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Abstract

This thesis contributes to the design and optimization of quantum memories, which are crucial
components of many quantum information processing tasks.

In the first part of the thesis, we introduce a generalization of the Pauli stabilizer formalism
(PSF). The PSF is the main tool for constructing quantum error correction codes as well as many
other applications. We show that our generalized formalism includes genuinely different codes
compared to the PSF while maintaining the tractability, i.e. many properties of the codes can be
computed efficiently.

In the second part, we investigate the feasibility of preparing ground states of topological Hamil-
tonians through adiabatic evolutions, which can be considered as a way to initialize topological
quantum memories. Compared to other preparation methods, it requires less control on the mi-
croscopic level, and it is more robust against possible perturbations in the Hamiltonians. Through
a numerical study of systems with a small number of sites, we show that adiabatic evolutions
generally lead to ground states of several different topological models. We also observe that the
prepared states display a certain stability with respect to the change of initial Hamiltonians, which
is then partially explained with the use of perturbation theory.

In the last part, we show that it is possible to use machine learning to optimize dynamical
decoupling sequences for quantum memories. More concretely, we use recurrent neural networks
to model the structure of “good” sequences and then generate possibly better sequences using the
learned structure. By iterating this routine, we are eventually able to find sequences with better
or similar performance compared to those constructed by humans.






Zusammenfassung

Diese Doktorarbeit leistet einen Beitrag zum Design und zur Optimierung von Quantenspeichern.
Diese sind zentrale Bestandteile vieler Anwendungen in der Quanteninformationstheorie.

Im ersten Teil der Arbeit présentieren wir eine Verallgemeinerung des Pauli-Stabilisator-Formalismus
(PSF). Mit Hilfe des PSF konnen unter anderem Quantenfehlerkorrekturcodes konstruiert werden.
Wir zeigen dass unser verallgemeinerter Formalismus grundsétzlich andere Codes im Vergleich
zum PSF hervorbringt und gleichzeitig die Handhabbarkeit aufrecht erhalten wird, d.h. dass viele
Codes effizient berechnet werden koénnen.

Im zweiten Teil untersuchen wir inwiefern es moglich ist Grundzustnde von topologischen
Hamiltonians durch adiabatische Entwicklung zu generieren. Dies kann als Methode zur Initial-
isierung von topologischen Quantenspeichern gesehen werden. Im Vergleich zu anderen Herange-
hensweisen bentigt dies weniger Kontrolle auf dem mikroskopischen Level und ist stabiler im Hin-
blick auf Pertubationen im Hamiltonian. Durch eine numerische Analyse von kleinen Systemen
zeigen wir, dass die adiabatische Entwicklung generell zu Grundzustanden unterschiedlicher topol-
ogischer Modelle fithrt. Wir beobachten auch, dass die geniererten Zusténde eine gewisse Stabilitét
im Hinblick auf Anderungen in den Ausgangshamiltonians aufzeigen. Dies beschreiben wir auch
mit Hilfe der Perturbationstheorie.

Im letzten Teil zeigen wir, dass es moglich ist maschinelles Lernen zu nutzen um dynamische
Sequenzen zur Entkoppelung von Quantenspeichern zu optimieren. Genauer gesagt werden peri-
odische neuronale Netze verwendet um die Struktur von guten Sequenzen zu modellieren und um
dann mglicherweise bessere Sequenzen durch die erlernte Struktur zu generieren. Durch Wieder-
holung dieser Routine, findet man schlielich Sequenzen mit besserer oder dhnlicher Leistung wie
solche, die durch Menschen entwickelt wurden.
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Chapter 1

Introduction

Computation and communication devices exist almost as long as human civilizations: they range
from abaci and beacons in the early day to electronic computers and optical fibers in the modern
society. While the media and underlying mechanics have changed a lot, they all process and trans-
mit classical information. This profound observation eventually led to the formulation of classical
computation and communication theory, in particular by Turing [Tur36] and Shannon [Sha4§].
One interesting consequence is that, for decades, it was believed that whether a computational
problem can be solved efficiently or not is independent of the underlying computational models
and physical systems (see chapter 4 of [Aarl3]).

During the last few decades, it was realized that quantum mechanics could be helpful in many
information processing tasks. Notable examples include Shor’s factoring algorithm [Sho99] and
quantum key distribution [BB84] in the early phase, as well as quantum metrology [GLMO06] and
quantum machine learning [LMR13] later. For the first time, researchers broke the above paradigm
by realizing that information can be quantum in a useful way. Besides being a new theory, quantum
information also started to change the way how scientists understand problems in various fields of
physics such as condensed matter and black holes (e.g. [KP06L [ADH15]). While the use of quantum
phenomena promises advantages in several areas, an often necessary condition is the ability to keep
the quantum states coherent. For instance, it has been shown in [DiV95, [EAMED11] IAGJO™15]
that the existence of noise can nullify the quantum advantages. The need of fault-tolerance is even
more apparent for quantum computing, as a quantum algorithm may require accurate execution
of hundreds of unitary gates.

A quantum memory is designed to achieve the simplest task of fault-tolerance: output the
same state as the initial input state after a delay. While it is easy to store classical information
for centuries, we are still unable to store an unknown qubit (i.e. a 2-dimensional quantum state)
for hours. This is the case partially because it is hard to find a quantum system which can be
controlled but at the same time sufficiently isolated from the environment in order to suppress
decoherence. A storage cycle of a quantum memory usually consists of a subset of three steps:
encoding, maintenance and decoding.

e Encoding: It is natural that the input states are transformed so that they fit better to
the structure of the quantum memory, e.g. when the memory has a decoherence-free sub-
space [LWO03]. The encoding step is necessary when using quantum error correction codes
(QECC) [NCO00], as the main idea is to encode input states into a larger Hilbert space so
that a small number of errors cannot map one encoded state to another (which is the same
for classical error correction codes). However, encoding is not required for techniques like
dynamical decoupling [VKL99].

e Maintenance: After a possible encoding step, it is often necessary that one maintains an
active control of the system over the storage time. As the majority time of a storage cycle
is the in maintenance phase, it is a deciding factor for the success of a quantum memory. In
the case of QECC, the goal of the maintenance is to prevent errors from accumulating, since
the QECC is only able to correct a limited number of errors. This can be achieved once the
error rate of quantum gates (i.e. unitary operations) is below a certain threshold, which is

13



14 CHAPTER 1. INTRODUCTION

still beyond today’s experimental capacities. As a result, there is significant motivation to
search for quantum memories that do not require an active maintenance phase.

e Decoding: Reversing the encoding step so that the output states can be the same as the
inputs.

Currently, using QECC is the most popular way of achieving fault-tolerance. It is done by
encoding a Hilbert space into a subspace of a higher dimensional one. The subspace is chosen in a
way such that if only a few defects happen among the components of the system (e.g. individual
spins of a spin system), then the defects can be detected and corrected. To achieve this task,
one needs a way to specify these subspaces which consist of highly entangled quantum states,
and to study their properties. This is not easy since a general N-particle quantum state requires
exponentially many coefficients for its description.

The Pauli stabilizer formalism (PSF) [Got97] has become the main tool to describe QECC for
2-level systems, since it efficiently deals with the difficulties mentioned above. In more detail, a
subspace is specified as the common eigenspace of a set of commuting operators, where each oper-
ator is a tensor product of Pauli matrices. The properties of such subspaces are well-understood,
in the sense that there are efficient algorithms to compute their dimension, to construct logical
operators supported on them and the quantum circuits for encoding/decoding, to compute entan-
glement properties, etc. In addition, the PSF is also used to build toy models for topologically
ordered systems [Kit03] (and to some degree the AdS/CFT correspondence [PYHP15]), and is
used as the main tool for measurement-based quantum computation [RBB03|. The wide use of
the PSF is mainly due to the fact that it is one of the few versatile Hamiltonian classes (if not
the only) that one can work with pen and paper, rather than relying on numerical tools. From a
physical point of view, it might be argued that the simplicity of the PSF trivially comes from the
commutativity of the individual terms in the Hamiltonians. However, it is known that computing
the ground space of a commuting Hamiltonian is hard [BV05]. Thus, the details in the algebraic
structure of the PSF are important, and it is not straightforward to enlarge the PSF class without
ruining its features.

In the first part of this thesis, we will introduce a generalization of the PSF, while keeping
most of the nice properties mentioned above. We still describe subspaces by tensor products of
matrices, but the matrices are chosen from a larger group that contains the Pauli group. We show
that, under moderate conditions, the tasks mentioned above (constructing a basis for the subspace,
etc) can again be solved efficiently. An interesting aspect of our generalization is the connection
to topological order. It is known that the PSF can only describe the toric code in 2D [BDCP12],
while we show that our formalism includes more models. Thus, it is interesting to analyze how the
slight generalization leads to this change and to use it to construct new models.

Another approach to protect quantum information and doing quantum computation is by uti-
lizing physical systems with topological order [Kit03]. The main idea is that for each low energy
level in these systems, there is a degenerate subspace, where the splitting between them is expo-
nentially small with respect to the system size. Thus, if one suppresses the system-environment
interaction and keeps the quantum states in one of the degenerate subspaces, the quantum informa-
tion can be stored safely, despite possible perturbations in the Hamiltonians. Compared to using
QECC and doing active error correction, this approach aims at very different types of physical
systems. For example, it is reasonable to assume that we will be able to build certain 2D mate-
rials that have anyonic excitations and control them[l} while we will not be able to control these
systems on an atomic/molecular level for active QECC. It is then natural to use the topological
approach. While it is very demanding to prevent thermal noise (couplings to the environment)
from corrupting quantum information stored in the topological memory only by increasing the
system size, it is possible that with certain well engineered materials the storage time can be long
enough for all practical purposes. Moreover, it is still an open question whether there is a 3D
topological Hamiltonian which, in the presence of thermal noise, allows a storage time longer than
the logarithm of the system size. Thus, in principle there could exist some materials which protect

Tt is widely believed the fractional quantum Hall effect experiments have non-abelian anyonic excitations.
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quantum information on a hardware level and save us from the stringent requirement of active
QECC. However, a necessary step for topological quantum memories and computers is initializing
the system in the ground space (or a subspace corresponding to a certain chosen low energy level).
Several approaches have been studied [DKLP02, [DKP14, BBK ™13, LMGHI5|]. Nevertheless, as
we mentioned earlier, the topological approach is mostly suitable for physical systems where we
do not have access to the individual degrees of freedoms or do not have the ability to control the
Hamiltonian precisely. Thus, it is desirable to have a preparation procedure that satisfies these
requirements.

The second part of this thesis is about adiabatic preparation of topological states. More con-
cretely, we start with a product state and the corresponding Hamiltonian, and linearly interpolate
towards the final topological Hamiltonian. This approach was first studied in [HLOS8] for preparing
toric code ground states. Besides satisfying the requirements mentioned in the previous paragraph
(no need to control the system at a microscopic level), the adiabatic preparation also has the ad-
vantage of being robust to the perturbation of the Hamiltonian during the interpolation. The only
requirement is that the temperature stays low compared to the energy gap, and the total evolution
time is short enough so that the system does not thermalize. In particular, it likely allows one
to prepare states inside the ground space of the final perturbed Hamiltonian, which is crucial for
enabling the topological protection, because the ground space is not robust against perturbations.
On the other hand, although this process seems to be straightforward, several questions still need
to be understood. The first one is that since there is a phase transition between the initial and
final Hamiltonian in the thermodynamic limit, the energy gap above the ground state will close
at the critical point. Thus, the adiabatic theorem cannot be directly applied, and it is unclear
how in general this process could succeed. Another question is what kind of final states will be
prepared by this process. While this is not a question particularly interesting in physics, it matters
a lot for quantum information processing. For example, it is known that the ability to prepare
certain “magic states” would drastically lower the requirement for fault-tolerant quantum compu-
tation [BK05]. In our work, we attempt to address these two questions for systems with small size,
with both numerical simulation and theoretical analysis. We find that the final ground space can
be reached for most initial Hamiltonians, and interestingly the prepared final states concentrate
around a discrete set of states. A perturbation argument is given to explain the mechanism of this
phenomenon.

While it seems that there is agreement on several high level architectures of achieving fault-
tolerance, we still need to apply them to concrete experimental setups. This task can be de-
manding, since there are many parameters to be fine tuned. It is natural to automatize this task
for which many different algorithms have already been invented. However, often the optimiza-
tion has the form of a local search, e.g. gradient descent [MSG™11] or the Nelder-Mead simplex
method [KBCT14]. While local searches are very effective for suitable tasks, it is desirable to
understand the structure of good control parameters and use the learned structure to suggest new
parameters. As we want to automatically solve harder and harder problems, the algorithms need
to exploit the structures that underly these problems. For example, it is extremely hard to believe
that for the factoring problem Shor’s algorithm can be found through a local search. Rather, the
search procedure has to utilize existing knowledge in an organic way. While achieving this kind of
“human” search procedure is still infeasible to date, it does not stop us to find problems with suit-
able complexity and apply algorithms which exploit their structures. This direction is particularly
interesting, since the recent development in machine learning makes it easier to find structure in a
dataset with readily available software.

In the third part of this thesis, we will apply the approach of machine learning to find
good dynamical decoupling (DD) sequences. DD is a relatively mature technique to suppress
errors in a quantum system. Compared to QECC, it has the advantage of being an open-loop
control protocol and does not bring overheads (i.e. every physical qubit is a logical one). As a
result, DD has been demonstrated in several experiments where it increased the coherence time
by orders of magnitude [BUV™09, [dLWR™10, [SAST1]. While existing DD sequences already show
good performance, it is still important to optimize them, especially if we want to perform the
optimization directly for some specific experimental setups. Another reason we choose to apply
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machine learning to the DD problem is because the structure of DD sequences naturally fits to
some well studied models. In particular, we will use the recurrent neural network for our task,
which is widely used in modeling natural language, handwriting, etc. It is conceivable that the
connection we introduce will bring progress from the field of machine learning to optimal quantum
control.

To sum up, in this thesis, we studied multiple aspects of quantum memory, including a formal-
ism that describes quantum error correction codes, a procedure of initializing topological quantum
memory, and machine learning methods for optimizing the performance.



Chapter 2

A non-commuting stabilizer
formalism

This chapter is based on [NBVdN15].

In this chapter, we propose a generalization of the Pauli stabilizer formalism (PSF)
while keeping its tractability. More concretely, we consider a set of operators which
are tensor products of single-qubit (2-dimensional) matrices, and use them to describe
a subspace that is the common eigenspace of them. The single-qubit matrices belong
to an extension of the Pauli group. We show that under certain mild conditions, we
can efficiently construct a basis for such subspaces and can compute entanglement
properties of the states in that basis. Moreover, we demonstrate that the generalized
formalism is able to describe a larger number of topological models then the PSF,
thus establishing a meaningful distinction between the generalized and the original
formalism.

2.1 Introduction

In this chapter, we will focus on the description of quantum error correcting codes. As mentioned
earlier, often the preliminary of doing quantum error correction is describing the code subspaces.
This is an non-trivial task because a general quantum state of N particles requires exponentially
many parameters to describe. One valid strategy to deal with this problem is to study subclasses
of states that may be described with considerably less parameters, while maintaining a sufficiently
rich structure to allow for nontrivial phenomena. The Pauli stabilizer formalism (PSF) is one such
class and it is a widely used tool throughout the development of quantum information [Got97],
in particular for constructing quantum error correcting codes. In the PSF, a quantum state or
subspace is described in terms of a group of operators that leave the state invariant. Such groups
consist of Pauli operators and are called Pauli stabilizer groups. An n-qubit Pauli operator is
a tensor product ¢ = ¢ ® --- ® ¢ where each ¢ belongs to the single-qubit Pauli group,
i.e. the group generated by the Pauli matrices X and Z and the diagonal matrix il. Since every
stabilizer group is fully determined by a small set of generators, the PSF offers an efficient means
to describe a subclass of quantum states and gain insight into their properties. States of interest
include the cluster states [RBB03|], GHZ states [GHSZ90] and the toric code [Kit03]; these are
entangled states which appear in the contexts of e.g. measurement based quantum computation
[RBB03] and topological phases. As an illustration, the 3-qubit GHZ state |¢) = |000) + |111) is
the unique common eigenstate (up to some constants) of

A={X1®Xo® X3,21 ® Zs, Zy ® Z3}

with eigenvalue 1, where X;(Z;) are the corresponding Pauli matrices on the qubit i. Thus, we
say |¢) is a Pauli-stabilizer state which is stabilized by the set A. If we remove the operator
X1 ® Xo ® X3 from A, the result

A'={Z,® Zy,Z5 ® Z3}

17



18 CHAPTER 2. A NON-COMMUTING STABILIZER FORMALISM

will stabilize the subspace spanned by {|000), |111)}. It then serves as a very basic error correcting
code that can correct a single X error on one of the three qubits. For example, if an X error
happened on the first qubit, it will cause the eigenvalue of Z; ® Z5 to flip while leave the eigenvalue
of Zo ® Z3 to stay unchanged. From these information, we can deduce the position of the X error
and apply the correction accordingly. With the quantum error-correction condition [KL97] and
more sophisticated codes, we know that the errors from typical error models can be corrected when
the error rate is low enough.

Considering the importance of the PSF in quantum error correction as well as in other branches
of quantum information theory, it is natural to ask whether we can extend this framework and
describe a larger class of states, while keeping as much as possible both a transparent mathematical
description and computational efficiency. In this chapter, we provide a generalization of the PSF.
In our setting, we allow for stabilizer operators which are tensor product operators ¢ @ - - - @ g(™)
where each ¢ belongs to the group generated by the matrices X, S := v/Z and V/il. Our setting
contains the PSF because S? = Z. Similar to the PSF, we consider states that are invariant under
the action of such generalized stabilizer operators. The resulting stabilizer formalism is called
here the XS-stabilizer formalism. It is a subclass of the monomial stabilizer formalism introduced
recently in [VAN11]. Interestingly, the XS-stabilizer formalism allows for non-Abelian stabilizer
groups, whereas it is well known that stabilizer groups in the PSF must be Abelian.

Even though the definition of the XS-stabilizer formalism is close to that of the original PSF,
these frameworks differ in several ways. In particular, the XS-stabilizer formalism is considerably
richer than the PSF, and we will encounter several manifestations of this. At the same time,
the XS-stabilizer formalism keeps many favorable features of the PSF. For example, XS-stabilizer
groups have a simple structure and are easy to manipulate, and there exists a close relation between
the stabilizer generators of an XS-stabilizer state/code and the associated Hamiltonian. Moreover,
we will show that (under a mild restriction of the XS-stabilizers) many quantities of interest can be
computed efficiently, such as expectation values of local observables, code degeneracy and logical
operators. However, in most cases we found that efficient algorithms could not be obtained by
straightforwardly extending methods from the PSF, and new techniques needed to be developed.

The purpose of this chapter is to introduce the XS-stabilizer formalism, to provide examples
of XS-stabilizer states and codes that are not covered by the PSF and to initiate a systematic
development of the XS-stabilizer framework. In particular, we discuss several properties related
to the structure of XS-stabilizer states and codes, their entanglement, their efficient generation
by means of quantum circuits and their efficient simulation with classical algorithms. A detailed
statement of our results is given in section Here we briefly highlight two aspects.

First, we consider the potential of the XS-stabilizer formalism to describe topological phases (a
more detailed introduction to several topological models can be found in the next chapter). This
is motivated by recent works on classifying quantum phases within the PSF [Yoslll [BDCP12]
and finding a self-correcting quantum memory. In particular, Haah constructed a novel Pauli
stabilizer code for a 3D lattice in [Haall] which does not have string like operators. This is
a necessary condition for self-correcting, and also an evidence that the PSF is an useful tool
for constructing new physical models. In the present chapter we show that the XS-stabilizer
formalism can describe 2D topological phases beyond the PSF and, surprisingly, some of these
harbour non-Abelian anyons. Specific examples of models covered by the XS-stabilizer formalism
are the doubled semion model [LW05] and, more generally, the twisted quantum double models for
the groups Z& [HWW13, Bueld].

Second, we study entanglement in the XS-stabilizer formalism. Entanglement has always been
the defining feature of quantum information. It says that the correlation between physical particles
can be more complicated than classical probability distributions (with respect to multiple choices
of measurements). It is then realized that the richer structure would allow certain protocols
to only exist in quantum information, such as quantum cryptography. Entanglement is also a
necessary condition for exponential speed-up of a quantum algorithm, as a quantum computation
with no entanglement can be efficiently simulated on a classical computer. Thus, it is interesting to
understand the nature of entanglement for XS-stabilizer states. We note that various entanglement
properties of Pauli stabilizer states have been studied extensively in the past decade [HEBO4,
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FCY™"04]. While the bipartite entanglement structure is very well understood, less is known about
the multipartite scenario. For example, recently in Ref. [LMRW13] the entropy inequalities for
Pauli stabilizer states were studied. Here we will show that, for any bipartition, we can always map
any XS-stabilizer state into a Pauli stabilizer state locally, which means their bipartite entanglement
is identical. This implies in particular that all reduced density operators of an XS-stabilizer state
are projectors and each single qubit is either fully entangled with the rest of the system or fully
disentangled from it. In contrast, the XS-stabilizer formalism is genuinely richer than the PSF
when viewed through the lens of multipartite entanglement. For example, we will show that there
exist XS-stabilizer states that cannot be mapped onto any Pauli stabilizer state under local unitary
operations. Thus there seems to be a complex and intriguing relation between the entanglement
properties of Pauli and XS-stabilizer states.

We also mention other works that, similar in spirit to the present chapter, aim at extending
the PSF. These include: Ref. [HCDB07| which introduced the family of weighted graph states
as generalizations of graph and stabilizer states; Ref. [KK09] where the family of locally maxi-
mally entanglable (LME) states were considered (which in turn generalize weighted graph states);
Ref. [RHBMI13] where hypergraph states were considered. The XS-stabilizer formalism differs
from the aforementioned state families in that its starting point is the representation of states by
their stabilizer operators. We have not yet investigated the potential interrelations between these
classes, but it would be interesting to understand this in more detail.

Outline of the chapter. In section we introduce the basic notions of XS-stabilizer states
and codes, while in section we give a summary of the results presented in this chapter. The
following sections are dedicated to developing the technical arguments.

2.2 The XS-stabilizer formalism

In this section we introduce the basic notions of XS-stabilizer states and codes and we provide
several examples.

2.2.1 Definition

First we briefly recall the standard Pauli stabilizer formalism. Let X, Y and Z be the standard
Pauli matrices. The single-qubit Pauli group is (il, X, Z). For a system consisting of n qubits we
use X, Y; and Z; to represent the Pauli matrices on the j-th qubit. An operator g on n qubits is
a Pauli operator if it has the form ¢ = ¢ ® --- ® g(™ where each ¢(*) belongs to the single-qubit
Pauli group. Every n-qubit Pauli operator can be written as

g:iSXaIZb1®"'®Xaann

where s € {0,...,3}, aj € {0,1} and b; € {0,1}. We say an n-qubit quantum state [¢) # 0 is
stabilized by a set of Pauli operators {g;} if

gilv) =¢)  forall j.

The operators g; are called stabilizer operators of |1).

In this chapter, we generalize the Pauli stabilizer formalism by allowing more general stabilizer
operators. Instead of the single-qubit Pauli group, we start from the larger group P° := (al, X, S)
where a = €/4 and § = diag(1,1). Note that the latter group, which we call the Pauli-S group,
contains the single-qubit Pauli group since S? = Z. We then consider stabilizer operators g =
gV @ - ® g™ where each ¢V is an element of PS. It is easy to show that every such operator
can be written as

g=a’ XS @ ... @ X" = o5 X(7)S(b) (2.1)
where s € {0,...,7}, a; € {0,1} and b; € {0,...,3}. Here we also defined X (@) = X" ®---®@ X
for @ = (a1,...,an) and similarly S(b) and Z(¢). These are called X-type, S-type and Z-type
operators respectively.
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Figure 2.1: In the doubled semion model, the qubits are on the edges of a honeycomb lattice. The
ground space of the Hamiltonian can be equivalently described by the two types of XS-stabilizers
in the above figure. The left one is associated to each face of the lattice and the right one is
associated to each vertex.

For a set {g1,...,gm} of such operators we consider the group G = (g1, ..., gm), and we say
a state |1) # 0 is stabilized by G if we have g|¢) = [¢) for every g € G. Whenever such a state
exists we call G an XS-stabilizer group. The space Lg of all states stabilized by G is referred to
as the XS-stabilizer code associated with G. A state which is uniquely stabilized by G is called an
XS-stabilizer state.

Thus the XS-stabilizer formalism is a generalization of the Pauli stabilizer formalism. Perhaps
the most striking difference is that XS-stabilizer states/codes may have a non-Abelian XS-stabilizer
group G — while Pauli stabilizer groups must always be Abelian. We will see examples of this in
the next section.

2.2.2 Examples

Here we give several examples of XS-stabilizer states and codes and highlight how their properties
differ from the standard Pauli stabilizer formalism.

A first simple example of an XS-stabilizer state is the 6-qubit state [i)) stabilized by the (non-
commuting) operators

n=X25283250X® X,
Pp=52 X2 X25e X,
B3=5CPXXX®S.

Explicitly, |¢) is given by

1
’¢> = Z (_1)9611‘2383 ‘$17x27x3a 1 ©® xT2,T2 SY T3, T3 ¥ 3:'1>- (22)

;=0

It is straightforward to show that |¢) is the unique (up to a global phase) state stabilized by
g1, g2 and gs. Note that in this example 3 stabilizer operators suffice to uniquely determine the
6-qubit state |¢). This is different from the Pauli stabilizer formalism, where 6 stabilizers would be
necessary (being equal to the number of qubits). Notice also that |¢)) contains amplitudes of the
form (—1)°®) where ¢(z) is a cubic polynomial of the bit string 2 = (z1, 2o, 23). This shows that
|1) cannot be a Pauli stabilizer state, since the latter cannot have such cubic amplitudes [DDMO03].
This example thus shows that the XS-stabilizer formalism covers a strictly larger set of states than
the Pauli stabilizer formalism. What is more, we will show (cf. section that the state [¢) is
not equivalent to any Pauli stabilizer state even if arbitrary local basis changes are allowed. Thus,
|1)) belongs to a different local unitary equivalence class than any Pauli stabilizer state.

A second example is the doubled semion model which belongs to the family of string-net mod-
els [LWO05]. It is defined on a honeycomb lattice with one qubit per edge and has two types of
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Pauli Regular XS  General XS

Commuting stabilizer operators yes no no
Commuting parent Hamiltonian yes yes yes
Complexity of stabilizer problem P P NP-complete
Non-Abelian anyons in 2D no yes yes

Table 2.1: Summary of the properties

stabilizer operatoréﬂ which are shown in Figure . Let gs and g, be the stabilizer operators corre-
sponding to the vertex s and the face p respectively. Then the ground space of the doubled semion
model consists of all states |1)) satisfying gs|1) = g, [10) = |[¢) for all s and p. The doubled semion
model is closely related to the toric code which is a Pauli stabilizer code. The Pauli stabilizer oper-
ators of the toric code are obtained from the XS-stabilizer operators of the doubled semion model
by replacing all occurrences of S with 7. This is no coincidence since both the doubled semion
model and the toric code are twisted quantum double models for the group Zy [HWW13, Buel4]. In
spite of this similarity it is known that both models represent different topological phases [LW05].
Thus, the XS-stabilizer formalism allows one to describe states with genuinely different topological
properties compared to any state arising in the Pauli stabilizer formalism [Yos11, BDCP12]. In
fact, we can use XS-stabilizers to describe other, more complex, twisted quantum double models
as well, as we will show in section Some of these even support non-Abelian anyons.

The third example is related to magic state distillation. In [BK05|] the authors consider a 15
qubit code CSS(Z, L2; X S, L1), where £ and L9 are punctured Reed-Muller codes of order one
and two, respectively. Roughly speaking, this quantum code is built from two types of generators.
One type has the form Z ® - - - ® Z acting on some of the qubits, while the other type has the form
XS ®---® XS. Surprisingly, this 15 qubit XS-stabilizer code has the same code subspace as the
Pauli stabilizer code CSS(Z, L2; X, £1) which is obtained by replacing every S operator with an
identity matrix. From this example we can see that having S in the stabilizer operators does not
necessarily mean an XS-stabilizer group and a Pauli stabilizer group stabilize different spaces.

2.3 Main results

2.3.1 Commuting parent Hamiltonian

Even though an XS-stabilizer group G = (g1, ..., gm) is non-Abelian in general, we will show that
there always exists a Hamiltonian H' = Zj h; with mutually commuting projectors h; whose
ground state space coincides with the space stabilized by G (section [2.5). If the generators of G
satisfy some locality condition (e.g. they are k-local on some lattice), then the h; will satisfy the
same locality condition (up to a constant factor). This means that general properties of ground
states of commuting Hamiltonians apply to XS-stabilizer states. For example, every state uniquely
stabilized by a set of local XS-stabilizers defined on a D-dimensional lattice satisfies the area law
[IWVHCOS8|, and for local XS-stabilizers on a 2D lattice, we can find string like logical operators
[BPT10].

While the ground state spaces of H' and the non-commuting Hamiltonian H = Z;”:l(gj + gT.)
are identical, the latter may have a completely different spectrum. This may turn out important
for the purpose of quantum error correction.

2.3.2 Computational complexity of finding stabilized states

In the Pauli stabilizer formalism, it is always computationally easy to determine whether, for a
given set of stabilizer operators, there exists a common stabilized state. However, we will prove

!The local single-qubit basis used in [LW05] is different from ours.
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that the same question is NP-complete for XS-stabilizers (see section . More precisely, we
consider the problem XS-STABILIZER defined as follows: given a set of XS-stabilizer operators
{91,-..,9m}, the task is to decide whether there exists a state [1)) # 0 stabilized by every g;. The
NP-hardness part of the XS-STABILIZER problem is proved via a reduction from the POSITIVE
1-IN-3-SAT problem. In order to show that the problem is in NP, we use tools developed for
analyzing monomial stabilizers, as introduced in [VANT1].

The NP-hardness of the XS-STABILIZER problem partially stems from the fact that the group
G = (g1,...,9m) may contain diagonal operators which have one or more S operators in their
tensor product representation . In order to render the XS-STABILIZER problem tractable, we
impose a (mild) restriction on the group G' and demand that every diagonal operator in G can be
written as a tensor product of I and Z, i.e. no diagonal operator in G may contain an S operator.
We call such a group G regular. We will show that, for every regular G, the existence of a state
stabilized by G can then be checked efficiently (section [2.8)).

Finally, we will show that in fact every XS-stabilizer state affords a regular stabilizer group
(although finding it may be computationally hard), i.e. the condition of regularity does not restrict
the set of states that can be described by the XS-stabilizer formalism (Section [2.12). In contrast,
the stabilizer group of an XS-stabilizer code cannot always be chosen to be regular.

2.3.3 Entanglement

Given an XS-stabilizer state |1)) with associated XS-stabilizer group G, we show how to compute
the entanglement entropy for any bipartition (A, B) (section . This is achieved by showing
that [¢) can always be transformed into a Pauli stabilizer state |¢p4 p) (which depends on the
bipartition in question) by applying a unitary Uy ® Upg, where U4 and Up each only act on the
qubits in each party. Since an algorithm to compute the entanglement entropy of Pauli stabilizer
states is known, this yields an algorithm to compute this quantity for the original XS-stabilizer
state [1) since the unitary U4 ® Up does not change the entanglement. Our overall algorithm is
efficient (i.e. runs in polynomial time in the number of qubits) for all regular XS-stabilizer groups
(cf. also section . It is worth noting that our method of computing the entanglement entropy
uses a very different technique compared to the one typically used for studying the entanglement
entropy of Pauli stabilizer states (for example, the methods in [LMRW13]).

The fact that 1)) = Us ® Up|¢pa p) for any bipartition (A, B) implies in particular that
any reduced density matrix of |¢)) is a projector since this is the case for all Pauli stabilizer
states [HDET05]. Consequently, all a-Rnyi entanglement entropies of an XS-stabilizer state coin-
cide with the logarithm of the Schmidt rank.

We also formulate the following open problem: for every XS-stabilizer state |¢), does there
exist a single Pauli stabilizer state |¢) with the same Schmidt rank as |¢)) for every bipartition?
For example, it would be interesting to know whether the inequalities in [LMRW13] hold for
XS-stabilizer states.

As far as multipartite entanglement is concerned, we finally show that the 6-qubit XS-stabilizer
state is mot equivalent to any Pauli stabilizer state even if arbitrary local basis changes are
allowed.

2.3.4 Efficient algorithms

In section [2.11] we show that several basic tasks can be solved efficiently for an XS-stabilizer
state 1), provided its regular XS-stabilizer group is known:

1. Compute the entanglement entropy for any bipartition.
2. Compute the expectation value of any local observable.
3. Prepare [¢)) on a quantum computer with a poly-size quantum circuit.

4. Compute the function f(x) in the standard basis expansion

[¥) = fla)]z).
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Moreover, we can efficiently construct a basis {|¢1),...,|¢q)} for any XS-stabilizer code with a
reqular XS-stabilizer group. In particular, we can efficiently compute the degeneracy d of the code.
For each |¢j) we can again solve all the above tasks efficiently. Finally, we can also efficiently
compute logical operators.

The algorithms given in section depend heavily on the technical results for XS-stabilizer
states and codes given in section where we characterize several structural properties of these
states and codes.

2.4 Basic group theory

In this section we introduce some further basic notions, discuss basic manipulations of XS-stabilizer
operators and describe some important subsets and subgroups of XS-stabilizer groups.

2.4.1 Pauli-S group

Let us write

lg,h] = ghg~'h™!

for the commutator of any two group elements g and h. In the following we always assume the
elements of a set {g1,...,9m} C P23 to be given in the standard form

g; = o X(@;) S(b;). (2.3)

Lemma 2.4.1 (Commutators).

3

(91, 92] = (_1)alka2k(b1k+b2k) (iZk)alkak_a2kblk_
k=

—

Proof. Tt suffices to prove this for P and a® = 1. So let g; = X% S%. Then
g2g1 = (—1)ne2rtt) (iz)bimabag, g,

where we used S®X® = (—iZ)® XS, The claim for the tensor product group P3 follows from
applying the above to each component. ]

Lemma 2.4.2 (Squares). Let g = a*X%S® € PS. Then
g% = istab Z(a+ )b,
Lemma 2.4.3 (Multiplication). There exists b such that
9192 < X (@ @ dip) S(V).
2.4.2 TImportant subgroups

For any group G' C P2 there are two important subgroups.

