can write it as

Z(B) =tr (Peiﬂﬁ) = Z II(n) e @) (6.5)
{n}

where the energy associated with state n is given by &(n) = >, 2 (2n, — 1) . Without
projection, when II(n) = 1 for all n, the partition function can be evaluated analytically
and exact expressions for the thermodynamic properties of the system can be derived.

These standard results are reviewed in section 6.1.1. When including the projection it is

not possible to obtain closed expressions for the thermodynamic quantities. However, it
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is still possible to compute them exactly. Section 6.1.2 describes an iterative procedure to
do this. Further, we can show that this full treatment is not always necessary as in some
cases many thermal quantities are identical in the projected and unprojected cases. This

is shown to be true for systems with a zero energy fermion mode in section 6.1.3.

6.1.1. Unprojected fermions

Without projection, the occupancy of each mode p is statistically independent and the

partition sum eq. (6.5) factorises over the modes to give

Z = 1(# 4 = T 2eomn(Pof).
p

P

This exact form can be used together with standard relations from statistical physics to
derive expression for the thermodynamic quantities of interest, which are then evaluated

for the numerically obtained spectrum of H. Some of the most important of these are:

Free Energy

The free energy, F = U — T'S where U is the internal energy and S the thermal entropy,

connects the statistical description Z to other thermodynamic quantities

F=-Thh(Z)=-T Z ln[Qcosh(ﬁEP/g)

Internal Energy

The internal energy at thermal equilibrium U = (H) can be calculated from F,

9 38
U= 55(67) :—Zp:Zptanh <§p> .

84



Heat capacity

The heat capacity describes the heat that the system needs to absorb to cause unit change

in temperature,

— .98 _0F Bep )’ 1

Quasiparticle occupations

The particle and hole occupations of the quasiparticle states obey fermionic statistics,

1

1 —

(it =5 (T H ) = g O (6.6)
1 I Pep

o) = 5 (e hil) = o O (6.7)

Correlation functions

Using equations (6.6) and (6.7) we can write thermal expectation values for (ic;cy) from the
expression obtained in section 4.2.4. We additionally exploit a property of the eigenvectors
of the A matrix to simplify the final expression further: [u, (gp)T]* = —[yp(gp)T]. This must

hold in order for (icjck) to be a hermitian operator. The correlations are given by
. . Bep
(icjex) = —lzp: [, () )% tanh (2 :

The notation here corresponds to the notation introduced in section 4.2.4.

6.1.2. Projected fermions

Evaluating the projected partition function is more complicated since II(n) depends on
the total parity of the occupancies n and hence the modes are no longer independent. This
section describes an iterative procedure that efficiently computes eq. (6.5).

Starting with a single quasiparticle mode n; the even n; = 0 and odd n; = 1 states are

clear. The single-mode partition functions restricted to the even subspace Z} and the odd
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subspace Z7 are then simply given by
Zi = etPer/2 and Z7 = e Per/2

Adding a second mode the even and odd subspaces of the two are again clear. The even
states are (0,0) & (1,1), and the odd states are (1,0) & (0,1). Carrying forward the

notation used above, we can write the two-mode partition functions of the subspaces as

Z8 = 2% ethe2/2 4 Z9 e—Be2/2 7

Z9 = 29 ethe2/2 + Z¢ e Pe2/2

As we continue to add further modes the number of states grows exponentially and it
quickly becomes impractical to track all even and odd states. However, these expressions
for the two-mode partition function have compressed the information about their occu-
pations into just their total parity. To add the next mode we do not need to track the
exact state vectors, instead we can proceed by adding the even and odd states of n3 to
the even and odd subspaces of the combined n; and no. This gives an iterative scheme

for evaluating the even and odd restrictions of the partition function

20 = 25 et 29 P2 (6.8)

Z0 =20 etPen/2 4 ze  omFen/2 (6.9)

(Evaluating equations (6.8) and (6.9) could potentially be numerically unstable, see note
B.1.3 for a discussion of how we avoid this.)

Thermodynamic quantities can be computed from the partition function. However, this
involves differentiating Z, and so would require evaluating Z multiple times at different
temperatures. Additionally, quantities such as the correlations (icjcy) cannot be computed
in this way. Instead, thermal expectation values can be computed from their statistical

expressions. Typically this will involve the quasiparticle occupancies (n,) = ( f; fp). For
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example, taking this approach the internal energy is given by
U= ng(<"p> - 1/2) : (6.10)
P

The (n,) are computed in the same iterative way we compute Z. The procedure is mostly

identical, except the p-th step of the iteration is replaced by

()5 = (np)y X 0+ (my)o_y e 0/, (6.11)
(mp)3 = (np)o_y x 0+ (ny)e_y e P/, (6.12)

These edits to the iterative scheme, eq. (6.11) and (6.12), compute the probability of
quasiparticle mode p being occupied by tracing over the other modes while respecting
the parity requirement. However, they are summing the unnormalised probabilities. The
final values (n,)¢ or (n,)° must be divided by their respective partition function. Since the
quasiparticles are fermions the hole occupancy is automatically obtained, (f, f;,r> =1—(ny).

Some thermodynamic quantities require further calculations. In particular, the heat
capacity is related to the variance of energy, C = B?Var( H ). Thus, when expanded in

terms of expectation values of n, operators, it contains second order terms

C=p Zep 5q(<”p”q> - <”p><nq>) .

p,q

Two-mode expectation values (n,n,) can again be calculated using an iterative scheme.
The procedure is identical to the calculation of (n,) apart from step g. At step ¢ the edit
applied to step p, equations (6.11) and (6.12), is repeated. This gives zero weight to the

subspace where either mode p or ¢ is unoccupied.

6.1.3. Equivalent cases

In some cases the projection does not change the thermal physics of the fermions. This
section shows that if the spectrum contains a zero energy mode (which is the case for a
system with an open boundary) many of the projected thermal properties are related in

simple ways to their unprojected values. Most quantities of interest can then be computed
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using the unprojected expressions given in section 6.1.1.

The projected partition function we have written down, eq. (6.5), enforces the parity
constraint with binary function II(n), which kills terms in the sum that do not have
the correct parity. Generalising eq. (6.5) by absorbing II(n) into the exponential and
introducing a new Lagrange multiplier v allows us to tune between the projected and

unprojected cases,

Z(8,7) =Y _exp (= BE(n) =W (n)) (6.13)
{n}

where W (n) is defined to be the parity of the bit-string n, explicitly W (n) = (3_, n,) mod 2.
(Here we have assumed for simplicity that the required parity is even. We could switch
to the case where the physical states have odd parity by replacing W (n) with its logical
negation not W(n).) In the limit v — oo this imposes a hard constraint on the parity
of allowed states by assigning zero probability to states with odd parity. In the opposite
limit, v — 0, we recover the unprojected partition function.

The two-parameter partition function, eq. (6.13), can be rewritten by splitting the set
of states into its fixed parity subsets, {n} = Il U II, where W(n) = 0 for all n € II, and

W(n) =1 for n € II,. This gives an expression

ZB,y) = Y P 11 N o PEW = ze(g) o7 20(B)
nelle nell,
where Z() is the restriction of the partition sum onto states in I1,. We want to compare
the projected and unprojected partition functions and so we divide Z(f,+) evaluated in

one limit by its value in the other limit,

Z(Byox) _ 2@+ 2B | Z()

Z(B,n—0) — Ze(B) + e Z0(B) Zo(B) + 2¢(B) (6.14)

If the spectrum contains at least one zero-mode, g = 0, then any state n € Il, can
be mapped uniquely onto n’ € II, without changing the value of £(n), by flipping the
occupancy of 9. The Boltzmann weights are unchanged by this and so Z¢(3) = Z°(5).

Substituting this equality into eq. (6.14) we find

Z(B,00) = %z(ﬁ, 0), (6.15)
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meaning the projected partition function can be obtained directly from the unprojected
partition function. Since the thermodynamics follows from Z we might expect similar
relations to hold for thermal quantities. In fact, the relationship is even simpler.

In analogy to eq. (6.13) the two-parameter expectation value of an observable O is

<@<Bv 7)) = §(67 7)_1 Z@(ﬂ) e~ BEM)—W(n)
{n}

If O(n) does not change when the occupancy of the zero mode ¢ is flipped, then we can
repeat the trick used with the partition function and argue that (O)¢ = (O)°. This is the
case for quantities that are functions of the energies raised to some power, such as internal

energy and specific heat. Comparing the two limits we then find

(O(8,00)) = (O(8,0)). (6.16)

The entropy cannot be obtained this way. However we can easily reconstruct it using free
energy and internal energy. Most quasiparticle occupancies will obey this condition and
follow eq. (6.16). An exception is the occupancy of the zero energy mode itself (ng), which

if needed must be computed iteratively.

6.2. Aside — Ground state topological degeneracy

Both the toric code and Ising anyon models have topologically degenerate ground states.
These degeneracies are lifted by topologically non-trivial loops of operators, so when de-
fined on a torus there are four topological sectors. For the toric code all four of these
are degenerate (as discussed in chapter 2). In contrast, the topological quantum field
theory (TQFT) description of the non-Abelian Ising anyons has only a three-fold degen-
erate ground state. This section shows how these topological degeneracies manifest in the
fermionic physics of the no-vortex sector.

Homologically distinct gauge field configurations (corresponding to the different topolog-
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ical sectors) can be generated by flipping link variables along non-trivial loops. Specifically,
the link variables are flipped u;; — —u;; on z bonds along a horizontal row or on x bonds
down a vertical column as illustrated in fig. 6.1 (a) and (b). These configurations cannot
be generated by local gauge transforms D; and are equivalent to the gauge configurations
that would be produced by creating a pair of vortices, transporting one of them around
either of the torus handles and annihilating the pair. Combinations of these loops generate
all four homologically distinct configurations.

Inserting non-trivial gauge loops into the no-vortex sector generates four distinct fermionic
Hamiltonians. The eigenenergies of each should be identical, but in practice this does not
hold precisely true. There are small differences between the fermionic spectra of the dif-
ferent topological sectors. However, these differences are seen to vanish as L — oo. To
make this precise, define a normalised vector € = (e, €9, ...)/1/e7 + €3 + ... from the pos-
itive fermionic eigenenergies €,. Figure 6.1(c) plots the (Euclidean) distance between the
vectors defined from the no-loop spectrum €y and that produced by introducing an z-loop
€z, as a function of system size. The data displayed is for the Ising phase, with similar
results being found for the toric code phase. The distance is seen to decay as a power
law ||ég — €3]] ~ L™®. Interestingly, the differences are primarily in the structure of the
spectrum. The difference between the fermionic ground state energies Eg = — Zp /g
vanishes exponentially with L as shown in the inset of fig. 6.1(c).