Definition 2.4.4. The group
Gp=Gn{al,Si,....5)=Gn{a*S(b)|s€{0,...,7},be{0,...3}"}
1s called the diagonal subgroup and
Gz =GNn(al,Z1,....Zy) =GN {a’Z(@) | s €{0,...,7},¢€ {0,1}"} (2.4)

1s called the Z-subgroup.
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In other words, the diagonal subgroup G p contains all elements of G which are diagonal matrices
in the computational basis. These are precisely the elements which do not contain any X operators
in their tensor product representation . The Z-subgroup Gz consists of all Z-type operators.
In particular, all commutators and squares of elements in G are contained in Gz, as can be seen

from Lemmas 2.4.1] and 2.4.2

If G is an XS-stabilizer group, then all its elements must have an eigenvalue 1. Clearly, its
Z-subgroup Gz must then be contained in (+71,...,£2,) \ {—I}, otherwise Gz (and thus G)
may contain elements which lack the eigenvalue 1, as is evident from . In particular, G cannot
contain —/. This implies that G lies in the centre Z(G) of G. Indeed, every Z € G either
commutes or anticommutes with all elements of G, however, [Z,g] = —I € G for some g € G
would give a contradiction. Furthermore one can easily see from the above that all elements of Gz
have an order of at most 2, thus we conclude that ¢* = I for all ¢ € G since ¢> € Gz. We have
just proved

Proposition 2.4.5. Every XS-stabilizer group G satisfies
1. -1¢@G,
2. Gz C(xZy,...,2Z)\ {1} ={(-1)*Z(@)} \ {-1},
3. Gz C Z(G),

4. g*=1 forall g € G.

2.4.3 Admissible generating sets

Typically it is computationally hard to check the above necessary conditions for the entire group G.
Instead, we focus on a small set of generators which fully determine G, like in the Pauli stabilizer
formalism. We are interested in finding necessary conditions for such a set to generate an XS-
stabilizer group.

While we can build arbitrary words from the generators, of course, commutators and squares
of generators will play a distinguished role in this article.

Definition 2.4.6. Let S = {g1,...,g9m} C P5. Then

Cs ={l9j, 9] | 9j,9x € SNJ # k},
Qs = {4} | g; € S}.

Definition 2.4.7. A set S = {g1,...,9m} C P5 is called an admissible generating set if

1. every g; has an eigenvalue 1,

2. every [g;, gk has an eigenvalue 1,
3. (lgjs gkl 9] = 1,

4 g3, 91 =1

Clearly, if G = (S) is an XS-stabilizer group, then & must be an admissible generating set by
Proposition (and the discussion preceding it). The converse is not true: there exist admissible
generating sets S for which (S) is not an XS-stabilizer group.

Note that the properties in the above definition are independent in the sense that the first
k properties do not imply the next one. It can be checked in poly(n,m) time whether a given
generating set S is admissible.

We then have the following lemma:
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Lemma 2.4.8 (Relative standard form). If S = {g1,...,9m} C P2 is an admissible generating
set, then the elements of G = (S) are given by

Zg(Z) = Zg7" - g (2.5)

where £ € 25" and Z € (CsU Qs) C Gz.
Furthermore, for two elements h = Z g(Z) and b/ = Z'g(Z') we have

W = 2"g(T @ T).

Proof. Let h = gg g, +-9gs, € G an arbitrary word in the generators S. We will show how
to reduce it to the form (2.5). Suppose ;-1 > f; for some j. Since gs;,_,95, = Zgs,95,_, for
some Z € Cs we can reorder the generators locally and move any commutator Z to the left.
(Since S is admissible, Z commutes with all generators.) Repeating this procedure we arrive at
h = Zgi*---g&m for some Z € (Cs), where the exponents z; may still be arbitrary integers. We
can restrict them to {0, 1} by extracting squares of generators and moving them to the left. We
obtain h = ZZ'g{* - gtm for some Z' € (Qg) which proves the first claim. The second claim
follows easily from a similar argument. O

The diagonal subgroup Gp will play an important role in the formalism. Here we give a method
to compute the generators of the diagonal subgroup Gp efficiently.

Lemma 2.4.9. If S = {g1,...,9m} C P5 is an admissible generating set and G = (S), then a
generating set of Gp can be found in poly(n,m) time.

Proof. We see from Lemma that Gp is generated by Cs, Qs and those elements ¢(Z) which
are diagonal. Hence we only need to find a generating set for the latter. Assume that the generators
of G are given in the standard form (2.3) and define the n x m matrix

A= [51 6m]

whose columns are the bit strings @;. It follows from Lemma that g(Z) o< X(AZ)S(V) for

some . This implies that ¢g(#) is a diagonal operator if and only if AZ = 0 over Zy. Denote a
basis of the solution space of this linear system by {#;}. Such a basis can be computed efficiently.
Notice that by Lemma we have g(u; @ U;) = Z g(u;) g(u;) for any two basis vectors @; and
and some Z € (CsU Qg). This implies that all diagonal elements g(#) can be generated by Cs, Qs
and {g(@;)}, and so can Gp. Finally we note that the length of this generating set is poly (m,n). O

2.5 Commuting parent Hamiltonian

In this section we show that the space stabilized by {g;} can also be described by the ground space
of a set of commuting Hamiltonians. In fact, the Hamiltonians are monomial.

Let G = (S) be an XS-stabilizer group with the generators S = {g1,...,9m} and the corre-
sponding code Lg. While it is straightforward to turn each generator into a Hermitian projector
onto its stabilized subspace, these projectors will not commute with each other in general. Perhaps
surprisingly, we can still construct a commuting parent Hamiltonian for L4 by judiciously choosing
a subset of G such that a) this subset yields a commuting Hamiltonian with the larger ground
state space L D Lg, and b) all generators mutually commute when restricted to £. We will call £
the gauge-invariant subspace in the following.

We claim that the subset Cs U Qs C G precisely fits this strategy. First, let us define P, :=
(I+4g)/2 for arbitrary g € G. It is easy to see that all Pz with Z € CsUQgs are Hermitian projectors
which commute with each other and all elements of G. We may define the gauge-invariant subspace
as the image of the Hermitian projector P := [[; Pz which commutes with all Pz and all elements
of G by construction. Moreover, note that

PZ =P, (2.6)
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in other words, the gauge-invariant subspace “absorbs” commutators and squares of generators.
Second, it is easy to check that all PP, with g; € S are Hermitian projectors which mutually
commute. Indeed, they are projectors since (PP,,)? = (P? 4+ 2P%g; + P? 2)/4 = PP, where
we used ([2.6)). Moreover they are Hermitian since (Pg;)’ = g; 3P = Pg; where we used Pr0p051—
tion [2.4.5 and . Finally, they commute with each other because

PgPg; = Pgrg; = PZgigx = Pgjgr = Pg;Pgx

for some Z € Cg which is absorbed by virtue of ([2.6)).
We can now define the commuting Hamiltonian associated with G (and S) by

HG,si—ZI Pz) +Z;SI PP,
S

It remains to show that the space annihilated by Hg s is precisely the XS-stabilizer code Lg. It
is easy to see that a state |¢)) has zero energy if it is stabilized by G. Conversely, if 1)) has zero
energy then Pz [1)) = |[h) and PP, [¢) = |¢) follow directly. The former condition actually implies
Ply) = [¢), hence the latter turns into Py,[¢) = [) from which we deduce g; [¢) = [)).

Remark 2.5.1 (Locality). It is not hard to see the above construction of a commuting Hamiltonian
can be modified to preserve the locality of gj. Assume gj is local on a d-dimension lattice. Then by
construction, Pz are also local. Thus the only nonlocal terms in the Hamiltonian are PPy, and
below we show how to make a modification such that they become local. We say gy is a neighbour
of g; if g; and gy act on some common qubits, and we denote that by k € n(j) (we also set j € n(j)
for our purpose). It is easy to check that if we replace the PP, terms in the Hamiltonian by

(I 5e)r

ken(j
the Hamiltonian is still commuting, while it is now local on the lattice.

Remark 2.5.2 (Quantum error correcting code). We can use XS-stabilizer codes Lg for quantum
error correction. Here it is important that error syndromes can be measured simultaneously which
seems impossible if the XS-stabilizer group G is non-Abelian. Yet we can exploit the commuting
stabilizers constructed above and extract the error syndromes in two rounds. First we measure the
syndromes of the mutually commuting stabilizers in the subset Cs U Qs and correct as necessary.
We are now guaranteed to be in the gauge-invariant subspace where the original generators {g;}
commute. We can thus measure their syndromes simultaneously in the second round.

2.6 Concepts from the monomial matrix formalism

In this subsection we introduce some definitions and theorems from [VAN11] that will be useful
later.
n [VdAN1I], we consider a group G = (Ui,...,Upn), where each U; is a unitary monomial
operator, i.e.
Uj = P;D;

where P; is a permutation matrix and D; is a diagonal unitary matrix. Define 8 to be the
permutation group generated by P;. The goal of [VANII] is to study the space of states that
satisfy

Uj ) = |4) for every j=1,...,m.

Given a computational basis state |z), following [VANT11] we define the orbit O, to be
Oz ={ly) | 3P € P: Plz) = |y)}.

We also define G to be the subgroup of all U € G that have |z) as an eigenvector. Then we have
the following theorem



2.7. COMPUTATIONAL COMPLEXITY OF THE XS-STABILIZER PROBLEM 27

Theorem 2.6.1. Consider a group G = (Uy,...,Uy) of monomial unitary matrices.
(a) There exists a state [1) # 0 stabilized by G if and only if there exists a computational basis
state |x) such that
Ulz) = |x) for allU € Gy. (2.7)

(b) For every computational basis state |x) satisfying (2.7), there exists a state |1p,) stabilized
by G, which is of the form

|z) = W %ox fly

where |f(y)] = 1 for all y € O,. Moreover, there exists a subset {|x1),...,|xq)} (each satisfy-

ing (2.7))) such that

e the orbits O, are mutually disjoint;
e the set of all x satisfying (2.7) is precisely Oy, U---U Oy, ;

o {|tz,),...,|[Wa,)} is a basis of the space stabilized by G. In particular, d is the dimension of
this space.

2.7 Computational complexity of the XS-stabilizer problem

Here we address the computational complexity of determining whether a subgroup G of the Pauli-S
group, specified in terms of a generating set, is an XS-stabilizer group, i.e. whether there exists a
quantum state [¢) # 0 that is stabilized by G. More precisely, the problem can be formulated as

Problem XS-STABILIZER.

Input A list of s; € {0,...,7}, @ € {0,1}" and b; € {0,...,3}" where j = 1,...,m, which
describe a set S = {g1,...,9m} C Ps.

Output If there exists a quantum state |1)) # 0 such that g;[y) = |¢) for every j then output
YES; otherwise output NO.

To show an efficient algorithm exists for a computational problem, it suffices to write down the
particular algorithm. However, to show that there is no efficient algorithm for a certain problem is
a much harder task. This is often done by demonstrating that the computational problem belongs
to a hard complexity class, such as NP-hard. Roughly speaking, if one problem in NP-hard has
an efficient algorithm, then we will immediately find efficient algorithms for hundreds of other
hard problems. Given that researchers have spent decades trying without success, it is likely the
problems in NP-hard do not have efficient algorithms.

We will show that the above computational problem related to XS-stabilizer likely does not
have an efficient algorithm by proving the following theorem:

Theorem 2.7.1. The XS-STABILIZER problem is NP-hard.

Proof. We will show this via a reduction from the POSITIVE 1-IN-3-SAT problem which is NP-
complete [Sch78|. The POSITIVE 1-IN-3-SAT problem is to determine whether a set of logical
clauses in n Boolean variables can be satisfied simultaneously or not. KEach clause has three
variables exactly one of which must be satisfied. We may express such a clause C; as

T,y + Twjy + Tz = 1 (2.8)

for variables z,,, € {0,1} and 1 < wj; < n.
We construct a corresponding instance of the XS-STABILIZER problem by encoding each clause C}
in a generator
95 = 1* S, Swjy Sw;s € Prr-
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Since all g; are diagonal this stabilizer problem is equivalent to determining whether there exists
a computational basis state |z1,...,x,) stabilized by every g;, i.e. whether all equations

i3+ij1+1'wj2+$wj3 -1 (29)

have a common solution. Since (2.8) and (2.9) are equivalent we have shown that the XS-
STABILIZER problem is at least as hard as the POSITIVE 1-IN-3-SAT problem. O

The NP-hardness of the XS-STABILIZER problem is in sharp contrast with the corresponding
problem in the Pauli stabilizer formalism, which is known to be in P (in other words, there is an
efficient algorithm which has running time scaling polynomially with respect to the size of inputs).

Next we show that the XS-STABILIZER problem is in NP, which means there is an efficient
classical proof allowing to verify whether a group is indeed an XS-stabilizer group. This is in
contrast to many other problems involving quantum mechanics that belongs to the (likely) harder
computational class QMA-hard.

Theorem 2.7.2. The XS-STABILIZER problem is in NP.

Proof. We first determine if S is an admissible generating set, which can be done efficiently. If
it is not, (S) cannot be an XS-stabilizer group, hence we output NO. If S is found to be an
admissible generating set, we proceed with the group G = (S) as follows. Given a computational
basis state |z), recall the definition of the set G, in Section Note that every XS-operator
a*X (@) S(b) maps |z) to A|z @ @) for some complex phase A. This implies that G, = Gp for
every x. Then, by Theorem m(a), to check whether G is an XS-stabilizer group, we only need
to check whether there is a computational basis state |z) stabilized by Gp. Note that a generating
set {D1,...,D,} of Gp can be computed efficiently owing to Lemma [2.4.9 Furthermore, |z) is
stabilized by Gp if and only if it is stabilized by every generator D;. Summarizing, we find that
G is an XS-stabilizer group iff there exists a computational basis state |z) satisfying Dj|z) = |z)
for all j. So if G is an XS-stabilizer group, a classical string z satisfying these conditions will
serve as a proof since the equations Dj|z) = |z) can be verified efficiently. This shows that the
XS-STABILIZER problem is in NP. O

2.8 Regular XS-stabilizer groups

The results in section imply that working with the XS-stabilizer formalism is computationally
hard in general. In order to recover tractability, we may impose certain restrictions on the type of
stabilizers we can have. In particular, we have the following theorem.

Theorem 2.8.1. Let S = {g1,...,g9m} C PS5 and G = (S). If Gp = Gz then the XS-STABILIZER
problem is in P. Moreover, this condition can be checked efficiently.

Proof. As in the proof of Theorem [2.7.2] we only need to consider admissible generating sets,
and we need to decide whether there exists a computational basis state stabilized by Gp. Since
Lemma [2.4.9states that Gp is generated by {Dx, ..., D,} = CsUQsU{g(@;)} with r = poly(m,n)
we can efficiently check whether {g(%;)} C Gz or some g(#;) contains an S operator, i.e. whether
Gp = Gz or not. Now let us assume that Gp = Gz. By Proposition 2.4.5 we immediately
deduce that D; = (—1)% Z(¢;) for some s; € {0,1} and ¢; € {0,1}". Then a computational basis
state |Z) stabilized by Gp is equivalent to a nontrivial common solution of the equations ¢; -2’ = s;.
These are polynomially many linear equations in n variables over Zo and can hence be solved in
polynomial time. This proves that the restricted XS-STABILIZER problem is indeed in P. ]

Motivated by this result, we call any XS-stabilizer group G with Gp = Gz a reqular XS-
stabilizer group.

Remark 2.8.2. We want to mention that diagonal elements containing S operators play a crucial
role in certain examples, which we will discuss in section [2.14 However, as will be proved in
theorem we can construct a basis of the space stabilized by a general XS-stabilizer group
such that each basis state is described by a reqular XS-stabilizer group.
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Here we give a sufficient condition for an XS-stabilizer group to be regular.

Lemma 2.8.3. If an XS-stabilizer group G C P73 has a generating set S = {g1, ..., 9t, Gt41, - Gm}
where

(2.10)

 Jamx(a)Shy) ifj<t,
TV CmzE)  ese

and {dy,...,d;} are linearly independent over Zsa, then it is regqular.

Proof. We see from Lemma that Gp is generated by Cs, Qs and those elements g(Z) =
gyt -+ g&m which are diagonal. In order to show that Gp = Gz we only need to show that all
diagonal elements g(¥) are Z-type operators. It follows from Lemmathat 9(Z) o X(AZ)S()
for the n x m matrix

and some ¥'. This implies that ¢g(Z) is a diagonal operator if and only if AZ = 0 over Zy. Since
the bit strings d; are linearly independent this can only be true if z; = 0 for all j <t. Thus every

diagonal element g(Z) = g, {}" -+ g% is indeed a Z-type operator. O

Theorem 2.8.4 (Normal form). Every XS-stabilizer group G C P3 has a generating set S =
{gla e gt gt+1y - - - 7gm} where

 Jamx(E;,w;)Sb;) ifj<t,
9 i% S(Ej) else
for the canonical basis vectors €; € Zk and some W, € Zg_t. Furthermore, Gp = (Gt41,- - Gm)-
Any other generating set 8" = {h1,...,hi} of G can be reduced to S in poly(n,l) time and the

length of S is poly(n,l).

Proof. We will prove this by explicitly reducing &’ = {hq,...,h;}. By Lemma we can effi-
ciently find a generating set {D1, ..., D, } of Gp from §’. Next we can extend it to a generating set
of G by adding a minimal subset of S’ which can be found efficiently. Indeed, suppose we added all
generators h; = o® X (a;) S(gj). If {@1,...,a;} are linearly dependent over Zg, we may assume that
ap = y1d1 @ - - ® yj—1d;—; for some y; € Zy without loss of generality. Then Lemma implies
RY* - h?l__ll = Dh; for some diagonal element D C P2, It is not difficult to see that actually D € G
and hence D € Gp. This means that the generator h; € (D1,..., Dy, hy,...,hj_1) is redundant.
So we can find a minimal subset of S’ by finding bit strings @; which form a basis of the linear
space (@i, ...,d;). Note that this only involves Gaussian elimination over Zs. Now let {h1,..., ht}
be the desired subset of &’ after relabeling the generators hj, so that G = (h1,...,hs, D1, ..., Dy).
We can arrange the bit strings @i, , d; in the n x ¢ matrix

A= [51 (i}]

Since the @; are linearly independent, by Gaussian elimination and suitable permutation of columns,
we can efficiently transform A into

1

W

for some n x n permutation matrix P, ¢ X ¢ invertible matrix R and (n — t) x t matrix W. By
relabeling the qubits according to the permutation defined by P and by multiplying the generators
hi, , hy according to the transformation R, we obtain an equivalent set of generators {gi,...,q:}

PAR =

such that g; = aS;'X(é’j, wj) 5(5;) for some s, and 5; Here w; denotes the j-th column of W.

Finally note that D; = i%§ (5;) for some s} and 5; since G is an XS-stabilizer group. We
conclude that S = {¢1,...,9:, D1,...,D,} is the desired generating set of G. O
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Corollary 2.8.5. Every reqular XS-stabilizer group G C P35 has a generating set S = {g1,. .., g¢, Gti1, - - -
where .
et X(€5,05)S(b;) if j <t
I vz else
for the canonical basis vectors €; € Z% and some w; € Zg_t. Furthermore, Gp = (gt4+1,- -+ 9m)-

Unless stated otherwise, we will always work with regular XS-stabilizer groups from this point
on.

2.9 Constructing a basis of a regular XS-stabilizer code

The goal of this section is to construct a basis for a regular XS-stabilizer code. For each state of
the basis, we will give an explicit form of its expansion in the computational basis. To achieve this
(in sections [2.9.2] [2.9.3| and [2.9.4]), we will first introduce some preliminary material on quadratic
and cubic functions (in section [2.9.1)).

2.9.1 Quadratic and cubic functions

In this chapter we will often deal with functions of the form 2= %% or (—1)2-%%k% with zj € {0,1}.
Here we list some properties of such functions that will become useful later. First we have the
following lemma.

Lemma 2.9.1 (Exponentials of parities). Let =1, , x, € {0,1}. Then

QT1E BT D05 TG {72 <k LTk (71)2j<k<lszkxl
and
PP B0 iZj Zj (_1)Zj<k Tj%k

Proof. The first equation is proved in [BHI2]. The second equation follows by similar arguments.
O

All exponents in this Lemma are homogeneous polynomials of degree at most 3. Below we
will often only be interested in whether a given exponent is a quadratic or cubic polynomial, but
not in its concrete form. We will therefore use I(z), ¢(x) and ¢(x) to represent arbitrary linear,
quadratic and cubic polynomials in Z[z1,...,x,]| respectively. (These polynomials need not be
homogeneous.) Using this notation, the Lemma can be summarized as

Q& _ o 1(#) ja(a) (_q)yele),
e @, _ l(@) (_1)a(e)
Let F denote the class of all functions f: {0,1}" — C having the form
flz) = @ 19@) (1)@ for all z € {0,1}".
Note that F is closed under multiplication, i.e. if f and g belong to this class, then so does fg.

Remark 2.9.2. Linear phases o/(*) are generated by {a®} via multiplication since o/(®) = H?Zl(axﬂ'))‘ﬂ
for a linear polynomial l(x) = Z;L:1 Ajz;. By the same token, {i%7,i%"*} generate all quadratic
phases 19%) and {(—1)%, (—1)%%, (=1)*%%} all cubic phases (—1)°®). This implies

F = (%, i, (~ 1)),
O

Lemma 2.9.3 (Covariance). Let Q be a linear map in the vector space 1 = {0,1}". If a function f
belongs to F then so does fo(Q@.

agm}
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Proof. Let = (x1,...,2,) € Zy and y = Q(z), so each y; = P}_; Qjrzy is the parity of some
substring of x. By Remark it is enough to show that the phases a¥%, i%¥k and (—1)Yi¥k¥
belong to F since any f(y) equals some product of them.

It is immediate from Lemma that every a¥% € F. Furthermore, Lemma [2.9.1] implies

Yivk — (il(r) (,Dq(z))yk = i{@ s (—1)a@) e = (jur)H) (_1)e@)

for some linear, quadratic and cubic polynomials I, g and ¢ respectively. Invoking Lemma[2.9.T]once
more we see that (i%)!*) ¢ F, thus i%¥ e F. Finally, it is easy to check that (—1)%¥¥ = (—1)¢'(*)
for some cubic polynomial ¢/, which shows (—1)% ¥ € F. O

2.9.2 Constructing a basis

Consider an n-qubit XS-stabilizer code Hg with regular stabilizer group G = (g1, ..., gm). Without
loss of generality, we may assume that the generators g; have the form given in Corollary
We will construct a basis for this XS-stabilizer code by applying the monomial matrix method
outlined in section 2.6l

Denote the (n —t) x t matrix W := [¢}]---|&] (as in the proof of Theorem [2.8.4). Define V to
be the linear subspace of Z% consisting of all couples (z, Wz) with z € Z. A basis of this space is
given by the vectors (€, ¢;) where €; is the i-th canonical basis vector in Zg. Furthermore consider
the set Vp of those n-bit strings z satisfying D|z) = |z) for all D € Gp. This coincides with the set
of all z satisfying g;|z) = |z) for all j =t +1,...,m, since these g; generate the diagonal subgroup
by Corollary @L Since each of these g; has the form (—1)%Z (5}), Vp is the set of all z satisfying

E_);-Tz =s; forall j =t+41,...,m. The set Vp is thus an affine subspace of Zy. A basis of Vp can
be computed efficiently.

Note that every Pauli-S operator g = i*X(@)S(b) is a monomial unitary matrix, where X (@)
is the corresponding permutation matrix and iSS(l;) the corresponding diagonal matrix (recall
subsection . It follows that the permutation group P associated with G is generated by the
operators X ;X (¢;j). Recalling the definition of the space V, this implies that P = {X(v) | v € V'}.
Furthermore, the orbit of a computational basis state |z) is the coset of V' containing x i.e. O, =

x + V. To see this, note that
{X)|z) |[veVi={lr+v) |veV}].
Applying theorem M(b), we conclude that there exist orbits Oy, , Oy such that
Vb=01U---UOq

and d coincides with the dimension of the XS-stabilizer code. Note that we can efficiently compute
d: each orbit has size |V| and thus d|V| = |Vp|; since both |V | and |Vp| can be computed efficiently
(as we know bases for both of these spaces), we can efficiently compute d. Note that d is a power
of two, since both |V| and |Vp| are powers of two. Finally, a set of strings M, ..., g € Vp such
that O; = XZ + V can be computed in poly(n, m,d) time.

As a corollary of the above discussion, we also note:

Lemma 2.9.4. The XS-stabilizer code Ha is one-dimensional, i.e. it is an XS-stabilizer state, iff
VI =1Vol.

By theorem for each vector X € Vp there exists a state

) = g(@) |z + X1, Wa + Xg). (2.11)
zeZ}
stabilized by G, where g(z) is some function that satisfies |g(z)| = [V| 2 for all _z and where we

have partitioned )= (/\1,)\2) with )\1 representing the first ¢ components and /\2 the last n — ¢
components of A\. By performing the substitution = — = + X1 and denoting f(z) = g(z + )\1) and
= Xg + WXl, we find

= fl@)]a, W + ). (2.12)

€Ll
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Lemma 2.9.5. Suppose the state |1)) of the form is stabilized by a reqular XS-stabilizer group
G. Then based on the generators g; of G and the string X, the following data in equation
can be computed efficiently: (i) the matric W and the string i; (ii) the function f(z). Moreover,
we can efficiently find a complete set of stabilizers that uniquely stabilize |1)).

Proof. That the matrix W and the string ji can be computed efficiently was shown in the argument
above the lemma. In order to prove that the function f(x) can be computed efficiently, we note
that g;|¢) = |¢) for all 1 < j <t and thus

gi' g vy = 1)

Comparing the terms with |) on both sides, we have
gi' 910 i) = f(z) |z, Wa + [i). (2.13)

This shows that f(z) can be computed by computing the phase which appears when computing
git - 970, ). Finally, we construct a complete stabilizer of |¢), showing that this state is an
XS-stabilizer state.

We work with the representation of |¢), which implies that |¢)) has the form

)= > ) (2.14)

vEVAX

(for some coefficients «,) where we recall the definition of V' C Z7, which is the linear subspace
of all pairs (x, Wz). The orthogonal complement of V' is the (n — t)-dimensional space of all pairs
(WTy,y) with y € Zy~". A basis {#1,..., Z,—+} of the latter space can be computed efficiently. It
follows that any string v € Z% belongs to V + X if and only if Z;T v = E‘f X. Define operators

D= (15" z(z)  j=1,...n—t.
Then for any string v € Z3, we have
veV+X & Dj|v) = |v) for every j =1,...,n—t.

We now supplement the initial generators {gi,...,gm} of G with the operators D;. Denote the
resulting set by &’ and let G’ denote the group generated by S&’. Clearly, G’ is regular since we
supplemented the initial group G, which was regular, with Z-type operators. We now claim that G’
has |1) as its unique stabilized state. First, combining with shows that [¢) is stabilized
by every operator D;. This shows that |¢) is stabilized by G’. Second, let G’ be the diagonal
subgroup of G’. Let U be the set of all u € Z% satisfying D|u) = |u) for all D € G',. According to
the argument above lemma U is the disjoint union of cosets of V; the number of such cosets
is the dimension of the code stabilized by G'. We show that in fact U =V + X, implying that this
dimension is one, so that |¢) is the unique stabilized state. Since each D; belongs to G',, every
uw € U must satisfy Dj|u) = |u) for all j =1,...,n —t. With this shows that U C V + X,
Furthermore, since D[y)) = |¢) for every D € G, and since [) has the form (2.14)), it follows from
that every u € V + X satisfies D|u) = |u) for all D € G'5. This shows that V + X C U and thus

ViXx="U. O

Next we determine the form of the function f in more detail. This will be e.g. useful for
constructing a quantum circuit to generate 1) (see section . For simplicity of notation, we
rescale the state 1) by multiplying it with a suitable constant so that we can assume f(0) = 1.
We will show that then f belongs to the class F introduced in section We recall the
identity . To show that f € F, we will compute the left hand side of the equation, and we
will do this by using induction on k. As for the trivial step of the induction, if k = 1, it is easy to
see that f € F. Set z[k] .= (x1,...,2k,0,...,0), and assume that

gx" 9710, i) = f(z[k]) |[k], Walk] + fi)
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with f € F. If we apply an S operator to the [-th qubit of |z[k]), we simply obtain the phase i*.
Second, the j-th bit of Wz [k] + [ is

Wiy @ -+ ® Wipxp ® pj.

Therefore, if we apply an .S operator on the corresponding qubit, we will obtain the phase

Wi1z1®-- QW x®uy

i Wirz1+-+Wipzp+p; (__1)Q($[kb

=1 ,

for some quadratic polynomial ¢(z[k]) (which contains all possible products of Wjx; and \;, where
we have applied lemma [2.9.1] It is then easy to check that

gt |k, Walk] + fi) = /@D jallkt1D (el g 4 1), Walk + 1] + ),

where [, ¢ and c are linear, quadratic and cubic polynomials in x1, , 41 respectively. So we can
conclude that
9" 070, ) = flalk + 1)) |2k + 1], Walk + 1] + f)

for some f € F.
In the argument above, for any j we can also check that in the phase f(z) = o/(®){4(®)(—1)c@®),
the part that depends on both p; and x is

i@ (—1)a@)n (2.15)

This will be useful for finding the logical operators in section
Summarizing, we have shown:

Theorem 2.9.6. FEvery regular XS-stabilizer state on n qubits has the form

) = = 3 S@)eWatji)  with fa) = 'O (1)), (2.16)

z€ZLL

up to a permutation of the qubits. Moreover, the polynomials l(x), q(x) and c(x) can be computed
efficiently.

Below in theorem [2.12.1] we will show that every XS-stabilizer state affords a regular stabilizer
group, so that the above theorem in fact applies to all XS-stabilizer states.

It is interesting to compare theorem with a similar result for Pauli stabilizer states
[DDMO3]: every Pauli stabilizer state also has the form (2.16)), but where

f(z) =1 (~1)7), (2.17)

i.e. there are no cubic terms (—1)“*), no quadratic terms i%*) and no linear terms o!(®). It is also
known that every state with f having the form is a valid Pauli stabilizer state. A
similar statement does not hold for XS-stabilizer states i.e. not all functions f € F are allowed.
We will revisit this property in section

2.9.3 Logical operators

Logical operators play a very important role in understanding the Pauli stabilizer formalism and
performing fault tolerant quantum computation. They represent the X and Z operators on the
encoded qubits. Since it is not clear yet how to define logical operators for an XS-stabilizer group,
in this section we will just construct a set of operators that preserve the code space H¢ (which we
assume to have dimension 2°) and obey the same commutation relations as {X;, Z;} on s qubits.

We already know there is a set of the basis of a regular XS-stabilizer code H¢g which has the
form

) =Y fi(@) |, Wa + jij).

z€Zl
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Note that ji; can be viewed as elements of the quotient space Vp/V (for definition of Vp and V'
see section [2.9.2)), which is an affine subspace. So we know that up to some permutation of qubits,
each fi; has the form

(yla" . 7y87Ay+X)

Here A and X can be found by Gaussian elimination, and s is the dimension of the space Vp/V.
So for each pj, we can find a corresponding y. Assume we do not need to do permutation of qubits
in the above step, the vector |z, W + [i;) becomes

|z, Wz + (y, Ay + N)).

For simplicity of notation, we will assume X = 0. The case ;L £ 0 can be dealt with similarly by
the following procedure. We will show how to find operators Z; and Xj, for k =1,...,s, such that
they act on the state |¢(y)) = [¢;) by the following

Zil(y)) = (=1)" 4 (y))
Xk [9(y)) = |y + é)),

where €}, is the k-th canonical basis vector. It is then easy to see within the space spanned by
{|¥j)}, we have X;Z;, = (—1)°0*) Z, X, where §(j, k) is the Kronecker delta function. The Zj, can
be found straightforwardly. For example, we can construct Z; by noticing

(—=1)¥% = (_1)21 Wiz +yk H(_l)Wsz,
l

where W}, is the matrix element of WW. In the r.h.s of the above equation, the term (—1)2t Wkizi+ux
can be achieved by applying Z on the k-th qubit in the block |[Wxz+(y, Ay)), and the terms (—1)Wki
can be obtained by applying Z on the corresponding qubits in the block |z).

The construction of X}, is more involved and different from the one used in the Pauli stabilizer
formalism. To do the map from |¢(y)) to |¢(y + €k)), we need to flip y; and the corresponding
qubits of Ay in the block |[Wz + (y,Ay)). This can be done by an X-type operator, which we will
denote as X’. However, we also need to change the coefficient functions [j(x) correspondingly. By
changing y to y + €, we will change fi; to jij = p; + (€, A€)). Assume that X'D achieves the
task

XDij )|z, Wa + [i;) Zf] x) |z, Wa + [iy).
z€Z} z€Z}

Then D can be found by noticing that fj(x) depends on fi; by the relation (2.15) (note that in
relation ([2.15)), p; is the j-th coordinate of fi). We can compute straightforwardly that

fir(@) _ @) (_1)a(@) )pnlte
filx) H

where g5, is the h-th coordinate of fi;. The terms i) (—~1)2®) can be obtained by including S
and CZ on the corresponding qubits in D. The terms (—1)* #inl(@) can also be obtained by Z and
CZ by noticing i, is the parity of some qubits in |z, Wa + ji;). Thus we have found X = X'D.

2.9.4 A stronger characterization

Consider an XS-stabilizer state [¢)). We have shown that 1)) has the form given in theorem [2.9.6]
However, not all covariant phases f € F are valid amplitudes. Here we characterize precisely the
subclass of valid amplitudes.

First we note that the group P2 is closed under conjugation by X, V'S and CZ, hence we can
make two assumptions about the state:

1. We can assume g = 0 in theorem [2.9.6] since we can apply X to the corresponding qubits
and update the stabilizers by conjugation.
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2. We can restrict ourselves to studying covariant phases of the form
fz) = 125 <k CikTiTh (_1)Zj<k<l ikl T ThTL (2.18)
where (3, and (i take values in Zs. Indeed, if f is a valid amplitude, then so is
flaz) @i @) (—1)al@)
for all linear polynomials [, I’ and quadratic polynomials ¢q. After all, we can always generate
these additional phases by applying suitable combinations of the gates v/S and CZ to the

state [1).

We will treat this class of f as a vector space V; over Zsg, with a natural basis given by the functions
1%k and (—1)%¥k*, Similarly, we consider the set of all functions of the form

<_1)Zj<k NjkT Tk

which can also be viewed as a vector space Va over Zy with basis functions (—1)%%k. We define a
set of linear mappings {F}, | h = 1,...,t} from Vj to V5 by the rules

(-1 it h =,
By (—pymewan — ) (CDT iR =k, (2.19)
(=1)%%e if h =1,
1 otherwise,
and
—1)%% ifh=jorh=k
v = § (DT A= jor ’ (2.20)
1 otherwise.

Recall the matrix W that appears in equation (2.12)). Let w; = (wj1,...,w;;) denote the j-th
row of W, for every j =1,...,n —t. We define the quadratic functions ~; € V5 by

7j() = (1) T vk, (2.21)

This definition stems from the fact that when we apply the S gate on the single-qubit standard
basis state described by ]wjlzm G---D wjt:vt>, we obtain the phase
Wil T B Bwjets _ izk WjkTk ¥4 (.’L‘), (2.22)

where we have used lemma [2.9.1] Then we set

I' = span{~;}. (2.23)
We will prove the following theorem

Theorem 2.9.7. Consider any state of the form
W) = = 3 f@)le, W)
= — )|z, Wz

\/27 x€Z}

2

with f € V1. If f satisfies
Fn(f)el foralll1 <h<t (2.24)

then 1) is an XS-stabilizer state.
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Proof. Assuming that f satisfies condition ([2.24)), we will show how to construct a set of XS-
stabilizers that uniquely stabilize |¢)). Consider XS-operators

9 = X;X(@)S8(b;), 1<j<t,

where X; denotes the Pauli matrix X acting on the j-th qubit, where the X (a;) are X-type
operators that only act on qubits ¢+ 1 to n with @; the j-th column of the matrix W. The strings
b; are at the moment unspecified. Furthermore, define

g]:Z(EJ) t+1§]§n
where {Ciy1,...,6,} C Z% form a basis of the orthogonal complement of the subspace
V ={(z,Wx) |z € Z,} C7Z5.
For every y, z € Z5 we have
T
Z(2)|y) = (=1)7 Y]y).
This implies that g;|¢) = |¢) for every j =t +1,...,n. Next we show that, for a suitable choice

of I;j, the operator g; stabilizes |¢) for every j = 1,...,t. This last condition is equivalent to
X; X (@;)[y) = S(b;)|v). Note that

Zf |l‘+€J, (l‘+€j)>:Zf(l‘+€j)|$,Wﬂj‘>

since @; is the j-th column of W and thus d; = We;. Thus, the condition g;|¢) = |[¢) is equivalent

to
flx+ej) |z, Wz) = S(l;j)f(a?) |z, Wx).

By using the fact that f has the form (2.24) and by applying the definition of F}, it is easy to

check that we have fte))
T+ e; ‘
S = E e ).

for some linear function ;. Summarizing so far, we find that g;|1)) = [¢) if and only if
S(bj) |z, Wa) = i@ F(f) |z, W). (2.25)

Since, by assumption, we have
Fi(f) €T,

we can find a vector l;; € Zg_t, such that
b;k
H e = E5(f).
1<k<n—t

This in turn means that (2.25) is equivalent to

S@;) e, Wa)y =@ T (@), Wa). (2.26)
1<k<n-—t

We now claim that a string l;j satisfying this condition exists. To see this, first recall (2.22)) and
the surrounding discussion, which implies that

S Wa) =i [ @) |Wa)

1<k<n—t

for some linear function . Second, there exists a string b} € {0,1,2,3}" such that S(l;;’)|:z‘> =
i@~ ) This shows that



2.9. CONSTRUCTING A BASIS OF A REGULAR XS-STABILIZER CODE 37

satisfies the condition (2.26]). We have shown that the operators g; (j = 1,...,n) stabilize |¢).
Finally we show that [¢) is uniquely stabilized by these operators. Let G be the group generated

by {g1,.--,9n}. Since the G form a basis of V1, any string v € Z% belongs to V if and only if

E;IU = 0. Thus we have

veV &  gjlv)=|v)forevery j=t+1,...,n. (2.27)
Let Gp be the diagonal subgroup of G. Let U be the set of all u € Z¥ satisfying D|u) = |u) for
all D € Gp. According to the argument above lemma U is the disjoint union of cosets of V;
the number of such cosets is the dimension of the code stabilized by G. We show that in fact
U =V, implying that this dimension is one, so that [¢) is the unique stabilized state. Since each
gj (j =t+1,...,n) belongs to Gp, every u € U must satisfy gjlu) = |u) forall j =t+1,...,n
With (2.27)) this shows that U C V. Furthermore, since D|y) = |¢) for every D € Gp and since
|t)) has the form

=Y aulv)

veV

for some coefficients a,, it follows from that every v € V satisfies D|v) = |v) for all D € G',. This
shows that V C U and thus V =U. O

Remark 2.9.8. Since F}, are linear transformations from Vi to Vo, and T is a linear subspace, the
condition Fy(f) € T' can be written as linear equations.

Note that there will be multiple ways to write down the same XS-stabilizer state. Let us
consider the following example with five qubits:

= f(@)|z1, 72, 73,71 @ T2, T2 D T3).

Equally, we can set (z], x5, %) = (z1,21 ® 2,22 ® x3), and the state becomes

Zf )2}, 2] @ w5, @) @ ah ® 3y, x5, 7).

We can define I in the same way as we defined I'. We will show that if F, f(x) € T, then
F:C;f’(x’) el

More formally, we consider the state ) = > f(x)|z, Wz). For an invertible matrix R over
Zo and 2’ = R~ 'z, we have

=> f(z)|RR 'z, WRR 'z)

= Z f(Rz')| Rz, W R
= Zf \W/ /

In the above equation, we can change the summation from over z to 2’ because R is invertible.

Then we define I from W' in the same way as (2.21]) and (2.23)). We have the following theorem

Theorem 2.9.9. Let |¢) be an XS-stabilizer state in the form given in theorem . Then f
satisfies the condition (2.24). What is more, for any invertible matriz R over Zs, the function f'
defined by f'(x') == f(Rx') also satisfies

Fm;f/ € .

Proof. First, we note that we have slightly abused the notation here, since f’ is in general not
a function in V; (which is defined in section [2.9.4). However, we can simply ignore the terms
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ol@) (=1)4=") in f’ again by the reasoning in section After the transformation 2’ = R~ 1z,
the state can be written as

) = f'(+/)|Ra’, WR').

Note that if we apply g} = szl gJEj ' on the component f’(z')|Rx’, W Rxz'), we would have

g1 f (@) |Re' , WR2'Y = f'(2' + &) |R(z' + &), WR(2' + 1)),

where €] is the first canonical basis vector. By the same reasoning we used in the proof of theorem

we know that
f/(x/ +é1) :l(z") 110
Wzl Fx’l[f](w)v
while at the same time
¢ Rz, WRz') =" @) h(z2)|R(z' + &), WR(z' + &1)),
where h(z) € I, Thus F,, [f'] € I'. Similarly we can show Fy [fel. O

To illustrate how theorem [2.9.7]| works, we give two examples here, which demonstrate extreme
cases. First consider the state

[y = Zf(m)\xl,xz,...,:xn).

By definition, I' is a trivial vector space. It is then straightforward to check that f(z) has to be of
the form f(z) = i!®)(—1)4(®), and thus |+)) is a Pauli stabilizer state. On the other hand, consider

the state
|v) = Zf(x) |1, ... @) ® |z; ® xp).

j<k<t

It is easy to check I" is the full vector space V2. Thus the condition ([2.24) becomes trivial, which
means f(z) can be an arbitrary function in F.

2.10 Entanglement

2.10.1 Bipartite entanglement

In this section we study the bipartite entanglement in XS-stabilizer states. We consider an n-qubit
XS-stabilizer state |¢) (with regular stabilizer group) in the form given in theorem [2.9.6] Thus we

have
W) =Y f@)|z, Wa) = f(z)|W's)

t
TELS

where we have denoted

which is an n x ¢t matrix. The function f belongs to F and can be evaluated efficiently owing to
theorem [2.9.6]

Let (A, B) be a bipartition of the qubits. For convenience we call the two parties Alice and
Bob. We will show that there exists a diagonal operation D4 ® Dp mapping the state |¢)) to a
Pauli stabilizer state.

There exist permutation matrices P4 and Pp acting in A and B, respectively, and an invertible
matrix R of dimension ¢, such that

1; 0
Pu Wl | M0
Pp 0 T;_%

Ci O
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for some k and some M, C; and C5 (and where, in the r.h.s, the upper block refers to the qubits in
A and the lower block refers to the qubits in B). We carry out a change of variables z — 2’ = Ruz.
Furthermore we denote 2’ = (u, v) where u denotes the first & bits of 2. Also, we set f'(2') == f(x).
We can then write the state in the form

)= > @) u, Mu), ® |v,Cru+ Cyv) p,

' =(u,v)

where u ranges over Z’§ and v ranges over Zt{k . Let r denote the rank of C';. Notice that there
exists a full-rank matrix D; (its rank being ) and an invertible matrix 7" such that C = [D; | 0]T
where 0 is the zero matrix of appropriate dimensions. This means there is a further change of
variables from u to w = Tw such that only the first r bits of w appear on Bob’s side. In a more
explicit way, we can rewrite the computational basis states appearing on Bob’s side as

|U, D; (wl, . ,w,«) + Cg’[)). (2.28)

And it is easy to see that the form of the state on Alice’s side still does not involve v, since it can
be written as:
|Tw, MTw).

We write 2’ = (w,v) and f”(z") := f'(2'). Note that the function f” is related to the function f by
a linear change of variables. Hence, owing to theorem f” must also satisfy condition ([2.24)).
We will use this condition to gain insight in the form of f”. We will only consider the non-trivial
part h(z") of f”(z"), as defined in (2.18)). The reason we only focus on h is because we can obtain
all linear terms a/(*") by acting locally in each party, and we can simply ignore (—1)‘7@”) because
these terms are all allowed for a Pauli stabilizer state (recall that our goal is to map |¢) to a Pauli
stabilizer state by means of an operation D4 ® Dpg). We claim h only depends on wy, , w, and
v. We prove this fact by contradiction. For example, assume that h contains a term (—1)%r+1vav,
Then by equations (2.19)) and (2.20), we know

(Fy 0 h)(w,v) = (—1)wr+retalwy)

where ¢(w,v) is a quadratic function that does not contain the term w,iv,. By theorem m
we know that
F,(h) €T.

However, by observing (2.28]), we notice that none of the functions ~; (which are defined in (2.21)))
can contain (—1)“r+1%». This implies that

Fll(f”) ¢ F:

which leads to the contradiction. Similarly we can show that there are no ¢ terms in h for
j=>r+1.

We have shown that the function h only depends on w1, , w, and v. This implies that, by acting
with a suitable diagonal unitary operation within Bob’s side, we can remove the corresponding
phase in the state [¢); the resulting state is a Pauli stabilizer state. To see how these phases can
be removed locally, we argue as follows. The standard basis kets on Bob’s side have the form
(2.28]) with D; full rank. Thus there exists a (full rank) matrix E such that FDjw = w for every
w = (wi,...,w,). Let U; be the unitary operation which implements E

Ui: v, Di(w, ..., w.) + Cov) — |v, (w1, ..., w.) + ECyv)
After applying U;, we apply the operation Us defined by
Uz: |v, (wi,...,wy) + ECov) — |v, (w1, ...,w,))

Note that both U; and Us can be realized as circuits of CNOT gates. Then we apply the diagonal
operation D defined by

D: v, (wr,...,w.)) — h(wr, ..., w,v) o, (w,...,w)).
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Since h can be evaluated efficiently (this follows from the fact that f can be evaluated efficiently),
the operation D can be implemented efficiently. Finally, we apply Ug followed by U{L , yielding

h(wi, ..., wy,v)|D1(wr,...,w)+ Cov).

This total procedure Dg = Ul]L Ug DU,U; thus allows us to multiply each ket with the inverse
of h(wy,...,w,,v), thereby “canceling out” the function h. Note that Dp is a diagonal operation,
since D is diagonal and since UsU; is a permutation of the standard basis.

We have shown:

Theorem 2.10.1. Let 1)) be an XS-stabilizer state and (A, B) a bipartition of its qubits. Then
there exists a Pauli stabilizer state |¢p 4 g) and diagonal operators Da and Dp such that

[9) = Da® Dg|daB)-
A description of |¢pa. ) can be computed efficiently.

Corollary 2.10.2. The von Neumann entanglement entropy of |1) w.r.t. (A, B) can be computed
efficiently.

Corollary 2.10.3. Let pa be the reduced density operator of 1) for the qubits in A. Then p4 is
proportional to a projector i.e. all nonzero eigenvalues of pa coincide.

The first corollary holds since the entanglement entropy of Pauli stabilizer states can be com-
puted efficiently [FCYT04]. The second corollary holds since reduced density operators of Pauli
stabilizer states are proportional to projectors [HDE™T05].

The state |¢4,B) generally depends on the bipartition (A, B). It would be interesting to un-
derstand whether Theorem can be made independent of that:

Problem. For every XS-stabilizer state |1), does there exist a single Pauli stabilizer state |¢) such
that for every bipartition (A, B) we have

) =Ua @ Uglo)

for some local unitaries Ux and Ug ?

2.10.2 LU-inequivalence of XS- and Pauli stabilizer states

Here we show that the XS-stabilizer state is not LU-equivalent to any Pauli stabilizer state,
i.e. there does not exist any Pauli stabilizer state |¢) satisfying ) = U|¢) forany U =U; ® - ®
Us € U(2)®5. This result demonstrates that there exist XS-stabilizer states whose multipartite
entanglement (w.r.t LU-equivalence) is genuinely different from that of any Pauli stabilizer state.

In order to prove the claim, we consider the classification of 6-qubit stabilizer (graph) states
under LU-equivalence as given in Fig. 4 and Table II of Ref. [HEBO04]. In the latter figure, 11
distinct LU-equivalence classes are shown to exist for fully entangled 6-qubit stabilizer states; the
classes are labeled from 9 to 19. A representative of each class is given in Fig 4. Furthermore each
class is uniquely characterized by its list of Schmidt ranks, i.e. the Schmidt ranks for all possible
bipartitions of the system. In table II it is shown that, for any of the classes 9-17, there is at least
one bipartition of the form (two qubits — rest) for which the state is not maximally entangled. This
shows that the XS-stabilizer state [¢)) cannot be LU-equivalent to any of the states in the classes
9-17, since |¢) is maximally entangled for all such bipartitions. Furthermore, for class 19, the
entanglement is maximal for all bipartitions of the form (3 qubits — rest); since this is not the case
for |1)), the latter cannot be LU-equivalent to any state in class 19. This leaves class 18. Consider

the state
1

|p) = Z |T1, 22, 23,21 ® T2, T2 @ X3, T3 D x1)

;=0
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which is a Pauli stabilizer state. By direct computation of all Schmidt ranks, one verifies that this
state belongs to class 18. We prove by contradiction that |¢)) is not LU-equivalent to |¢). First,
it is straightforward to show that for both |¢) and [|¢), the 3-qubit reduced density matrix of the
1st, 2nd and 4th qubits is

1
pr24 = (000)(000] + 011)(011] + [101)¢101] + [110)(110])
1
U+ 21020 Z).
If there is a local unitary transformation U from |¢) to |¢), then U; ® Us ® Uy must leave piag
unchanged. This implies that U1 @ Us Q@ U4 must leave Z1® Zs ® Z4 unchanged, so that Uy Z; UlJr x 2
and similarly for Us and Uy. This implies that Uy, Uz and Uy must have the form D; or D; X for
some diagonal matrix D;. Analogously, we can show that the same holds for all other j. Thus
U = DX(@) for some diagonal operator D := D; ® --- ® Dg and some @ € Z$. Note that |¢)
and |¢) have the form

@)= lv) and  [¥) =) aul),

veV veV

for some linear subspace V' C Zg and real coefficients a,,. Then

DX(@)|¢) =Y Bulv+a)

veV

for some coefficients (3,. Thus U|¢) = |¢) implies that V = V + @. This shows that @ € V. But
then X (@)|¢) = |¢). The identity U|¢) = |¢) thus implies that D |¢) = [¢). It is straightforward
to verify that this cannot be true. We have thus shown that [¢)) and |¢) are not LU-equivalent. In
conclusion, [1) does not belong to any LU-equivalence class of Pauli stabilizer states.

2.11 Efficient algorithms

In this section we will give a list of problems that can be solved with efficient classical algorithms
for regular XS-stabilizer states (codes). We consider an arbitrary n-qubit regular XS-stabilizer
stabilizer code Hg specified in terms of a generating set of m stabilizers in the standard form given
in Corollary Then the following holds:

1. The degeneracy d of the code can be computed in poly(n,m) time (recall section [2.9.2)).

2. An efficient algorithm exists to determine d basis states [¢1), , [1)4), each of which is an
XS-stabilizer state with regular stabilizer group and each state having the form

[v;) = Z fi(x) |z, Wz + ;) with f; € F.

z€Zl

The matrix W (which is the same for all |¢;)) can be computed in poly(n,m) time. The list
{fi1, , fiq} can be computed in poly(n,m,d) time. Given a specific fi;, a complete generating
set of stabilizer operators having |1);) as unique stabilized state can be computed in poly(n, m)
time. Furthermore, given fi;, the function x — f;(z) can be computed in poly(n,m) time as
well. See section [2.9.2]

3. The logical operators of H¢ can be computed in poly(n, m,d) time. See section m

4. The commuting Hamiltonian described in section can be computed in poly(n,m)
time.

On input of fi; the following holds in addition:
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5. The von Neumann entanglement entropy of any |¢;) with regular stabilizer group can be

computed, for any bipartition, in poly(n,m) time. This claim holds since we have shown in
section how to efficiently compute the description of a Pauli stabilizer state with the
same entanglement as [1);); furthermore an efficient algorithm to compute the von Neumann
entanglement entropy of Pauli stabilizer states is known [FCY™04].

. A poly(n) size quantum circuit to generate any [¢;) can be computed for in poly(n,m)

time. This circuit can always be chosen to be a Clifford circuit followed by a circuit composed
of the diagonal gates CCZ (controlled-CZ), CS = diag(1,1,1,i) (controlled-S) and 7. To
see this, we recall theorem m This implies that the state |1);) can be prepared as follows:

e Using a Clifford circuit Cy, prepare the state > |z, Wx + [i;). In fact, this can be done
using a circuit composed of Hadamard, X and CNOT gates.

e Since the function f; belongs to the class F, it has the form

ol @) 9(@) (_1)0(1)'
Note that the we have the following gate actions on the standard basis:

T: |z) — o |x),
S:z) — i),
CS: |z,y) — i |x),
CZ: |w,y) = (=1)"]z,y),
CCZ: |z,y,z) — (1) |x,y, 2).

Therefore, the phase f;j(z) can be generated by first applying a suitable circuit Cy of
Clifford gates CZ and S to generate the quadratic part of ¢(x) and the linear part of
q(x), and by subsequently applying a suitable circuit & composed of the (non-Clifford)
gates T', CS and CCZ to generate (), the quadratic part of ¢(z) and the cubic part
of ¢(x), respectively. Since the function f; can be computed efficiently, the descriptions
of Co and U can be computed efficiently. The overall circuit is UCoC; .

7. Given any |1);) and Pauli operator P, we can compute the expectation value (¢;|P|¢;)

in poly(n,m) time. This implies in particular that the expectation of any local observable
(i.e. an observable acting on a subset of qubits of constant size) can be computed efficiently
as well, since every such observable can be written as a sum of poly(n) Pauli observables.
To see that (;|P|1);) can be computed efficiently, recall from point 6 above that |¢;) can be
decomposed as |¢;) = U|1)]) where U is a circuit composed of T, CS and CCZ, and where
|y = C2C1]0) is a Pauli stabilizer state. Then

(Wil Pls) = (iUt PUp,).

Its is easily verified that UTPU =: C" is a Clifford operation, for every circuit ¢ composed of
T, CS and CCZ (for example TXT o S). Thus we have

(Wil Pli) = (iIC"147).
Recall that |¢}) = C2C1|1;), we know that
(Wil Plyi) = (0[C™]0),

where " = CIC;CCQCl. Note that (0|C"]0) is simply the coefficient of the basis |0) in the
Pauli stabilizer state C"”’|0), which can be computed efficiently according to [VDN10].
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2.12 Non-regular XS-stabilizer groups

Though we have tried to avoid non-regular XS-stabilizer groups due to the computational hardness,
there are situations where they appear naturally. For example, let us look at through
in the appendix. They describe a code space H¢g that is equivalent to the ground space of the
twisted quantum double model D*(Za x Za X Z3) by a local unitary circuit (as defined in [CGW10]).
These stabilizer operators have an interesting property: if they are on an infinite lattice or a lattice
with open boundary, then they generate a regular XS-stabilizer group. On the other hand, for
example, if they are on a torus, the group they generated will not be regular. This is related to the
fact that this model has a ground state degeneracy of 22 when it is on a torus, which cannot be
the degeneracy of a regular XS-stabilizer code. It is also known that this twisted quantum double
model support non-Abelian anyons, which has shown to be impossible for Pauli stabilizer codes on
2D.

Given the existence of interesting non-regular XS-stabilizer groups, we want to make a few
comments about which results in this chapter still hold for non-regular groups. First, we have the
following theorem:

Theorem 2.12.1. FEvery XS-stabilizer state has a regular XS-stabilizer group which uniquely sta-
bilizes it.

Proof. Let G be the initial (generally non-regular) stabilizer group of |1)). We show that G can be
replaced with a regular stabilizer group. Let {D;, ..., D,} be generators of the diagonal subgroup
of G. Extend this set to a generating set of G, say S = {D1,..., Dy, g1,...,9x}. Here each g; has
the form g; = % X (a;)S (gj) We can assume g; is non-diagonal, and @; are linearly independent
of each other. Since if this is not the case, we can use the procedure in Theorem to transform
g; to satisfy this condition. Notice that g; are all monomial unitary matrix. It follows that the
permutation group P associated with G is generated by the operators X (d;). Let V' C Z5 (where n
denotes the number of qubits) be the linear span of the @;. Then = {X (v) | v € V'}. Furthermore,
the orbit of a computational basis state |x) is the coset of V' containing x i.e. O, =x + V.

Consider the set Vp of those n-bit strings z satisfying D|z) = |z) for all D € Gp. Furthermore,
recall from the proof of theorem that G, = Gp for every z. Applying theorem M(b) and
using that the dimension of the space stabilized by G is 1 (since [¢) is an XS-stabilizer state) we
conclude that Vp = z + V for some z, and that |i)) must have the form

) =" f(v)|v+ ).

veV

Now define Z-type operators hy of the form hk(—l)SkZ(gk) (k =1,...,q), where s, and Ek are
chosen such that Vp coincides with the set of all z satisfying I_)Z z = sy for all k. This means
hilz) = |z) for all z € =+ V and in turn hgl|y) = |¢). It follows that |¢) is stabilized by
S :={h1,...,hg;91,...,9x}. Finally, by lemma we know the group G’ is regular, and by
the argument in lemma we know |} is uniquely stabilized by G. O

Now consider the procedure in lemma It is easy to see even if the group G is non-regular,
as long as we have a Xj € Vp, we can still find the |¢;) corresponds to Xj. By theorem there
is a set of {X]} such that the corresponding [¢;) form a basis for the space stabilized by G. Again
by the procedure in lemma we know G can be expanded to uniquely stabilize each [¢;).
Thus by theorem we know [1);) is a regular XS-stabilizer state. This means although it is
(computationally) hard to find Xj, the basis |1);) for the code space still satisfies all the properties
we proved, including the form of the phases f(z) and the bipartite entanglement. The construction
of commuting Hamiltonian also does not require the stabilizer group to be regular.

On the other hand, for non-regular stabilizer groups, there is no general formula for the degen-
eracy. We also cannot find logical operators that have a similar form as the ones in section [2.9.3
since the degeneracy of H¢ is not necessarily 2F.
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2.13 Open questions

In this section we will summarize a few interesting questions about the XS-stabilizer formalism,
some of which have already been mentioned in the text.

The group structure While the tractability of XS-stabilizer states [1);) is closely related to the
fact that each XS-stabilizer group G is a rather particular finite group, the properties of |);)
are not. It would be interesting to establish some direct link between the group G and the
states |¢j) (e.g. a relation between the reduced density matrix p and G).

Properties of entanglement As we mentioned in section [2.10] it is not known whether for any
XS-stabilizer state |¢)) there exists a single Pauli stabilizer state |¢) that has the same von
Neumann entropy across all bipartitions. It would also be interesting to know to what extent
the inequalities described in [LMRW13] hold for XS-stabilizer states.

Logical operators and transversal gates We have shown how to construct Zj and )_(j opera-
tors in section The Zj are transversal gates by definition. While we showed that the
X ;j operators include X, S, and CZ in general, it is possible that for many codes the X ;j only
contain X and S. In particular, S and C'Z are interchangeable in some cases. For example,
consider the state
|Y) = Z |21, 22, 1 & T2).
1,2
It is easy to check that
CZi2[¢) = 5793 S310).

Thus it would be interesting to know when a certain XS-stabilizer code has transversal X j
operators, and possibly some other transversal gates.

Quantum phases Understanding topological phases is an extremely important but also very hard
task. Compared to general local Hamiltonians, the Hamiltonians generated by local Pauli
stabilizer codes are much easier to analyze. Thus the Pauli stabilizer formalism has proved
a gateway both to studying the behaviour of topological phases and to constructing new
models. It is then natural to ask whether we can classify all topological phases described by
XS-stabilizer codes or whether we can construct new models in 2D and 3D.

Non-regular XS-stabilizer As we have shown in this chapter, it is in general computationally
hard to study the states stabilized by non-regular XS-stabilizer groups. Restricting to regular
groups is sufficient to circumvent this problem, but not necessary. It is thus desirable to find
the necessary conditions under which the XS-stabilizer problem will become efficient. For
example, it is not clear whether the XS-stabilizer problem is still hard if the number of S-type
operators in the generators of the diagonal subgroup is constant.



Appendix

2.A Twisted quantum double models

We study the twisted quantum double models D*(Zj) with the groups Z% and twists w € H®(Z3,U(1))
on a triangular lattice. Although every such group is Abelian, for certain n and w the twisted quan-
tum double model D“(Z%) will harbour non-Abelian anyons as excitations.

Without loss of generality we choose the branching structure shown in Figure for the
triangular lattice. Each lattice edge ¢ carries a Hilbert space with basis {|z;) | x; € Z5}. By abuse
of notation |z;) is either the state of an actual qubit if n = 1 or the state of a qudit if n > 1. In
the latter case we write elements ¢ = (¢1,...,t,) € Z% as binary strings over the alphabet {0,1}
and accordingly expand the qudit state |z;) = |z;1,...,%;y) in terms of qubit states |z;,) where i
denotes the position on the lattice and o the “layer”. Furthermore we write group multiplication
in Z5 additively.

The Hamiltonian is given as a sum of commuting projectors:

H=-Y4(s) - Y Bp).
s P

Each operator B(p) is associated with a triangle p of the lattice and reads
B(p) = (5(1‘1 +x; + a:k) \a:i, Tj, xk)(xz, xj, a:k\

where i, j and k denote the edges of p. It enforces a flat connection on the triangle p in the ground
state subspace. The operator A“(s) associated with a vertex s is defined by

A9(s) = 2in S A(s).

tezy

If s is the central vertex of Figure the individual terms are given by

AZJ(S) = Z féd(x)‘.ﬁl +t,...,m6+t><x1,...,x6\ & ‘$7,...,$12><[E7,...,$12
IiGZS

Figure 2.A.1: A branching structure on the triangular lattice. White circles denote qudits |z;),
grey circles denote possible ancilla qudits |y,).
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with the phased?]

w(t, x4, x10)w(xs +t,t, x4)w(xs, 23 + 1, 1)

= 41.
w(t,ze, x11)w(r1 + t, t, x6) w(T7, 21 + 1, 1)

fe () =

Note that each w couples two distinct qudit variables x; and xz; which always belong to some
triangle. Also, these phases enjoy the property

fo(x) = f(m +t, ... x6 +t 27, .. m12) f ()

which implies AP (s) A% (s) = A%, (s). The phases arising from a product of 3-cocycles w and w’
factorize as

i (@) = f7 (@) (@) (2.29)

because (ww')(a,b,c) = w(a,b,c)w’(a,b,c) is the multiplication of 3-cocycles.
Since x; +x; + 3 = 0 in Z3 is equivalent to x; , ®xj s B2k, = 0 for all layers o we can describe
the common +1 eigenspace of all triangle operators B(p) as the subspace stabilized by

Zi,UZj,UZk,o'

for all edges i, j and k forming a triangle and all layers o. This subspace is exactly the gauge-
invariant subspace of Section [2.5] In order to describe the ground state subspace of the complete
Hamiltonian it suffices to add the stabilizers A¥(s) for all vertices s and all generators t of Z7.
While a vertex operator AY(s) itself may not belong to the Pauli-S group we will find an equivalent
stabilizer A% (s) € P which coincides with A¥(s) on the gauge-invariant subspace.

2.A1 Z,
The third cohomology group H? (Zg, U (1)) ~ 7o is generated by

w(a,b,c) = (—1)2<,

It is well known that all twisted quantum double models for the group Zs support Abelian anyons
only.
For this w we obtain the phases

fiu(x) — (_1)x1x6+x1x7+x3x4+x3rs+x4x1o+x6xu (_1)x4+x6+z7+x8.

The phases with linear exponent can always be generated by applying Z. On the gauge-invariant
subspace we can also generate all quadratic phases (—1)*%i by applying suitable powers of S
because the edges ¢ and j always belong to some triangle. Denoting the third edge of the triangle
by k we can indeed get (—1)*%i from S}S?S) because i = i"®% = i*t% (~1)*%i holds by
Lemma Hence the operator

Xy --- X621Z22325S75859SIOSL512

coincides with A{(s) on the gauge-invariant subspace. We can recover a more symmetric expression
by multiplying with Z-type stabilizers and obtain

A(f(s):Xl"'X6ZI"'ZGS7"'512-

This is the same stabilizer as the one in the doubled semion model [LWO05] up to conjugation by
Si---Se. The subspace stabilized by all AY(s) and Z-type stabilizers is thus equivalent to the
ground state subspace of the doubled semion model up to local unitaries.

Now for a given lattice, we can define g; with j <t to be A{(s) on each vertex s, and the rest
of g; to be the operator B(p). One thing needs to be taken care of is when the lattice periodic

2Note that these phases do not explicitly depend on the values x2, x5, o and z12. This may change if one fixes
a different branching structure on the triangular lattice.
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boundary condition (e.g. torus), g; will no long be in the standard form as we defined in (2.10)),

since we have
[[x@) =1
Jj<t

To check that in this case the stabilizer group is still regular, we only need to check the product

119 (2.30)

J<t
is a Z-type operator. We notice that by lemma , we can exchange X and S in the prod-
uct (2.30) with the only price being introducing new Z operators into the product. Thus as long
as for each j, the S; operator (S on the jth qubit) appears even number of times in the prod-
uct, we know the product will be a Z-type operator. And this can be readily checked. With a
straightforward but more involved calculation, we can show that the product is satisfied by
the gauge-invariant subspace, or in other words, the product can be generated by {B(p)}.

2.A.2 ZQ X ZQ
The third cohomology group H? (ZQ X Lo, U(l)) ~ 73 is generated by

W1(a, b, C) = (_1)a1b1017
wola, b, c) = (—1)%2b2¢2,

wala,b,¢) = (~1)nbe,

It is known that all twisted quantum double models for the group Zo x Zo support Abelian anyons
only.
It is not difficult to see that the 3-cocycles wi and wo do not lead to anything qualitatively new
compared to the case Zy[|
The 3-cocycle w3 is much more interesting. We obtain the phases
f(uﬁ,o) (3?) — (_1)364,29610,2-|-CL‘6,2£1811,27
fé*é?:l) (1.) — (_1)1’1,1$6,2+963,11’4,2+131,2767,1+l‘3,2963,1 (_1)537,14‘%'8,1'

Clearly, the phases associated with (1,0) are confined to layer 2 and we can apply the methods
of 2.A 1l This results in

Azjls,o)(s) = X1 'X6,152,225,253,25%0,25%1,2~

However, the quadratic phases (—1)%1%:2 arising from (0,1) are of a different kind. Although
all pairs of edges ¢ and j continue to belong to some triangle we can no longer exploit the flat
connection since the qubits reside on different layers. Instead we introduce the ancilla qubits

lyp) = |zi1 @ xj2)

for (p,i,7) € {(1,7,1),(2,8,3),(3,3,4), (4,4,10),(5,6,11),(6,1,6)} and these may be associated
with the triangles of the lattice as shown in Figure 2.A1] Clearly, the above coupling can be
enforced by additional Z-type stabilizers. We will write Op for an operator O acting on the ancilla
qubit y, in the triangle p. On the gauge-invariant subspace coupled to the ancilla layer we then
have

A((dos’l)(s) = X1,2 s XG,QSil5:1372531S§725225g72577158715’1SQS?,SG.

Similar to[2.A.1] we can also compute the additional diagonal operators when we have a lattice
with periodic boundary condition. Notice that A?Jf 0)(3) ( %ng)(s)) commute with each other for
any two vertices. It is then straightforward to check the multiplication of all A‘(’Jf 0)(3) is identity,
and A‘("(il)(s) can be generated by B(p).

3Indeed, for w; the phases fﬁlo) are confined to layer 1 where we can apply the methods of In contrast,

the other generator (0, 1) yields trivial phases only so that .Az‘ioll) = Azjoll) is an X-type element confined to layer 2.
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2.A.3 ZQ X ZQ X ZQ
The third cohomology group H? (Zg X Lo X Lo, U (1)) ~ 71 is generated by

rla,be) = (-1,
wola,b,c) = (—1)%2b2¢2,
wlasbyc) = (~1)h,
wyla, b, c) = (—1)mbze2,
wslasbyc) = (=1,
we(a, b, c) = (—1)2bs¢s,
wr(a,b,c) = (—1)mb2es

It turns out that the twisted quantum double models D¥(Z3) support non-Abelian anyons if and
only if the twist w contains w7 [dWP97].
Again, the 3-cocycles w1, , wg lead to situations which qualitatively resemble the cases Zo
and Zo X Zso.
Now the 3-cocycle wy leads to truly interesting results. We obtain the phases
f(ciT0,0) (1:) — (_1)14,2$10,3+$6,2211,3’
figl (@) = (=1)mrostesims,

f(ugo 1)(@ — (_1)11,2x7,1+x3,2mg,1'

Let us introduce the ancilla qubits

[Yp,1) = |wi1 © 252),
[Yp,2) = |zi1 © 253),
[Yp3) = |Ti2 © 753)

for positions (p,4,j) € {(1,7,1),(2,8,3),(3,3,4), (4,4,10), (5,6,11),(6,1,6)}. This coupling can
again be enforced by additional Z-type stabilizers. We can then write

AL(U{O,O)(S) = Xl,l o 'X611S‘i?5%0735372‘9%1,354735573’ (2.31)
A5 1,0)(8) = X12- - X6,257 155 15% 396 3.53,2.56.2,
Ao (s) = X3 - X633 995999 198 151,152 (2.32)

For a given (j,k,l) € {(0,0,1),(0,1,0),(0,0,1)}, again Afjﬁk’l)(s) commute with each other
for different s. Thus it is easy to compute the product [], A‘(";k’l)(s) for a lattice with periodic
boundary condition. However, in this case, the product would be some tensor product that contains
S operators. Thus the stabilizer group G for this model on a torus is not a regular XS-stabilizer
group, which is different from the previous two models that are based on Zs and Zy X Zo. However,
on a 2D lattice with suitable boundary the stabilizer group G is regular and the unique ground

state continues to support non-Abelian anyons since these excitations can be created locally.