Finite size effects aside, the main determinant of the ground state degeneracy is the
fermion parity of each topological sector. Since the no-vortex sector spectrum is gapped
odd parity states (which must contain an excitation) have higher energy, meaning the
topological degeneracy is indicated by the number of sectors that have even physical
parity. In the toric code phases the physical parity is found to be even for all four giving a
four fold topological degeneracy. Whereas, in the Ising phase three of the four have even
fermion parity but the fourth has odd fermion parity. These differences are highlighted
by plotting the projected thermal fermion energies as T' — 0 in fig. 6.2. As L — oo the
finite size effects vanish and these topological degeneracies become exact, matching the
expectations of TQFT.

This calculation requires careful handling of the diagonalisation, as discussed in note B.1.2.

Additionally, it is only seen to hold for even system sizes. For square systems of size L x L
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Figure 6.1. — Non-trivial loops in the (a) z and (b) y lattice directions are generated
by flipping all of the link variables along a row or column. The arrows are redrawn
to show the new gauge configurations and coloured lines are added to indicate where
the flips in the directions of the arrows have occurred. (Periodic boundary conditions
are assumed, but the links completing the periodic boundaries are not drawn.) (c)
the spectral distance (defined in the text) between the no-loop and z-loop fermionic
spectra in the B phase as a function of system size L, fit to a power law decay

léo — éz]| = 1.46 L=140. (inset) the difference between the ground state energies of
the spectra decays exponentially. Data is displayed for parameters J, = J, = J, =1
and K =0.1.

where L is odd, we find the toric code phase has a two-fold degenerate ground state.
The Ising phase for odd L flips the picture we previously described, with three of the
four configurations becoming odd and a single even, giving a unique ground state. A
similar even/odd effect is seen in the degeneracy of the Moore-Read state. This wave-
function is believed to describe fractional quantum Hall systems in a certain regime, and
also supports Ising anyon quasiparticles [40]. The Moore-Read state of an odd number of
fermions has unique degeneracy, whereas for an even number of fermions it has three-fold
degeneracy [100].

To the best of my knowledge, this relationship between topological degeneracy and
fermion parity has not previously been demonstrated for the Kitaev fermionisation. Simi-
lar results have been found in another fermionisation of the honeycomb [101-103]. There,
through an alternative Jordan-Wigner like transformation, the fermionic part of the hon-
eycomb ground state is expressed as a BCS state. The BCS state is an even fermion
number parity state. The different topological sectors are investigated by imposing pe-
riodic and anti-periodic boundary conditions on the BCS wavefunction and the authors

find that in the Ising phase one of the four BCS states vanishes. Thus giving the ground
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Figure 6.2. — Projected thermal fermion energy for the four homologically distinct
gauge field configuration of the no-vortex sector in the (a) A phase, and (b) B phase.
(Inset) the thermal fermion energies computed without projection. (a) all four homol-
ogy classes are degenerate. (b) as T'— 0 one of the four has odd fermion parity and
so tends to a higher energy, with the splitting equal to the fermion gap A. Computed
for a 16 x 16 system with parameter values K = 0.1 and (a) J, = J, = 0.1, J, =1,
(b) Jp=Jdy=J,=1
state a three-fold topological degeneracy. In contrast, in the toric code phase they all exist

giving a four-fold degeneracy.

6.3. Thermal distributions of vortices

The fermionisation of the spin model separates out the physical degrees of freedom of
the model into fermions, whose thermal physics was addressed in the last section, and
vortices. While we were able to solve exactly for the thermal physics of the fermions, it is
not possible to do the same for the vortices and we must use approximate methods.

The vortex data is encoded in the gauge fields w;;, which are captured by matrix A;; of
the fermionic Hamiltonian H. We will now make the dependence explicit by writing H (u).
The partition function of the full model is a trace over all degrees of freedom. This can

be expressed as a sum over all gauge configurations of the fermionic partition functions,

Z(8) =) m«(PeﬁH(u)) =Y Z(Bu). (6.17)

u

Here Z(3;u) is the partition function of the fermions, studied in the previous section. We

numerically study the thermodynamics described by Z using Monte Carlo methods. The
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u fields are gauge degrees of freedom and the fermionic spectrum should only depend on
the locations of the vortices. This makes it tempting to replace the sum over u with a
sum over vortex patterns. However, as was shown in section 6.2, non-trivially different
gauge configurations can have different physical fermion parities and therefore contribute

differently to eq. (6.17). This means we must be careful when restricting the sum.

6.3.1. Monte Carlo methods

Many quantities of interest correspond to the expectation value of some observable of
the full model O. These observables might depend only on the vortices, for example the
vortex density, or they may additionally depend on the fermionic state, such as energy.

Generically these expectation values can be written

o) = ¥ 547 @), (6.18)

where, when applicable, (O(3; 1)) means the fermionic expectation value of the observable
for gauge configuration u, evaluated using the expressions or methods described in the
previous section. Sums like eq. (6.18) can be approximated by choosing a finite set of M
gauge configurations {uy,us, ... upr} where each u; occurs with the correct probability,

which is Z(B;u;)/Z(8), and computing a mean,

1oL
(0(B)) ~ MZ<O(5;W»' (6.19)
i=1

We select this set of M gauge configurations using a Markov chain approach, discussed
in detail below. This covers many quantities, however, not all thermodynamic properties
can be computed as the expectation value of an observable.

In particular, the heat capacity of the full model is not the average of the fermionic
specific heats. As always it is given by C = $2Var( H ), where H is the full Hamiltonian.

The fermionic and vortex degrees of freedom can be separated out and C written

o(T) = (Clw)) + %Var[ T(w)], (6.20)
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where C'(u) and U (u) are the fermionic specific heat and internal energy for gauge configu-
ration u. The mean (-) and variance Var[-] are computed with respect to the distribution

over gauge configurations. The variance of U(u) can be estimated from the same sample

{u1,usg, ... ups}. Entropy is computed from the specific heat as
o0 !
S(T)= NlIn(2) — / a1’ %, (6.21)
T

which follows from the infinite temperature limit of the model being N independent spin-

1/2 particles. We next describe how we select the w in the sample.

Markov chain

The aim is to choose M gauge configurations such that the probability of any u; being
chosen is Z(B3;u;)/Z(B). We achieve this with a Markov chain approach. Beginning with
the uniform u; ; = +1 gauge configuration (which is in the no-vortex sector), at each step
a new gauge configuration 1’ is proposed. The proposal will be described in detail below.

Each time the current u is replaced by the proposed u’ with probability

Z(B;U’)/Z(B;U) _ Z(Bu) (6.22)

zZB) /28 Z(Biu)

Prob( accept v — u’') = min [1,

After a large number of attempted replacements (~ L?) we add the current gauge config-
uration to the sample, this timescale we refer to as a sweep. This continues until we have
collected enough configurations. Each Markov step is relatively slow as computing the ac-
ceptance probability requires rediagonalising the fermionic Hamiltonian. We additionally
use parallel tempering to help speed up the convergence of statistical estimates [104].
The proposal u — v’ is generated by selecting two random plaquettes and drawing a
string of gauge flips between them, fig. 6.3(a). This might select the same plaquette twice,
in which case the string is empty. The string is combined with a randomly selected topo-
logically non-trivial loop of gauge flips fig. 6.3(a)-(d). This choice of proposal effectively
ignores the trivial gauge loops within eq. (6.17) and is sampling only over vortex sectors

and non-trivially different gauge configurations.
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Figure 6.3. — Markov step proposal. (a) two plaquettes are selected at random and
an arbitrary rectangular path of flipped links is drawn between them. With equal
probabilities, this gauge string is combined with (a) nothing, (b) a non-trivial loop
wrapping the lattice up-down, (¢) a non-trivial loop wrapping the lattice left-right,
or (d) both of these non-trivial loops.

Parallel tempering

Using parallel tempering has two advantages. It both speeds up the convergence of sta-
tistical estimates such as eq. (6.19) and additionally it computes these estimates for a
set of different temperatures in a single simulation run. Multiple Markov chains, called
replicas, are evolved simultaneously at R different temperatures {1, 52, ... fr}. After
each replica has undergone some number of sweeps the replicas have a probability of being
exchanged. Exchanges happen on a nearest neighbour basis. So as to allow full mixing, we
randomly choose between (51, 82), (83, B4), ... or (B2, 53), (B4, 55), ... pairings to initiate

swaps. Replicas are exchanged within each pair with probability

(Bit1; UQ?(&; u'tt)
(Bisut) Z(Big1;uttt)

Z
Prob(8; <> fi+1) = min | 1, = , (6.23)

where v’ is the gauge configuration of the replica currently at temperature 3;. This
allows the replicas to diffuse up and down in temperature and the Markov chains to more
i

efficiently explore the state space. The sample set of gauge configurations {u?,ud, ... u Yt

at fixed temperature 3; is compiled between swaps. For example, if swaps occur after
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every sweep, the current vortex configuration of replica 7 is added to the sample before
deciding swaps. Further, parallel tempering can be implemented without any real increase

in runtime by making use of distributed parallel computing (discussed in note B.1.4).

6.4. Finite temperature properties

In this section we use the methods described in sections 6.1 and 6.3 to study the ther-
modynamics of the spin model. Monte Carlo simulation data is collected for ~ 50,000
samples, employing varying numbers of parallel tempering replicas. The initial portion
of data prior to equilibration of the simulations is discarded then averages, variances and
error estimates are computed from the remaining series. The analysis performed on the
data, including obtaining these estimates and deciding equilibration time, is described in
detail in in appendix B.2. Toric code plots correspond to parameters in the A phase of
the no-vortex sector, and what is referred to as the Ising regime corresponds to param-
eter values in the B phase of the no-vortex sector. In this section we only study even
system sizes. This simplifies the discussion by allowing us to avoid the even/odd effects
highlighted in section 6.2.

We begin by studying the thermodynamic properties of the system such as the internal
energy, specific heat and thermal entropy in section 6.4.1. Many of these quantities have
been studied extensively in previous published works [60, 105]. Our results agree with the
findings of these studies where they overlap. The main new contribution we make in this
section is to carefully compute the thermal entropy down to low temperatures. We show
that as T' — 0 the thermal entropy yields the topological ground state degeneracies of the
different regimes of the model. It is not possible to show this without fully accounting for
the fermionic parity, which was not done in previous studies. We also highlight interesting
differences in the behaviour of the fermionic parity at higher temperatures, which relates to
the different characters of the vortices in the toric code and Ising regimes. Following this,
in section 6.4.2 we study the fermionic gap as a function of temperature. This provides
a intuitive explanations for some of the differences between the thermal behaviours of
the two regimes. Finally, in section 6.4.3 we address one of the most striking differences

between the two regimes of the model: the emergence of a thermal metal phase in the
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Ising regime at high temperature. By studying the distribution of fermionic energy levels
and the spatial properties of the wavefunctions we provide clear evidence for the existence

of this phase.