2.A.4 7

In general, the third cohomology group H?® (Zg‘, U (1)) is generated by the following types of gen-
erators [dWP97):

wi(a,b,c) = (—1)‘”1”0",
wij(a,b,c) = (—1)‘“bici,

wijk(aa ba C) = (_1)aibj6k .
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Here i, j and k denote distinct factors (layers) of the direct product group Zy. We have shown
above how the phases f;” for each such generator w can be expressed within the XS-stabilizer
formalism by coupling ancilla qubits to the original ones as necessary.

This clearly extends to arbitrary elements of the third cohomology group. Suppose we want to
obtain the phases associated with the 3-cocycle ww’ where w and w’ are any of the above generators.
From ([2.29)) we see that we can construct these phases independently for w and w’. This shows that
we can describe the ground state subspaces of arbitrary twisted quantum double models D¥(Z%)
with our XS-stabilizer formalism.



50

CHAPTER 2. A NON-COMMUTING STABILIZER FORMALISM



Chapter 3

Adiabatic preparation of topological
states

This Chapter is based on [NPYK16].

In this chapter we study the preparation of topologically ordered states by inter-
polating between an initial Hamiltonian with a unique product ground state and a
Hamiltonian with a topologically degenerate ground state space. It can be used to
initialize a topological quantum memory/computer. This approach of initialization
can be done without access to individual degrees of freedom, and without knowing
the form of perturbation in the final Hamiltonian. Thus, it may be the preferred
initialization method for certain physical systems. By numerically simulating the
dynamics mentioned above for small systems, we observe a certain stability of the
prepared state as a function of the initial Hamiltonian, which is interesting in the
context of fault-tolerant quantum computation, as certain “magic states” can reduce
the requirement of achieving fault-tolerance. For small systems or long interpolation
times, we argue that the resulting state can be identified by computing suitable effec-
tive Hamiltonians. For effective anyon models, this analysis singles out the relevant
physical processes and extends the study of the splitting of the topological degener-
acy by Bonderson [Bon09]. We illustrate our findings using Kitaevs Majorana chain,
effective anyon chains, the toric code and Levin-Wen string-net models.

3.1 Introduction

In this chapter, we are going to explore a very different approach to quantum error correction,
which is by making a connection to the topologically ordered phases of matter. This approach was
first explored in the seminal work of Kitaev [Kit03]. One of their most attractive features is their
ground space degeneracy: it provides a natural quantum error-correcting code for encoding and
manipulating information. Remarkably, the ground space degeneracy is approximately preserved
in the presence of weak static Hamiltonian perturbations [BHMI0, [BH11, [MZ13]. This feature
suppresses the uncontrolled accumulation of relative phases between code states, and thus helps
to overcome decoherence. The initial hope was that topological codes such as the toric code
can passively protect the quantum information stored in it, once we can realize the toric code
Hamiltonian in a material. However, it is realized later that the toric code cannot prevent the
transition between code states at non-zero temperature passively. Many ideas have been proposed
to make 2D topological codes self—correctingﬂ but they all have certain shortcomings. Therefore,
a realistic expectation is that if we can make the coupling between a topological quantum memory
and its environment low enough, we can possibly store the information there for a decent amount
of time, albeit not forever (i.e. storage time scales exponentially with respect to system size).

To use topologically ordered systems as quantum memories and for fault-tolerant quantum

!There is no clear definition of “self-correcting”. However, it is expected that a self-correcting memory should be
able to store information with time T' ~ L% at low temperature, where L is the system size.

o1
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computation, concrete procedures for the preparation of specific ground states are required. Such
mechanisms depend on the model Hamiltonian which is being realized as well as on the par-
ticular experimental realization. Early work [DKLP02] discussed the use of explicit unitary en-
coding circuits for the toric code. This consideration is natural for systems where we have full
access to unitary gates over the underlying degrees of freedom. We may call this the bottom-up
approach to quantum computing: here one proceeds by building and characterizing individual
components before assembling them into larger structures. An example are arrays of supercon-
ducting qubits [BKM™14al (CGM™14, ICMS™15]. Other proposed procedures for state preparation
in this approach involve engineered dissipation [DKP14, BBK™13|, measurement-based prepara-
tion [LMGHTH] or the PEPS preparing algorithm in [STV™13]. However, achieving the control
requirements for experimentally performing such procedures is quite challenging. They require ei-
ther a) independently applying complex sequences of gates on each of the elementary constituents
b) precisely engineering a dissipative evolution, or ¢) performing an extensive set of local mea-
surements and associated non-local classical data processing to determine and execute a suitable
unitary correction operation. Imperfections in the implementation of such protocols pose a severe
problem, especially in cases where the preparation time is extensive [BHV06, [KP14].

In fact, these procedures achieve more than is strictly necessary for quantum computation:
any ground state can be prepared in this fashion. That is, they constitute encoders, realizing an
isometry from a number of unencoded logical qubits to the ground space of the target Hamiltonian.
We may ask if the task of preparing topologically ordered state becomes easier if the goal is
to prepare specific states instead of encoding arbitrary states. In particular, we may ask this
question in the top-down approach to quantum computing, where the quantum information is
encoded in the ground space of a given condensed matter Hamiltonian. An example are Majorana
wires [MZF"™12, INPDLT14] or fractional quantum Hall substrates [VYPWTI]. Indeed, a fairly
standard approach to preparing ground states of a Hamiltonian is to cool the system by weakly
coupling it with a thermal bath at a temperature significantly lower than the Hamiltonian gap.
Under appropriate ergodicity conditions, this leads to convergence to a state mainly supported
on the ground space. Unfortunately, when using natural equilibration processes, convergence
may be slow, and the resulting prepared state is generally a (logical) mixed state unsuitable for
computation.

A natural alternative method for preparing ground states of a given Hamiltonian is adiabatic
evolution: here one initializes the system in an easy-to-prepare state (e.g., a product state), which
is the unique ground state of a certain initial Hamiltonian (e.g., describing a uniform field). Subse-
quently, the Hamiltonian of the system is gradually changed (by tuning external control parameters
in a time-dependent fashion) until the target Hamiltonian is reached. If this time-dependent change
of the Hamiltonian is “slow enough”, i.e., satisfies a certain adiabaticity condition (see Section,
the state of the system will closely follow the trajectory of instantaneous ground states. The result-
ing state then is guaranteed to be mainly supported on the ground space of the target Hamiltonian,
as desired.

Adiabatic preparation has some distinct advantages compared to e.g., encoding using a unitary
circuit. For example, in contrast to the latter, adiabatic evolution guarantees that the final state is
indeed a ground state of the actual Hamiltonian describing the system, independently of potential
imperfections in the realization of the ideal Hamiltonians. In contrast, a unitary encoding circuit
is designed to encode into the ground space of an ideal model Hamiltonian, and will therefore
generally not prepare exact ground states of the actual physical system (which only approximate
the model Hamiltonian). Such an encoding into the ideal ground space may lead to a negligible
quantum memory time in the presence of an unknown perturbation [PKSCI0]; this is because ideal
and non-ideal (perturbed) ground states may differ significantly (this phenomenon is referred to as
Anderson’s orthogonality catastrophe [And67]). Adiabatic evolution, on the other hand, elegantly
sidesteps these issues.

The fact that adiabatic evolution can follow the actual ground state of a system Hamilto-
nian makes it a natural candidate for achieving the task of topological code state preparation.
An additional attractive feature is that its experimental requirements are rather modest: while
some time-dependent control is required, this can be local, and additionally translation-invariant.
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Namely, the number of external control parameters required does not scale with the system size
or code distance.

Summary and outlook

Motivated by these observations, we consider the general problem of preparing topologically ordered
states by what we refer to as Hamiltonian interpolation. We will use this terminology instead of
“adiabatic evolution” since in some cases, it makes sense to consider scenarios where adiabaticity
guarantees cannot be given. For concreteness, we consider a time-dependent Hamiltonian H (t)
which monotonically sweeps over the path

H(t) = (1~ /T) - Hyy + /T Hiop £ € [0,T) . (3.1)

i.e., we assume that the interpolation is linear in time and takes overall timdﬂ T. Guided by exper-
imental considerations, we focus on the translation-invariant case: here the Hamiltonians H (t) are
translation-invariant throughout the evolution. More precisely, we consider the process of interpo-
lating between a Hamiltonian Hyy, with unique ground state W(0) = go®L and a Hamiltonian Higp
with topologically degenerate ground space (which is separated from the remainder of the spectrum
by a constant gap): the state W(t) of the system at time ¢ € [0, T satisfies the equation of motion

algit) = i H®W(),  U(0) =%, (3.2)
Generally, we consider families of Hamiltonians (or models) parametrized by a system size L;
throughout, we will assume that L is the number of single particles, e.g., the number of qubits (or
sites) in a lattice with Hilbert space H = (C2)®L. The dimension of the ground space of Hyop will
be assumed to be independent of the system size.

Our goal is to characterize the set of states which are preparable by such Hamiltonian interpo-
lations starting from various product states, i.e., by choosing different initial Hamiltonians Hyy.
To each choice ¥(0) = ¢ of product state we associate a normalized initial trivial Hamilto-
nian Hyiy == — ), Pg) which fully specifies the interpolating path of Eq. (3.1)), with Pg) = o) {p]
being the single particle projector onto the state ¢ at site j.

In the limit 77 — oo, one may think of this procedure as associating an encoded (logical)
state t(p) to any single-particle state ¢. However, some caveats are in order: first, the global phase
of the state t(¢) cannot be defined in a consistent manner in the limit 7' — oo, and is therefore
not fixed. Second, the final state in the evolution does not need to be supported entirely
on the ground space of Hiop because of non-adiaticity errors, i.e., it is not a logical (encoded)
state itself. To obtain a logical state, we should think of ¢(¢) as the final state projected onto
the ground space of Hiop. Up to these caveats, our goal is essentially to characterize the image
of the association ¢ : ¢ — (p), as well as its continuity properties. We will also define an
analogous map ¢y associated to fixed evolution time 7" and study it numerically by simulating the
corresponding Schrodinger equation on a classical computer.

While there is a priori no obvious relationship between the final states tr (), tr(¢’) result-
ing from different initial (product) states p®¥ ¢'®F we numerically find that the image of t7 is
concentrated around a particular discrete family of encoded states. In particular, we observe for
small system sizes that the preparation enjoys a certain stability property: variations in the initial
Hamiltonian do not significantly affect the final state. We support this through analytic arguments,
computing effective Hamiltonians associated to perturbations around Hiop, which address the large
T limit. This also allows us to provide a partial prediction of which states ¢(p) may be obtained
through such a preparation process. We find that under certain general conditions, ¢(yp) belongs
to a certain finite family of preferred states which depend on the final Hamiltonian Hiop. As we
will argue, there is a natural relation between the corresponding states ¢(yp) for different system

2 We remark that in some cases, using a non-linear monotone ‘schedule’ 9 : [0, T] — [0, 1] with 9(0) = 0, 9(T) = 1
and smooth derivatives may be advantageous (see Discussion in Section3.2]). However, for most of our considerations,
the simple linear interpolation (3.1) is sufficient.
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sizes: they encode the same logical state if corresponding logical operators are chosen (amounting
to a choice of basis of the ground space).

Characterizing the set {¢(¢)}, of states preparable using this kind of Hamiltonian interpola-
tion is important for quantum computation because certain encoded states (referred to as “magic
states”) can be used as a resource for universal computation [BK05]. This chapter provides insight
into this question for ‘small’ systems, which we deem experimentally relevant. Indeed, there is
a promising degree of robustness for the Hamiltonian interpolation to prepare certain (stabilizer)
states. However, a similar preparation of magic states seems to require imposing additional sym-
metries which will in general not be robust. We exemplify our considerations using various concrete
models, including Kitaev’s Majorana chain [Kit0I] (for which we can provide an exact solution),
effective anyon chains (related to the so-called golden chain [FTL™07] and the description used
by Bonderson [Bon09]), as well as the toric code [Kit03] and Levin-Wen string-net models [LW05]
(for which we simulate the time-evolution for small systems, for both the doubled semion and the
doubled Fibonacci model).

Prior work

The problem of preparing topologically ordered states by adiabatic interpolation has been consid-
ered before by Hamma and Lidar [HLOS]. Indeed, their contribution is one of the main motivations
for our study. They study an adiabatic evolution where a Hamiltonian having a trivial product
ground state is interpolated into a toric code Hamiltonian having a four-fold degenerate ground
state space. They found that while the gap for such an evolution must forcibly close, this may
happen through second order phase transitions. Correspondingly, the closing of the gap is only
polynomial in the system size. This allows an efficient polynomial-time Hamiltonian interpolation
to succeed at accurately preparing certain ground states. We revisit this case in Section and
give further examples of this phenomenon. The authors of [HZHLOS8| also observed the stability of
the encoded states with respect to perturbations in the preparation process.

Bonderson [Bon09] considered the problem of characterizing the lowest order degeneracy split-
ting in topologically ordered models. Degeneracy lifting can be associated to tunneling of anyonic
charges, part of which may be predicted by the universal algebraic structure of the anyon model.
Our conclusions associated to Sections [3.5| and can be seen as supporting this perspective.

Beyond small systems

In general, the case of larger systems (i.e., the thermodynamic limit) requires a detailed understand-
ing of the quantum phase transitions [Sacll] occurring when interpolating between Hyyy and Hiop.
Taking the thermodynamic limit while making T scale as a polynomial of the system size raises a
number of subtle points. A major technical difficulty is that existing adiabatic theorems do not
apply, since at the phase transition gaps associated to either of the relevant phases close. This
is alleviated by scaling the interpolation time T with the system size and splitting the adiabatic
evolution into two regimes, the second of which can be treated using degenerate adiabatic pertur-
bation theory [RO10, RO12, [RO14]. However, such a methodology still does not yield complete
information about the dynamical effects of crossing a phase boundary.

More generally, it is natural to conjecture that interpolation between different phases yields only
a discrete number of distinct states corresponding to a discrete set of continuous phase transitions
in the thermodynamic limit. Such a conjecture links the problem of Hamiltonian interpolation to
that of classifying phase transitions between topological phases. It can be motivated by the fact
that only a discrete set of possible condensate-induced continuous phase transitions is predicted
to exist in the thermodynamic limit [BS09, BSS11].

3.2 Adiabaticity and ground states

The first basic question arising in this context is whether the evolution (3.2)) yields a state W(T)
close to the ground space of Hyop. The adiabatic theorem in its multiple forms (see e.g., [Teu03])
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provides sufficient conditions for this to hold: These theorems guarantee that given a Hamiltonian
path {H(t) }o<t<7 satisfying certain smoothness and gap assumptions, initial eigenstates evolve into
approximate instantaneous eigenstates under an evolution of the form . The latter assumptions
are usually of the following kind:

(i) Uniform gap: There is a uniform lower bound A(¢) > A > 0 on the spectral gap of H(t)
for all ¢t € [0, T]. The relevant spectral gap A(t) is the energy difference between the ground
space Py(t)H of the instantaneous Hamiltonian H(t) and the rest of its spectrum. Here and
below, we denote by Py(t) the spectral projection onto the ground space E| of H(t).

(ii) Smoothness: There are constants cy,...,cy such that the M first derivatives of H(t) are
uniformly bounded in operator norm, i.e., for all j =1,..., M, we have
&’
H@H(t)H <g¢j for all t € [0, 7] . (3.3)

The simplest version of such a theorem is:

Theorem 3.2.1. Given a state V(0) such that Py(0)¥(0) = ¥(0) and a uniformly gapped Hamil-
tonian path H(t) fort € [0,T] given by Eq. (3.1)), the state W(T') resulting from the evolution (3.2)
satisfies

[W(T) = Po(T)¥(T)[| = O(1/T) -

In other words, in the adiabatic limit of large times T, the state W(T') belongs to the instantaneous
eigenspace Po(T)H and its distance from the eigenspace is O(1/T).

This version is sufficient to support our analytical conclusions qualitatively. For a quantitative
analysis of non-adiabaticity errors, we perform numerical simulations. Improved versions of the
adiabatic theorem (see [GMCI5] [LRHQ9]) provide tighter analytical error estimates for general in-
terpolation schedules at the cost of involving higher order derivatives of the Hamiltonian path H (t)
(see Eq.‘), but do not change our main conclusions.

Several facts prevent us from directly applying such an adiabatic theorem to our evolution
under consideration.

Topological ground space degeneracy. Most notably, the gap assumption (fif) is not satisfied
if we study ground spaces: we generally consider the case where H(0) = Hyy, has a unique ground
state, whereas the final Hamiltonian H(T') = Hiop is topologically ordered and has a degenerate
ground space (in fact, this degeneracy is exact and independent of the system size for the models
we consider). This means that if Py(¢) is the projection onto the ground space of H(t), there is no
uniform lower bound on the gap A(t).

We will address this issue by restricting our attention to times t € [0,xT], where £ ~ 1 is
chosen such that H(xT') has a non-vanishing gap but still is “inside the topological phase”. We
will illustrate in specific examples how W(7') can indeed be recovered by taking the limit k — 1.

We emphasize that the expression “inside the phase” is physically not well-defined at this point
since we are considering a Hamiltonian of a fixed size. Computationally, we take it to mean that
the Hamiltonian can be analyzed by a convergent perturbation theory expansion starting from the
unperturbed Hamiltonian Hiop. The resulting lifting of the ground space degeneracy of Hiop will
be discussed in more detail in Section 3.3

Dependence on the system size. A second potential obstacle for the use of the adiabatic
theorem is the dependence on the system size L (where e.g., L is the number of qubits). This
dependence enters in the operator norms , which are extensive in L — this would lead to
polynomial dependence of T" on L even if e.g., the gap were constant (uniformly bounded).

3More generally, Py(t) may be the sum of the spectral projections of H(t) with eigenvalues in a given interval,
which is separated by a gap A(t) from the rest of the spectrum.
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More importantly, the system size enters in the gap A(¢): in the topological phase, the gap
(i.e., the splitting of the topological degeneracy of Hiop) is exponentially small in L for constant-
strength local perturbations to Hiep, as shown for the models considered here by Bravyi, Hastings
and Michalakis [BHM10]. Thus a naive application of the adiabatic theorem only yields a guarantee
on the ground space overlap of the final state if the evolution time is exponentially large in L. This
is clearly undesirable for large systems; one may try to prepare systems faster (i.e., more efficiently)
but would need alternate arguments to ensure that the final state indeed belongs to the ground
space of Hiqp.

For these reasons, we restrict our attention to the following two special cases of the Hamiltonian

interpolation (3.1)):

o Symmetry-protected preparation: if there is a set of observables commuting with both Hyy,
and Hiop, these will represent conserved quantities throughout the Hamiltonian interpolation.
If the initial state is an eigenstate of such observables, one may restrict the Hilbert space
to the relevant eigenvalue, possibly resolving the topological degeneracy and guaranteeing a
uniform gap. This observation was first used in [HLOS] in the context of the toric code: for this
model, such a restriction allows mapping the problem to a transverse field Ising model, where
the gap closes polynomialy with the system size. We identify important cases satisfying this
condition. While this provides the most robust preparation scheme, the resulting encoded
states are somewhat restricted (see Section .

e Small systems: For systems of relatively small (constant) size L , the adiabatic theorem
can be applied as all involved quantities are essentially constant. In other words, although
‘long’ interpolation times are needed to reach ground states of Hyop (indeed, these may depend
exponentially on L), these may still be reasonable experimentally. The consideration of small
system is motivated by current experimental efforts to realize surface codes [KBFT15]: they
are usually restricted to a small number of qubits, and this is the scenario we are considering

here (see Section [3.2.2]).

Obtaining a detailed understanding of the general large L limiting behaviour (i.e., the thermody-
namic limit) of the interpolation process (3.1]) is beyond the scope of this thesis.

3.2.1 Symmetry-protected preparation

Under particular circumstances, the existence of conserved quantities permits applying the adi-
abatic theorem while evading the technical obstacle posed by a vanishing gap in the context of
topological order. Such a case was considered by Hamma and Lidar [HLOS], who showed that
certain ground states of the toric code can be prepared efficiently. We can formalize sufficient
conditions in the following general way (which then is applicable to a variety of models, as we
discuss below).

Observation 3.2.2. Consider the interpolation process (3.1) in a Hilbert space H. Let Py(T) be
the projection onto the ground space Po(T)H of H(T) = Hyop. Suppose that Q = Q?* is a projection
such that

(1) Q is a conserved quantity: [Q, Hiop| = [Q, Heriv) = 0.

(i) The initial state WU(0) is the ground state of Heyy,, i.e., Po(0)¥(0) = W(0) and satisfies
QYU (0) = ¥(0).

(iii) The final ground space has support on QPy(T)H # 0

(iv) The restriction QH(t) of H(t) to QH has gap A(t) which is bounded by a constant A uni-
formly in t, i.e., A(t) > A for all t € [0,T].

Then QU (t) = ¥(t), and the adiabatic theorem can be applied with lower bound A on the gap,
yielding || ¥ (T) — Po(T)¥(T)|| < O(1/T).
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The proof of this statement is a straightforward application of the adiabatic theorem (Theo-
rem to the Hamiltonians Q) Hivy and @ Hiop in the restricted subspace QH. In the following
sections, we will apply Observation [3.2.2]to various systems. It not only guarantees that the ground
space is reached, but also gives us information about the specific state prepared in a degenerate
ground space.

As an example of the situation discussed in Observation we discuss the case of fermionic
parity conservation in Section [3.4 This symmetry is naturally present in fermionic systems. We
expect our arguments to extend to more general topologically ordered Hamiltonians with additional
symmetries. It is well-known that imposing global symmetries on top of topological Hamiltonians
provides interesting classes of systems. Such symmetries can exchange anyonic excitations, and
their classification as well as the construction of associated defect lines in topological Hamilto-
nians is a topic of ongoing research [BSW11, [KK12, BJQ13]. The latter problem is intimately
related to the realization (see e.g., [BMDO09, Bom15|) of transversal logical gates, which leads to
similar classification problems [BK13, BBK™14, [Yos15b, [YosI5a]. Thus we expect that there is a
close connection between adiabatically preparable states and transversally implementable logical
gates. Indeed, a starting point for establishing such a connection could be the consideration of
interpolation processes respecting symmetries realized by transversal logical gates.

For later reference, we also briefly discuss a situation involving conserved quantities which — in
contrast to Observation [3.2.2] — project onto excited states of the final Hamiltonian. In this case,
starting with certain eigenstates of the corresponding symmetry operator ), the ground space
cannot be reached:

Observation 3.2.3. Assume that Q, Hyiy, Hiop, V(0) obey properties , and of Obser-
vation [3.2.9, If the ground space Po(T)H of Hep satisfies QPo(T)YH = 0 (i.e., is orthogonal to
the image of @), then the Hamiltonian interpolation cannot reach the ground space of Heop, i.e.,
(U(T), Po(T)¥(T)) = Q(1).

The proof of this observation is trivial since () is a conserved quantity of the Schrodinger
evolution. Physically, the assumptions imply the occurrence of a level-crossing where the energy
gap exactly vanishes and eigenvalue of @) restricted to the ground space changes. We will encounter
this scenario in the case of the toric code on a honeycomb lattice, see Section [3.7.3

3.2.2 Small-system case

In a more general scenario, there may not be a conserved quantity as in Observation [3.2.2] Even
assuming that the ground space is reached by the interpolation process , it is a priori unclear
which of the ground states is prepared. Here we address this question.

As remarked earlier, we focus on systems of a constant size L, and assume that the preparation
time T is large compared to L. Generically, the Hamiltonians H (t) are then non-degenerate (except
at the endpoint, t ~ T, where H(t) approaches Hiop). Without fine tuning, we may expect that
there are no exact level crossings in the spectrum of H(t) along the path ¢ — H(t) (say for some
times t € [0,kT], k &~ 1). For sufficiently large overall evolution times 7', we may apply the
adiabatic theorem to conclude that the state of the system follows the (unique) instantaneous
ground state (up to a constant error). Since our focus is on small systems, we will henceforth
assume that this is indeed the case, and summarily refer to this as the adiabaticity assumption.
Again, we emphasize that this is a priori only reasonable for small systems.

Under the adiabaticity assumption, we can conclude that the prepared state W(T') roughly
coincides with the state obtained by computing the (unique) ground state 1, of H(kT'), and
taking the limit kK — 1. In what follows, we adopt this computational prescription for identifying
prepared states. Indeed, this approach yields states that match our numerical simulation, and
provides the correct answer for certain exactly solvable cases. Furthermore, the computation of
the states 1), (in the limit k — 1) also clarifies the physical mechanisms responsible for the observed
stability property of preparation: we can relate the prepared states to certain linear combination of
string-operators (Wilson-loops), whose coefficients depend on the geometry (length) of these loops,
as well as the amplitudes of certain local particle creation/annihilation and tunneling processes.
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Since H(xT') for k ~ 1 is close to the topologically ordered Hamiltonian Hiop, it is natural to
use ground states (or logical operators) of the latter as a reference to express the instantaneous
states 1. Indeed, the problem essentially reduces to a system described by Hiqp, with an additional
perturbation given by a scalar multiple of Hyi,. Such a local perturbation generically splits the
topological degeneracy of the ground space. The basic mechanism responsible for this splitting
for topologically ordered systems has been investigated by Bonderson [Bon09], who quantified the
degeneracy splitting in terms of local anyon-processes. We seek to identify low-energy ground
states: this amounts to considering the effective low-energy dynamics (see Section . This will
provide valuable information concerning the set {¢(p)}.

3.3 Effective Hamiltonians

As discussed in Section [3.2.2] for small systems (and sufficiently large times T'), the state ¥(xT') in
the interpolation process should coincide with the ground state of the instantaneous Hamil-
tonian H(xT). For k ~ 1, the latter is a perturbed version of the Hamiltonian Hiop, where the
perturbation is a scalar multiple of Hyq,. That is, up to rescaling by an overall constant, we are
concerned with a Hamiltonian of the form

Hy+ €V (3.4)

where Hy = Hiop is the target Hamitonian and V' = Hy,y is the perturbation. To compute the
ground state of a Hamiltonian of the form (3.4), we use effective Hamiltonians. These provide a
description of the system in terms of effective low-energy degrees of freedom.

3.3.1 Low-energy degrees of freedom

Let us denote by Py the projection onto the degenerate ground space of Hy. Since Hy is as-
sumed to have a constant gap, a perturbation of the form effectively preserves the low-energy
subspace PyH for small € > 0, and generates a dynamics on this subspace according to an ef-
fective Hamiltonian Heg(€). We will discuss natural definitions of this effective Hamiltonian in
Section [3.3.3] For the purpose of this section, it suffices to mention that it is entirely supported
on the ground space of Hy, i.e., Heff(€) = PoHesr(€) Py. As such, it has spectral decomposition

K-1
Hei(e) = ) EF(o)1f(e) (3.5)
k=0
where EST < E$f < ..., and where I1¢%(¢) = II¢f(e) Py are commuting projections onto subspaces

of the ground space PyH of Hy. (Generally, we expect Hef(€) to be non-degenerate such that K =
dim PyH.) In particular, the effective Hamiltonian (3.5 gives rise to an orthogonal decomposition
of the ground space PyH by projections {TI¢f(e)}* ;. States in II§T(€)H are distinguished by
having minimal energy. We can take the limiting projections as the perturbation strength goes
to 0, setting
I57(0) = lim TI§" (¢) for k=0,...,K—1.
e—0

In particular, the effective Hamiltonian Heg(e) has ground space TIET(0)H in the limit ¢ — 0.
Studying Hefr(e), and, in particular, the space II§T(0)H appears to be of independent interest,

as it determines how perturbations affect the topologically ordered ground space beyond spectral
considerations as in [Bon09].

3.3.2 Hamiltonian interpolation and effective Hamiltonians

The connection to the interpolation process (3.1]) is then given by the following conjecture. It is
motivated by the discussion in Section and deals with the case where there are no conserved
quantities (unlike, e.g., in the case of the Majorana chain, as discussed in Section [3.4]).
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Conjecture 1. Under suitable adiabaticity assumptions (see Section the projection of the
final state W(T) onto the ground space of Hiop belongs to TIEF(0)H (up to negligible err’omﬁ), i.e.,

it is a ground state of the effective Hamiltonian Hes(€) in the limit € — 0.

In addition to the arguments in Section we provide evidence for this conjecture by explicit
examples, where we illustrate how HSfF(O)H can be computed analytically. We also verify that
Conjecture [1| correctly determines the final states by numerically studying the evolution (3.1)).

We remark that the statement of Conjecture [I] severly constrains the states that can be pre-
pared by Hamiltonian interpolation in the large 7' limit: we will argue that the space TIET(0)H
has a certain robustness with respect to the choice of the initial Hamiltonian Hi,. In fact, the
space Hgff(O)H is typically 1-dimensional and spanned by a single vector ¢g. Furthermore, this
vector g typically belongs to a finite family A C PyH of states defined solely by Hiop. In partic-
ular, under Conjecture |1 the dependence of the final state ¥(7T") on the Hamiltonian Hy, is very
limited: the choice of Hyy, only determines which of the states in A is prepared. We numerically
verify that the resulting target states U(7T') indeed belong to the finite family A of states obtained
analytically.

3.3.3 Perturbative effective Hamiltonians

As discussed in Section[3.3.2] we obtain distinguished final ground states by computation of suitable
effective Hamiltonians Heg(€), approximating the action of Hy+€V on the ground space PyH of Hy.
In many cases of interest, computing this effective Hamiltonian (whose definition for the Schrieffer-
Wolff-case we present in Appendix exactly is infeasible (The effective Hamiltonian for the
Majorana chain (see Section is an exception.).

Instead, we seek a perturbative expansion

o0

Y =YX,

n=0

in terms of powers of the perturbation strength e. This is particularly natural as we are interested
in the limit ¢ — 0 anyway (see Conjecture [I). Furthermore, it turns out that such perturbative
expansions provide insight into the physical mechanisms underlying the ‘selection’ of particular
ground states.

We remark that there are several different methods for obtaining low-energy effective Hamil-
tonians. The Schrieffer-Wolff method |[SW66, BDL11|] provides a unitary U such that Heg =
U(Hy+€eV)UT preserves PyH and can be regarded as an effective Hamiltonian. One systematically
obtains a series expansion

S=) €S,  where S| = -5,
n=1

for the anti-Hermitian generator S of U = e°; this then naturally gives rise to an order-by-order
expansion

n
H = HoPy + eP)VPy + Y €' Hepr . (3.6)

€
q=2

of the effective Hamiltonian, where Py is the projection onto the ground space Py’H of Hy (explicit
expressions are given in Appendix [3.A.2]).
Using the Schrieffer-Wolff method has several distinct advantages, including the fact that

(i) the resulting effective Hamiltonian Hef, as well as the terms H, gé) are Hermitian, and hence
have a clear physical interpretation. This is not the case e.g., for the Bloch expansion [Blo5§].

4By negligible, we mean that the errors can be made to approach zero as T is increased.
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(ii) There is no need to address certain self-consistency conditions arising e.g., when using the
Dyson equation and corresponding self-energy methods [ABDT75, [FW03]

We point out that the series resulting by taking the limit n — oo in has the usual convergence
issues encountered in many-body physics: convergence is guaranteed only if [[eV] < A, where A
is the gap of Hy. For a many-body system with extensive Hilbert space (e.g., L spins), the norm
IV = Q(L) is extensive while the gap A = O(1) is constant, leading to convergence only in a
regime where € = O(1/L). In this respect, the Schrieffer-Wolff method does not provide direct
advantages compared to other methods. As we are considering the limit € — 0, this is not an issue
(also, for small systems as those considered in our numerics, we do not have such issues either).
We point out, however, that the results obtained by Bravyi et al. [BDL11] suggest that con-
sidering partial sums of the form is meaningful even in cases in which the usual convergence
guarantees are not given: indeed, [BDL11, Theorem 3| shows that the ground state energies of
H gff) and Hy + €V are approximately equal for suitable choices of € and n. Another key feature

of the Schrieffer-Wolff method is the fact that the effective Hamiltonians H e(g) are essentially local
(for low orders n) when the method is applied to certain many-body systems, see [BDLI1]. We
will not need the corresponding results here, however.

Unfortunately, computing the Schrieffer-Wolff Hamiltonian H e(fTF) generally involves a large
amount of combinatorics (see [BDLII] for a diagrammatic formalism for this purpose). In this
respect, other methods may appear to be somewhat more accessible. Let us mention in particular
the method involving the Dyson equation (and the so-called ‘self-energy’ operator), which was used
e.g., in [Kit06l, Section 5.1] to compute 4-th order effective Hamiltonians. This leads to remarkably
simple expressions of the form

Py(VG)" VR, (3.7)
for the n-th order term effective Hamiltonian, where G = G(Ey) is the resolvent operator
G(2) = (I — Ry)(2I — Hop) '(I — Py) (3.8)

evaluated at the ground state energy Fy of Hy. In general, though, the expression (3.7)) only
coincides with the Schrieffer-Wolff-method (that is, (3.6))) up to the lowest non-trivial order.

3.3.4 Perturbative effective Hamiltonians for topological order

Here we identify simple conditions under which the Schrieffer-Wolff Hamiltonian of lowest non-
trivial order has the simple structure . We will see that these conditions are satisfied for
the systems we are interested in. In other words, for our purposes, the self-energy methods and
the Schrieffer-Wolff method are equivalent. While establishing this statement (see Theorem m
below) requires some work, this result vastly simplifies the subsequent analysis of concrete systems.

The condition we need is closely related to quantum error correction [KL97]. In fact, this
condition has been identified as one of the requirements for topological quantum order (TQO-
1) in Ref. [BHMI10]. To motivate it, consider the case where PyH is an error-correcting code
of distance L. Then all operators 1" acting on less than L particleﬂ have trivial action on the
code space, i.e., for such T, the operator PyT Py is proportional to Py (which we will write as
PyTPy € CPy). In particular, this means that if V' is a Hermitian linear combination of single-
particle operators, then PyV" Py € CPy for all n < L. The condition we need is a refinement of
this error-correction criterion that incorporates energies (using the resolvent):

Definition 3.3.1. We say that the pair (Hp, V') satisfies the topological order condition with
parameter L if L is the smallest interger such that for all n < L, we have

PVZi1VZy---Z, 1 VPye CPy (39)

forall Z; € {Py,Qo} U{G™ | m € N}. Here Py is the ground space projection of Hy, Qo =1 — P
is the projection onto the orthogonal complement, and G = G(Ep) is the resolvent (3.8)) (supported
on QoH).

By particle we mean a physical constituent qubit or qudit degree of freedom.
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We remark that this definition is easily verified in the systems we consider: if excitations in
the system are local, the resolvent operators and projection in a product of the form can be
replaced by local operators, and condition essentially reduces to a standard error correction
condition for operators with local support.