6.4.1. Thermodynamics

To analyse the thermal behaviour of the spin model we calculate the specific heat, i.e. the
heat capacity per particle, C'/N, thermal entropy, S, vortex density, py, internal energy
per particle, U/N (U = (H)), and average fermion parity, (F). These quantities are
plotted against temperature for both the toric code and Ising coupling regimes in fig. 6.4.

We first notice the distinctive two peak structure of the specific heat, indicating the
physical fractionalisation of the spins, that has been observed in previous studies [60]. For
both the toric code and Ising regime, the low T peak is associated with a change of the
vortex density, in which it rises from its ground state value py = 0 towards a completely
disordered vortex configuration py, = 1/2. The higher temperature peak is linked to a large
change in internal energy U, corresponding to a proliferation of fermionic quasiparticles.
These peaks are well separated by several orders of magnitude of T' in the toric code limit,
whereas they are closer and blur together somewhat in the Ising regime. Nevertheless, the
specific heat in both regimes exhibits qualitatively similar behaviour.

In the upper panel of fig. 6.4 we plot the behaviour of the thermal entropy, S. We see
that at small temperatures the thermal entropy identifies the topological degeneracy of

the ground state. Specifically, the Boltzmann formula gives

S =1n() (6.24)

where  is the number of microstates (with the Boltzmann constant set equal to one).
As T — 0,  gives the degeneracy of the ground state. Hence, the thermal entropy we
compute is in excellent agreement with the topological degeneracies expected for the toric
code anyons S = In4 = 2In2 and for the Ising anyons S = In3. However, for larger
temperatures when the vortices start to proliferate these entropic differences between the
different coupling regimes are washed out.

In contrast to the thermal entropy, the fermionic parity (F) shows interesting differences
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between the two regimes at higher temperatures and in fact hints at even more complex
differences between the two. We begin by describing the behaviour we would expect (F)
to have based purely on the anyon models. The T" — 0 state always has no vortices, in the
toric code case this already rules out the possibility of odd fermion parity states because of
the fusion rules. (States containing two fermionic quasiparticles would be allowed, however
these have very high energy.) Whereas in the Ising regime odd fermion parity states that
do not contain any vortices are allowed by the fusion rules (they correspond to states with
anyonic flux around both handles of the torus as studied in section 6.2). However, since
they contain a fermion they have higher energy and so are exponentially suppressed in
the thermal state at low temperature. Hence at low T we expect to find (F) = 1 in both
regimes. In contrast, at high temperatures we would expect different values of (F) in the
two cases. As T — oo the vortices becomes completely disordered, py = 1/2. In the
toric code case half of these configurations will contain odd numbers of e (and m) anyons
and half even numbers. From the fusion rules these correspond to odd and even fermion
parities respectively, and averaging over them gives (F) = 0. Whereas in the Ising theory
the only way to generate a state with total odd fermion parity is to add non-trivial anyon
flux around both torus handles. This is one of four flux configurations and so we would
instead expect to find (F) = 3/4(+1) + 1/4(—1) = 0.5. Figure 6.4 (lower panel) plots the
fermion parity as a function of temperature. We see that at low temperature both regimes
agree with the predictions of the anyon models. At high temperature, however, only the
toric code case agrees with our predictions. The fermion parity also becomes zero in the
Ising case at high temperatures. This is a first indication that the thermal proliferation
of Ising vortices has driven a transition out of the topologically ordered phase (described
by the anyon model) to a new kind of phase. We will demonstrate that this phase is a
thermal metal.

It is also interesting that the temperatures at which (F) — 0 are different in the two
regimes. In the Ising case it corresponds with the change in the vortex density (pro-
liferation of vortices) and in the toric code case with the change in the internal energy
(proliferation of fermions). We can explain this difference by considering the behaviour of

the fermion gap.

99



1.08

(A)

0.01 : ' 11 ' -
- - B 0
10 10 10 100 10 10 10
T T
Figure 6.5. — Average fermion gap for the (left) toric code and (right) Ising cases,
with the specific heat profile superimposed. The fermions in the toric code limit
are gapped at all temperatures, whereas in the Ising case they become gapless when
vortices start proliferating. The large system size limits of the fermion gap for 7' — 0
and T' — oo are indicated with markers on the axes. Data is shown for L = 10 system

size with couplings set to J, = J, = 0.25, J, = 1, K = 0 in the toric code case and
Jr=Jy=J.,=1, K=0.1in the Ising case.

6.4.2. Fermionic gap

The average fermion gap (A), defined as the lowest lying fermionic energy averaged over
the vortex sectors that are thermally excited for a given temperature 7', helps to explain
some of the differences we observe between the two regimes. Additionally, we can use it as
a useful check on our Monte Carlo simulation data. It is simple to sample from the zero
temperature and infinite temperature gauge configurations. Here we exploit this to test
our Monte Carlo results by comparing these limiting cases to the temperature extremes
of our simulation data.

We plot (A) against temperature for the toric code and Ising regimes in fig. 6.5. We
see that the toric code regime remains gapped at all temperatures, whereas in the Ising
case the average fermionic gap vanishes above the temperature at which vortices begin
to proliferate. This explains some of the qualitative differences we observe between the
behaviour of the fermion parity in the two regimes, fig. 6.4. Since the fermions of the
toric code case remain gapped at all temperatures, vortex sectors that correspond to odd
fermion parity are energetically suppressed until the second specific heat peak is reached.
In contrast, since the fermions of the Ising regime become gapless at the first specific heat
peak, above that temperature there is no energetic penalty to odd-parity vortex sectors

and the fermion parity can take on new values (F) < 1 immediately.
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Figure 6.6. — Zero temperauture fermion gap as a function of system size for (left)
toric code, J, = J, = 0.25, J, = 1, K = 0, and (right) Ising, J, = J, = J, = 1,
K = 0.1, couplings. Both cases quickly decay towards a fixed value. The fermion
gaps obtained from the lowest temperature Monte Carlo simulations are displaying
(orange circles) on the plots.

Zero temperature

The ground state of the model lives in the no-vortex sector [51]. This ground state has
a topological degeneracy on a torus, which corresponds to the four different choices of
periodic/anti-periodic boundary conditions for the fermions [102]. Due to the projection
procedure, however, some of these topological sectors may have odd fermion parity and so
higher ground state energy. We take the zero temperature gauge configuration to be an
equal weight mixture of the even parity topological sectors, i.e. A is computed as the mean
of the fermion gaps of the even parity no-vortex sectors. In the Ising case this is three
of the four sectors, whereas for the toric code all four are degenerate. We will ignore the
finite size gapping of the topologically degenerate states, as this vanishes exponentially.

The fermion gap of this zero temperature gauge configuration is plotted as a function of
system size for the Ising and toric code cases in fig. 6.6. Both are decaying to some fixed
value, and the Ising case additionally displays oscillations. Extrapolating these trends we
find the limiting value of the zero temperature fermion gap.

The lowest temperature value of the gap obtained from our Monte Carlo simulation is
plotted alongside the curves in fig. 6.6. We find good agreement between the Ising Monte
Carlo data and the zero temperature gauge configuration. However, our toric code data
breaks away from it for small systems, L < 10. This occurs as a result of the small vortex

gap in the toric code case, recall that the first specific heat peak is at 7'~ 10~*. Here 1/T
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Figure 6.7. — Infinite temperauture fermion gap as a function of system size for

(left) toric code, J, = J, =0.25, J, =1, K = 0, and (right) Ising, J, = J, = J, =1,
K = 0.1, couplings. Both decay quickly towards a fixed values, which from polynomial
fits are found to be A = 1.13(9) in the toric code case and A = 0.000(6) in the
Ising case. The fermion gaps obtained from the highest temperature Monte Carlo
simulations are displaying (orange circles) on the plots.

is comparable to the finite size gapping of the topologically degenerate ground states for
L < 10 and so the Monte Carlo simulation resolves the degeneracy. Our assumption that
the finite size gapping of the topological degeneracy can be neglected fails in these cases.

This demonstrates that L = 10 is the smallest system size we can consider.

Infinite temperature

Large temperatures can be studied by sampling from completely random gauge configura-
tions. fig. 6.7 shows the fermion gaps obtained by averaging over 10,000 random u patterns
as a function of system size L. We fit a polynomial decay to the data. In the toric code
case the trend is toward a non-zero gap, whereas in the Ising case the gap vanishes in the
large system limit. The Monte Carlo values obtained at the highest temperatures studied

are plotted on the graphs and we find excellent agreement.

6.4.3. Thermal metal behaviour

Thermal metals are an exotic phase of disordered two-dimensional superconductors that
break both time reversal and spin rotation symmetries, such as spinless p-wave supercon-
ductors [106, 107]. This phase is truly metallic, in the sense that its excitation spectrum
is gapless about zero energy. Thermal metals have many surprising properties such as

a bulk thermal conductivity that diverges with system size and nonlocalised low energy
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states whose wavefunctions resemble those found at the critical point in systems showing
Anderson localisation [108, 109].

Thermal metals are conductors of energy (or heat) via their fermionic degrees of freedom.
A vanishing fermion gap is thus a necessary condition for a thermal metal. In the previous
section we verified that this was the case for the Ising regime at temperatures above the
vortex activation energy. However, since the Ising vortices bind Majorana modes at zero-
energy the vanishing of the gap is not sufficient. It cannot distinguish between a metallic
phase (which has fermionic energy levels occuring continuously down to zero energy) and
a gapped insulating phase with additional zero energy localised states associated with the
vortices (isolated subgap fermionic states at zero energy). Further, a thermal metal phase
is expected to display its own distinct behaviours in both the distribution of energy levels
at low energy and the spatial properties of the wavefunctions [108, 109]. In the following
we probe both of these properties in detail.

The fermionic distribution of energies (DOE) is given by p(E) = (>, 0(E—¢&,) ), where
the €, are the fermionic energies in a single vortex sector and the average is taken over the
vortex sectors visited at temperature T'. (Viewing the system as an ensemble of disordered
fermionic Hamiltonians with quenched vortex disorder this would be the ensemble averaged
density of states. This is the situation in which thermal metals are usually discussed.
However, since the vortex disorder we consider arises from the thermal state of the Kitaev
spin Hamiltonian, we avoid that term so as not to confuse p(E) with the density of states
of that underlying Hamiltonian.) In a thermal metal p(E) diverges logarithmically with
decreasing energy at low energies [106, 109]. To clearly see this feature of p(F) we find
it necessary to go to larger systems than are accessible when using the algorithm that
properly samples from the thermal state, e.g. our L = 10 data. For system size L = 20
data is obtained by randomly sampling over vortex sectors, matching the average vortex
density to the value obtained from smaller system sizes. For high temperatures, above the
vortex peak of the specific heat, this has been shown to work well [110]. The logarithmic
divergence is extracted by a fit to L = 20, and is in agreement with the behaviour of
L = 10, as shown in fig. 6.8. For the very lowest energies p(F) additionally exhibits

characteristic oscillations predicted by random matrix theory [106, 111]. In this limit the
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Figure 6.8. — Distribution of fermion energies p(FE) for low E in the non-Abelian
case. Computed for system sizes L = 10 and 20 at fixed temperature T =~ 0.4. At
low energies p(F) diverges logarithmically with decreasing E. This is indicated by
the black dashed line, which is a fit to the L = 20 data. For the smallest values of E
oscillations are visible. (Inset) The oscillations are collapsed onto curves of the form
Eqn. (6.25). The system couplings are set to J, = J, = J. =1, K =0.1.

DOE is given by
sin(2rEaL?)

p(E) =a (1 + W) : (6.25)

The parameter o can be obtained by numerically solving the equation p(!/,2) = a and
a is expected to diverge logarithmically with L [109]. The first few oscillation periods of
the random matrix theory oscillations, with « inferred from the data as just described,
are shown in the inset of fig. 6.8. Hence, the energy distribution is in excellent agreement
with the thermal metal phase.

Beyond the energy eigenvalues the wave functions of thermal metals exhibit weak mul-
tifractality, which means they are spatially extended in a particular way [112]. This
behaviour is shared with systems that exhibit Anderson localisation, where weak mul-
tifractality occurs at the critical point between insulating and conducting phases [107].
Whether states are localised or extended can be studied via the inverse participation

ratios of the fermionic eigenfunction ), (r) [107], given by

1
L@’

Iy = /dzr |t (1)]?7 ~ (6.26)

The exponent is often written 7(¢) = (¢ — 1)Dq where Dy is called the fractal dimension.
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Figure 6.9. — Weak multifractality of the fermionic wavefunctions in the non-Abelian
case at high temperatures. (Left) Inverse participation ratios I, of the lowest-lying
fermionic eigenmode as a function of system size L (on a log-scale). The I, are
averaged over the thermal distribution of vortices at T = 0.4. (Right) Exponents 7(q)
(defined in Eq.(6.26)) as a function of ¢ demonstrating multifractal critical behaviour,
in-between the metallic 7(¢) = 2(¢ — 1) and the insulating 7(¢) = 0 behaviours.

For pure metallic states D, is equal to the spatial dimension, D, = 2, and for entirely
localised states D, = 0. However, weak multifractality implies D, becomes dependent on
q and behaves as D, = 2 — ¢, where 7 is a non-universal constant [112]. The inverse
participation ratios of the lowest-lying fermionic state, obtained for temperature T' ~ 0.4,
are plotted as a function of system size for the first few values of ¢ in the left panel of
fig. 6.9. This is computed for system sizes up to L = 10, only using the thermal sampling
of gauge configurations. The right panel of fig. 6.9 shows the exponent 7(q) extracted
from fits this data, plotted as a function of ¢. Fitting to the data we obtain the fractal

dimension D, = 1.7(8) — 0.12(3)q.

6.5. Conclusions

This chapter has studied the thermal physics of the Kitaev honeycomb. We have worked
from the Kitaev fermionisation and explicitly carried out the projection of the fermions
into the physical subspace. The Kitaev fermionisation allows us to easily access the four
homologically distinct gauge field configurations on a torus and examine the topological

degeneracy of the ground state. We were able to compare the degeneracy of the Kitaev

105



honeycomb ground state with the degeneracies expected from the abstract description of
topological quantum field theory. Up to finite size corrections, we found agreement for
even system sizes. Differences for odd system sizes are consistent with previously obtained
results for Ising anyons in another setting [100].

Using Monte Carlo simulations we then studied the thermal distributions of vortices.
We find thermodynamic behaviours that agree with past studies of the honeycomb model
at finite temperatures [59, 60]. By explicitly accounting for the total fermionic parity,
which is fixed to be either even or odd depending on the gauge configuration, we can
go beyond the results of these previous studies. In particular, we have shown that the
topological degeneracies of the different regimes of the model can be extracted from the
thermal entropy at low temperatures. We also highlighted the interesting properties of
the fermion parity as a finite temperature observable. The fermion parity shows clear
differences between the different regimes of the model at higher temperatures, which we
explained by studying the finite temperature behaviour of the fermion gap. Following this
we carried out an in depth analysis of the high temperature behaviour of the Ising regime
and clearly showed that it behaves as a thermal metal. In order to do this we studied
the distribution of fermionic energies and the inverse participation ratios of the low lying
fermionic states.

Thermal metal phases have been seen in other similar contexts. In particular, the Kitaev
honeycomb with high levels of randomness in the couplings (strong enough to introduce
vortices) has previously been numerically shown to support thermal metal phases [87].
Two-dimensional Majorana lattices with random sign couplings have additionally been
numerically shown to support them [88]. Beyond this, thermal metal behaviour has also
been seen in models of spinless p-wave topological superconductors by artificially inserting
vortices in order to simulate temperatures above the Kosterlitz-Thouless transition point
where these vortices proliferate [113]. However, in all of these examples the disorder is
introduced by hand. In contrast, the case we have studied arises from the finite tempera-
ture physics of a single Hamiltonian, the Kitaev honeycomb spin model. The vortices that
act as disorder to the fermionic degrees of freedom occur naturally as finite temperature
excitations of this Hamiltonian.

In studying the thermal metal behaviour we focussed on temperatures well above the
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vortex proliferation temperature. An interesting problem would be to study the onset
of the thermal metal behaviour. This is hard, however, as the system sizes that are
accessible to us are strongly limited by the numerical cost of the algorithm we use to
generate thermal states. Simpler sampling schemes may be useful, such as generating
random vortex patterns with a fixed average density corresponding to the thermal value.
However, we should be careful using these approaches at lower vortex density since the
Ising vortices are interacting [54]. These interactions will change the preferred spatial
arrangements of the vortices at lower densities.

There is an interesting discrepancy between our results in section 6.4.3 and those of [105].
In that work the authors compute the thermal conductivity of the Kitaev honeycomb over
a large range of temperatures and note that they observe no finite size dependence of the
(longitudinal) thermal conductivity. Whereas, the thermal metal phase we have argued is
present in the Ising regime at high temperatures is expected to have a thermal conductivity
that diverges with system size. This divergence, however, is only logarithmic and so may
difficult to observe. Alternatively, the method they employ to compute the conductivity
might hide this behaviour. Their calculation involves using small size (L = 12) finite
temperature gauge configurations as the unit cell of a larger system and computing the
conductivity in the momentum space of that larger system. Thermal metals correspond
to an infinite randomness renormalisation fixed point [106], which may make imposing
a repeating length scale in this way problematic. It would be interesting to revisit the

question of thermal conductivity and look closer for signs of the thermal metal behaviour.
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7.

Conclusions

The focus of this thesis has been studying the effects of finite temperatures in different
topological systems. First a topological quantum memory, followed by topological phases
and finally a topologically ordered spin model. In this chapter I sum up by reviewing the

results of chapters 3, 5 & 6, and suggesting future directions.

In chapter 3 we studied the coherence time 7 of the toric code as a finite temperature
quantum memory. The behaviour of 7 was investigated by analysing the creation and
diffusion of thermal excitations. Different processes occur on different timescales given by
the rates obtained from the thermal master equation. These timescales were combined
with arguments about the random walks of the excitations to give final estimates of 7. We
compared these arguments to data from simulations and found good agreement.

Our primary interest in studying the toric code’s coherence times was to compare the
typical behaviour of the memory in a thermal environment to the previously demonstrated
upper bounds [21, 23]. The scaling of these upper bounds follows the Arrhenius law applied
the energy cost of quasiparticle creation (which is 2A since toric code anyons are created in
pairs), explicitly 7 < e2P2  Studying the particle creation and diffusion processes allowed
us to quantify the effects of entropy, which decrease the coherence time away from this
upper bound. In the thermodynamic limit we found the entropic factors saturate giving
a coherence time that scales as 7 ~ e, For small (L x L) system sizes, below a thermal
length scale L* ~ e#2/2 the coherence time lies between these limits e/ < 7 < 202 In
this regime the entropic factors introduce a system size dependence to the coherence time
7 ~ €22 1n(%/y)/L?, which decreases T from the upper limit towards the lower limit with
increasing system size.

An important innovation in the study of passive quantum memories was the discovery of
partially self-correcting memories [17, 25, 26]. These models show it is possible to achieve
better scaling of 7 than the Arrhenius law applied to the energy cost of quasiparticle

creation would imply. They still have a fixed cost to excite quasiparticles from the vacuum.
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However, by engineering a complex, glassy energy landscape they manage to slow down
the diffusion of quasiparticles. For example, the excitations of the cubic code have to
transition through intermediate higher energy states in order to travel [25]. These diffusion
times become the dominant component of the coherence time. For small system sizes,
when decoherence is driven by the motion of one set of quasiparticles, coherence times
then scale as 7 ~ L®8 [17, 25]. However, as the system becomes larger (relative to
its own characteristic thermal length scale) entropy injects multiple sets of excitations.
Decoherence then occurs when these different sets overlap and the coherence time no longer
grows with L. In the thermodynamic limit the scaling of the coherence time saturates to
T~ M [17, 25]. Understanding the interaction between energetic and entropic factors
clearly will play an important role in identifying memories that replicate or improve on

partial self-correction.

Chapter 5 studied thermal energy currents in Kitaev’s honeycomb. For certain choices
of parameters and vortex patterns, the fermionic degrees of freedom of the model carry
topological superconductor phases with non-trivial Chern number [51, 53]. Bulk-boundary
correspondence relates these bulk topological phases to conformal field theories (CFT)
living on open boundaries of the system [90]. These CFTs should give rise to persistent
and robust energy currents on the system’s edge. Using the exact solution of the model
we investigated these currents in a finite size system.

Energy current operators were defined from the energy continuity equation, giving local
current observables that are expressed in terms of two-point fermionic correlations. We
computed the edge current and studied its scaling with temperature, as well as how it
is effected by the finite size (L x L) of the system. In a particular temperature range,
bounded from below by !/; and from above by the bulk gap, the energy current was
found to agree well with the predictions of CFT. We also confirmed that the currents are
robust against small perturbations. That is not to say there were no deviations from the
predictions of CFT however. We also noted some non-topological features of the currents,
including a current at zero temperature whose value depends on the coupling parameters
and system size. (CFT predicts a zero temperature current that scales with L, but in this

case the currents we found did not quite match the expectations.) We attributed these
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non-topological aspects to bulk contributions; all states of the model are chiral and the
bulk states are not perfectly isolated from the edge.

One motivation to study these currents is the possibility of their direct observation in
quantum simulations of Kitaev’s honeycomb. Quantum simulator schemes with cold-atoms
are already able to simulate other topological phases, in particular successfully replicating
topological insulators [45]. There are proposals to extend those schemes to simulate the
topological superconductor phases of Kitaev’s honeycomb [114]. In such a setup it might
be possible to directly measure the same current observables and compare the microscopic
theory to the quantum simulation.