Assuming this definition, we then have the following result:

Theorem 3.3.2. Suppose that (Hy, V') satisfies the topological order condition with parameter L.
Then the n-th order Schrieffer- Wolff effective Hamiltonian satisfies

Hé;;) e CPhy foralln < L,
i.e., the effective Hamiltonian is trivial for these orders, and
HY = B(VG)“"'VPy +CP .

We give the proof of this statement in Appendix

3.4 The Majorana chain

In this section, we apply our general results to Kitaev’s Majorana chain. We describe the model

in Section In Section we argue that the interpolation process (3.2]) is an instance
of symmetry-protected preparation; this allows us to identify the resulting final state. We also

observe that the effective Hamiltonian is essentially given by a ‘string’-operator F', which happens
to be the fermionic parity operator in this case. That is, up to a global energy shift, we have

Hef~ f - F

for a certain constant f depending on the choice of perturbation.

3.4.1 The model

Here we consider the case where Hiop is Kitaev’'s Majorana chain [Kit01], a system of spinless
electrons confined to a line of L sites. In terms of 2L Majorana operators {c, ;Ié1 satisfying the
anticommutation relations

{cpr gt =20pq- 1
as well as cf, =1, c;r, = ¢p, the Hamiltonian has the form

. L-1

1
Htop = 5 Z CQjCQjJrl . (310)
7j=1

Without loss of generality, we have chosen the normalization such that elementary excitations have
unit energy. The Hamiltonian has a two-fold degenerate ground space. The Majorana operators
c1 and cop, correspond to a complex boundary mode, and combine to form a Dirac fermion
1 .
a= 5(01 +icor) (3.11)
which commutes with the Hamiltonian. The operator afa hence provides a natural occupation
number basis {|gs) }sef0,1} for the ground space PyH defined (up to arbitrary phases) by

a'alge) = olgs) for o € {0,1} .

As a side remark, note that the states |gg) and |g1) cannot be used directly to encode a qubit.
This is because they have even and odd fermionic parity, respectively, and thus belong to different
superselection sectors. In other words, coherent superposition between different parity sectors
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are nonphysical. This issue can be circumvented by using another fermion or a second chain,
see [BK12]. Since the conclusions of the following discussion will be unchanged, we will neglect
this detail for simplicity.

We remark that the Hamiltonian Hiop of Eq. belongs to a one-parameter family of
extensively studied and well-understood quantum spin Hamiltonians. Indeed, the Jordan-Wigner
transform of the Hamiltonian (with g € R an arbitrary parameter)

L1 . L
Hig = %Z C2jC2j+1 — % 2623402]'- (3.12)
J=1 j=1
is the transverse field Ising model
= L
Hi, = le XX+ 5 §_j

where X; and Z; are the spin 1/2 Pauli matrices acting on qubit j, j = 1,..., L. This transfor-
mation allows analytically calculating the complete spectrum of the translation invariant chain for
both periodic and open boundary conditions [Pfe70].

The Hamiltonian H } g has a quantum phase transition at g = 1, for which the lowest energy
modes in the periodic chain have an energy scaling as 1/L. The open boundary case has been
popularized by Kitaev as the Majorana chain and has a unique low energy mode a (see Eq. )
which has zero energy for ¢ = 0 and for finite 0 < g < 1, becomes a dressed mode with exponentially
small energy (in L) and which is exponentially localized at the boundaries.

3.4.2 State preparation by interpolation

The second term in (3.12) may be taken to be the initial Hamiltonian Hiy,, for the interpola-
tion process. More generally, to prepare ground states of Hiop, we may assume that our initial
Hamiltonian is a quadratic Hamiltonian with a unique ground state. That is, Hy, is of the form

)
Hiiv = 1 E , Vp.qCpCq
p,q=1

where V is a real antisymmetric 2L x 2L matrix. We will assume that it is bounded and local
(with range r) in the sense that

V| <1 and Vye=0if [p—q| >,

where ||-|| denotes the operator norm. As shown in [BK12, Theorem 1], the Hamiltonian Hyop+€Hqriy
has two lowest energy states with exponentially small energy difference, and this lowest-energy
space remains separated from the rest of the spectrum by a constant gap for a fixed (constant)
perturbation strength ¢ > 0. Estimates on the gap along the complete path H(t) are, to the best
of our knowledge, not known in this more general situation.

Let us assume that W(0) is the unique ground state of Hy, and consider the linear interpola-
tion . The corresponding process is an instance of the symmetry-protected preparation, i.e.,
Observation applies in this case. Indeed, the fermionic parity operator

*Z CQJ 1€25 , (313)

th

commutes with both Hyi, and Hiop. Therefore, the initial ground state W(0) lies either in the
even-parity sector, i.e., F¥(0) = ¥(0), or in the odd-parity sector (F¥(0) = —¥(0)). (Even parity
is usually assumed by convention, since the fermionic normal modes used to describe the system
are chosen to have positive energy.) In any case, the £1 eigenvalue of the initial ground state with
respect to F' will persist throughout the full interpolation. This fixes the final state:
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Lemma 3.4.1. Under suitable adiabaticity assumptions (see Observation , the resulting state
in the evolution (3.2)) is (up to a phase) given by the ground state |go) or |g1), depending on whether
the initial ground state U(0) lies in the even- or odd-parity sector.

In particular, if Hyq = —%i Z]L:1 coj—1C2; is given by the second term in , we can apply
the results of [Pfe70]: the gap at the phase transition is associated with the lowest energy mode
(which is not protected by symmetry) and is given by As(Hj ,_;) = 2sin[r/(2L + 1)]. In other
words, it is linearly decreasing in the system size L. Therefore, the total evolution time 7' only
needs to grow polynomially in the system size L for Hamiltonian interpolation to accurately follow
the ground state space at the phase transition. We conclude that translation-invariant Hamiltonian
interpolation allows preparing the state |gg) in a time 7" polynomial in the system size L and the
desired approximation accuracy.

To achieve efficient preparation through Hamiltonian interpolation, one issue that must be
taken into account is the effect of disorder (possibly in the form of a random site-dependent
chemical potential). In the case where the system is already in the topologically ordered phase,
a small amount of Hamiltonian disorder can enhance the zero temperature memory time of the
Majorana chain Hamiltonian [BK12]. This 1D Anderson localization effect [And58|, while boost-
ing memory times, was also found to hinder the convergence to the topological ground space
through Hamiltonian interpolation. Indeed, in [CESQT7] it was found that the residual energy
density [Eres(T)/L]ay < 1/1n%4(T) averaged over disorder realizations decreases only polylogarith-
mically with the Hamiltonian interpolation time. Such a slow convergence of the energy density
indicates that in the presence of disorder, the time T required to accurately reach the ground
space scales exponentially with the system size L. For this reason, translation-invariance (i.e., no
disorder) is required for an efficient preparation, and this may be challenging in practice.

We emphasize that according to Lemma the prepared state is largely independent of
the choice of the initial Hamiltonian Hyq, (amounting to a different choice of V): we do not
obtain a continuum of final states. As we will see below, this stability property appears in a
similar form in other models. The parity operator , which should be thought of as a string-
operator connecting the two ends of the wire, plays a particular role — it is essentially the effective
Hamiltonian which determines the prepared ground state.

Indeed, the Schrieffer-Wolff-effective Hamiltonian can be computed ezactly in this case, yielding

Eo(e) .  Ale)

Hefe(e) = TI -

where Ey(e) is the ground state energy of Hiop + €Hiriy, and A(e) = Eq(e) — Ep(e) is the gap.
Expression (3.14]) can be computed based on the variational expression for the Schrieffer-
Wolff transformation, using the fact that the ground space is two-dimensional and spanned by two
states belonging to the even- and odd-parity sector, respectively. Note that the form @ can
also be deduced (without the exact constants) from the easily verified fact (see e.g., Eq. (3.54))
that the Schrieffer-Wolff unitary U commutes with the fermionic parity operator F', and thus the
same is true for Heg(€). This expression illustrates that Conjecture [1f does not directly apply in
the context of preserved quantities, as explained in Section [3.3.2} rather, it is necessary to know
the parity of the initial state ¥(0) to identify the resulting final state W(7') in the interpolation
process.

F, (3.14)

3.5 General anyon chains

In this section, we generalize the considerations related to the Majorana chain to more general
anyonic systems. Specifically, we consider a 1-dimensional lattice of anyons with periodic boundary
conditions. This choice retains many features from the Majorana chain such as locally conserved
charges and topological degeneracy yet further elucidates some of the general properties involved
in the perturbative lifting of the topological degeneracy.

In Section [3.5.1] we review the description of effective models for topologically ordered systems.
A key feature of these models is the existence of a family { F}, }, of string-operators indexed by parti-
cle labels. Physically, the operators F, correspond to the process of creating a particle-antiparticle
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pair (a,a), tunneling along the 1-dimensional (periodic) lattice, and subsequent fusion of the pair to
the vacuum (see Section . These operators play a fundamental role in distinguishing different
ground states.

In Section|3.5.2] we derive our main result concerning these models. We consider local translation-
invariant perturbations to the Hamiltonian of such a model, and show that the effective Hamiltonian
is a linear combination of string-operators, i.e.,

Heff ~ ZfaFa (315)
a

up to an irrelevant global energy shift. The coefficients { f, }, are determined by the perturbation.
They can be expressed in terms of a certain sum of diagrams, as we explain below. While not
essential for our argument, translation-invariance allows us to simplify the parameter dependence
when expressing the coefficients f, and may also be important for avoiding the proliferation of
small gaps.

We emphasize that the effective Hamiltonian has the form independently of the choice
of perturbation. The operators {F,}, are mutually commuting, and thus have a distinguished
simultaneous eigenbasis (we give explicit expressions for the latter in Section . The effective
Hamiltonian is therefore diagonal in a fixed basis irrespective of the considered perturbation.
Together with the general reasoning for Conjecture [T} this suggests that Hamiltonian interpolation
can only prepare a discrete family of different ground states in these anyonic systems.

In Section we consider two-dimensional topologically ordered systems and find effective
Hamiltonians analogous to (3.15). We will also show numerically that Hamiltonian interpolation
indeed prepares corresponding ground states.

3.5.1 Background on anyon chains

The models we consider here describe effective degrees of freedom of a topologically ordered system.
Concretely, we consider one-dimensional chains with periodic boundary conditions, where anyonic
excitations may be created/destroyed on L sites, and may hop between neighboring sites. Topo-
logically (that is, the language of topological quantum field theory), the system can be thought
of as a torus with L punctures aligned along one fundamental cycle. Physically, this means that
excitations are confined to move exclusively along this cycle (we will consider more general models
in section . A well-known example of such a model is the Fibonacci golden chain [FTLT07].
Variational methods for their study were developed in [PCB™ 10, [KB10], which also provide a de-
tailed introduction to the necessary formalism. In this section, we establish notation for anyon
models and review minimal background to make the rest of the paper self-contained.

Algebraic data of anyon models: modular tensor categories

Let us briefly describe the algebraic data defining an anyon model. The underlying mathematical
object is a tensor category. This specifies among other things:

(i) A finite set of particle labels A = {1, a, ...} together with an involution a — a (called particle-
anti-particle exchange/charge conjugation). There is a distinguished particle 1 = 1 called the
trivial or vacuum particle.

(ii) A collection of integers N, indexed by particle labels, specifying the so-called fusion multi-
plicities (as well as the fusion rules). For simplicity, we will only consider the multiplicity-free
case, where N5 € {0,1} (this captures many models of interest). In this case, we will
write NS = dgpe.

(iii) A 6-index tensor F': A® — C (indexed by particle labels) ngz}e which is unitary with respect
to the rightmost two indices (e, f) and can be interpreted as a change of basis for fusion trees.

(iv) A positive scalar d, for every particle label a, called the quantum dimension.

(v) A unitary, symmetric matrix S;; indexed by particle labels such that S;; = Sij-
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(vi) A topological phase €, §; € R, associated with each particle j. We usually collect these into
a diagonal matrix 7' = diag({e'% },); the latter describes the action of a twist in the mapping
class group representation associated with the torus (see Section [3.6.2)).

A list of the algebraic equations satisfied by these objects can be found e.g., in [LWO05] (also
see [NSST08, LW05, [Kit06, [WanT0] for more details). Explicit examples of such tensor categories
can also be found in [LWO05], some of which we discuss in Section [3.6.3]

Here we mention just a few which will be important in what follows: the fusion rules d;;; are
symmetric under permutations of (i, 7, k). They satisfy

> Sijmbme = Y djkmOimi

which expresses the fact that fusion (as explained below) is associative, as well as

1 ifi=j
051 = 0ii = 3.16
1 " {0 otherwise . ( )

Some of the entries of the tensor F' are determined by the fusion rules and the quantum dimensions,

that is,
-~ [ d
i1l k o
Fjjk = m(swk . (3.17)

Another important property is the Verlinde formula

SbaScasfa
5bcE:NI§ic:ZTd ) (318)

a

which is often summarized by stating that S “diagonalizes the fusion rules”.

The Hilbert space

The Hilbert space of a one-dimensional periodic chain of L anyons is the space associated by a
TQFT to a torus with punctures. It has the form
~ a1by az2b2 L arbr,
H= EB V;Jo ®Vbl ® ®%L—1 ’

a1,...,ar,

bo,...,bL
where the indices aj, by are particle labels, Vcab are the associated finite-dimensional fusion spaces
and we identify by = by. The latter have dimension dim V2% = N & Again, we will focus on
the multiplicity-free case where N¢ = gz € {0,1}. In this case, we can give an orthonormal

-

basis {|a, b)} @5) of H in terms of ‘fusion-tree’ diagrams, i.e,

ai az ar-1 ar

- 1
a,b) = ——
|a7 > (H] daj)1/4 . + . + . . + . * .
b b b bra by (3.19)
where @ = (ai,...,ar) and b= (b1,...,br) have to satisfy the fusion rules at each vertex, i.e.,

. ajb; .
dlm%jilj = 0q;p,5,_, = Liorall j=1,... L.
The prefactor in the definition of the state (3.19) involves the quantum dimensions of the
particles, and is chosen in such a way that {|a@,b)} is an orthonormal basis with respect to the

inner product defined in terms of the isotopy-invariant calculus of diagrams: the adjoint of |@, b)
is represented as

b b b br—1 b
1 L 1 2 -1 b

ey pE e 4
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Inner products and diagramatic reduction rules

Inner products are evaluated by composing diagrams and then reducing, i.e

; b, % B by by
< b CT b H da, 172 H 6&]’704;' tar 4az e Tar—11aL
j=1 by b b b

bL—l bL vac (320)

where [-]vac is the coefficient of the empty diagram when reducing. Reduction is defined in terms
of certain local moves. These include

(i) reversal of arrows (together particle-antiparticle involution a +— a)

(i) (arbitrary) insertions/removals of lines labeled by the trivial particle 1. Since 1 = 1, such
lines are not directed, and will often be represented by dotted lines or omitted altogether

(iii) application of the F-matrix in the form

c b c b
abe
{ Z Y
d e a d a (3.21)

which leads to a formal linear combination of diagrams where subgraphs are replaced locally
by the figure on the rhs.
(iv) removal of “bubbles” by the substitution rule

C

ded
Qa b= 600' dcb %‘C

(3.22)

These reduction moves can be applied iteratively in arbitrary order to yield superpositions of
diagrams. An important example of this computation is the following;:

(3.23)

The series of steps first makes use of an F-move (3.21)), followed by Eq. (3.17)) as well as (3.22]).
Together with property (3.16]) and evaluation of the inner product (3.20)), this particular calculation

shows that the flux-eigenstates (3.27)) are mutually orthogonal. We refer to [LW05] for more details
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Local operators

Operators are also defined by diagrams, and are applied to vectors/multiplied by stacking (attach-
ing) diagrams on top of the latter. Expressions vanish unless all attachment points have identical
direction and labels. Here we concentrate on 1- and 2-local operators, although the generalization
is straightforward (see [KB10), Bon09]).

A single-site operator H is determined by coefficients {€a}a and represented at

ﬁzzea%a

a

It acts diagonally in the fusion tree basis, i.e., writing H; for the operator H applied to site j, we
have

- -

Hy|@,B) = ea, ], b)

A two-site operator V acting on two neighboring sites is determined by a tensor {agj”c g}r,s,e, i.g
(where the labels have to satisfy appropriate fusion rules) via the linear combinations of diagrams

T S
V=3 s, X
G SNy

When applied to sites j and 5 + 1 it acts as

(3.24)

- ar a2 ar—1 ar
- o rs
Vjj+1ld,b) = E : O‘efgéevaj 0f,a;41 + + cenn e 19 f ... + +
e, f.g 1 > 1 > > > —1 5 1 5
8 b, b1 bo bj—1 by bin br—1 bg

where the rhs. specifies a vector in H in terms of the reduction rules. It will be convenient in the
following to distinguish between linear combinations of the form and operators which are
scalar multiplies of a single diagram (i.e., with only one non-zero coefficient agjlg). We call the
latter kind of two-site operator elementary.

We can classify the terms appearing in according to the different physical processes they
represent: in particular, we have pair creation- and annihilation operators

; and  VAa)=(V(a)' =

simultaneous annihilation- and creation operators
VA (a,b) = VE(a)VA(b)

left- and right-moving ‘propagation’ terms

Pa)= N and V@)= (THa) =

as well as more general fusion operators such as e.g.,

C
Va,b,c: E (I)Zb,L

a,b,c




68 CHAPTER 3. ADIABATIC PREPARATION OF TOPOLOGICAL STATES

(We are intentionally writing down a linear combination here.) Note that a general operator of

the form (3.24) also involves braiding processes since a%b can be resolved to diagrams of the

b a
form >]/<(b using the R-matrix (another object specified by the tensor category). We will consider
a

composite processes composed of such two-local operators in Section [3.5.1

Ground states of anyonic chains

We will consider translation-invariant Hamiltonians Hy = ) ¢ H ; with local terms of the form
H:ZEa%a with €, >0 fora # 1 and ¢ =0 . (3.25)
a

Such a Hamiltonian Hy corresponds to an on-site potential for anyonic excitations, where a particle
of type a has associated energy €, independently of the site j. We denote the projection onto the
ground space of this Hamiltonian by Py. This is the space

PyH = span{|1,b- 1) | b particle label} (3.26)

where 1= (1,...,1) and b- T = (b,...,b). In other words, the ground space of Hy is degenerate,
with degeneracy equal to the number of particle labels.
It will be convenient to use the basis {|b) };, of the ground space consisting of the ‘flux’ eigenstates
b) =|1,b-1) .
In addition, we can define a dual basis {|b')}; of the ground space using the S-matrix. The two
bases are related by

(3.27)

la') = Shalb) (3.28)
b

for all particle labels a, b.

As we discuss in Section in the case of two-dimensional systems, the dual basis is
simply the basis of flux eigenstates with respect to a ‘conjugate’ cycle. While this interpretation
does not directly apply in this 1-dimensional context, the basis {|a’)}, is nevertheless well-defined

and important (see Eq. (3.30])).

Non-local string-operators

In the following, certain non-local operators, so-called string-operators, will play a special role.
Strictly speaking, these are only defined on the subspace (3.26). However, we will see in Sec-
tion that they arise naturally from certain non-local operators.

The string-operators {F, }, are indexed by particle labels a. In terms of the basis of the
ground space PyH of Hy, the action of F is given in terms of the fusion rules as

Falb) = Nople) =D darele) - (3-29)

HThe operator Fy has the interpretation of creating a particle-antiparticle pair (a, a), moving one
around the torus, and then fusing to vacuum. For later reference, we show that every string-
operator F, is diagonal in the dual basis {|a’)}. Explicitly, we have

Sta

SIn fact, the operators {F,}, form a representation of the Verlinde algebra, although we will not use this fact
here.

RPo=Y" Sha la'\{d| . (3.30)
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Proof. We first expand Py into its span and Fj according to eq. (3.29), followed by an expansion
of N{ through the Verlinde formula (3.18). Finally, we use the unitarity and symmetry of S to
transform bra and ket factors into the dual basis given by Eq. (3.28))

Sba Sba
FoPo =3 Nicld){el = 302 3~ SeaSaald) el = 3 g% a)a’|
a c,d

c,d a

Products of local operators and their logical action

Operators preserving the ground space PyH (cf. ) are called logical operators. As discussed
in Section string-operators {F,} are an example of such logical operators. Clearly, because
they can simultaneously be diagonalized (cf. ), they do not generate the full algebra of logical
operators. Nevertheless, they span the set of logical operators that are generated by geometrically
local physical processes preserving the space PyH.

That is, if O =) j [ Vjx is a linear combinations of products of local operators Vjj, then its
restriction to the ground space is of the form

PyOPy = Zana , (3.31)
a

., it is a linear combination of string operators (with some coefficients o,). Eq. ( can be
1nterpreted as an emergent superselection rule for topological charge, which can be seen as the
generalization of the parity superselection observed for the Majorana chain. It follows directly
from the diagrammatic formalism for local operators.

To illustrate this point (and motivate the following computation), let us consider three examples
of such operators, shown in Figures [3.1a] [3.1d and [3.15]

O, = f/jﬁl’j(a)f/j';m”( )V]Jrl jrola )VC((Z)]”]’+1: This processes has trivial action on the ground

space: it is entirely local. It has action PyO1FPy = d, Py, where the proportionality constant d,
results from Eq. (3.22)).

O; = V]"_l (a )Vj La(a )V] ~+1(a):  This process creates a particles anti-particle pair (a,a) and fur-

ther separates these particles. Since the operator maps ground states to excited states, we
have P003P0 =0.

O3 =VA@n1VR(@)y_1.n5 ... VR(a)34VR(a)23VC(a)12: This process involves the creation of a
pair of particles (a,a), with subsequent propagation and annihilation. Its logical action is
PyOy Py = Fy, is given by the string-operator F,, by a computation similar to that of (3.23)).

3.5.2 Perturbation theory for an effective anyon model

In this section, we consider a 1-dimensional translation-invariant system of anyons described by
the Hamiltonian H, introduced in - We further con81der a translatlon invariant two-local
perturbation V = Z V] j+1 with local terms Vi i.j+1 of the form given by

V= Z (7aV(a) + 7V4(a) +Z (raVE(a) + 7V E(a)) + Va , (3.32)

where Vg collects all other two-anyon processes (it will turn out that in lowest order perturbation
theory, only creation and propagation are relevant). The choice of complex conjugate pairs of
parameters ensures that the perturbation is self-adjoint. We may think of ~, as the ‘creation
ampitude’, 7, as the ‘propagation amplitude’, and €, as the energy of particle a.

We now compute the form of the effective Schrieffer-Wolff-Hamiltonian. Our main result is the
following:
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L
‘9+1J+2@U

-
1
1
1
1
1
1
1
1
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1
1
1
|
1
1

7R
Vj+1,j+2(a)

V}'Fil,ﬂz(a)

Q

Ve (a
.m+1( ) ! : a ! Vj,cj+1(a)
j—1 j Jg+1 542
(Aag T{le ogelz?rator . cOl = (b) The process described by the operator Oy =
Va1 (@Vi jra(@)Vi jia(@)V (a)j,jfrl ) V}L_l j(a)VjRHl(a)VjCjH(a) leaves behind excita-
corresponds to a process where a particle pair tions. hence PyOs P'O’ - 0.

(a,a) is created, there is some propagation, and
the particles fuse subsequently. This has trivial
action on the ground space, i.e., PhOPy = d, Py
is proportional to the identity.

(c) The operator O3 = VA(@)n1---VR(a)y_1n...VR(a)34VR(a)23V(a)1,2 corre-
sponds to a process where a pair (a,a) of particles is created, and they propagate all
the way around the chain before annihilating. Its action on the ground space is given
by the string-operator PyO2FPy = F,.

Figure 3.1: This figure illustrates different processes in the diagrammatic formalism. Each process
corresponds to an operator and is a product of elementary processes (diagrams). Ground space
matrix elements vanish if the process leaves behind excitations (corresponding to endpoints of open
strings).
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Lemma 3.5.1 (Effective Hamiltonians for 1-dimensional anyon chains). Consider Hy + €V, with
the perturbation V as described. Let Py be the projection onto the ground space of Hy. Then the
L-th order effective Hamiltonian has the form

HEP (€)=Y fr(easVas ma)Fa + cPo (3.33)

for some constant ¢ € R, and some function f; which is independent of the particle label a and is
a homogeneous polynomial of degree L in v, and T,.

Clearly, the form Eq. of the effective Hamiltonian is consistent with the topological
superselection rule (3.31)). However, Eq. provides additional information: for example,
the coefficient of the string-operator F, only depends on the energy €, of anyon a, as well as its
creation/annihilation (-, respectively 7,) and propagation (7,) amplitudes. There is no dependence
on particles distinct from a (and corresponding braiding processes). Such terms only enter in higher
orders of the perturbative series. This can be thought of as a rigorous derivation of the tunneling
amplitude for a particle in the weak perturbation limit. We note that due to f;, being homogeneous
of degree L, the dominant tunneling process will be highly sensitive to the perturbation strengths
associated to different anyon labels a for large system sizes L. In the absence of a symmetry or
fine tuning, it should be possible to order the terms fr(€4,Ya, 7a) by absolute value, with different
orders of magnitude being expected for each term (see Section for further discussion).

Proof. 1t is easy to check that the conditions of Theorem [3.3.2] are satisfied with L equal to the
length of the chain. Indeed, (L —1)-local terms have trivial action on the ground space as discussed
in Section It thus suffices to consider expressions of the form

Py(VA) v

involving L factors of V. Inserting the definition (3.32)) of V, and diagrammatically expanding
each term as in Section [3.5.1] we are left with a linear combination of terms of the form

PyVo, GV, GV - - - GV, Poy

where V,; is a local operator given by an elementary (two-anyon) diagram (not a linear combina-
tion). Since such operators V,,, map eigenstates of Hy to eigenstates, and the energies of excited
states reached from the ground space by applying such operators is independent of the ground
state considered, each operator G merely adds a scalar, i.e., we have

PoVo, GV GVay - -GV, Po = 0(Viays .., Vi, ) - PoVay Voo Vas -+ Vo, Po

for some constant ¢ depending on the perturbations {V,,}. But the rhs. of this equation is a
product of local operators as considered in Section According to the expression (3.31)), this

is a linear combination of string-operators, i.e.,

PoVa, Vs Vag -+ Var Po = Y _ 0aFa .
a

Furthermore, since each V,; is an elementary two-local operator, and we consider only products of
length L, the only terms PyVy, Vi, Vas - - - Vo FPo that have non-trivial action on the ground space
are those associated with processes where a single particle (say of type a) winds around the whole
chain. We will call such a process topologically non-trivial. Its action on the ground space is given
by a single string-operator Fj.

In summary (rearranging the sum), we conclude that the L-th order effective Hamiltonian has
the form , where the coefficient f1(€q,Va, 7o) has the form

fr(€a,Va, Ta) = Z OVays- s Va )W(Vays oo, Vay) s
(Vaq s Vay )€Oq
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and where the sum is over the set
@a = {(Val? ce . ’VQL) | POVal e VaLPO c (CPO}

of all length-L-topologically non-trivial processes (consisting of elementary terms) involving par-
ticle a. The coefficient v(Vy,,..., V4, ) is defined by PoVy, -+ Vo, Po = v(Vay, ..., Va, ) Fa. Fur-
thermore, v(Va,,...,Va,) can only be non-zero when all L operators V,, are either pair cre-
ation/anihilation or hopping terms involving the particle a. This implies the claim. O

3.6 2D topological quantum field theories

As discussed in Section adding a local perturbation to a Majorana chain leads to an effective
Hamiltonian given by the parity (string)-operator. Similarly, in the case of a general anyon chain
(discussed in Section , the effective Hamiltonian is a linear combination of string-operators Fy,
associated with different particle labels a. Here we generalize these considerations to arbitrary
systems described by a 2-dimensional topological quantum field theory (TQFT) and subsequently
specialize to microscopic models, including the toric code and the Levin-Wen string-net mod-
els [LW05).

Briefly, a TQFT associates a “ground space” Hy to a two-dimensional surface ¥ — this is
e.g., the ground space of a microscopic model of spins embedded in ¥ with geometrically local
interactions given by some Hamiltonian Hj (see Section . In other words, Hs C Hpnys,s
is generally a subspace of a certain space Hpnys s of physical degrees of freedom embedded in 3.
The system has localized excitations (anyons) with (generally) non-abelian exchange statistics. In
particular, there are well-defined physical processes involving creation, propagation, braiding and
annihilation of anyons, with associated operators as in the case of 1-dimensional anyon chains (see
Section . Contrary to the latter, however, the particles are not constrained to move along a
1-dimensional chain only, but may move arbitrarily on the surface 3. Nevertheless, the description
of these processes is analogous to the case of spin chains, except for the addition of an extra
spatial dimension. For example, this means that local operators acting on a region R C X are now
represented by a linear combination of string-nets (directed trivalent graphs with labels satisfying
the fusion rules) embedded in R x [0,1]. We refer to e.g., [FKLWO03] for more examples of this
representation.

As before, there are distinguished ground-space-to-ground-space (or “vacuum-to-vacuum”) pro-
cesses which play a fundamental role. These are processes where a particle-anti-particle pair (a, a)
is created, and the particles fuse after some propagation (tunneling), i.e., after tracing out a closed
loop C on X. Non-trivial logical operators must necessarily include topologically non-trivial loops
C on ¥ in their support (the spatial region in which they are physically realized). In particular, for
any such loop C, there is a collection { F,(C') }, of string-operators associated with different particle
labels. More precisely, a loop is a map C': [0,1] — ¥ satisfying C'(0) = C'(1). Reversing direction
of the loop gives a new loop C(t) := C(1 —t), and this is equivalent to interchanging particle- and
antiparticle labels: we have the identity F,(C) = F;(C). In Section we state some general
properties of the string-operators {F,(C)},, and, in particular, explain how to express them in
suitable bases of the ground space.

3.6.1 Perturbation theory for Hamiltonians corresponding to a TQFT

In general, the anyon model associated with a TQFT is emergent from a microscopic spin Hamil-
tonian Hy. The anyon notion of site, as discussed in Section does not necessarily coincide with
the spin notion of site associated with the microscopic spin model. Nevertheless, the following
statements are true:

(i) any non-trivial logical operator must include at least one non-contractible loop in its support.

(ii) given a perturbation V' consisting of geometrically local operators, there exists some minimum
integer L such that Hy, V satisfy the topologically ordered condition with parameter L.
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In general, the value of L will depend on the length of the shortest non-contractible loop(s), and
the resulting effective Hamiltonian will be of the form

@@= Y fu(a,C)Fa(C) + c(e) Py, (3.34)
a,C:|C|=L

where the dependence on Hy and the coefficients in V' has been left implicit. The sum is over all
non-trivial loops C' of length L (where length is defined in terms of the spin model), as well as all
particle labels a.

Computing the coefficients { f.(a,C)} may be challenging in general. Here we discuss a special
case, where anyon processes associated with a single particle a (respectively its antiparticle a) are
dominant (compared to processes involving other particles). That is, let us assume that we have
a translation-invariant perturbation V' of the form

V= ()

(7.3

where the sum is over all pairs (j,j') of nearest-neighbor (anyonic) sites, and f/j(jl./ = VD and

‘7](3,) = V@ are both 1- and 2-local operators on the same anyon site lattice — this is a straightfor-
ward generalization of anyon chains to 2D. Our specialization consists in the assumption that all
local creation, propagation and annihilation processes constituting the operator V](]l,) = v only
correspond to a single anyon type a (and a), and that these processes are dominant in the sense
that the remaining terms satisfy |7V ®)| < |[V()||. In the limit n — 0, perturbation theory in
this model only involves the particles (a,a).

Assuming that the shortest non-contractible loops have length L in this anyonic lattice, we
claim that

HYY (€) = € > fr(a, C)Fu(C) + G | +¢c(o) By (3.35)
C:|C|=L

where Ggfg) is an effective Hamiltonian with the same form as H éfo)(e), but only contains string
operators F(C) with b # a. The reason is that in order to generate a string operator F,(C) in L
steps (i.e., at L-th order in perturbation theory), we need to apply local operators corresponding
to anyon b L times, as discussed in Lemma Such local operators can only be found in nV5,
therefore we obtain the coefficient n* of Géfo)' Thus if we fix the system size and slowly increase 7
from 0, the (relative) change of the total effective Hamiltonian is exponentially small with respect
to L. This implies that the ground state of the effective Hamiltonian is stable when 7 is in a
neighbourhood of 0. We will see in Section that the final states of Hamiltonian interpolation
are indeed stable in some regions of initial Hamiltonians. The above discussion can be viewed as
a partial explanationm for this phenomenon.

3.6.2 String-operators, flux bases and the mapping class group

In the following, we explain how to compute effective Hamiltonians of the form in the case
where the perturbation is isotropic, resulting in identical coefficients fr(a,C) = fr(a,C") for all
loops C' of identical length. This will be guaranteed by symmetries. We give explicit examples in
Section

For this purpose, we need a more detailed description of the action of string-operators on the
ground space. Consider a fixed (directed) loop C : [0,1] — ¥ embedded in the surface . The
process of creating a particle-anti-particle pair (a, a), then propagating a along C', and subsequently
fusing with a defines an operator F,(C) which preserves the ground space Hy. The family of
operators {F,(C)}, is mutually commuting and defines a representation of the Verlinde algebra. It

"Note that in the cases we consider in Section V@ and V® often do not live on the same anyon site lattice.
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is sometimes convenient to consider the associated (images of the) idempotents, which are explicitly
given by (as a consequence of the Verlinde formula (3.18]))

Pu(C) = S1a Y ShaF5(C) .
b

The operators P,(C) are mutually orthogonal projections P,(C)Py(C) = 04 P,(C). The inverse
relationship (using the unitarity of S) reads

R(C) = 3_ 2 P.(0) (3.36)

and is the generalization of : indeed, specializing to the case where ¥ is the torus (this will
be our main example of interest), and C' is a fundamental loop, the operators P,(C') are rank-one
projections (when restricted to the ground space), and determine (up to phases) an orthonormal
basis of Be = {lac)}e of Hx by P,(C) = |ac){ac|. In physics language, the state |ac) has
“flux a” through the loop C. (More generally, one may define “fusion-tree” basis for higher-
genus surfaces ¥ by considering certain collections of loops and the associated idempotents, see
e.g., [KKR10]. However, we will focus on the torus for simplicity.)

Consider now a pair of distinct loops C' and C’. Both families {F,(C)}, and {F,(C")}, of
operators act on the ground space, and it is natural to ask how they are related. There is a simple
relationship between these operators if C! = ¢(C) is the image of C' under an element ¢ : ¥ — X
of the mapping class group MCGy, of ¥ (i.e., the group of orientation-preserving diffeomorphisms
of the surface): The TQFT defines a projective unitary representation V' : MCGy, — U(Hy) of this
group on Hy, and we have

F (C = V(D F,(C)V ()T for all a if C' = 9(C) .