An interesting future direction for this work is to use the energy currents to probe the
transitions between different topological phases of the Kitaev model. Currents and con-
ductivities have yielded useful insights into the topological phases of integer quantum Hall
systems. In particular numerical studies of the conductivity have been able to extract in-
formation about the quantum phase transitions between insulating phases and quantised
conduction plateau [115, 116]. These can then be compared to abstract theory and exper-
imental measurements. The details extracted include the critical exponents, allowing the

universality class of the transition to be identified.

The goal of chapter 6 was to study the thermodynamics of the full Kitaev honeycomb
spin model. We proceeded from the Kitaev fermionisation of the spins. This has the
complication that the fermionic states of the model need to be projected into a particular
subspace in order to be physical, meaning spin states. We first addressed this by outlining
a procedure through which we can calculate finite temperature properties of the projected
states of the fermions.

The physical projection was shown to reveal the topological degeneracy of the model in
a simple way. This was carried out by inserting topologically non-trivial gauge loops into
the ground state sector of the model, the no-vortex sector, and comparing the energy of the
physical fermion states. We showed that the topological degeneracy of the ground state
matches well to the abstract topological quantum field theory descriptions of the different
phases. In the Ising anyon phase this is a three-fold degeneracy and in the toric code limit

it is a four-fold degeneracy. We studied the finite size splitting that lifts these degeneracies
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and found evidence that they vanish as the system becomes large. Additionally, we noted
that the degeneracy depends on whether the number of lattice sites is even or odd. The
degeneracies quoted above are for even numbers of lattice sites. For odd number of lattice
sites the toric code has a two-fold degenerate ground state, and the Ising phase has a
unique ground state. The even/odd behaviour we observe in the Ising phase has also been
noted in the degeneracy of the Moore-Read state [100], which gives rise to Ising anyons in
fractional quantum Hall systems.

The procedure to handle the fermions was combined with a Monte Carlo simulation that
generates thermal distributions of vortices in order to study the thermodynamics of the
full model. Several important features of the thermodynamics were already known from
previous studies. In particular, the specific heat shows signatures of the fractionalisation of
the spins [60]. This manifests as two distinct peaks in the specific heat, one associated with
the vortices and the other with the Majorana fermions. We independently verified this
behaviour in our data. By carefully accounting for the projection of the fermions, we were
able to demonstrate that the thermal entropy at low temperatures reproduces the topolog-
ical ground state degeneracies of the different regimes of the model. We investigated the
behaviour of the fermion parity as a function of temperature and explained its behaviours
by studying how the fermion gap varies. Finally, we studied the high temperature physics
of the Ising regime and demonstrated that it behaves as a thermal metal.

The projection of the fermions also highlights some interesting thermal properties of the
toric code limit of the model. In particular, since the fermions in the toric code regime
do not become gapless, the projection continues to couple together the behaviour of the
fermions and vortices even after the vortices have appeared to thermalise. Specifically,
there is a range of temperatures (between the two specific heat peaks) where the vortices
are disordered (the vortex density is half) but the total fermion parity remains even. The
anyon fusion rules of the toric code imply these vortex configurations are not completely
random, specifically there can only be even numbers of both e and m anyons. It would
be interesting to probe deeper into the possible implications of this in a quantum error
correction setting.

There are many interesting open directions of study. Thermal conductivities are par-

ticularly relevant as they reveal properties of the low energy topological phases and can
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be probed experimentally. Other authors have begun investigating these properties in
some parameter regimes [62, 63]. We would like to extend these studies and to probe the
effect of fermion projection on the thermal response properties. In appendix C we begin
to construct a framework for extending the description of the real-space current used in

chapter 5 to compute dynamical responses through the Kubo formula.

Protecting quantum information from noise and errors is a difficult physics problem,
as well as an engineering challenge, and has been an active area of research for over
two decades [6]. In the coming years we can expect the small quantum devices being
developed by tech giants such as IBM and Google to grow steadily larger, and as they do
it may become possible to begin to incorporate some of the ideas developed in quantum
error correction theory into these real world realisations. Conventionally quantum error
correction has focussed on big picture question such as ‘is it possible, even in principle, to
protect quantum information from errors?’ (yes) or ‘what is the most powerful code that
can be designed, no matter how complicated?’ (currently, see [12] and [13]). While there
are still many big open problems, increasingly feedback from experiments is beginning
to reshape the topic around the constraints of real devices with questions such as ‘given
this real noise model and this limited number of qubits, what is the most effective error
correction scheme I can implement?’. Pivoting in this way will involve integrating the
successes of quantum error correction with the tools of other fields, such as statistical
mechanics, to better describe real situations and answer these hybrid questions. This is
the spirit in which the work of chapter 3 was carried out.

Currently it remains an open problem to conclusively demonstrate the presence of
anyons in real materials. Topological edge currents (chapter 5) and manifestations of
topological properties in other thermodynamic responses (chapter 6) represent experi-
mentally accessible stepping stones towards this goal. Eventual proof of the presence of
anyonic excitations in a real material, besides being an incredible discovery of great fun-
damental importance, could eventually open the way to future generations of quantum

devices fabricated from topologically ordered materials.
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A.

Kitaev’s Honeycomb

Solved in a Matrix Language

Here the constructions in chapter 4 are repeated using an entirely matrix based presenta-
tion. This way of approaching the model helped me to understand it better, coming from
a quantum information background.

This appendix mixes operators with matrices and vectors, so to be concretely clear

about the nature of each object I have used the following conventions:
e ¢, a hat indicates an operator

e A, bold font denotes a matrix
- M, combining the bold font with the hat means this is a matrix whose elements
are operators
e v, underlining means a vector

— by convention v will always be a column vector, and v” (or v! for complex

vectors) the row vector
— a0, again combining the underline with the hat means the elements of this vector

are operators

With the vortex sector specified and the gauge configuration fixed we can write the Hamil-

tonian of the fermionic degrees of freedom, eq. (4.8) in the main text, as

~ 1 R
H = 1 Z A;jcicj
ij=1
1
1.
=1 (¢1...¢n) (1A)
CN
1 7 00
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Written in this form it is clear the task of diagonalising H is equivalent to diagonalising
the hermitian matrix of numbers ¢A. To do this we employ some standard results for real

anti-symmetric (also called skew-symmetric) matrices.

A.1. Skew-symmetric matrices

For any skew-symmetric matrix A the eigenvalues are purely imaginary and occur in
plus/minus pairs +icy, for & = 1,2,...,V/5. The real valued matrix can therefore be

diagonalised by complex matrices

ieg 0 0 0 (QDT
0 —ie;r 0 0 (up)]
A=UDU" = (uf,ur,uf,uy,.) [ 0 0 ies 0 || @)
0 0 0 —ig (uy)T

where U is a unitary matrix. Limiting ourselves to purely real matrices, it is not possible

to fully diagonalise A but it can be put in block diagonal form

0 e 0 0 ar

—e1 0 0 0 ...||d

A=Q3Q" =(4:y 30 --)| 0 0 0 e ...||dl
0 0 —e2 0 ...|[|d]

where Q is a real orthogonal matrix. By relating these two forms of A we can demonstrate

an important property of the eigenvectors. Namely that the complex eigenvectors gz

and wu, , corresponding to eigenvalues pair +icy, are related to each other by complex
+

conjugation u, = (u;)*.

Consider the simpler case of o, and o,. We can relate the two using o,’s eigenvectors
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packaged in the form of unitary matrix W

' i
oy = = —— — = Wo, Wi,
i 0 V2 i =1 0 -1 V2 |1 i

Up to a factor of ¢ this is identical to what is happening in the diagonal blocks of D and
3 so, using the N/ x V/5 identity matrix 1 /o to distribute W onto each block, we can

write the same relation
X = (Iy2® W)D (Lyj, @ WT).
We can go further and use this to relate the columns of U and Q,

(QT7E1_7Q;7Q2_7 ---):(Q1>Q2ag3yﬂ47 )(]IN/2®W)

1 1 0 0

1
:(glvgygygzp“')ﬁ 0 0 1 1

1 . o . o
=5 (gl+ Wy, 4y~ 10y, 9319, g, iq,, ) . (A.2)

Reading off from this we see that u;, = (u;)* (as with the eigenvectors of ¢,). From now
we will drop the 4+ superscript and write g; = u; and u; = uy. Now let us return to

diagonalising H.

A.2. Normal modes

Using the results of the previous section we diagonalise H to find the normal modes of the

system. From equation (A.1) and the different forms of A we have

A e =-¢e'Qx) QT ¢ = i dU@D)UT ¢, (A.3)
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These two different forms of A, in terms of Q & X or U & D, give the Majorana and
associated complex fermion representations of the normal modes.
First consider multiplying out the new operators defined by U to obtain their expression

in terms of the original Majorana,

=
>
A
(S
—=—t
o>
A
[S
—
10>

(A4)

=t
Q>
[}
=
—~
<
— %
~—
.. Q
[\e)
S
[S
—
10>

where a - b denotes the vector dot product. The extra factor of !/ 3 1s added for normali-
sation (so that the eigenvalues of f,i fk are between zero and one). We see that as well as
being complex, due of the elements of U, the fermionic operators fl and g; are related by

g1 = flT . Multiplying out equation (A.3) in terms of these new fermions

—e1 0 0 0 ...\ [AhA
0 e 0 0 ...||fA
=5 Gl B ) :
9 1 J1s J2s J25 - - 0 0 —E&9 0o ... fQ
0 0 0 e ...||A
N/2
=33 (e flfi+ e id]
2 kJrJk kJEJE ) -
k=1

The operator f,: fk detects the presence of a particle in mode k£ by projecting onto the
filled state and fk f];r projects onto the empty state, detecting a hole. So we can read
this as the occupation of normal mode k contributes energy —¢#/9, and mode k being
empty contributes energy +°/2. This sounds a little backwards and illustrates part of
the particle-hole symmetry of the spectrum. We arbitrarily picked the operators f rather
than ¢ and this gave us a hole-basis where exciting the normal modes removes energy
from the system, doing the opposite would have instead given us a particle-basis where

quasi-particle excitations carry positive energy,
N/2 N/2

=3 (e) (flf=3) =D = (olan—3) (A.5)

k=1 k=1
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Similarly we can multiply out the operators defined by Q to get another representation

of the normal modes

b & Q? €1 4, ¢
= QT o | = T o | = 45 [é (A 6)

Since Q is a real matrix these new operators are also real, and so these fermions are still

Majorana fermions. Multiplying out the Hamiltonian in this representation gives

0 41 O 0 b}
e 000 "
S T )
H:Z(,b ,1/3 /Za /2,7) 0 0 0 €9 ... bl2
0 0 —iez O y
| M2 Y
=5 (—ien Bkl + e b ) = 57 en bl
k=1 k=1

Combining equations (A.4) and (A.6) with (A.2) we can relate the diagonal fermion cre-

ation and annihilation operators § and §' to the Majorana normal modes ¥ and b getting

the expected expressions,

ge=5(-a) . ol =14+
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A.3. Correlation functions

An important set of quantities to characterise the properties of fermionic states, with

density operator p, are the two-point correlation functions

<éiCj> =tr (ﬁ ézéj) .

We can evaluate these expectation values by inverting the transformation to energy eigen-

modes, equation (A.4). This gives an expression

c1 !ﬂ
& | =V2U] g (A7)

Taking the outer product of ¢ with ¢’ gives a matrix of correlation operators, as well as

the transformation of these operators from a spatial basis to the diagonal basis

8161 G160 6163 6164 ... gl

Golt Goby Coly ala ... 0

Gyi1 E3l 03é3 3éq ... | =2U| gl @nﬁl@bﬂ-n)UT

Calt Caby Caly Cala ... G

1 && 816 é1é Ao 0 gl glgh

Gt 1 ealy oy ... 0 5d] nge 94

ésér ey 1 eseq ... | =2U gl glal glge o .. | U
C4Cy CaCy Cyc3 1 ... G201 G201 0 Gogh

We want to evaluate the expectation values of the elements of this matrix, (¢;¢;). If we
carried out the multiplication on the right hand side of the expression each element of
the resultant matrix would be a linear sum of the g QT elements weighted by the complex

numbers in the matrix U. We can then see that to evaluate the (¢;¢;) we may replace
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each element of g QT by its expectation value, i.e.

L (e1éa) (e (Grca) @a) 0 (Gl (alad)
(eaé1) 1 (Gals) (Cala) 0 (Ggl) (91g2) (3ngh)
(ésér) (Gaca) 1 (esca) ... |=2U|(glan) (abal) (9lg) 0 uf
(eaé1) (Calo) (Cats) 1 (9201) (3291) 0 (68)

It will usually be the case that all off-diagonal elements of the matrix of § operators vanish

as they represent coherences between different diagonal modes.
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B.

Numerical notes and methods

B.1. Kitaev’s Honeycomb

The following are notes on some practical elements of the numerical work I carried out on
the Kitaev Honeycomb. The numerics were written in python using the NumPy and SciPy
libraries [117]. Notebook work, such as data analysis, was carried out in IPython [118]
and Matplotlib was used to generate figures [119]. Additionally, mpidpy [120] is used
to implement parallel tempering via distributed parallel computing. Unless otherwise

referenced or defined, the notation used in this section matches appendix A.

B.1.1. Obtaining diagonal modes

Diagonalising ¢A with complex numbers using SciPy’s linalg.eigh seems to be prob-
lematic. Specifically, the returned matrix of eigenvectors U do not satisfy the physical
requirement that the two-point correlations (icjci) should be purely real. This require-
ment is separate to just finding U and D such that iA = U (D) U and the function
failing to satisfy this additional condition arises from the fact that we are using complex
numbers to try to solve a problem that only really needs real numbers.

This physical condition is satisfied by instead directly computing the real-valued block-

diagonal form A = Q X Q7 calling Scipy’s linalg.schur function with the call:

3,Q = scipy.linalg.schur(A, output=’real’, lwork=None, overwrite_a=True,

sort=None, check_finite=True)

A disadvantage of this method is that the blocks are not sorted by energies. (The op-
tion sort=None is set in the function call since degeneracies can otherwise cause errors.)
The eigenvalues and eigenvectors can be sorted separately if needed. Importantly, the X

and Q obtained are still not in the form we expect them, as discussed in the next note.
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B.1.2. Getting Q in canonical form

The physical fermion parity is determined by H(i’ ) Wi (det Q), eq. (6.2). But to reliably
and meaningfully compute det Q we need Q and X to be in the form given on page 124,
which is not guaranteed by scipy.linalg.schur (sls).

A particular problem is that sls does not arrange the positive and negative eigenvalues
of the blocks of ¥ consistently. Sometimes the positive eigenvalue is in the upper right (as
we want) but sometimes it is in the lower left, and additionally it changes from block to
block. If the eigenvalues are in non-canonical arrangement then the related columns of Q
need to be swapped, which multiplies det Q by —1. Another problem is if the spectrum
contains zero modes these are not paired into 2 x 2 blocks in ¥ by sls. Instead they
appear separately as single, randomly positioned, entries on the diagonal.

Both of these issues are solved with the following code snippet, which puts Q and 3 into
the canonical form of page 124. However, this fix is not robust against exact degeneracies
in the spectrum. We must first lift the degeneracy slightly by adding a small amount of
random local noise to the Hamiltonian.

# add small random noise to lift degeneracties

R = 2.%(numpy.random.rand(2*Lx*Ly,2*Lx*Ly) - 0.5)

R = R + np.transpose(R)

dA = 1E-6*numpy.sign(A)*R

# get the block-diagonal fully-real Schur normal form

Sigma,Q = scipy.linalg.schur(A + dA, output='real', lwork=None,\
overwrite_a=True, sort=None, check_finite=True)

# flatten columns of Sigma to get list of eigenvalues
eig_vals = numpy.sum(Sigma,axis=0)

# get the -ve to +ve ordering of the eigenvalues
permutation = numpy.argsort(eig_vals)

# fold permutation back onto itself to get correct

# ordering for columns of { matriz

g_permutation = numpy.zeros(2+Lx*Ly,dtype='i")
g_permutation[::2] = permutation[:2xLx*Ly//2]
g_permutation[1::2] = permutation[-1:-2+Lx*Ly//2-1:-1]

# rearrange (§ and Sigma into canonical form
Q = Q[:,q_permutation]

Sigma = Sigmal:,q_permutation]
Sigma = Sigmal[q_permutation, :]

A test to check this is working is that []; ;) u; (det Q) should be invariant under local

gauge transformations [85]. That is, it should not change when we insert any gauge loop
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with trivial topology.

B.1.3. Robustly computing projected partition functions

Iteratively computing the partition function directly is numerically unstable since the
numbers quickly become very large. To avoid this problem we instead store the logarithms
log[Z]¢. Numpy provides a helpful method numpy.logaddexp we can use to iterate to the
next step without having to take exponentials. Using this approach equations eq. (6.8)

and eq. (6.9) become

log[Z];, = numpy . logaddexp(log[Z]},_; + B°"/2,log[Z];_1 — B"/2)

log[Z];, = numpy . 1ogaddexp(log[Z], 1 + 5"/2,10g[Z];, 1 — 87"/2).

B.1.4. Parallel implementation of parallel tempering

Parallel tempering simulates R replicas of the system evolving at different temperatures. If
the evolutions of the replicas were handled sequentially, the runtime would become roughly
R times longer. To avoid this additional time cost we can evolve each replica independently
and in parallel as different parallel computing processes, with swaps being implemented as
communication between these parallel processes. This type of parallel computing is called
message passing and is available in python through the mpidpy class [120]. However,
exchanging copies of the system, which in our case are made up of multiple matrices (and
actually implemented as a python object), adds a communication cost. We can avoid this
by keeping the replicas in place and exchanging the temperatures instead. But this too
adds a layer of programming difficulty, in that now we have keep track of which process
should communicate with which other since the temperatures are no longer in a fixed
order across the parallel processes. I have written a python class ptmpi that solves this
problem by handling the tracking overhead. (The details of its implementation are given
in its github readme.) Additionally, it black boxes all communication between the parallel
processes to simplify its use in simulations. The class is independent of the physical system
being simulated and could be reused in any other situation to easily implement parallel

tempering over parallel processes.

132



B.1.5. Fast calculation of energy currents using arrays

The sums in the current operator, eq. (5.5), can be rewritten as operations on arrays
in order to exploit the massive speed-up of numpy array calculations over python for
loops [121]. Here the matrix product is denoted with a central dot (numpy.dot) and an
element-wise product with * (called in numpy with a * between arrays). The whole set of

energy current expectation values I = (I;) can be obtained by computing
1
I:—g(A*[C-A]+A*A*CkkT+A*[A~CT] ~AxAxCi +[A-A]xC),

where C = (icjci) is the matrix of two point correlation functions and Cyk is defined

from the diagonal elements of C by

Ci1 Co Cs3

Cii Co Cs3
Cyk =

Ci1 Ca Cgs

This matrix Cyyk can be efficiently constructed using numpy’s numpy.tile method.
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B.2. Analysis of Monte Carlo data

Chapter 6 studies the thermal physics of the Kitaev honeycomb spin model through Monte
Carlo simulations. This appendix gives a thorough explanation of how the Markov chain
time-series obtained from the simulation is processed to give the estimates and errors
quoted in the text. This includes accounting for autocorrelation in the time-series, imple-
menting resampling methods to estimate the error on indirectly measured quantities and

deciding the equilibration time.

Statistical errors

The Monte Carlo procedure returns a sequence of gauge configurations, {ui,ug, ... upr}.
Or, more practically, the values of observables O (such as fermionic thermal energy, vortex
density, etc.) associated with those sectors, {O1,0q, ... Ops}. Assuming these values are

uncorrelated, the sample mean and (unbiased) sample variance are given respectively by

0 = E[0)] = %Zoi, (B.1)
=1
1 M —\2
so = E[(0i — E[0i])*] = M_lz(Oz‘—O) : (B.2)
=1

The sample mean O estimates the physical expectation value of the observable, eq. (6.18).
Error bars on this estimate AO are quoted as the standard deviation of O, computed as
50

(A0 =E[(0-E[0)?] = 2. (B.3)

Autocorrelation times

For Markov chain Monte Carlo simulations the assumption of uncorrelated samples might
well be invalid as memory effects can persist in the chains for very long times. These mem-
ory effects are quantified by the the autocorrelation time, T, which (roughly) characterises
the half-life of the correlations. Autocorrelation effects can cause us to underestimate
the error AQO, since the correlations mean we effectively have fewer independent samples

than we believe we do. Or, in a more extreme example, they can bias the estimation
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of indirectly measured quantities (such as specific heat), in addition to the error on that
estimate [72]. We can gain insight into the autocorrelation between samples by computing
the lagged autocovariance. For a time series of M samples the lagged autocovariance for
observable O is
M—t
(0; = 0) (0i4+ — O) ,

1=

1

Yo(t) = i

—

such that vo(0) = 320. The lagged autocovariance can be used to correct the error AO and
to estimate the autocorrelation time for the observable 7. Additionally, plotting vo(t) as
a function of the lag ¢ can give useful qualitative insights into the decay of the correlations.

The true error, the variance of O, must include the additional statistical uncertainty

introduced by the autocorrelations in the data,

M
(80P = B[O~ EO)?] = 15 Y (Bl0:0;] — EO] E[Oy])
ij=1
82
=50 4 S (B0.0) - BlOIE0)])  (B4)

where the correction term can be computed by summing yo(t) over all ¢. Two of the
simplest estimators for this correction are the initial positive sequence estimator s?)p
and the initial monotone sequence estimator sém [122]. Both aim to sum 7o(t) while
accounting for noise that can be problematic at large t. They are constructed from the

derived quantities

Lo(t) =v0(2t) +v0(2t +1).