In general, while the topology of the manifold is invariant under the mapping class group, the
specific lattice realization may not be. For this reason, if we desire to lift the representation V'
to the full Hilbert space Hyx, O Hpnys,x, such that the resulting projective unitary representation
preserves the microscopic Hamiltonian Hy under conjugation, we may need to restrict to a finite
subgroup of the mapping class group MCGyx. If the lattice has sufficient symmetry, such as for
translation-invariant square or rhombic lattices, one may exploit these symmetries to make further
conclusions about the resulting effective Hamiltonians.

String-operators and the mapping class group for the torus

For the torus, the mapping class group MCGy, is the group SL(2,Z). To specify how a group
element maps the torus to itself, it is convenient to parametrize the latter as follows: we fix
complex numbers (e1, e2) and identify points z in the complex plane according to

zZ =z 4+ niep + noes for ni,no € Z .

In other words, (e1,e2) defines a lattice in C, whose unit cell is the torus (with opposite sides

identified). A group element A = (a
c

b
d> € SL(2,Z) then defines parameters (e}, e}) by

€] = aeq + bey

ey = cep +des ,

which a priori appear to be associated with a new torus. However, the constraint that A € SL(2,7Z)
ensures that (€], e5) and (e, e2) both define the same lattice, and this therefore defines a map from
the torus to itself: The action of A is given by ae; + Ses — ae) + e} for a, B € R, i.e., it is simply
a linear map determined by A.
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Ca v

A4

Figure 3.1: Minimal loops on the square torus

The group SL(2,Z) = (t, s) is generated by the two elements

11 0 1
t = Dehn twist (0 1) and /2 rotation s = ( ) 0) (3.37)

which are equivalent to the Mobius transformations 7 +— 7+ 1 and 7 — —1/7. Clearly, ¢ fixes e;
and hence the loop C : t — C(t) = tey, t € [0,1] on the torus (this loop is one of the fundamental
cycles). The matrices representing the unitaries V(t) and V(s) in the basis Bc = {|ac)}a of Hyx
(where |ac) is an eigenstate of P,(C) = |ac){ac|) are denoted T and S, respectively. These
matrices are given by the modular tensor category: T is a diagonal matrix with T,, = ¢ (where
0, is the topological phase of particle a), whereas S is the usual S-matrix. This defines the mapping
class group representation on the Hilbert space Hy, associated with the torus X.

In the following, we compute explicit relationships between string-operators of minimal length.
We consider two cases: a square torus and a rhombic torus. This allows us to express terms such
as those appearing in Eq. in a fixed basis.

Square torus. Here we have
e1 =1 and es =1 .

There are (up to translations) two loops of minimal length,

Cl(t) = t€1
Co(t) = (1 —t)ea,

which may be traversed in either of two directions namely for ¢ € [0, 1], see Fig. Since se; = —es
and ses = eq, we conclude that

Got) = s(C1(t))  Ci(t) =s*(C1(t)  Ca(t) =s*(Cu(t))  Cu(t) = s*(Ca(t))

In particular, expressed in the basis B¢,, we have

3
D (FalC)) + Fo(T))) = > ST F.(C1)S™. (3.38)
j=0

j=1,2

Thus, when the lattice and Hamiltonian Hy obey a 7/2 rotation symmetry, the effective pertur-
bation Hamiltonian will be proportional to (3.38]). This is the case for the toric code on a square
lattice.

Rhombic torus. We set
e1 =1 and eg = cos(27/6) + isin(27/6) .
Minimal loops of interest are shown in Fig. and can be defined as

01 (t) = tel
Cg(t) =e1 + t(eg — 61)
Cs(t) = (1 t)es .
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Cs

i

Figure 3.2: Minimal loops on the rhombic torus

for t € [0,1]. Observe that these can be related by a 7/3 rotation u (if we use the periodicity of
the lattice), i.e.,

Cs(t) = u(Cr(1)) COa(t) = u*(C1(1)) Ci(t) =’ (C1(1))
O5(t) = u*(Ca(1)) Ca(t) = v’ (C1(1)) Ci(t) = u®(C1(1)).

Since such a rotation u maps e, es to

6/1262

/
€y = €2 — €1,

0 1
it is realized by the element u = < 1 1> € SL(2,Z), which decomposes into the generators (3.37))

as u = ts3ts. We conclude that, expressed in the basis Be,, we have
5 . .
> (Fa(Cy) + Fu(C))) = > UIF,(C1)U™  where U =TSTS. (3.39)
§=0

Again, if the lattice and Hamiltonian Hj are invariant under a 7/3 rotation, we may conclude
that the effective perturbation Hamiltonian will have the form (3.39)). This is the case for the
Levin-Wen model on a honeycomb lattice embedded in a rhombic torus (see also Section [3.7.2]).

3.6.3 Microscopic models

The purpose of this section is two-fold: First, we briefly review the construction of the microscopic
models we use in our numerical experiments in Section these include the toric code (see
Section as well as the doubled semion and the doubled Fibonacci model, both instantiations
of the Levin-Wen construction (see Section . Second, we define single-qubit operators in
these models and discuss their action on quasi-particle excitations (i.e., anyons). This translation
of local terms in the microscopic spin Hamiltonian into operators in the effective anyon models
is necessary to apply the perturbative arguments presented in Section We will use these
local terms to define translation-invariant perturbations (respectively trivial initial Hamiltonians)

in Section .

The toric code

Kitaev’s toric code [Kit03] is arguably the simplest exactly solvable model which supports anyons.
It can be defined on a variety of lattices, including square and honeycomb lattices. Here we will
introduce the Hamiltonian corresponding to honeycomb lattice. On each edge of the lattice resides
a qubit. The Hamiltonian consists of two parts and takes the form

Hip=—> Ay— Y By, (3.40)
v p
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where B, = X ®6 is the tensor product of Pauli-X operators on the six edges of the plaquette p,
and A, = Z%3 is the tensor product of Pauli-Z operators on the three edges connected to the
vertex v.

Note that in terms of its anyonic content, the toric code is described by the double of Zs; hence
a model with the same type of topological order could be obtained following the prescription given
by Levin and Wen (see Section . Here we are not following this route, but instead exploit
that this has the structure of a quantum double (see [Kit03]). The resulting construction, given
by , results in a simpler plaquette term B, as opposed to the Levin-Wen construction.

The anyonic excitations supported by the toric code are labeled by {1, e, m, e}. The e anyon or
electric excitation corresponds to vertex term excitations. The m anyon or magnetic excitations
correspond to plaquete term excitations. Finally, the € anyon corresponds to an excitation on
both plaquete and vertex and has the exchange statistics of a fermion. We can write down the
string operators F,(C) for a closed loop C on the lattice explicitly (see [Kit03]). Without loss of
generality, we can set Fe(C) = Py @), XiFo and Fin(C) = Py Q,ep ZiFo, where D is a closed
loop on the dual lattice corresponding to C'. Finally, the operator Fe(C) = Fe(C') X Fp,(C') can be
written as a product of Fe(C) and Fp,,(C), since e and m always fuse to e. With respect to the
ordering (1, e, m,€) of the anyons, the S- and T-matrices described in Section are given by

1 1 1
1 -1 -1
-1 1 -1
-1 -1 1

T = diag(1,1,1,—-1) S=1/2 (3.41)

—_ = = =

for the toric code.

Local spin operators. A natural basis of (Hermitian) operators on a single qubit is given by
the Pauli operators. For the toric code, each of these operators has a natural interpretation in
terms of the underlying anyon model.

Consider for example a single-qubit Z-operator. The “anyonic lattice” associated with m-
anyons is the dual lattice (i.e., these anyons ‘live’ on plaquettes), and a single-qubit Z-operator
acts by either creating or annihilating a (m,m) = (m, m) on the neighboring plaquettes, or prop-
agating an existing m from one plaquette to the other. That is, in the terminology of Section [3.5.1
a Z-operator acts as a local term

Z o VEm)+VAm) + Vi (m) + VR(m) (3.42)

in the effective anyon model. An analogous identity holds for X, which is associated with e-
anyons: the latter live on vertices of the spin lattice. Finally, Y-operators act on e-anyons in
the same manner; these anyons live on ‘supersites’, consisting of a plaquette and and an adjacent
vertex.

Short introduction to the Levin-Wen model

Levin and Wen [LWO05| define a family of frustration-free commuting Hamiltonian with topologically
ordered ground space and localized anyonic excitations. Their construction is based on interpreting
the state of spins residing on the edges of a trivalent lattice (such as a honeycomb lattice) as
configurations of string-nets.

To specify a string-net model, we need algebraic data associated with an anyon model as
described in Section This specifies, in particular, a set of anyon labels F = {a;}, associated
fusion rules, as well as S- and F-matrices. The Levin-Wen model then associates a qudit to each
edge of the lattice, where the local dimension of each spin corresponds to the number of anyon
labels in F. One chooses an orthonormal basis {|a)}.er € C¥! indexed by anyon labels; in the
following, we usually simply write a instead of |a) to specify a state of a spin in the microscopic
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model. The Levin-Wen spin Hamiltonian can be divided into two parts,
Hip=—> Ay— Y By, (3.43)
v P

where each B,, is a projector acting on the 12 edges around a plaquette p, and each A, is a projector
acting on the 3 edges around a vertex v. In particular, we can construct the spin Hamiltonian
for the doubled semion and the doubled Fibonacci models in this way by choosing different initial
data.

As long as all the particles in the underlying model F are their own antiparticles (i.e., the
involution a — a is the identity), it is not necessary to assign an orientation to each edge of
the lattice. This affords us an important simplification, which is justified for the models under
consideration: these only have a single non-trivial anyon label, which is itself its own antiparticle
(recall that the trivial label satisfies 1 = 1). With this simplification, which we will use throughout
the remainder of this paper, the vertex operator A, can be written as

TrlY)

where d4p = 1 if @ and b can fuse to ¢ and 45 = 0 otherwise. The plaquette operator B, is more
complicated compared to A,. We will give its form without further explanation

Ay

a
b
_ Z ds fagl pbhg peih pdji peki pflk p /
- ﬁ sl’g’ " sg’h/* sh/i’+ si’j' = sj' k! * sk’l’ h
/7 !/
/s’g ”;L !’ C e
i, k"1
d
)
where dy is the quantum dimension of the anyon label s, and D = /> j d? is the total quantum

dimension.

Having specified the spin Hamiltonian, we stress that the anyon labels F used in this con-
struction should not be confused with the anyon labels D(F) describing the local excitations in
the resulting Hamiltonian . The latter can be described as ‘pairs’ of anyons from F, i.e.,
D(F) = {(ai,a;)}a;,a;er- Their fusion, twist and braiding properties are described by the double
of the original theory. The Spz)- and Fp(r)- matrices of D(F) can be obtained from the S- and
T-matrix associated with F (see [LWO05]). String operators Fy, q;(C) acting on the spin lattice
have also been explicitly constructed in [LW05]

Below, we present some of the specifics of two models constructed in this way: the doubled
semion and doubled Fibonacci model. In addition to Kitaev’s toric codes D(Z2), these are the only
models defined on two labels (i.e., with microscopic qubit degrees of freedom).

The doubled semion model

The underlying string-net model of the doubled semion model only consists of one non-trivial label
s and the trivial label 1. To specify the spin Hamiltonian, we have ds = 1, and 4. = 1 if and
only if an even number of a, b, ¢ are s. The F-matrix is given by F£5! = —1 and otherwise Fgebj‘i is
0 or 1 depending on whether (a,b,c,d, e, f) is a legal configuration (see [Kit06] for more detailed
explanation). As we explained above, to construct a spin Hamiltonian, we put a qubit on each edge
of the lattice with orthonormal basis [1),|s). The spin Hamiltonian obtained this way is similar
to the toric code and it also supports Abelian anyons. The excitations of the spin model can be

labeled by D(F) = {(1,1), (1, s), (s,1), (s, s)}, which is the quantum double of F = {1, s}. With
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respect to the given ordering of anyons, the S- and T-matrices of these excitations are given by

5 =1/2 T = diag(1,i,—i,1) (3.44)

—= = =
|
—_
—_
|
—

-1 -1 1

Local operators. Identifying |1) with the standard basis state |0) and |s) with |1), we can again
use Pauli operators to parametrize single-spin Hamiltonian terms.

Here we will discuss the effect of single qubit operators X and Z on the ground states of the
resulting topologically ordered Hamiltonian. The goal is to interpret single spin operators in terms
of effective anyon creation, annihilation and hopping operators.

When Z-operator is applied to an edge of the system in a ground state, only the neighboring
plaquete projectors Bj, will become excited. More specifically, a pair of (s, s) anyons are created
if none were present. Since (s, s) is an abelian anyon, in fact a boson, and is the anti-particle of
itself, a Z operator could also move an (s, s) anyon or annihilate two such particles if they are
already present. Thus we conclude that single-qubit Z-operators have a similar action as in the
toric code (cf. ([3.42))), with s playing the role of the anyon m.

When an X operator is applied on edge of the system in a ground state, it excites the two
neighboring vertex terms A, (in the sense that the state is no longer a +1-eigenstate any longer).
Since the plaquete terms B), are only defined within the subspace stabilized by A,, the four pla-
quette terms B, terms around the edge also become excited. It is unclear how to provide a full
interpretation of X operators in terms of an effective anyon language. In order to provide this, a
full interpretation of the spin Hilbert space and its operators in the effective anyonic language is
required; such a description is currently not known.

In summary, this situation is quite different from the case of the toric code, where X and Z
are dual to each other.

The doubled Fibonacci

Again, the underlying string-net model of doubled Fibonacci contains only one non-trivial label 7,
with quantum dimension dr = ¢, where ¢ = % The fusion rules are given by §4p. = 0 if only
one of the a,b, c is 7, and otherwise d,5. = 1. Non-trivial values of F' are

Tl —1 Tl _  —1/2
F~r~rl - ) FT‘TT =¥

TTT _ ,—1/2 TTT __ -1
FTTI_SO /7F‘TTT__<70 )

and otherwise F| C?eb]? is either 0 or 1 depending on whether (a,b,c¢,d, e, f) is a legal configuration.

Many aspects of the doubled Fibonacci spin Hamiltonian are similar to the doubled semion
model:

e There is one qubit on each edge, with orthonormal basis states associated with the anyon
labels 7 = {1, 7}.

e The anyons supported by the spin Hamiltonian carry labels D(F) = {(1,1), (1,7), (7, 1), (7, 7)}.

With respect to the given ordering of anyons, the S- and T-matrices are given by

1 o ¢ ¢
e -1 ¢ o 9 o _in/5 _4n/5
S = > /(14 ¢%) T = diag(1,e L1 . (3.45)
o @

e —p —p 1
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Figure 3.1: The 12-qubit-torus we use for numerical simulation (qubits are numbered 1 to 12. It is
a rhombic torus and we can identify three minimal loops {1,2},{5,7},{9,11} (and their inverses)
which are related by /3 rotations.

A substantial difference to the doubled semion model is that the non-trivial anyons supported
by the model are non-abelian. One manifestation of this fact we encounter concerns the (7, 7)-
anyon:

e While (7,7) is its own anti-particle, it is not an abelian particle so in general two (7, 7T)
particles will not necessarily annihilate with each other. In other words, the dimension of the
subspace carrying two localized (7, 7) charges is larger than the dimension of the charge-free
subspace.

e Two intersecting string operators F(, »)(C1) and F{(, +)(C2) corresponding to the (7, T) par-
ticle do not commute with each other.

Neither of these properties holds for the (s, s)-anyon in the case of the doubled semion model.

Local operators. Similarly, as before, we identify |1) with the standard basis state |0) and |7)

with |1), enabling us to express single-qubit operators in terms of the standard Pauli operators.
Again, we want to consider the effect of single qubit operators in terms of anyons. This is

generally rather tricky, but for single-qubit Z-operators, we can obtain partial information from

an analysis presented in appendix [3.Bf Let [¢)) be a ground state. Then Z|¢)) = %|¢> + 2p),

where |p) is a 1)-dependent excited state with a pair of (7, 7) on the plaquettes next to the edge Z
acts on. Thus the resulting state after application of a single Z operator has support both on
the excited and as well as the ground subspace. Again, this is in contrast to the doubled semion
model, where a single-qubit Z operator applied to the ground space always results in an excited
eigenstate of the Hamiltonian.

3.7 Numerics

In this section, we present results obtained by numerically simulating Hamiltonian interpolation
for small systems. Specifically, we consider three topologically ordered systems on the 12-qubit
honeycomb lattice of Fig the toric code, the doubled semion and the doubled Fibonacci
Levin-Wen models. That is, the target Hamiltonian Higp is given either by (with stabilizer
plaquette- and vertex-operators A, and B,,) in the toric code case, and expression specified
in Section W (with projection operators A, and B,) for the doubled semion and the doubled
Fibonacci case. As initial Hamiltonian Hyqy,, we choose certain translation-invariant Hamiltonians
consisting of single-qubit Pauli-X, Pauli-Y and Pauli-Z operators (see Sections and for
their definition and a discussion of the effect of these operators in the two Levin-Wen models.) For
concreteness and ease of visualization, we will consider the following families of such Hamiltonians:
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the one-parameter family

Hyiy(0) = cos @ Z Zj +sin0 Z X; (3.46)
J J

where 0 € [0, 27, and two two-parameter families of the form

B o) =0 Y X, b Y £ (- Y 7, ey
J J J

where (a,b) € R? belongs to the unit disc, a® + ?> < 1. (In some instances, we will permute the
roles of X, Y and Z, and use an additional superscript to indicate this.)

For different parameter choices 6 respectively (a,b), we study Hamiltonian interpolation (i.e.,
the evolution (3.2))) along the linear interpolation path H(t) (cf. (3.1)) with a total evolution
time 7. In order to numerically simulate the evolution under the time-dependent Schrédinger
equation, we perform a time-dependent Trotter expansion using the approximation

t [T/ At]
TeXp <Z/ H(S)dS) ~ H e’LH(]AT)At and eiH(t)At ~ €i (T;t) HtrivAtei%HtOPAt ) (348)
0 .
j=1

Unless otherwise specified, the time discretization is taken to be At = 0.1.

3.7.1 Quantities of interest and summary of observations

Recall that our initial state ¥(0) = ¢®!2 is the unique 12-qubit ground state of the chosen trivial
Hamiltonian Hy,. We are interested in the states W(t) along the evolution, and, in particular,
the final state ¥(7T) for a total evolution time 7'. For notational convenience, we will write Wy(?),
respectively \Pib(t) to indicate which of the initial Hamiltonians Hyy, is considered (cf. (3.46))
and ) We consider the following two aspects:

(Non)-adiabaticity: We investigate whether the state W(t) follows the instantanenous ground
space along the evolution (3.2)). We quantify this using the adiabaticity error, which we define
(for a fixed total evolution time 7', which we suppress in the notation) as

Cadin(t) =1 — (TP )[TE)2  for 0<t<T, (3.49)

where Py(t) is the projection onto the ground space of H(t) (note that except for ¢t = T
where Py(T") projects onto the degenerate ground space of Hiop, this is generally a rank-one
projection). The function t — €,qia(t) quantifies the overlap with the instantaneous ground
state of H(t) along the Hamiltonian interpolation ¢t — H(t), and hence directly reflects
adiabaticity.

Ultimately, we are interested in whether the evolution reaches a ground state of Hiop. This
is measured by the expression €,q4i2(7"), which quantifies the deviation of the final state U (7')
from the ground space of Hyop. Clearly, the quantity €,qin(7") depends on the choice of initial
Hamiltonian Hyyy, (i.e., the parameters 6 respectively (a, b)) and the total evolution time 7'
For sufficiently large choices of the latter, we expect the adiabaticity assumption underlying
Conjecture [I| to be satisfied, and this is directly quantifiable by means of the adiabaticity
error. We will also discuss situations where, as discussed in Observation [3.2.3] symmetries
prevent reaching the ground space of Hiop as reflected in a value of €,qia(T") close to 1.

Logical state: assuming the ground space of Hiop is reached (as quantified by €agia(7)), we will
identify the logical state ¥(7') and investigate its stability under perturbations of the the
initial Hamiltonian Hy, (i.e., changes of the parameters 6 respectively (a,b)). For this
purpose, we employ the following measures:
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e We argue (see Section that symmetries constrain the projection of the resulting
state W(T') onto the ground space of Hiop to a two-dimensional subspace (see Sec-
tion . For the toric code, the state is then fully determined by the expectation
values (X ) (T)s (Z )w(r) of two logical operators X and Z . To investigate stability prop-

erties of the prepared state, we can therefore consider ((X)w(r), (Z)w(r)) as a function
of parameters of the initial Hamiltonian.

e for the Levin-Wen models, we proceed as follows: we pick a suitable reference state i) €
(C?)®12 in the ground space of Hyop, and then study how the overlap |<\Ijai,b(T)WR>|2
changes as the parameters (a, b) of the initial Hamiltonian are varied. In particular, if we
fix a pair (ag,bp) and choose |[¢)r) as the normalized projection of the state \\P;bo (1))
onto the ground space of Hiep, this allows us to study the stability of the prepared
state |Wib(T)> as a function of the Hamiltonian parameters (a,b) in the neighborhood
of (ag, bo).

According to the reasoning in Section m (see Conjecture , the specific target
state \¢2‘3be> chosen in this way should correspond to the ground state of Hiop +
eH*(ag, bp) in the limit € — 0 of infinitesimally small perturbations (or, more precisely,
the corresponding effective Hamiltonian). Furthermore, according to the reasoning in
Section the family of effective Hamiltonians associated with Hyop + €H*(a, b) has
a very specific form. This should give rise to a certain stability of the ground space as

a function of the parameters (a,b).

To support this reasoning, we numerically compute the (exact) ground state |1/)53)rt>
of Hyop + €H*(a,b) for the choice € = 0.001 (as a proxy for the effective Hamiltonian),
and study the overlap |<w5;rt|zb2%f7bo>|2 as a function of the parameters (a,b) in the

neighborhood of (ag, bp).

The results of our numerical experiments support the following two observations:

e Hamiltonian interpolation is generically able to prepare approximate ground states of these
topological models for sufficiently long total evolution times 7.

e Specific final state(s) show a certain degree of stability with respect to changes in the initial
Hamiltonian. The theoretical reasoning based on perturbation theory presented in Section[3.6
provides a partial explanation of this phenomenon.

3.7.2 A symmetry of the 12-qubit rhombic torus

As discussed in Section the ground space of Hiop on a torus is 4-dimensional for the toric
code, the doubled semion- and the Fibonacci model. In this section, we argue that adiabatic
interpolation starting from a translation-invariant Hamiltonian (as considered here) yields states
belonging to a two-dimensional subspace of this ground space, thus providing a simplification.

Consider again the 12-qubit rhombic torus illustrated in Fig. A 7/3 rotation permuting
the physical qubits according to

(1,2,3,4,5,6,7,8,9,10,11,12) — (5,7,8,6,9,12,11, 10,2, 4,1, 3)

defines a unitary Uy /3 on C®!2, Because of translation-invariance, this is a symmetry of the trivial

Hamiltonian, U, /3Htr;\,UTTr 3 = Hiiy, and it can easily be verified that for the models considered
here, the unitary U3 a(so commutes with Hip. Because of the product form of the initial
state W(0), it thus follows that U, 3¥(t) = ¥(t) along the whole trajectory ¢ — () of adiabatic
interpolation. In particular, the projection of the final state W(T") onto the ground space of Hiop
is supported on the +1-eigenspaces space of Uy /3.

As discussed in Section m a m/3-rotation of the rhombic torus corresponds to the modular
transformation ts>ts. Since U, /3 realizes this transformations, its restriction to the ground space
of Hiop can be computed from the 7" and S-matrices. That is, expressed in the flux bases discussed
in Section the action of Uy 3 on the ground space is given by the matrix TS3TS, where
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(S,T) are given by for the toric code, as well as (3.44]) and (3.45)) for the doubled semion and
Fibonacci models, respectively. The specific form of T'S3T'S or its eigenvectors is not particularly
elucidating, but may be computed explicitly.

Importantly, the +1 eigenspace of T'S?T'S is two-dimensional for the toric code, the doubled
semion and the Fibonacci models. (In the case of the toric code, it can be verified that this
eigenspace is contained in the logical symmetric subspace. The latter is the subspace invariant
under swapping the two logical qubits in the standard computational basis.) As a result, the
projection of the state W(T") onto the ground space of Hiop belongs to a known two-dimensional
subspace which can be explicitly computed. This means that we may characterize the resulting
state in terms of a restricted reduced set of logical observables, a fact we will exploit in Section [3.7.3]

3.7.3 The toric code

As discussed in Section for the toric code on the honeycomb lattice (see Fig. , the
Hamiltonian of the model is Hyop = —(Zp B, + Y, A,), where B, = X®% is a tensor product
of Pauli-X operators on the six edges of the plaquette p, and A, = Z%3 is a tensor product of
Pauli-Z operators on the three edges incident on the vertex v. We point out that the toric code on
a honeycomb lattice has several differences compared to a toric code on a square lattice (which is
often considered in the literature). Assuming that both lattices are defined with periodic boundary
conditions,

(i) there are twice as many vertices compared to plaquettes on a honeycomb lattice (as opposed
to the same number on a square lattice)

(ii) the vertex terms A, = Z®3 of the Hamiltonian have odd weights (as opposed to even weight
for the square lattice)

(iii) the weight of a logical minimal X-string operator (i.e. the number of spins it acts on) is
roughly twice as large compared to the corresponding minimal Z-string operator on the dual
lattice (as opposed to the square lattice, where both operators have the same weight). For the
12-qubit code of Fig. an example of such a pair (X, Z) of lowest-weight logical operators
is given below in Eq. (3.51]).

Properties (i) and (ii) imply that the usual symmetries X <> Z and Z <> —Z of the toric code
on the square lattice are not present in this case. The absence of these symmetries is reflected in
our simulations. Property (iii) also directly affects the final state, as can be seen by the pertur-
bative reasoning of Section Z-string operators appear in lower order in perturbation theory
compared to X -string operators.

(Non)-adiabaticity. We first present the adiabaticity error €,qi»(7") for the Hamiltonian Hyyy, (6)
given by (for different values of #) as a function of the total evolution time 7. Fig.
illlustrates the result. It shows that for sufficiently long total evolution times 7', the Hamiltonian
interpolation reaches the ground space of the toric code when the initial Hamiltonian is Hy, (0 =
m) = — >, Z;; this is also the case for 6 € {7/4,7/2,37/4}.

However, if the initial Hamiltonian is Hiy(6 = 0) = ), Z;, then the final state W(7') is far from
the ground space of the toric code Hamiltonian Hiep. This phenomenon has a simple explanation
along the lines of Observation [3.2.3] Indeed, if # = 0, then every vertex terms A, = Z®3 commutes
with both Hyiy as well as Hiop (and thus all intermediate Hamiltonians H(t)). In particular, the
expectation value of the vertex terms remains constant throughout the whole evolution, and this
leads to an adiabaticity error €,qio(7") of 1 in the case of Hyiv (0 =0) = ), Z;.

In Figs. we consider neighborhoods of Hamiltonians of the form (cf. (3.47))

H+

triv

(a,b) around H

triv

(0,0) = Hyiv(6 = 0) ZZ and

a,b) around H_. (0,0) = Hyyiv(0 = 7) ZZ

tr|v< triv
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Figure 3.2: This figure gives the adiabaticity error €,qia(T) = 1 — (¥(T)|Po(T)[¥(T)) (cf. (3.49))
as a function of the total evolution time T and the initial Hamiltonian chosen. For the latter,
we consider the one-parameter family Hyy(6) given by . For 6 = 0, the adiabatic evolution
is not able to reach the final ground space because initially (A4,) = —1 for every vertex operator
A, = 793, and this quantity is conserved during the evolution. This is a feature of the honeycomb
lattice because the vertex terms A, have odd weights. For other values of 6, the ground space is
reached for sufficiently large total evolution times T'.

The initial Hamiltonians Hyy, (6 = 0) and Hyy (0 = ) correspond to the center points in Fig.
and respectively.

e In the first case (Fig. , we observe that for all initial Hamiltonians of the form H.; (a,b)
in a small neighborhood of H,%, (0,0), the adiabaticity error €,qi,(7) is also large, but drops
off quickly outside that neighborhood. This is consistent with the relevant level crossing(s)
being avoided by introducing generic perturbations to the initial Hamiltonian.

e In contrast, almost all initial Hamiltonians in the family H,; (a,b) (around the initial Hamil-
tonian H_.

iv(0,0)) lead to a small adiabaticity error e,qia(7") (Fig. 3.3b), demonstrating the
stability of the adiabatic preparation.

In a similar vein, Fig. illustrates the non-adiabaticity for the family of Hamiltonian

HyX(ah)=—(1—a® = )Y X; 40 Y +a 7. (3.50)
i i i

The family H:rm)/( (a,b) (defined with a positive square root) would behave exactly the same due to

the symmetry +X < —X.

Logical state. For the 12-qubit rhombic toric code (Fig. , logical observables associated with
the two encoded logical qubits can be chosen as

Xl = X7X8X11X12 and XQ = X4X0X2X12
Z1 = 210212 Zy = 212

Because of the symmetry (3.7.2]), however, these are not independent for a state W(T') (or more
precisely, its projection Py(T)W(T')) prepared by Hamiltonian interpolation from a product state:
their expectation values satisfy the identities

<Zl> = <ZQ> and <X1> = <X2> .

We will hence use the two (commuting) logical operators

X = Xl = X7X8X11X12 and Z == ZQ == leg (351)



3.7. NUMERICS 85

1 1t ]
-4
0.8
05} 05} 5
-6
2 0 2 0 -7
-8
-0.5 -0.5 I
1 : : : : -1 : : :
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
a a
(a) The adiabaticity error €uqin(7") in (b) The logarithm Ineuqia(7") of the
the neighborhood around HtJrriv(O, 0) = adiabaticity error in the neighborhood
>, Z; for different Hamiltonians H, (a,b). around H_; (0,0) = =5, Z; for different
As explained, the evolution cannot reach Hamiltonians H,, (a,b). Here we use a
the ground space of the toric code log-scale because the variation in values is
around (a,b) = (0,0) because the expecta- small. The ground space of the toric code
tion values of plaquette-operators are pre- Hamiltonian Hyp is reached for almost the
served. entire parameter region.
1 -
2
057 -4
-6
o of
-8
057
-10
-1 : : : !
-1 -0.5 0 0.5 1

a

(¢c) The logarithm of adiabaticity error Ine,qia(7) in the neighborhood around
H;X(0,0) = -3 ;X for different Hamiltonians H,_X(a,b). Note that the resulting

figure would look identical for the Hamiltonians H, " (a,b) because of the —X <> +X
symmetry.

Figure 3.3: The adiabaticity error euqin(T) = 1 — (U(T)|Po(T)|¥(T')), measuring how well the
final state W(T") overlaps with the ground space of the toric code. All three figures are for a total
evolution time T' = 120. In Fig. we consider the family of initial Hamiltonians Ht"r'iv(a, b) in
the neighborhood of Hf (0,0) = Hy\ (0 = 0) = >_j Zj- In contrast, Fig. illustrates different

triv
choices of initial Hamiltonians H; (a,b) around H; (0,0) = Heay(0 = m) = — >, Z;. The values

triv
(a,b) C R? are restricted to the unit disc a?+b? < 1; the center points of the two figures correspond
respectively to # = 0 and § = 7 in Fig. 3.2l Finally, Fig. [3.3d gives the non-adiabaticity error for
initial Hamiltonians of the form H, X (a,b) (as defined in Eq. (3.50)).

triv
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to describe the obtained logical state. B B
In Fig. |3.4, we plot the expectation values of Z and X in the final state WU(7T') for initial

Hamiltonians of the form (cf. (3.47)) and (3.50))

H_ (a,b) around H,(0,0) = — Z Zj
J

triv

triv triv

H_X(a,b) around H_X(0,0) = — ZXj
J

We again discuss the center points in more detail. It is worth noting that the single-qubit {Z;}
operators correspond to the local creation, hopping and annihilation of m anyons situated on
plaquettes, whereas the operators { X;} are associated with creation, hopping and annihilation of e
anyons situated on vertices. In particular, this means that the initial Hamiltonians associated with
the center points in the two figures each generate processes involving only either type of anyon.

e For Hy; (0,0) = — 3=, Z;, we know that (Z) = 1 during the entire evolution because Z com-
mutes with the Hamiltonians H (t), and the initial ground state ¥(0) is a +1 eigenstate of Z.
In Figs. and we can see that there is a large region of initial Hamiltonians H_ . (a,b)

around H_. (0,0) = — >, Z; which lead to approximately the same final state.

triv

e On the other hand, as shown in Figs. and3.4d} the stable region of Hamiltonians Ht_”ic (a,b)
around the initial Hamiltonian H, ' (0,0) = — >, X; is much smaller. This is due to the
fact that the operator X appears in higher order perturbation expansion compared to Z,
and the evolution time T is taken to be quite long. Given sufficiently large total evolution
time 7', in the neighborhood of H_.* (0,0) = — 3", X;, the lower order term Z in the effective
Hamiltonian will dominate the term X associated with V = —3", X;.

However, in both cases considered in Fig. [3.4] we observe that one of two specific logical states
is prepared with great precision within a significant fraction of the initial Hamiltonian parameter
space.
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Figure 3.4: These figures illustrate the expectation values (X) and (Z) of string-operators
(cf. (3.51)) of the final state W(T'), for different choices of the initial Hamiltonian. The total

evolution time is T = 120.
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Figure 3.5: The adiabaticity error €,qi,(7") for the doubled semion model as a function of the total
evolution time 7. Initial Hamiltonians Hyiy(0) with 6 € {n/3,27/3, 7} are considered.

3.7.4 The doubled semion model

In this section, we present our numerical results for Hamiltonian interpolation in the case of the
doubled semion model (see Section [3.6.3)).

(Non)-adiabaticity. We first consider the total evolution time T necessary to reach the final
ground space of Higp, for different initial Hamiltonians His,. Specifically, Fig. shows the
adiabaticity error €aqia(T) (cf. (3.49)) as a function of the total evolution time T' for the three
initial Hamiltonians Heey(0), 6 € {7, 7/3,21/3} (cf. (3.46)). The case of § = 0, corresponding to
the initial Hamiltonian Hyyy(0) = > ; Zj is not shown in Fig. since the situation is the same as
in the toric code: No overlap with the ground space of Hiop is achieved because the vertex-operators
A, = Z®3 are conserved quantities with (A4,) = —1.