A theorem states that for stationary, reversible Markov chains these I'(¢) should be strictly
positive and strictly decreasing. Any violation of these conditions can be interpreted as

the onset of noise and used to truncate the sum. The estimator 520 b is then

2T+1 T
Sop =502 Y 70(t)==0(0) +2) To(t) (B.5)
t=1 t=0

where the upper limit 7" is chosen such that all the terms summed are positive, I'o(t) > 0
for t = 0,...7T. Estimator SQO’m is defined similarly, with the upper limit decreased

further to the index of the minimum preceding value of T'p(¢) so that the sequence of
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terms summed I'o(0), To(1), ... is both always positive and always decreasing. Dividing

these estimators by M estimates the true error,

5o
= B.
M (B.6)

(A0)? =

Assuming the autocorrelations decay exponentially, vo(t) ~ e */70, the exponential

decay rate can also be computed from the integral of yo(t) as

0200 _ [Pt g
dt = dte O =T15.
/0 70(0) 0 ©

Comparing this to eq. (B.5), where the sum over ¢ is viewed as the discretised integral,

we see that dividing the improved variance estimator 5207m by the raw sample variance s%
yields a related estimate of the autocorrelation time (called the integrated autocorrelation

time) [72, 123] defined as

, (B.7)

[
N | —

— %
TO:§ 2 —TO—

This small difference between the exponential decay rate 7, and 7o is typically neglected.
In the following discussions the integrated autocorrelation time 7o is the value quoted as
the autocorrelation time 7o of the Markov chains. Combining the expressions for AO we
can also define the effective number of samples,

M

M. =
eff 2?0 )

such that eq. (B.6) instead reads (AO)? = s2,/ Meg.

Bootstrap resampling

Assigning an error to estimates of indirectly measured quantities, such as distributional
parameters like the variance, is more complicated than for quantities that are directly
measured by the simulation. The easiest approaches are resampling methods including
blocking, jackknife and bootstrap [124, 125]. The bootstrap method is among the most
robust as well as (for short enough autocorrelation times) the most efficient.

From the gauge configuration time series, {u1,ug, ... ups}, we select M random elements
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allowing repeats, e.g. By = {1,1,3,4,4,4,4,8 ...}. The quantity is computed for this

sample, for example the specific heat is evaluated from the sample variance

1 1 3 — o ¥
’iGBl iEBl

Cq

The time series is then resampled repeatedly, each time with a new set of random elements
Ba, Bs, ... to compute a series of estimates {C1,Cy,Cs, ...}. For a large enough number
of resamples R, typically between 100 and 1000, the mean of these estimates gives a good

estimator of the specific heat with the error AC given by their standard deviation,

R
— 1 . -5 2
C==+ Zc with (AC)?2=C2-C". (B.10)
=1
This statistical witchcraft has the advantage that, since the resampling is already carried
out with repeats, it is not effected by autocorrelation in the data [125]. We may use the

full Monte Carlo time series to compute C and AC.

Equilibration

The Markov chain must be allowed to equilibrate before we collect data. Correlations be-
tween the initial state and future states can behave differently to autocorrelations present
along all the data, meaning the equilibration time can be much longer than 7 [126].

Waiting for equilibration is important even if we could pick an initial state that is
guaranteed to be part of the thermal distribution at all temperatures, such as the true
ground state. This is because a histogram of (for example) the energies of states the
Markov chain visits is attempting to reproduce the physical probability distribution of
energies. If the initial configuration is in the tail of the distribution then the Markov
chain histogram will be skewed. Using states of the Markov chain prior to equilibration to
estimate properties of the physical distribution, such as its mean (expected energy) and
variance (specific heat), will then bias these estimates. Thus adding bias errors in addition
to the statistical estimation errors.

However, since the statistical error decreases with increasing numbers of data points we

do not want to unnecessarily throw away too much of the start of the Markov chain. A

137



good way to resolve this trade-off is to fix the equilibration time ¢y as the balance point
between minimising bias error and minimising statistical error [127]. The effective number

of samples M. as a function of t( is defined as

M —t

Mei(to) = 523

(B.11)

where T,(to) is the integrated equilibration time computed for the time series after ¢y,
{Oty+1,Oty+2, --. Opr}. A balance between bias and statistical error is said to be achieved
by maximising Meg(tg) with respect to tg. Each observables O equilibrates at a different
rate, and true equilibration is only achieved when all observables have reached equilibrium.

For a simulation using parallel tempering a simpler estimate of the equilibration time is
the mean first passage time [128, 129]. This is the average time it takes a replica initially
at one end of the temperature set to diffuse to the other for the first time. Rather than
taking a different value for each observable, this estimate of the equilibration time is a

property of the simulation as a whole.

Summary

The simulation returns a sequence of values for each of the observables we are interested
in, {O1,02, ... Opr}. The equilibration time ¢y of the simulation run is estimated from
the first passage times of the parallel tempering replicas. We evaluate ¢ as the average of
the time the replica initially at lowest temperature first reaches highest temperature and
the time the initial highest temperature replica first reaches lowest temperature. The first
to values of the time series are discarded.

Mean values of measured observables are then estimated as the sample mean, eq. (B.1),
of the remaining time series. The error on this estimate is given by eq. (B.6), where szo,m
is again computed using the remaining time series and M is reduced to the number of
elements after discarding the first ¢y. Indirectly measured properties such as the variance
of physical observables are estimated, along with an error, using bootstrap resampling,

eq. (B.10), with 1000 resamples of the remaining time series.
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C.

Dynamics of Kitaev’s Honeycomb

Some of the most important physics of a model is its response to external perturbations.
These responses can be probed in experiments to compare real materials to the theory. In
this way we gain insight into whether the simplified model captures the real behaviours
or if other competing mechanisms, neglected by the model, cannot be ignored.

For the Kitaev Honeycomb the relevant responses are heat currents reacting to a thermal
gradient. Though temperature is a statistical effect, thermal gradients can be simulated
as a Hamiltonian perturbation and analysed within a conventional response theory set-
ting [130]. Let the initial fermionic Hamiltonian be Hy with thermal state pp and consider
a time-dependent perturbation H’. This perturbation couples the energy density h(r) to
a potential field ¢(r). If the time-dependence of H’ is u(t), then the total Hamiltonian of
the system is

H=Hy+ H'(t) = Hy+ u(t)/ dr h(r)o(r). (C.1)

The perturbation causes energy currents to flow in the system, whose expectation values
are the vector (J(t)). Specialising to potentials that vary linearly between the two ends of a
cylindrical system (at y = 0 and y = L), the spatial dependence of the perturbation can be
written in vector component notation (V¢), = Adly d~y. For small enough perturbation
the response in the system is linear. In this limit, the total current that flows in direction

« is given by

Ua®) = [ a0 S owlt = #)ult) (V)
o0 vy

N /_OO dt’ ooy (t — ) u(t) 2%/, (C2)

where it was shown by Luttinger [130] that the conductivity tensor o4 can be written in

the form of a Kubo formula as

B
Gay(t) = 0(t) / B tr (po Jy(—if) Ja(t)) - (C.3)

0
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C.1. Kubo Formula

Under linear response, the system’s reaction is fully characterised by its Green’s functions.
Importantly, these Green’s function can be computed using the unperturbed wavefunc-
tions through the Kubo formula. Rewriting eq. (C.3) in a slightly different form, the

conductivity is described by the tensor

B
Oar (1) = 0(1) /0 4B Iy (—t = iB) ) (C.4)

where the expectation values are computed with respect to the unperturbed thermal state
at temperature 8. Neglecting the intergral over imaginary time, the response is determined
by the two-time current-current correlations (J,(¢') J,). In this section we consider how
these correlations can be computed using the real space energy current operators defined

in chapter 5.

C.1.1. Current-current correlators

Revisiting the construction of the Honeycomb model from chapter 4, the two-point Majo-

rana correlation functions are given by

zcjck—222< p f +,p] fp)([ ]kf + [u ]qu>
=202 (Il 153+ ol 1+ e o )+ b )

=2i2(mp< M it S8+ T ) D £ o+ oty ) T S S + ) 5 S fo )

p,q

The weightings attached to each set of operators, for example [u, (Q;)T] jk, are matrices
associated with the lattice wavefunctions. The operators i cjc;, are Hermitian observables

and this puts conditions on the matrices. By comparing the expression above to that for
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(icjex)t we find they must satisfy the relations:

u, ()| P ()" y (C.5)
wy (,)1] = = [y ()], (C.6)
uy ()] = =y ()] (c.7)
u ()] = = [u, @) (C.8)

(Numerically, we must ensure these are obeyed. This can be done in the way described in
note B.1.1.) These relations will be used in the following to simplify expressions.

The real space current operator derived in chapter 5 from the Heisenburg equation of
local energy densities is written

i
Ijk = g Z Aijjm CkCm + Z AklAjk cc; + Z AklAjl CjCk
m#k I#] I#]

This can be rewritten in the energy eigenbasis using the expression for 7 c¢;c; above. How-

ever, to hide some of the complexity, first define

7
Q[ Xap) = ~3 Z Ak A Xim + Z A A X5 + Z A Ay X | - (C.9)
m#k I#3 I#3

The current operators in the energy eigenbasis then take the form

T =37 (@[, ()] 17+ Qfuyw,)T] 115,

p.q

+ij[(@p(uq)T)*} foll + ij[(up(gZ)T)*} fpfq) . (C.10)

However, the current-current correlation functions we want to evaluate (J,(t)Jg) are
between the total currents J. Total currents are defined as a sum of I;; over all links of

one type «,

Jo= > Liy=Y. (Qa {up (uij)*] I+ Qa [yp(uq)q fifa

(J,k) : « Pyq

+Qal (1, a2)") | S + Qul (s w)?) ] st )
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where Q,[X]| = > (k) Q1| X]. Further, the correlation function is between the currents
at two different times so we need to evolve the operator J in time. Since we are now in

the energy eigenbasis this is easy to do,

Ja(t) _ e’th Joc ef’th

= > Qo[ )] = £ 7T 4 Q[ )] 0702

p.q

+Qa[(gp(gq)T>*} o—i(Enteq)t/2 fpf;f n Qa[(%@;ﬁ)*} o—ilepteq)t/2 fpfq) _

Expanding the operator expression for J,(t) Jg using these formulae gives the following

Frankenstein monster of an equation

075 =35 (Qafuy )] o ()| i1 15 eiertents?

i
o+ Qa [t 1)1] @[, )T] Sy 1] oo/
+ Qu[uya1,)'| Qo (1)) St S g erme0lt2

+ Qa{(@p(@q)g*} s [u () } fpr fos ~iEpma)t/2

+
)
—
/N
[
E\
=
Q
et
~——
3
\®)
I\Q—|
/N

w,(w)') | St fofletermenise

+Qa[(ﬂp(u§§)*)*} Qﬂ[(@ (u3) ) } fofo FlfTe Eﬁaq)t/?) : (C.11)

The terms written are only those that include two annihilation and two creation operators,
since any other combinations of four operators will have zero expectation value.
Evaluating the Kubo formula requires taking expectation values of eq. (C.11). In order
to do this we must compute the matrix functions Q,[X], which we will refer to as lattice
factors, and take the expectation values of the four fermion operators. Since there are L?
unique wavefunctions w,,, it seems as if there are 4L* lattice factors Q, for each direction
a (counting all combinations of conjugations). However, not all of these lattice factors are
independent. From their definition, eq. (C.9), we see that Qu[X]* = —Q4[X*]. Further,

since the current operator, eq. (C.10), is real the lattice factors must themselves be real
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Q. [X]* = Q,[X]. This gives the relation
Qa[ ;b] — _Qa[Xab] . (012)

Additionally, conditions eq. (C.5)-(C.8) limit the number of independent [u, (u,)'] and

[, (g(*])T] matrices to L?(L? 4+ 1)/2 each. Hence the total number of lattice factors we

must calculate is L?(L? + 1).
Next consider the thermal expectation values of the products of four fermion operators.