In Fig. we plot the adiabaticity error €,qio(7") with initial Hamiltonian among the family
of Hamiltonians H,f. (a,b) in the vicinity of H: (0,0) = >, Z;. Similarly, Fig. [3.6b| provides the

triv
adiabaticity error for initial Hamiltonians H . (a,b) in the vicinity of H ; (0,0) = =", Z;.

triv

Logical state. To explore the stability of the resulting final state, we consider the family of initial
Hamiltonians H (a,b) and compute the overlap |<\Iff;b(T) |9 R)|? of the resulting final state \I/ib(T)
with a suitably chosen reference state ¥r. We choose the latter as follows: 1p is the result
of projecting the final state Wy ,(7") of the Hamiltonian interpolation, starting from the initial

Hamiltonian H_ (0,0) = — >, Z; onto the ground space of the doubled semion model Hiop and

triv
normalizing, i.e.,

Py o(T)

= 1Rty (1) (3:52)

YR

We briefly remark that the state ¢r is uniquely determined (up to a phase) as the unique simul-
taneous +1-eigenvector of T'S3T'S (see Section and the string operator Z = Z;Z5 (which is
the string-operator F(, 4 (C) for the associated loop C' when acting on the ground space of Hiop):
indeed, the latter operator commutes with both H; (0,0) and Hi,p. We also point out that,
similarly to the toric code, the local Z;-operators correspond to a combination of pair creation,
hopping and pair annihilation of (s, s) anyons.

The preparation stability of the reference state ¥pr with respect to the initial Hamiltoni-
ans H= (a, b) with negative and positive Z field component is illustrated in Fig. For neg-

triv

ative Z field (Fig.|3.7b) the resulting state W_,(T") has large overlap with the reference state ¢
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of conserved quantities; however, it decays
rapidly outside this center region. This sit-
uation is analogous to Fig.[3.3a] for the toric
code.

Figure 3.6: The adiabaticity error €,qi,(7") for different initial Hamiltonians Hyy, and the doubled
semion model as Hiop. In both cases, the total evolution time is 17" = 120.

for almost the entire parameter range. Even when starting from initial Hamiltonians with posi-
tive Z field component (Fig. , where the final state does not have a large overlap with the
topological ground space (see Fig. , the ground space contribution comes almost exclusively
from the reference state. Thus, for doubled semion model, we identify a single stable final state g
corresponding to the initial Hamiltonian Hyqy = — ), Z;.

3.7.5 The doubled Fibonacci model

As our last case study of Hamiltonian interpolation, we consider the doubled Fibonacci model
described in Section [3.6.3

(Non)-adiabaticity. Fig. shows the adiabaticity error €,qio(7") as a function of the total
evolution time 7" for the initial Hamiltonians Htjfiv = £ ;Z;. Note that to achieve the same
error, the total evolution time 7" needs to be much longer compared to the toric code and the
doubled semion models. It also illustrates that an error of around e,gi(7) ~ 1072 is obtained
for T'= 320: the final state W(T") overlaps well with the ground space of Hiop.

In Fig. 3.9, we consider the non-adiabaticity ¢ — €,qia(t) along the evolution, again for the
initial Hamiltonians Htfiv =+> ; Z;- In particular, Fig. which is for a total evolution time of
T = 320, we see that the deviation of the state W(¢) from the instantaneous ground state of H ()
can be much larger (compared to the non-adiabaticity €,qia(7')) along the evolution, even when
approaching the end of Hamiltonian interpolation: we have €ngia(t) = 1072 for ¢t ~ 280. The
fact that the ground space of the final Hamiltonian Hip is reached nevertheless at time ¢t ~ 7' is
essentially due to the exact degeneracy in the final Hamiltonian Hiop: In fact, the system is in
a state which has a large overlap with the subspace of ‘low energy’ (corresponding to the 4-fold
degenerate subspace of Hiop) along the trajectory, but not necessarily with the unique instantaneous
ground state of H(t) for t < T. For t = T, the state has a large overlap with the ground space
of Hiep since the latter is higher-dimensional.

This illustrates that the adiabaticity error ¢ — €,4:2(t) along the evolution (i.e., for ¢ < T') does
not provide sufficient information to conclude that the ground space of Hiop is reached at the end
of the evolution. Due to the small energy splitting within the topological “phase” it is more fruitful
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initial Hamiltonians H.; (a,b) around
H} (0,0) = >, Z;. We observe that out-
side the center region (where the ground
space of Hiop is not reached, see Fig. ,
the prepared state \Il:,b(T) is not too far
from the reference state ¥r. Note that
definition of the latter does not correspond
to any Hamiltonian in this plot, but rather

the centerpoint of Fig. [3.7h}

for initial Hamiltonians H; (a,b) around
H.,,(0,0) = =3, Z;. We plot the log-
arithm of this quantity because the vari-
ation is small. As illustrated, the result-
ing state is close to the reference state g
throughout most of the parameter region.
Observe that, while ¢ corresponds to the
center point in this figure, it still devi-
ates from W_, since the latter has sup-
port outside the ground space of Hiop (cf.
Fig.|3.6b).

Figure 3.7: The overlaps |<Wib(T)|wR>|2 between the final states \Ilib(T ) of Hamiltonian interpo-
lation and the reference state ¢p (cf. (3.52)). Observe that the same reference state is used in
both figures even though g is naturally associated with the centerpoint in Fig. The total
evolution time is 7' = 120 in both cases. Comparing with Figs. and we conclude that
throughout the region where the ground space of Hiyp is reached, approximately same state is
prepared.
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Figure 3.8: The adiabaticity error €,qio(7") with respect to different total evolution times T" for the
Fibonacci model. The initial Hamiltonian Hygy is either H,. (0,0) = >, Z; or H. (0,0) = — ", Z;.
Note that for this choice of initial Hamiltonians, the vertex terms A, are conserved quantities (as
for example in the toric code). Since both [1)*® and |7)®? are in the ground space of A,, both
signs of the pure Z field lead to a Hamiltonian interpolation which invariantly remains in the
ground space of A,. In other words, the adiabaticity error stems from the plaquette terms. Other
fields are computationally more costly, since they lift the block decomposition of the interpolating
Hamiltonians H (t) induced by the conserved vertex terms, reducing the sparsity of the unitary
evolution.

to view the part of the interpolation close to t &~ T in terms of degenerate adiabatic perturbation
theory [RO14] instead of the traditional adiabatic theorem.

Fig. also shows that for T" = 320, changing the Trotter time steps At (cf. ) from
At = 0.1 to At = 0.01 does not significantly change the behavior, particularly for the initial
Hamiltonian ), Z;. On the other hand, by increasing the Hamiltonian interpolation time for
Hyiy =Y, Z; to T = 1280, as in Fig. we see the evolution closely follows the instantaneous
ground state. The discrepancy can be seen as a “lag” or delay of the evolved state and the
instantaneous ground state and is largest at the “phase transition”, H(t) ~ 1/4Hop + 3/4 ), Zi,
where the gap closes.

Logical state. Fig. provides information about the final state \Ilib(T) of Hamiltonian
interpolation, for the family of initial Hamiltonians Htjfiv(a, b) (cf. ) Again, the figure gives
the overlap with a single reference state ¥ p. Similarly as before, we choose the latter as the final
state of Hamiltonian interpolation, starting with initial Hamiltonian H_. (0,0) = — )", Z;, and
subsequently projected into the ground space and normalized (cf. )
We observe significant overlap of the final state with the reference state v¥r for the whole
parameter range for the initial Hamiltonians H,; (a,b) (Fig. . In contrast, for the ini-

tial Hamiltonians H,:rriv(a, b), the final state depends strongly on the choice of parameters (a,b)
(Fig. [3.10a)).

To relate this to the discussion in Section (respectively Conjecture, let us first consider the
centerpoint of Fig. associated with the initial Hamiltonian H ; (0,0) = —3_, Z;. These terms
correspond to a combination of local pair creation, hopping and pair annihilation of (7, 7) anyons,
as explained in Appendix The effective Hamiltonian can be computed at this point based on
expression and the S- and T-matrices given in Eq. . The result is given numerically
in Eq. in the appendix. Computing the ground state 1 of this effective Hamiltonian, we
observe that with respect to the projections {Py 1, Prr, Pi -, Pr1}, the expectation values of the
reference state ¢¥r and e are similar,
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(a) The total evolution time is T' = 320. As (b) For the initial Hamiltonian Hyy =

explained in the text, the fact that the over- >; Zi and a total evolution time T" = 1280,

lap with the instantaneous ground state to- the system closely follows the instantaneous

wards the end of the evolution is small does ground state of H (t).

not prevent the system from reaching the
degenerate ground space of the final Hamil-
tonian Hyop (se€ . Changing the Trot-
ter discretization step from At = 0.1 to
At = 0.01 does not significantly change the
behavior.

Figure 3.9: The overlap of the state W(¢) at time ¢ with the instantaneous ground space of H(t),
as expressed by the adiabaticity error ¢ — €,qia(t) along the evolution. The initial Hamiltonian is
either H. (0,0) =Y. Z; or H_. (0,0) = — Y, Z;, and the final Hamiltonian Hyop is the doubled

triv
Fibonacci model.

‘ Pl,l PT,T Pl,T Pr,l
Yr | 0.5096 0.4838 0.0033 0.0033
Yerr | 0.5125 0.4804 0.0036 0.0036

Moving away from the center point in Fig. we compute the overlaps of the reference
state ¢Yp with the ground states w;ért(a,b) of perturbed Hamiltonians of the form Hs:ert(a, b) =
Hiop + 0.001Htiriv(a, b), as illustrated in Fig. (the latter providing an approximate notion of
effective Hamiltonians). The figure illustrates that these perturbed states have, as expected, a
certain degree of stability with respect to the parameters (a,b). Comparison with Fig. thus
points to a certain discrepancy between the behavior of perturbed states and states obtained by
Hamiltonian interpolation: Fig. shows high sensitivity of the final state to initial parame-
ters (a,b) (which is absent in the perturbative prediction), whereas Fig. |3.10b|shows that the final
state is close to the reference state ¥p throughout (as opposed to the perturbative prediction,
where this is not the case along the boundary). To rule out that this discrepancy stems from an
insufficiently large choice of the total evolution time 7', we also show that different choices of the
total evolution time T do not significantly affect the overlap with the reference state along the
line b = 0, see Fig. |3.12|

In summary, we conclude that while for a large parameter range of initial parameters the
reference state ¥pg is indeed reached, the stability property is less pronounced than for the toric
code and the doubled semion models. In addition, a naive comparison with ground states of
perturbed Hamiltonians suggests that the description via effective Hamiltonians does not capture
all relevant features. We conjecture that higher orders in perturbation theory are needed to provide
more information in the case of the Fibonacci model: the state may be “locked” in eigenstates of
such higher-order Hamiltonians before the lowest order effective Hamiltonian dominates.
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initial Hamiltonian of the form H; (a,b)
around H. (0,0) = >_; Zj. For the whole
range of parameters (a,b), the adiabatic-
ity error is small, €uqia(7) < 1074 The
reference state ©¥g corresponds to the cen-
ter of Fig. [3.10b| (up to projection onto
the ground space of Hi,, and normaliza-
tion). The figure illlustrates that the final
state \I’Ib(T) has non-trivial overlap with
the reference state in the region a > 0, but
is very sensitive to the choice of parame-
ters (a,b), especially around (a,b) = (0,0).

for initial Hamiltonians H; (a,b) around
H=(0,0) = =3, Z;. For the whole range
of parameters (a,b), the adiabaticity error
is small, €,qia(T) < 0.005 apart from the
point on the boundary of the plot. The
Hamiltonian interpolation reaches the ref-
erence state g essentially for the full pa-

rameter range.

Figure 3.10: These figures show the overlap between the final states \I/ib of Hamiltonian interpo-
lation and the reference state ¢ g. This is for the family Htjfiv(a, b) of initial Hamiltonians and the
double Fibonacci model Hiop as the final Hamiltonian. The reference state vg is chosen in both
figures as in (3.52)) (corresponding to the center point in Fig. [3.10b)). The total evolution time is

T = 320 in both cases.
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Figure 3.11: To compare with the perturbative prediction, these figures give the overlap between
the reference state 1)r and the ground state ©pert(a, b) of the perturbed Hamiltonians Hs:ert(a, b) =
Hiop £ 0.001H,E (a,b).
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Figure 3.12: This figure shows the overlap |(Wpert(0)|t0g)|? for initial Hamiltonians Hyy(0) =
> ; €os 0Z; + sin0.X; along the line of the horizontal axis in Fig. for different values of the
total evolution time 7". We only compute T' = 960 on the rightmost region to show that increasing
the total evolution time do not significantly change the final states. It also gives the corresponding
overlap [(Wpert(6)[tR)|* between the ground state of Hpert(6) and the reference state. The figure
illustrates that increasing the evolution time T does not significantly alter the overlap with the
reference state.



Appendix

3.A Equivalence of the self-energy- and Schrieffer-Wolff methods
for topological order

As discussed in Section [3.3.4] here we show that at lowest non-trivial order, the expressions obtained
from the self-energy-method and the Schrieffer-Wolff method coincide if the Hamiltonian and
perturbation satisfies a certain topological order condition.

We begin with a review of the exact Schrieffer-Wolff transformation (Section [3.A.1), as well
as the expressions resulting from the Schrieffer-Wolff perturbative expansion (Section . In
Section we present some preliminary computations. In Section we introduce the
topological order constraint and establish our main result.

3.A.1 Exact-Schrieffer-Wolff transformation

As mentioned in Section the Schrieffer-Wolff method provides a unitary U such that
Her = U(Hy + eV)UT (3.53)

preserves the ground space PyH of Hy, and can be considered as an effective Hamiltonian. The
definition of the unitary is as follows: let P be the projection onto the ground space of the perturbed
Hamiltonian Hg + V. Defining the reflections

Rp, =2Py— I
Rp=2P -1

the (exact) Schrieffer-Wolff transformation is defined by the “direct rotation”

U= /Rp,Rp, (3.54)

where the square root is defined with a branch cut along the negative real axis. The effective
Hamiltonian is then given by

Hegle€) = PyU(Ho 4 eV)UTP, .

A variational characterization (see [BDLI1I]) of the unitary U (instead of (3.54))) is often more useful
(e.g., for computing the effective Hamiltonian in the case of a two-dimensional ground space, such
as for the Majorana chain): we have

U= arg min{HI — Ully | U unitary and UPU' = PO} : (3.55)
where ||Alls = y/tr(AfA) is the Frobenius norm.

3.A.2 The perturbative SW expansion

Since the transforming unitary (3.54), as well as expression (3.53), are difficult to compute in
general, a standard approach is to derive systematic series in the parameter € (the perturbation
strength). In this section, we summarize the expressions for this explicit perturbative expansion
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of the Schrieffer-Wolff effective Hamiltonian obtained in [BDL11]. The perturbation is split into
diagonal and off-diagonal parts according to

Va=Py)VFPy+ QoVQo =: D(V) (3.56)
Voad = PoV Qo + QoV Py =: O(V) . (357)
where P, is the projection onto the ground space of Hy, and Qg = I — P, the projection onto the

orthogonal complement. Assuming that {|i)}; is the eigenbasis of Hy with energies H|i) = F;|i),
one introduces the superoperator

c0n) = 3 B2 )

Then the operators S; are defined recursively as

S1=L(Voa)
Sy = —L(Ady, (51))
Sp = —L(Adv, (Sn-1)) + > ag; LS (Voa)n-1) , (3.58)
Jj=1
where
. B
S*Voa)m= > Adg, ---Adg, (Vod) (3.59)
Nyeeynp>1
Srog ne=m
and where Adg(X) = [S, X]. The constants are a,, = 2"7;6!m7 where (3, is the m-th Bernoulli

number. Observe that
SE(Vod)m =0 for k> m .

The ¢-th order term in the expansion (3.6) is

Hef g = Z baj—1PoS*H (Vod)g-1 P (3.60)
1<i<]q/2]
2(2"—1)fon

(2n)!

Since our main goal is to apply the perturbation theory to topologically ordered (spin) systems,
we can try to utilize their properties. In particular, one defining property of such systems is that, if
an operator is supported on a topological trivial region, then it acts trivially inside the ground space.
A common non-trivial operation in the ground space corresponds to the virtual process of tunneling
an anyon around the torus. This property will allow us to simplify the computation when we want
to compute the lowest order effective Hamiltonian. In the following subsections, we will show that
although S, is defined recursively based on Si,...,S,_1, only the first term —£L(Ady,(Sn—1)) on
the rhs of would contribute to the lowest order effective Hamiltonian. The intuition behind
this claim is that the other term },, ang(SQj (Vod)n—1) corresponds to virtual processes which
go through the ground space — excited space — ground space cycle multiple times (larger than
one). It is intuitive that such virtual processes would not happen when we want to consider the
lowest order perturbation.

where bgn_l =

3.A.3 Some preparatory definitions and properties

Let

G(z) = (2I — Hy)™*
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be the resolvent of the unperturbed Hamiltonian Hy. Let Ey be the ground space energy of Hy.
We set

G = G(Ey) = G(Ey)Qo = QoG(Ep)Qo ,

i.e., the inverse is taken on the image of QQg. Then £ can be written as
L(X)=PXG-GXP. (3.61)

To organize the terms appearing in the perturbative Schrieffer-Wolff expansion, it will be
convenient to introduce the following subspaces of operators.

Definition 3.A.1. For each n € N, let T'(n) be the linear span of operators of the form
o6V I\V Zy - Zy AV Zyy (3.62)

where for each j = 0,...,n, the operator Z; is either one of the projections Py or Qq, or a positive
power of G, i.e., Z; € {Py,Qo} U{G™ |m € N}.

Let T*(n) C T'(n) the span of operators of the form (3.62) which additionally satisfy the condi-
tion

Zo Ly = ZnZy =0,
i.e., Zg and Z, are orthogonal.

For later reference, we remark that operators in I'*(n) a linear combinations of certain terms
which are off-diagonal with respect the ground space of Hy (and its orthogonal complement). In
particular, any product of an even number of these operators is diagonal.

The first observation is that the summands the effective Hamiltonian have this particular
form.

Lemma 3.A.2. We have

Voa € TX(1) (3.63)
and
Sy € IT"(n) for every n € N (3.64)
Furthermore,
S*(Vog)m € Dim +1) (3.65)
for all k,m.

Proof. The definition of I'(n) immediately implies that
XY € I'(n1 + na) for X € '(ny) and Y € I'(na) . (3.66)
Thus
Adx(Y) € I'(n1 + n2) for X € '(ny) and Y € I'(na) .
Furthermore, inspecting the Definitions and , we immediately verify that
Voa € T'(1) and VaeT(1) (3.67)

Similarly, (3.63)) follows directly from the definitions.
We first argue that

S1 € F(l) and Sy € F(Z) . (3.68)
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Inserting the definition of V,q and £ (that is, (3.61)), we have

S1=L(PVQo+ QoV Fy)
= Po(P()VQ() + Q()VP())G — G(P()VQ() + Q()VP())PQ
=PVG-GVEF, (3.69)

where we used the fact GQg = QoG = G and that Qg, Py are orthogonal projections. This proves
the claim (3.64]) for n = 1 and, in particular, shows that S; € I'(1).
Similarly, for n = 2, using the definition of Vj, a straightforward calculation (using (3.69))) gives

Ady, (S1) = (PBVPWVG — QoVGV R) + h.c.
(where h.c. denotes the Hermitian conjugate of the previous expression) and thus with (3.61])
Sy = (PoVP)WVG* + GVGV Py) — h.c. .

We conclude that (3.64)) holds n = 2 and, in particular, Sy € I'(2), as claimed (Eq. (3.68])).
With (3.67) and (3.68)), we can use the composition law (3.66|) to show inductively that

Sp € T'(n) forallm e N . (3.70)

Indeed, (3.70) holds for n = 1,2. Furthermore, assuming Sy, € I'(m) for all m < n —1, we can
apply (3.66) and ([3.67)) to the Definition (3.59) of S (V,q)n_1, obtaining
5% (Voa)n-1 € T'(n) and Ady,(Sn—1) € T(n) .

Thus (3.70]) follows by definition (3.58)) of S, the easily verified fact (cf. (3.61))) that £(I'(n)) C
I'(n), and linearity.

Finally, observe that (3.61]) also implies
L(T(n)) CcT*(n), (3.71)

hence (3.64)) follows with (3.70).
The claim ([3.65) is then immediate from the composition law (3.66)), as well as (3.70]) and (3.67]).
O]

3.A.4 Topological-order constraint
In the following, we will assume that
PI'(n)Py C CPy for all n < L .(3.80))

which amounts to saying that (Hp, V') satisfies the topological order condition with parameter L
(see Definition [3.3.1]). In Section we argue that this implies that the effective Hamiltonian
is trivial (i.e., proportional to FPy) for all orders n < L. In Section we then compute the
non-trivial contribution of lowest order.

Triviality of effective Hamiltonian at orders n < L

A simple consequence of Definition then is the following.

Lemma 3.A.3. Suppose that PoI'(n)Py C CPy for all n < L. Then for any 2k-tuple of integers
ni, ...,k € N with

2k
an <L,
j=1

and all T, € T*(n;), j =1,...,2k, we have

Ty, -+ Ty, Po € CRy
PTy, - -Tn% e CF .
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Proof. 1t is easy to check that because of property (3.66]), the expression T}, - - - Ty, P is contained

in PoI'(n)Py, where n = Z?il n;. The claim follows immediately. The argument for PyT,, - - - Th,,

is identical. O
Lemma 3.A.4. Assume that PyI'(n)Py C CPy for alln < L. Then

POgZJ'*l(VOd)n_lPO e Chy forall j and olln < L . (3.72)
PoS* =Y (V,q) 1Py € CPRy forallj>1.

Lemma (3.A.4)) suffices to show that the n-th order effective Hamiltonian H, é;) is trivial (i.e.,
proportional to Py) for any order n < L (see Theorem below).

Proof. The claim ([3.72)) is an immediate consequence of the assumption since G2 1(Vod)n_1 € T'(n)
according to (3.65) of Lemma
For j > 1, we use the definition

SY M (Voa) 1 = Z Ads,, - Adg,,, , (Voa) -

Nni,...,ngj—12>1
2j—-1_ _
>l ne=L-1

First summing over n; (using the linearity of Ads,,, ), we obtain

S¥ 7 (Voa)n-1 = Y Adg, (Y,) where

n1>1

Y, = Z Ads,, ---Ads,, | (Voa)

ng,...,ngj—1>1
2j—1
> rjzz ny=L—1—n1

Observe that Y,,, is a linear combination of products 77 ---T5;_; of an odd number 2j — 1 of

elements {Tr}?ﬂ]:f, where (71, ...,Ty;1) is a permutation of (Sy,, ..., Sn,;_;, Vod). By linearity, it

suffices to show that PyAds,, (Ty---Toj—1)Py € CPy for such a product.
We will argue that

Ty---Tyj—1Py=TF for some T € T'(m) with m < L — n7 and (3.73)
PTy -+ Toj—1 = RT' for some T € T'(m/) with m’ < L —n; . (3.74)

This implies the claim since

PoAds,, (T1 -+ Taj—1)Po = PoSp, T1 -+ - Taj—1P0 — BTy -+ - T2j-150, Po
— PySp, TPy — PoT'Sn, Py
€ CP,

where we used that S,,T € I'(ny +m) and T'S,,, € T'(n1 + m'), n1 + m < L, n; +m’ < L and our
assumption in the last step.

To prove (the proof of is analogous and omitted here), we use that S, € I'"*(n;)
and Voq € T™(1) according to Lemma In other words, there are numbers mq,...,mgj—1 > 1
with 2 ', = 1+ % n, = L —ny < L such that T, € T*(m,) for r = 1,...,2j — 1. In
particular, with Lemma we conclude that

"T1 e T2j—1P0 = TI(TQ . 'TQj—l)PO
cChp .

Since m1 = L —n1 — ZQj*l m, < L —ny, the claim (3.73) follows. O

r=
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Computation of the first non-trivial contribution

Lemma (3.A.4) also implies that the first (potentially) non-trivial term is of order L, and given
by PyS'(Voq)r—1Py. Computing this term requires some effort.
Let us define the superoperator V; = —L o Ady;,, that is,

Va(X) = L(X Vg — VaX)
For later reference, we note that this operator satisfies
Vy(T*(n)) cT*(n+1) . (3.75)

as an immediate consequence of (3.71)).
We also define the operators

Bn =Y a;L(S¥(Voa)n-1) (3.76)

j=z1
Then we can rewrite the recursive definition (3.58)) of the operators S, as

Sl = ‘C(Vod)
Sp =Vi(Sp-1) + B, = A, + B, forn>2,

where we also introduced
Ap =Vg(Sn-1) forn>2. (3.77)
Similarly to Lemma we can show the following:

Lemma 3.A.5. Suppose that PoI'(n)Py C CPy for alln < L. Then for any

v {ZOVlevng o T \VaZim  form >0
A form =0
where Z; € {Py, Qo} U{G* |k € N}, we have
PoBiYVyPy € CPy  and  ByV,sY BePy € CP, (3.78)
for all £, m satisfying £ +m — 1 < L.

Proof. By definition (3.76)), By is a linear combination of terms of the form £(5% (Voq)e—1) with
j > 1, which in turn (cf. (3.59))) is a linear combination of expressions of the form

2j
L (Adsn1 .. 'AdSan (V:)d)) where Z n.=40—1.
r=1

It hence suffices to show that

BoL (Ad Sy - Ads,, (Vod)) YVpaPy € CRy . (3.79)
(The proof of the second statement in (3.78)) is identical and omitted here.)
By definition of £, the claim is true if Zy = Py, since in this case the lhs. vanishes as PyVyq Py =
0. Furthermore, for general Zy € {Qo}U{G* | k € N}, the claim (3.79) follows if we can show that
Po(Ads,,, -+ Ads,, (Voa))Y VoaFo € CHy

i.e., we can omit £ from these considerations. This follows by inserting the expression (3.61)) for L.
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Observe that Adg, "'AdSn% (Voa) is a linear combination of products 77 ---Th41 of 25 +

1 operators {Tr}ij:{l, where (T71,...,Ty;11) is a permutation of (Sp,,...,Sn,;, Voa). That is, it
2j+1

21, we have

suffices to show that for each such 2j + 1-tuple of elements {7} }
Pyt --- TQjT2j+1Y‘/OdP0 eCPh . (380)

By Lemma T, € T*(m,) for some integers m, > 1 satisfying Z2j+1 my = 1+ Z?le n, =

el r=1

1+ ¢ —1. This implies (by our assumption £ +m — 1 < L) that
2j
> mp=t-1<1L, (3.81)
r=1

and thus PyT; - - - Tyj € CPy according to Lemma [3.A.3] We conclude that

PoTy - - TojT2j 1Y VoaPo € CPyT5j11Y Voq Py
€ CPI'(majq1 +m+1)Py .

But by (3.81)) and the because j > 1, we have

2j
maji1+ (m+1)=(E—=1=> m)+(m+1)
r=1
<SU—-1-2))+(m+1)<l+m-2<L
by assumption on ¢, m and L, hence (3.80)) follows from the assumption ([3.80]). O

Lemma 3.A.6. Suppose that PyI'(n)Py C CPy for all n < L. Then for any ¢,m satisfying
{+m—1< L, we have

PoVg™ (Be)Voal € CPy and  PyVogV3"(Be) Py € CPy (3.82)
In particular, for every q < L, we have
P()Advslﬂ—l(quk)(VOd)Po e Chy (3.83)
forallk=0,...,q — 2. Furthermore,
PoAdp,(Vea) Py € CPy forallt <L . (3.84)
Proof. By definition of Vg, the expression V3™ (By) is a linear combination of terms of the form

Al = ZoVaZy -+ Zyp 1V Z,

AFB, AR where R
A = Zr+1Ver+2 T ZdeZerl

and each Z; € {Py, Qo}U{G™ |m € N}. Since AL only involves diagonal operators and the number
of factors Vg is equal to r < L, we have PyAY = PyAYPy € PyI'(r)Py € CP,. In particular,
Po(AFBiA®)V,aPy € CPyBA™Voa Py
But
PyBA™VoaPy € CPy

where we applied Lemma with Y = AP (note that AR involves m — r factors Vj, and
¢+ (m —r)—1< L by assumption). We conclude that

Py(AYBARYV,qPy € CPy
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and since PyVg™(By)Voq P is a linear combination of such terms, the first identity in follows.
The second identity is shown in an analogous manner.
The claim follows by setting m = k+1 and £ = ¢g—k, and observing that /(+m—1=¢q < L.
Finally, consider the claim . We have

PyByVoaPo = PyBiQoVoaFPo € CHy
PyVoaBePy = PoVoaQoBeFy

for all £ with £ — 1 < L by Lemma hence the claim follows. O
Lemma 3.A.7. Suppose that PyI'(n)Py C CPy for alln < L. Then
POAdVd(Aq)(Vod)PO S PoAdV;q(ﬁ(Vod)) (Vod)Po + CPy .
for all g < L.
Proof. We will show that for k =1,...,¢q — 2, we have the identity

PgAdvgk( )(Vod)Pg € POAdvskH(Aq_k)(Vod)PO +ChH . (3.85)

Aq+17k

(Notice that the expression on the rhs. is obtained from the lhs by substituting k + 1 for k.)
Iteratively applying this implies

POAdVd(Aq)(‘/od)PO S POAdV;q—l(AQ)(%d)PO + CFy ,

from which the claim follows since A = Vi(L(Voa))-
To prove (3.85)), observe that by definition (3.77)) of A, we have by linearity of Vy

ng(Aqulfk) = V;”C“(Sq,k) - Vccl)kH(Aqfk) + VSkH(quk) :
By linearity of the map X — PyAdx (Voq)Fo, it thus suffices to show that
POAdv§k+l(Bq_k)(%d)PO cChry

for all k =1,...,¢ — 2. This follows from of Lemmam O
Lemma 3.A.8. Suppose that PyI'(n)Py C CPy for alln < L. Then

Pogl(vod)n,1P0 = POAdV(‘;"”(ﬁ(Vod))(Vod)PO + CP, foralln < L+2. (3.86)
Proof. By definition and the linearity of Ad., we have

S'(Voa)n—1 = Ads,_,(Voa) = Ada, , (Voa) + Adp,_, (Vea) -

But by definition of A,,_1, we have if n —2 < L

PoAda,,_, (Voa)Po = PoAdy,(s,,_o)(Vod) Po
= PoAdy,(a,_»)(Voa) Po + PoAdy, (s, ) (Vod) Po
€ POAdV“;”*Q(ﬁ(Vod)) (Voa)Po +CPy

where we again used the linearity of the involved operations in the second step and Lemma [3.A.6
and Lemma in the last step (with £ =0 and ¢ =n —2).
Similarly, we have (again by Lemma |3.A.6]) if n — 2 < L.

P()/-\dBn_1 (Vod)P() =CF .

The claim ({3.86]) follows. O



3.A. EQUIVALENCE OF THE SELF-ENERGY- AND SCHRIEFFER-WOLFF METHODS 103

Lemma 3.A.9. Suppose that PoI'(n)Py C CPy for alln < L. Then
PoS*(Voa)—1Py = 2P,VGVG---GV Py |
where there are L factors V' on the rhs.
Proof. We will first show inductively for £k =1,...,n — 2 that
VR (L(Voq)) = —((GV)F 1Py — h.e.) + Ty, for some T}, € T*(k) . (3.87)
By straightforward computation, we have

L(Voa) = PoViuG — hec.
[L(Voa), Va] = —GVoaPoVa + VaGVoq Po + h.c.
Vi(L£(Voa)) = —(GVaGVoaPo — h.c.) + T,

where T1 = G?VyqPyVqPy — h.c.. By assumption, PyVqPy = PyVyqPy € CPy. Thus T} € I'*(1), and
the claim is verified for k£ = 1 (since GVqGVoqPo = GVGV F).

Now assume that holds for some £ < n — 1. We will show that it is also valid for k
replaced by k + 1. With the assumption, we have

V(L (Vo)) = Vi (Vi (£(Voa)))
= Va ((GV)*1 Py = hoe.) +Va(Ty)
But

Va((GV)FH Py) = L((GV)FH PV — Va(GV)FH Ry)
= —G(GV)FLPyVaPy + GV4(GV)F iR,
= -GGV PV P + (GV)*2R,

and by doing a similar computation for the Hermitian conjugate we find
VL (L(Vog)) = — ((GV)k+2p0 - h.c.) +Tpp  where
Thi1 = (G(GV)’““POVPO - h.c.) FVa(T) -

We claim that T41 € I (k+1). Indeed, by assumption we have PyV Py € PoI'(1)Py C CPFy, hence
G(GV)*1 PV Py € CG(GV)*1Py c T*(k + 1) and the same reasoning applies to the Hermitian
conjugate. Furthermore, for Ty, € I'*(k), we have Vy(T)) € I'*(k + 1) by (3.75).

This concludes the proof of , which we now apply with £k = L — 2 to get

PoAdV;Lﬂ(L%d))(Vod)Po = PV (L (Vo)) Vod Po — PoVoa V3 2(L(Voa)) Po

= Py (VG VoaPy + PoVoa(GV) 1Py
+ PyT1—2Voa Py — PoVodTL—2 P

Since PyTr,—9VoqPy and PyVoqTr 2Py are elements of PyI'(L — 1) Py, we conclude that
PoAdyer (s, 1) (Vod) Po = PoVg" ™2 (£(Voa))Vea Po — PoVoaVg" (L (Vod)) P
=R(VA)'" 'V +v(GV)! Y P+ CP
Finally, with the expression obtained by Lemma m (with n = L), we get
PoS (Voa)L—1Po = PoAdvsL—2(£(Vod))(Vod)Po
= 2P (VG)!" vy 4+ CP,

as claimed.



104 CHAPTER 3. ADIABATIC PREPARATION OF TOPOLOGICAL STATES

Equivalence of self-energy method and Schrieffer-Wolff transformation

With Lemma Lemma and Lemma [3.A.9] we now have the expressions necessary to

obtain effective Hamiltonians.

Theorem 3.A.10 (Theorem in the main text). Suppose that PyT'(n)Py C CPy for alln < L.
Then the n-th order Schrieffer- Wolff effective Hamiltonian satisfies

HY echy  foralln<L, (3.88)
i.e., the effective Hamiltonian is trivial for these orders, and
HD =20, Py (VG)- "'V Py + CPy (3.89)

and where there are L factors V involved.

Proof. Consider the definition (3.60]) of the n-th order term Hefr,, in the expansion (3.6): we have

Hefr = Z baj—1PoSH " (Voa)n-1Pp -
1<5<n/2]

For n < L, each term PyS%~1(V,q)n_1Py is proportional to Py (see (3.72) of Lemma [3.A.4), hence
the claim (3.88]) follows.