A normal ordered set of four operators can be seen to give

(aJ{ag asay) = 013024 <aia£ araz) (1 — d012)
+ 014023 <a§a£ asar) (1 — 612)
= 813024 (1) (alay abaz) (1 — 612)
+ 014023 <CLIG1 a£a2> (1—412)

(1 — 512) <a1a1 a£a2> (513(524 — 514623) s (013)

where, due to the projection requirement of the Kitaev fermions, it is not necessarily the

case that <a‘£a1 a£a2> = (a{al)(a;ag). Rearranging each of the six terms in eq. (C.11) into

normal order and applying eq. (C.13) we find that

(FL 31 fs) = (L Fo £ o) (Opsdar — Oprigs) (1 = Gpg)
(S Fat1 1) = (Oradps (I o £+ Suars (A3 Fo £1£7) ) (L= 6r)
<fgqurf*> (1o S5 FE) (Bpgbrs — Sprdgs) (1 — Gps)

3111 = (uars (Faf ] FL0) = Gaston (£ Fa Fr 1)) (1= b0r)
fpfgfrfs (Gpades Faf] Fo D)+ 0usar (F1 1 Fo11) ) (1= 840)
(Fofaf D) = (Fof] FofD) (Brqdps — Oprigs) (1= drs).

Using these expressions, combined with eq. (C.12), the expectation values of the current-
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current correlations can be written

)= Qalu, (w)']| Qalu,(ug)!| (U35 FiF0) + (ot} ful)
p#q

—(Fh o Faf D) = ot} 1110))
#2370 (Ut} £18 07 Qu [, ()] ey ()]
p#q
- Faf ) @02 Q[ (1)1 | Q[ 1)1

+ (fpf) flfg) el g [gp (gq)q Qg[gp(uq)q

Ul daff) e 0 Quuy ()| Qalw, )] ) . (C19)

Integrating this expression over imaginary time, as in eq. (C.4), then gives the thermal

conductivities.

C.1.2. Frequency response

The response function in frequency space oqy(w), the Fourier transform of o4,(t), is an
even more interesting quantity. In particular, it can tell us if the system is an insulator or
a conductor. Numerically, since we can only compute the time-series o4, (t) up to finite

tmax, it is better to evaluate the Laplace transform in the limit § — 0,

tmax

Oay(w) = lim dt e~ (Ot Tay(t)

§—0 0

where as § — 0 we increase tyax, rather than attempt the Fourier transform directly.
In a clean model system with no impurities a conductor is characterised by a non-zero
Drude weight in the zero temperature conductivity [131]. The Drude weight, D, manifests

as a delta function at w = 0 in the frequency response
Oay(w; T =0) = Do 0(w) + o5 f(w; T =0). (C.15)

This produces dissipationless currents in the impurity free system at zero temperature.

An insulator, in contrast, has vanishing Drude weight. We can extract the Drude weight
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from the time-series o4y (t) by computing

R t2
D. :/ ar Zeut) (C.16)
4 ty — 11

where ¢, and t2 are chosen much longer than any timescale of the system [132].

C.2. Proposal: Quantum evolution after a quench

The conductivity tensor o, () is the Green’s function g, (t) for the currents J,, eq. (C.2).
Physically this means it is the current that flows in response to an impulse shock to the
system w(t) = 6(t). This section proposes an alternative approach to calculating the
conductivity by directly computing the response currents (J,(t)) from the time evolution
of the wavefunctions under a quenched perturbation. This calculation can be carried out
for a particular perturbation and, assuming the response is linear, the Green’s function can
be extracted from Laplace transforms of the currents. The proposal involves simulating the
full quantum evolution of the perturbed system. Choosing a simple quenched perturbation
that switches on at ¢ = 0 (a step function) makes this easy to calculate. Besides being an
alternative way to compute linear response, this approach might be interesting for probing
non-linear aspects of the response.

Let the time dependence of the perturbation be a step-function w(t) = 6(t). In this
case, the total Hamiltonian H, given by eq. (C.1), is time-independent even after the
perturbation has been switched on. By evolving the initial state pg under H the current

at times ¢ > 0 (normalised by system size and strength of the perturbation) is given by

1 (Ap\ : ,
I,(t;0) = — < ¢> tr (e_ZHt po 11t Ja)

— 2\ L
1 A - —i(en—¢
== < L¢> S e et (n] pg [m) (m] T, |n) (C.17)

where |n),|m) and e,,¢e,, are the eigenstates and eigenenergies of H. We can compute
this just by diagonalising Hy and H once, and (in principle) find the current I,(¢; 0) at all

times. For an arbitrary input function u(¢) and response current I, (t;u) we can find the
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Green’s function g, (t) by evaluating
(C.18)
where L is the Laplace transform [133], which for complex s is given by
oo
Llu](s) = / dte st u(t).
0

By our choice of u(t) = 6(t) eq. (C.18) is easy to evaluate. In this case L[f] = /5. Using

an identity for Laplace transforms the Green’s function is given by

ga(t) = (Ia(t;0) * L7[s])(t)

= dt' 8’ (') In(t — t'; 0)
= dt' 6(t') Io(t —t';0) = I.(t;0) (C.19)

where * is a convolution, ¢’ is the distributional-derivative of the delta function (which is
the inverse Laplace transform of s) and I, is a time-derivative. The Green’s function is

causal, which we can explicitly denote by including a step-function g,(t) = 0(t)1,(t;6).

For completeness, the current response for an arbitrary u(t) is then

Lo(tu) = / T At ga(t— ) u(t).

—00

To reiterate, the Green’s function given in eq. (C.19) is the same quantity as the con-
ductivity tensor previously defined o,y(t) = go(t). With the caveat that, since we are
computing the currents from the full quantum evolution, the response is not guaranteed
to be purely linear. In some cases the nonlinear contributions this approach can highlight
might be interesting in themselves. Otherwise, we must separately ensure we are in the
linear regime in order to apply eq. (C.18) and be computing the same conductivity that

we would find from the Kubo formula.
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Frequency dependence

The frequency dependence of the conductivity o4y (w) can be obtained without needing to

carry out the differentiation of I,(t;#). Consider the Laplace transform of 4, () given by

Lloay(t)](s =06 +iw) = /OOO dte st 1,(t;0),

which as § — 0 becomes the Fourier transform. Using an identity for the Laplace transform
of a derivative this simplifies to

Oay(w) = %Lr% 3/0 dte s I1,(t;0) .

D.C. conductivity

Special care needs to be taken in computing the d.c. component, w = 0, of 04, (w) because
of the behaviour of L[I,(;0)] close to s = 0. In the case 0qy(0) # 0 the current I, (¢;6)
is not square-integrable because it has a non-zero mean value. We can separate out this

mean value and write

Io(t;0) = DO(t) + In(t;6)

where I, (t;0) has mean value zero. The Laplace transform at zero-frequency then has the

form

L[1,(t;0)](s =6 +i0) = % + L[I(:0)] -

Comparing this to section C.2 we see this gives the desired result
: D =
o) = g3 (5 + £[1:0]) = D.

However, if we have failed to make § small enough when computing L£[I,(¢; )] and are not
in a regime where there is ~ /5 scaling the factors will not cancel correctly and we will
find the wrong value for o,,(0). To avoid this problem we compute L[I,(t; )] for different

small values of § and check that we see ~ /5 behaviour.
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C.2.1. Limited time pulse

Instead of a step-function we now consider an interaction that turns on at t = 0 and turns
off again at t = T. That is a time-dependence u(t) = /7 0(¢)0(T — t) we call this Py 7(t),
which has Laplace transform

11—eT

;C[PO’T] == T s

Following the prescription of eq. (C.18) and eq. (C.19), in order to compute the conduc-
tivity we need to find the Inverse Laplace transform of 1/ £[P.7)- We do this explicitly by

computing the integral

1 1 iR Ts
£t = i st 1S o
|:‘C[P0,T]:| 210 Rosoo /Z.R R T

Since t > 0 we close the contour in the left-half-plane. By residue theorem we can then
evaluate the integral by finding the residues at the poles of the integrand. The poles will

come from the 1/;_,—.r part of the integrand, to locate them we rewrite it as

csch(z) has an infinite number of simple poles on the imaginary line at z = wki for k € Z
with residues (—1)}“7 meaning our integrand has poles at s = 2T”'k/ 7. Combining this with

the rest of the integrand we find

1 1 sT
-1 _ . _ o, s(t+T/2)
L [[,[Po TJ gk shj?k(s sk)zse csch ( 5 >

)

[e.e]

1
— Z 5Sk6sig(t—|-T/2)(_1)k

k=—o00

ad 1 2mik 2mik

_ _1\k = T
- ¥ 057 exp (27 0+ 71a)
1 = ko imi 2Tk 2mik
=3 3 Ve exo (2
_1 =, 2mik 2mik
T2 4 T P

1d
= —D(t

2 aiP®
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where D(t) is the Dirac comb. Inserting this into the expression for g,(t), eq. (C.18), gives

S 1 d
- 'Tn(t —t'; Por) = <D
i) = [ It =t Por) 5 500
1 [ .
—5 | iR D)
1 —
=5 > lalt—kT: Por).
k=—o00

where we have used the same trick dealing with the derivative of D as is used to handle

the derivative of the Delta function.

Similarly we can show, analogously to what we previously found for a 6(t) perturbation,

that the frequency dependence of o, can be extracted by

: Ts > —st
Uay(w) = %g% m A dte Ia(t; PO,T)~
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