On the other hand, for n = L, we have

e CPF, ifj>1

PoSP Y Vog) -1 P
0 (Vod)z-1 O{POVGVGV---GVPO ifj=1

according to Lemma and Lemma hence (3.89) follows. O

3.B On a class of single-qudit operators in the Levin-Wen model

In this appendix, we consider the action of certain single-qudit operators and discuss how they
affect states in the Levin-Wen model. For simplicity, we will restrict our attention to models where
each particle satisfies @ = a, i.e., is its own antiparticle. Similar local operators were previously
considered (for example, in [BSSII]). We introduce the operators in Section and compute
the associated effective Hamiltonians in Section B3.B.2]

3.B.1 Definition and algebraic properties of certain local operators

Recall that for each qudit in the Levin-Wen model, there is an orthonormal basis {|a)}.cr in-
dexed by particle labels. For each particle a € F, we define an operator acting diagonally in the
orthonormal basis as

Oalb) = ‘3‘1‘2|b) for all b € F . (3.90)

As an example, consider the Pauli-Z operator defined in Section for the doubled semion
model. Because the S-matrix of the semion model is given by (see e.g., [Sch13, Section 2.4])

1 |1 1
S=—
Al
with respect to the (ordered) basis {|1),|s)}, the operator O takes the form
O, = diag(1,—-1) = Z (3.91)

according to ((3.90)).
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As another example, we can use the fact that the Fibonacci model has S-matrix (with respect
to the basis {|1),|7)})
Lo
p —1

O =diag(p, —1/¢) .

Therefore, the Pauli-Z-operator in the doubled Fibonacci model takes the form

1

V14 ¢?

S =

to obtain

¥
Z = m (=1 +20;) , (3.92)
where [ is the identity matrix.

We will write Oc(f) = O, for the operator O, applied to the qudit on the edge e of the lattice. To
analyze the action of such an operator O,(f) on ground states of the Levin-Wen model, we used the
“fattened honeycomb” description of (superpositions) of string-nets: this gives a compact represen-
tation of the action of certain operators (see the appendix of [LWO05]), as well as a representation
of ground states (see [KKR10]). In this picture, states of the many-spin system are expressed
as superpositions of string-nets (ribbon-graphs) embedded in a surface where each plaquette is
punctured. Coefficients in the computational basis of the qudits can be obtained by a process of
“reduction to the lattice”, i.e., the application of F-moves, removal of bubbles etc. similar to the
discussion in Section Importantly, the order of reduction does not play a role in obtaining
these coefficients as a result of MacLane’s theorem (see the appendix of [Kit06]). Note, however,
that this diagrammatic formalism only makes sense in the subspace

Hyatid ={|¥) | Av|tb) = |¢) for all vertices v}

spanned by valid string-net configurations, since otherwise reduction is not well-defined.

This provides a significant simplification for certain computations. For example, application of
a plaquette operator B, corresponds — in this terminology — to the insertion of a “vacuum loop”
times a factor 1/D. The latter is itself a superposition of strings, where each string of particle

type j carries a coefficient %. We will represent such vacuum strings by dotted lines below:

1 .
ZEZ%]
j

Crucial properties of this superposition are (see [KKRI10, Lemma A.1})

-

4 N
VX1 =D
) R

T
s =D

i d
MY A

|
%= &)

J

and the pulling-through rule

J
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Similarly, a single-qudit operator O((f) of the form ([3.90]) can be expressed in this language, and
takes the form of adding a “ring” around a line: we have

b
0|y = Q|>“ .

(The color is only used to emphasize the application of the operator, but is otherwise of no signif-
icance.)

Lemma 3.B.1. Let a # 1, and let O((le) be an operator of the form (3.90) acting an an edge e
of the qudit lattice. Let p,p" be the two plaquettes adjacent to the edge e, and let By, By be the
associated operators. Then for any V) € Hyaud, we have

Byly) = [¢) = B,(0¥ ) =0
Byly) = I4) = By (0¥p)) =0

For example, for any ground state |1)) of the Levin-Wen model Hiqp, O,(f)hb) is an eigenstate
of Hiop with energy 2. Furthermore, for any ground state |¢), and any edges e1,...,e, which
(pairwise) do not belong to the same plaquette, the state ol ... O((f")]z/J} is an eigenstate (with
energy 2n) of Hiop. The case where the edges belong to the same plaquette will be discussed below
in Lemma 13.B.2)

Proof. For concreteness, consider the plaquette operator B, “on the left” of the edge (the argument
for the other operator is identical). Because |¢) is a ground state, we have By|¢) = [¢). Using the
graphical calculus (assuming that the state |1)) is expressed as a string-net embedded in the gray
lattice), we obtain

1

B0 Byl) = 75

= 5a,1|¢>
L]

Lemma 3.B.2. Let e; # es be two edges lying on the same plaquette p, and let us assume that
they lie on opposite sides of the plaquette p (this assumption is for concreteness only and can be

dropped). Let Oc(fl) and O,(fQ) be the associated single-qudit operators (with a # 1). Then for all
[v) € Hoalia, we have

Bp0g61)0¢(162)3p’1/’> - %Bpoge1ez)3p’¢> )

(ere2)

where the operator Oy is defined by

o= [
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in the diagrammatic formalism. In other words, Oc(flez) adds a single loop of type a around the
edges ey, ea.

Proof. Let |1) € Hyag- Then we have by a similar computation as before

By(OLIOF)Bylu) = By ~
i l Z Faal
- pD aak @
k

>

as claimed. O

Clearly, the reasoning of Lemma can be applied inductively to longer sequences of prod-
ucts Oéel)OéeQ) e Ol(f’“) if the edges {e1,...,ex} correspond to a path on the dual lattice, giving
rise to certain operators O,(fl'“ek) with a nice graphical representation: we have for example

POV O ... Olek) By = ¢ PyOlerer) p,

for some constant ¢, where F is the projection onto the ground space of the Levin-Wen model and
where O{"*) is the operator given in the diagrammatic formalism as

O e |ap) = (3.93)

Using this fact, we can relate certain products of operators to the string-operator Fi, ,)(C)
associated with the (doubled) anyon (a,a). That is, assume that the edges {ey,...,er} cover a
topologically non-trivial loop C on the (dual) lattice (e.g., {10, 12} in the 12-qudit torus of Fig. [3.1]).
Then we have

Py(OlD)0e2) ... Ot Py = ¢ - F, 4(C) (3.94)

for some constant c¢. This follows by comparing (3.93) with the graphical representation of the
string-operators of the doubled model as discussed in [LW05], see Fig. Note also that by the

topological order condition, operators of the form POOt(fl)O((fz) e O((f’“) Py are proportional to Py
if k< L.
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(a) Fla,a)(C) (b) Fl1,0)(C) (¢) Fla,(C)

Figure 3.B.1: The graphical representation of certain anyonic string-operators in the doubled
model. The dashed line is inside the torus.

3.B.2 Effective Hamiltonians for translation-invariant perturbation

According to (3.91)) and (3.92)), a translation-invariant perturbation of the form V' =}, Z; for the
doubled semion or Fibonacci models (as considered in Section [3.7) is, up to a global energy shift
and a proportionality constant, equivalent to a perturbation of the form

v=> 0, (3.95)

where a # 1 and the sum is over all edges e of the lattice (Here a = s in the doubled semion model
and a = 7 in the Fibonacci model). We show the following:

Lemma 3.B.3. For the perturbation (3.95)) to the Levin-Wen model Hy, the L-th order effective
Hamiltonian is given by

Héff) =a (Z F(a,a) (C)> + CQPO ; (396)
C

where ¢1 and co are constants, and the sum is over all topologically non-trivial loops C' of length L.

Proof. According to Theorem the L-th order effective Hamiltonian is proportional to

PV VP = Y ROFIGOIG - GOFH Ry

€1,..,€L

up to an energy shift. By the topological order constraint, the only summands on the rhs. which

can have a non-trivial action on the ground space are those associated with edges {ej,...,er}
constituting a non-trivial loop C' on the (dual) lattice. Note that for such a collection of edges,
every plaquette p has at most two edges e;, e;, € {e1,...,er} as its sides, a fact we will use below.

Our claim follows if we show that for any such collection of edges, we have
ROFIGOIG - GOYE Py = cFo )(C) (3.97)

for some constant c.
We show (3.97) by showing that the resolvent operators G only contribute a global factor;

the claim then follows from . The reason is that the local operators Ot(f") create localized
excitations, and these cannot be removed unless operators acting on the edges of neighboring
plaquettes are applied. Thus a process as the one on the lhs. is equivalent to one which goes
through a sequence of eigenstates of the unperturbed Hamiltonian Hy.

)

The proof of this statement is a bit more involved since operators O((fz can also create super-

positions of excited and ground states. We proceed inductively. Let us set

Al = PO Fl — O((IEI)GO((IE2)GO¢(163)G . GO((IGL)PO
Az = ROLVG I, = o gola. ..ol p,

Ay = ROSIGoO ..ol VG T, = ofYaoG ... GOSH Py for k=3,...,L -1
AL = ROSVGOSP .06 T, = o, .
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such that
P,OIGOE G .. GO Py = ATy, fork=1,....,L—1. (3.98)

Let [1)) be a ground state of the Levin-Wen model Hy. We claim that for every k =1,..., L — 1,
there is a set of plaquettes Py, and a constant ¢j (independent of the chosen ground state) such
that

(1) AxTklY) = cp - Ay (Hpepk Bp) O ... Ol ).
(ii) The (unnormalized) state (Hpepk Bp) oler) .. OéeL)W> is an eigenstate of Hy. Its energy ¢,
is independent of the state |1).

(iii) The set Pk only contains plaquettes which have two edges in common with {eg,...,er}.

Note that for k = 1, this implies P,OLVGO? G- .GOYY Py = ¢ - RO O ... 0kt p,
because PyB), = Fy, and the claim (3.97)) follows with ([3.94)
Properties (), hold for k = L, with Py, = ) and €, = 2: we have for any ground state |¢))

Trle) = OFH )

and this is an eigenstate of Hy with energy 2 according to Lemma
Assume now that , hold for some k € {2, L}. Then we have according to (3.98))

Ap—1Tx—1]v) = ApLk|o)

=i | [] By | O O |)

PEPk

(Ak— O(ek 1)G) H B ek)"'O(eL)|'¢>

PEPk

= o1 A0 | I By ) 0600wy
PEPy

where

CL :
oy = Fo—cr if € > Eo
0 otherwise

It hence suffices to show that for some choice of plaquettes Pr_1, we have
(a) Ax105* (Hpem Bp) Of* - Of ) = Mgy (Hpepk—l Bp) O+ 0y
(b) <Hp€7;k71 Bp> o). -O,(IGL)W) is an eigenstate of Hy with energy €1 (independent of |1)).

(c) that the set Pr_;1 only contains plaquettes sharing two edges with {eg_1,...,er}.

By assumption and the particular choice of {e1, ..., e}, none of the plaquettes p € Py, contains
the edge er_1. Therefore, we can commute the operator O((f'“’l) through, getting

0| I1 By | 050Dy = | ] By | 00k -0k Py (3.99)

PEPk PEP

We then consider two cases:
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e If e;_1 does not lie on the same plaquette as any of the edges {e,...,er}, then application
of O((f’“’l) creates a pair of excitations according to Lemma and the state (3.99)) is
an eigenstate of Hy with energy ex_1 = e + 2 > Ey. In particular, setting Pr_1 = Pk,

properties @f follow.

o If there is an edge ey, £ > k such that e;_; and ey belong to the same plaquette p, then the
state (3.99) is a superposition of states with Bj excited/not excited, that is, we have

o) = TI By | 000 - 00| = (I - By)lg) + Bil) -
PEPy
However, an excitation at p cannot disappear by applying the operators oler) e oler-2)
since these do not share an edge with p, hence A;_; (I—Bp)|¢) = 0 (recall that Ay_1 = PyAg_q
includes a projection onto the ground space). Thus setting Px_1 = P U {p}, we can verify
that (a)—(c) indeed are satisfied. (The case where there are two such plaquettes p can be
treated analogously.)

O]

Let us compute the effective Hamiltonian for the case of the rhombic torus, or more
specifically, the lattice we use in the numerical simulation, Fig. It has three inequivalent
weight-2 loops: {10,12},{1,2},{5,7}. Follow the recipe in Section[3.6.2] respectively Section[3.7.2]
these three loops are related by a 120° rotation. The corresponding unitary transformation for this
rotation is given by the product of matrices A = T'S when expressed in the flux basis discussed
in Section (for the doubled Fibonacci model, the latter two matrices are given by )
Similarly, we can express the action of F(,,)(C) in this basis using , getting a matrix F.
By , the effective Hamiltonian for the perturbation —e j Z; is then proportional to (when
expressed in the same basis)

Hy~ —(F+ AT'FA + A72F A?).

Note that the overall sign of the effective Hamiltonian is not specified in , but can be de-
termined to be negative here by explicit calculation. For example, substituting in the S matrix
(Eq. (3.45)) of the doubled Fibonacci model, we have F = diag(¢ + 1,—1,—1,¢ + 1) for the
Fibonacci model. It is then straightforward to obtain the ground state of Heg, which is

0.715|(1,1)) -+ (0.019 — 0.0574)|(7, 1)) + (0.019 + 0.0573)|(1, 7)) + 0.693|(7, 7)) , (3.100)

where |(a, b)) is a flux basis vector, i.e., the image of P, 3)(C) (see Section 3.6.2]) up to some phase.



Chapter 4

Optimizing dynamical decoupling
with RNN

This Chapter is based on [AN16].

In this chapter, we study the possibility of using tools from machine learning to
improve the performance of quantum memories. In particular, we utilize generative
models which are based on recurrent neural networks to optimize dynamical decou-
pling (DD) sequences. DD is a less demanding technique (compared to QECC) to
suppress the errors of certain noise models, and has already demonstrated in multi-
ple experiments that it can indeed prolong the coherence time. With the numerical
simulation of a spin interacting with its environment as a toy quantum memory, we
show that neural networks are able to learn the structure of the good sequences from
an initially random database and use it to guess potential new ones. By repeatedly
updating the database, eventually the neural networks output DD sequences with per-
formance better than that of the well-known DD families (for a specific noise model).
Since our algorithm does not rely on knowing the noise model or the concrete experi-
mental setup a priori, it is likely able to adapt to different settings and find optimized
sequences specifically for them.

4.1 Introduction

As mentioned multiple times in this thesis, a major challenge of quantum information processing
(e.g. quantum computation and communication) is to preserve the coherence of quantum states.
While in principle we can build a fault-tolerant quantum memory or universal quantum computer
once the error rate of the device is below a certain threshold, it is still beyond nowadays experimen-
tal capacity to build a decent size one. A less explored area is the optimization of implementing the
fault-tolerant protocol on a concrete experimental setting. This is often a tedious problem, due to
the amount of details in the real devices, and the fact that the architectures of both experimental
devices and theoretical protocols are still rapidly changing. Thus, an attractive approach is to
automatize this optimization task. Apart from convenience, it is conceivable that given enough
time, the experimental devices together with classical computers can explore a larger parameter
region compared to the often small number of possibilities considered by human.

While we are talking about the optimization of experimental devices, it might be worthwhile
to look at the recent progress of machine learning. For example, in the work [MKS™13] it is shown
that the computer can learn to play many relatively simple games at a human or even super-
human level. On the other hand, controlling a quantum memory is not that different from playing
a game. In general, it can be abstracted as inputting a (time-dependent) series of parameters to
the devices, and at the mean time possibly getting a (time-dependent) series of output from them,
with a final score usually being the fidelity of the stored state. However, the recent progress of
machine learning is to a large degree about the ability to processing visual information, which
is not an element of the above “quantum memory” game. But rather, the increasingly versatile

111
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machine learning computer libraries and fast computer hardware allow us to utilize a larger amount
of data compared to before, as well as trying more approaches to solve the same problem. One
particularly popular machine learning model at this moment is the artificial neural network (ANN),
mostly because it is the state of art model to handle visual related data. Nevertheless, the key
idea of ANNs is to be a family of functions/programs that are continous with respect to some
parameters, which makes it applicable to the optimization problems we have in mind.

Automatically optimizing parameters in real (or numerical simulations of) experiments is not
a new idea. For example, it has been applied to optimizing the pulse shape of a laser, the parame-
ters of Hamiltonians to achieve certain unitary operations or parameters of dynamical decoupling
and cold atom experiments. Most works that attempt to obtain optimal parameters use genetic
algorithms [JR92, [HARSS15, IGCM ™13, [PS16] (and to some degree [KMFT16]) or local searches
such as gradient descent [CWWT13, DCQ™ 14, [PS16, BPB15, MSG™11] and the Nelder-Mead sim-
plex method [BUV™09, DCMT11, KBC™14]. It is argued that by using these optimization methods
directly on the experiments, we can avoid the hardness of modelling the imperfect control and the
system-environment interaction. However, one possible weakness of these optimization methods is
that they generate new trials only by looking at a fixed number of previous ones, and often they
need to restart once they reach a local minimum. Thus, in the long run, they do not fully utilize
all the data generated by the experiments, especially for those experiments that operates on a very
short time scale.

In this chapter, we propose an orthogonal approach, where we try to mimic the structure
of good parameters by building a model that approximates the probability distribution of these
parameters. After an initial optimization, this model can then be used to efficiently generate new
possible trials and can be continuously updated based on new data. In particular, we choose this
model to be a variant of the recurrent neural network (RNN), which makes our approach very
similar to the way in which natural languages or handwriting are currently modelled. This ansatz
enables us to exploit the models and insights developed by the machine learning community and
possibly translate further progress there into the field of quantum control. Possible advantages
include the ability to utilize large amount of data with complex RNNs, as well as the easiness
of training them due to mature computer libraries. It is worth pointing out that the machine
learning part of this chapter is purely classical; only the (classical) data are related to quantum
time evolution. Among the previous work, the approach in [WEvdH" 15| is the most similar to
ours, as they attempt to build a model from the data and utilize the model to perform optimization.
(Classical) machine learning is also used in [CFCT14] [OTBI5, [TGBI5| to characterize the error
models in quantum error correction and to react accordingly.

To demonstrate the feasibility of using our method to help optimizing quantum memory, we
consider the problem of automatically learning and optimizing dynamical decoupling sequences
(almost) without using any prior knowledge. Dynamical decoupling (DD) [VKL99] is a tech-
nique which combats certain noise by applying a sequence of unitary operations on the system
(see [SASTIL|QL13] for a review). It has a less stringent requirement compared to general error cor-
rection protocols, which allows it to be demonstrated in experiments [BUV 09, dLWR™10, [SASTT]
in contrast to other methods. Moreover, DD-sequences have a relatively simple structure, and
therefore it is conceivable that a learning algorithm could eventually sample them without the
need of using heavy mathematics. This is an important point, as machine learning is still not
generally applicable to solve problems that need large amount of prior knowledge. In order to
solve a problem where heavy mathematics is needed, such algorithms need either to

e develop all necessary mathematical theorems from the scratch, or

e translate the needed knowledge from mathematics books into formal languages that comput-
ers can recognize.

Both approaches are not achievable nowadays.
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4.2 Background

4.2.1 Dynamical decoupling

The majority of dynamical decoupling schemes are designed for error models where the system-
environment interaction can be described by a Hamiltonian. We will use Hg and Hp to denote
the Hilbert space of the system and environment (often called bath), respectively. The difference
between system and environment is that the former represents the part of the Hilbert space we can
apply the Hamiltonian on and in which we store quantum information. The total noise Hamiltonian
is

Hy=Hs®Ip+1Is® Hp + Hgp.

Without intervention, in general Hy would eventually destroy the quantum states we store on Hg.
To suppress this noise, we could apply a time dependent Hamiltonian H¢(t) to the system, which
makes the total Hamiltonian H(t) = Ho + Hc(t). In the ideal case, we can control the He(t)
perfectly and reach very high strength (i.e. norm of the Hamiltonian), which allows the ideal pulse

V(t) = 05(t — to).

It applies a unitary operator e *© to the system for an infinitely small duration (we set h=11in
this work). A very simple DD-scheme for a qubit (a two level system S) is the XY} sequence: it
applies pulses of the Pauli-matrices X and Y alternatingly with equal time interval 7; in between.
A complete cycle consists of four pulses XY XY, thus the total time period of a cycle is T, = 474.
In the limit of 74 — 0, the qubit can be stored for an arbitrarily long time. The intuition behind
DD-sequences is the average Hamiltonian theory. Let Uc(t) = T exp{—i fg dt'Ho(t')} be the total
unitary applied by Ho(t') up to time ¢. In the interaction picture defined by Ug(¢), the dynamics
is governed by the Hamiltonian H(t) = Ug(t)HoUc(t). If the time interval 74 between pulses is
much smaller than the time scale defined by the norm of ||Hy||, it is reasonable to consider the
average of H(t) within a cycle. The zeroth-order average Hamiltonian in T, (with respect to 74) is

_ 1 [T
HO — = / dt'UL(t)HoUc(t) .
c JO

For the XY, sequences introduced above, it is easy to compute H 0 = % Y oc (1.X,Y.Z} oHyo. Since

the mapping O — Zae{I,X,Y,Z} 0Oc maps any 2 x 2 matrix to 0, by linearity we know H© = 0.
Here we are going to list several classes of DD-sequences. We will first explain how to con-

catenate two sequences, as most long DD-sequences are constructed in this manner. Given two

DD-sequences A = P; --- P, and B = Q1 - - - QQp, the concatenated sequence A[B] is

A[B] = (P1Q1)Q2 -+ Qn(P2Q1)Q2 - Qn -+ (PnQ1)Q2- -+ Qn

As an example, when we concatenate the length-2 and length-4 sequences XX and XY XY, we
obtain IY XYITY XY.

We will use P; to represent any Pauli matrix X, Y or Z, and for i # j, P; # P;. The families
of DD-sequences can then be listed as the following:

DD4 are length-4 sequences Py P> P Ps.

DD8 are length-8 sequences I Po P Pol Po Py Ps.

EDDS8 are length-8 sequences Py Po Py Po Po P, Po Py

CDD16 are length-16 concatenated sequences DDA4[D DA4]

CDD32 are length-32 concatenated sequences DDA[D D8] and DD8[DDA4]

CDD64 are length-64 concatenated sequences DD4[C'DD16] and DD8[DDS]
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Longer DD-sequences can again be obtained by the concatenation of the ones listed above, and
in the ideal situation they provide better and better protection against the noise. However, with
realistic experimental capability, the performance usually saturates at a certain concatenation-level.
Since at this moment we are only optimizing short DD-sequences, the listed ones are sufficient to
provide a baseline for our purpose. One important family we did not include here is the “Knill
DD” (KDD) [RHCI10], because it requires the use of non-Pauli gates.

However, we cannot expect these requirements to be met in all real world experiments. The
two major imperfections that are often studied are the flip-angle errors and the finite duration of
the pulses. Flip-angle errors arise from not being able to control the strength and time duration
of Hc(t) perfectly, thus the intended pulse V(¢) = Od(t) becomes V (t) = (1 £ €)Od(t). And since
zero-width pulses O0(t) are experimentally impossible, we must consider finite-width pulses which
approximate the ideal ones. In this paper, we will only consider the imperfection of finite-width
pulses. However, it is straightforward to apply our algorithm to pulses with flip-angle errors.

4.2.2 Measure of performance

There are multiple ways to quantify the performance of DD-sequences. In practice, we choose
different measures to suit the intended applications. Here we use the same measure as in [QL13],
which has the advantage of being (initial) state-independent and having a closed formula for
numerical simulation:

1
D, 1) — \/ L= T @)

where U represents the full evolution operator generated by H(t), ds and dp are the dimensions
of the system and environment Hilbert space Hg and H g, respectively. | X ||t = Tr(vV XTX) is the
trace-norm, and Trg(-) is the partial trace over Hg. The smaller D(U, I) is, the better the system
preserved its quantum state after the time evolution. For example, the ideal evolution U = Ig®Up
has the corresponding D(U, I) = 0.

In experiments, it is very hard to evaluate D(U, I), as we often do not have access to the bath’s
degree of freedom. Instead, the performance of DD-sequences is often gauged by doing process
tomography for the whole time duration where DD is applied [dLWR™10), SASlQb]. Although it is
a different measure compared to our choice above, the optimization procedure can still be applied
as it does not rely on the concrete form of the measure. Moreover, for solid state implementations
such as superconducting qubits or quantum dots, a typical run of initialization, applying DD-
sequences and measurements can be done on the time scale of 1 ms or much faster. Thus, it is
realistic that on the time scale of days we can gather a large dataset of DD-sequences and their
performance, which is needed for our algorithm.

4.2.3 Recurrent Neural Networks

Sequential models are widely used in machine learning for problems with a natural sequential
structure, e.g. speech and handwriting recognition, protein secondary structure prediction, etc.
For dynamical decoupling, not only do we apply the gates sequentially in the time domain, but
also the longer DD sequences are often formed by repetition or concatenation of the short ones.
Moreover, once the quantum information of the system is completely mixed into the environment,
it is hard to retrieve it again by DD. Thus, an educated guess is that the performance of a DD-
sequence largely depends on the short subsequences of it, which can be modelled well by the
sequential models.

Since our goal is not simply to approximate the distribution of good dynamical decoupling
sequences by learning their structure but to sample from the learned distribution to efficiently
generate new good sequences, we will further restrict ourselves to the class of generative sequential
models. Overall, these models try to solve the following problem: given {x;};<, approximate the
conditional probability p(z¢|xi—1,...,21). As a simple example, we can estimate the conditional
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Algorithm 1: Optimization Algorithm

Input : Number of initial models to train: n, Number of models to keep: k, Percentage of
data to keep: p, Set of possible topologies: M, Size of data: d
D < generateRandomData(d) ;
D, (¢s) < keepBestData(D,p) ;
M + trainRandomModels(n, D, M) ;
M < keepBestKModels(M,k) ;
while (¢5) not converged do
M < trainBestModels (D) ;
D + generateDataFromModels (M, d) ;
D, (ss) < keepBestData(D,p) ;
end
Output: (), D, M

© 00 N O Ok W N =

probability p(x¢|z¢—1) from a certain data set, and use it to generate new sequencesﬂ For more
sophisticated problems (e.g. natural language or handwriting), it is not enough to only consider
the nearest neighbour correlations as simple models like Markov-chains of order one do.

The long short-term memory (LSTM) network, a variation of the recurrent neural network
(RNN), is a state-of-the-art technique for modelling longer correlations |Gral3] and is comparably
easy to train. The core idea of RNNs is that the network maintains an internal state in which
it encodes information from previous time steps. This allows the model to, at least theoretically,
incorporate all previous time steps into the output for a given time. Some RNNs have even
been shown to be Turing-complete [Pol87]. In practice, however, RNNs often can only model
relatively short sequences correctly due to an inherently unstable optimization process. This is
where LSTMs improve over normal RNNs, as they allow for training of much longer sequences in
a stable manner. Furthermore, LSTMs, like all ANNs, are based on matrix multiplication and the
element-wise application of simple non-linear functions. This makes them especially efficient to
evaluate.

From the machine learning perspective, we treat the problem at hand as a supervised learning
problem where we provide the model with examples that it is to reproduce according to some
error measure. We do not use the framework of reinforcement learning since the performance of a
DD-sequence could only be measured after the whole sequence is applied. In fact, to some degree,
our approach is to some degree similar to reinforcement learning, while the use of RNNs and
provide supervised answers in the middle of the sequences allow us to handle this high dimension
optimization problem effectively. Similarly, playing the board game Go can be easily formulated
as a pure reinforcement learning problem, yet it is only solved efficiently with the help of human
playing data and supervised learning. A short introduction to machine learning, LSTMs and their
terminology can be found in the appendix and in [Niel5] while a more exhaustive discussion can
be found in [GSK™15, (GBCI6].

4.3 Algorithm

The algorithm presented in this section is designed with the goal in mind to encode little prior
knowledge about the problem into it, in order to make it generally applicable to different im-
perfections in the experiment. Following this idea, the method is agnostic towards the nature of
the considered gates, the noise model and the measure of performance. To implement this, the
algorithm assumes that

e the individual gates are represented by a unique integer number such that every sequence
s € G@Ls with G denoting the set of the unique identifiers and L being the length of s.

!This idea can be at least dated back to Shannon [Sha48], where this model generated “English sentences” like
“ON IE ANTSOUTINYS ARE T INCTORE ST BE S DEAMY ACHIN D ILONASIVE TUCOOWE AT....”
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e it is provided with a function f(s) to compute the score g5 of a given sequence s, taking into
account the noise model.

The optimization problem we want to solve is
min f(s) = ming.
S S

By assumption, we have no information about f but can efficiently evaluate it. We do furthermore
assume the set of good sequences to exhibit common structural properties that can be learned well
by a machine learning model. So, we propose to solve it indirectly by training a generative model
m € M to approximate the distribution of good sequences, M being the set of possible models.
That means we assume s; ~ P, (S¢—1,-- ., 51) with s; being the gate at time ¢ and p,, denoting the
distribution learned by m. Then, we want to find an optimal m that ideally learns a meaningful
representation of the structure of good sequences. As explained in the background section, we
choose the type of model to be the LSTM. We now tackle this surrogate problem by alternatingly
solving

max L(m|T'),

meM

where £ denotes the likelihood and T' the training data, and then sampling sequences from the
model m to generate a new 1 consisting of better solutions. The algorithm hence consists of two
nested optimization loops, where the inner loop fits a number of LSTMs to the current data while
the outer loop uses the output of the inner loop to generate new training data. This scheme of
alternatingly fixing the data to optimize the models and consecutively fixing the models to optimize
the data resembles the probabilistic model building genetic algorithm [PGL02] and to some extent
the expectation-maximization algorithm [DLR77]. The method is shown in Algorithm [1] Partial
justification of this heuristic algorithm is given in the appendix However, it is easy to see
that the algorithm will not always find the global optimum. For example, it is conceivable that
for certain problems the second to the 100-th best solutions share no common structure with the
first one. In that case, it would be unlikely for the machine learning approach to find the optimal
one. There is however likely no universal method to bypass this obstruction, as unless we know
the best sequences already, it is impossible to verify that they exhibit some structure similar to the
training sets. This obstruction seems natural since many optimization problems are believed to be
computationally hard. Thus, we should not assume be able to solve them by the above routine.
We will now explain the most important aspects of the algorithm in more detail:

Choice of LSTMs The data we want to generate in our application is of sequential nature. This
makes employing LSTMs an obvious choice as they pose one of the most powerful models available
today for sequential data. Furthermore, the known well-performing families of DD sequences are
constructed by nested concatenations of shorter sequences and hence show strong local correlations
as well as global structure. LSTMs and especially models consisting of multiple layers of LSTMs
are known to perform very well on such data and should therefore be able to learn and reproduce
this multi-scale structure better than simpler and shallow models.

Generation of the initial training data The size d and the quality, i.e. the percentage p of
the initial data to be kept, are the parameters which we can specify. The data are then generated
by sampling a gate from the uniform distribution over all gates for each time-step. The average
score of the initial data can then be used as a baseline to compare against in case no other reference
value is available. We would like to point out that in the application considered here, an alternative
way to generate the initial data might be to use the models trained on shorter sequences. This
approach could lead to an initial data set with much higher average score, but at the price of
introducing the bias from the previously trained RNNs.
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Training of the LSTMs To reduce the chance of ending up in a bad local optimum, for each
training set several different architectures of LSTMs are trained (see for detailed description
of LSTMs). These models are independently sampled M. More precisely, for the first generation
of models, we sample a larger set of n models from M and train them. We then select the best
k models and reuse them for all following generations. While it might introduce some bias to the
optimization, this measure drastically reduces the number of models that need to be trained in
total. The training problem is defined by assuming a multinoulli distribution over the gates of each
time step and minimizing the corresponding negative log-likelihood — ", 0, ; 1og P i(S¢—1, - - -, 51),
where i is the index of the correct next gate, p,,; is its predicted probability computed by the
LSTM m and d,,; = 1 iff s, = 4. This error measure is also known as the cross-entropy. To
avoid overfitting, we use a version of early stopping where we monitor the average score (), of
sequences generated by m and stop training when (<s)p,, stops improving. We employ the optimizer
Adam [KB15] for robust stochastic optimization.

Selecting the best models As we employ early stop based on the average score (Ss)p,,, we
also rank every trained model m according to this measure. One could argue that ranking the
models with respect to their best scores would be a more natural choice. This however might
favour models that actually produce bad sequences but have generated a few good sequences only
by chance. Using (s)p,, is hence a more robust criterion. It would of course be possible to also
consider other modes of the p,,, like the variance or the skewness. These properties could be used
to assess the ability of a model to generate diverse and good sequences. We find however that the
models in our experiments are able to generate new and diverse sequences, thus we only use the
average score as benchmark for selecting models.

Generation of the new training data The selected models are used to generate d new training
data by sampling from p,,. This is done by sampling s; from p;(si—1,...,$1) beginning with
a random initialization for ¢ = 1 and then using s;—1 as input for time step t. We combine the
generated sequences with the previous training sets, remove any duplicates, and order the sequences
by their scores. We then choose the best p percent for the next iteration of the optimization. This
procedure ensures a monotonic improvement of the training data. Note that all selected models
contribute equally many data to strengthen the diversity of the new training data. A possible
extension would be to apply weighting of the models according to some properties of their learned
distributions. Note though that ordering the generated sequences by their score is already a form
of implicit weighting of the models.

4.4 Numerical Results

4.4.1 Noise model and the control Hamiltonian

Throughout the paper, we will use the same noise model as in [QLI3|]. We consider a 1-qubit system
and a 4-qubit bath, namely dim(Hs) = 2 and dim(#Hg) = 16. The small dimension of the bath is
for faster numerical simulation, and there is no reason for us to think that our algorithm would only
work for a small bath as the size of the bath enters the algorithm only via the score-computation
function. The total noise Hamiltonian consists of (at most) 3-body interactions between the system
and bath-qubits with random strength:

/’LE{I7X7Y7Z}

where o is summed over Pauli-matrices on the system-qubit. And B, is given by

Bu=)_> cCus (f’?@%@) :

i#j a,B
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where 7, j is summed over indices of the bath qubits, and O'ia  is the Pauli-matrix on qubit ¢ of the
bath. We consider the scenario where the system-bath interaction is much stronger than the pure
bath terms. More precisely, we set cgﬁ ~ 100065/3 for p € {X,Y,Z}. Apart from this constraint,
the absolute values |c], ;| are chosen randomly from a range [a, ], where we set b ~ 3a to avoid too
many terms vanishing in (4.1). The result Hamiltonian has a 2-norm ||Hp| = 20.4.

For the control Hamiltonian, we consider the less explored scenario where the pulse shape have
finite width but no switch time between them (100% duty cycle). In other words, the control
Hamiltonian is piecewise constant

Ho(t)=Hy , forkry<t< (k+1)1q,

where 74 is a small time period with respect to the norm of Hy, and e~*#¥™@ ¢ {I, XY, Z}. This
is a good toy model for experimental settings whose DD-performance is mainly limited by the
strength of the control Hamiltonian, but not the speed of shifting between Hamiltonians. Since
this regime is less explored in theoretical studies, it is an interesting scenario to explore via machine
learning. Another restriction we put on He(t) is

He(t) = —Heo(T —t)

where T is the total evolution time. This condition ensures Uc(T) = T exp{—i fOT dt'He(t)} =1,
and it allows us to apply the same code on the setting where the system has more than one qubit.
It is known that this family of symmetric Hamiltonians can remove the first order terms of 74 in
the average Hamiltonian[VKI99, SASl2aJ. So strictly speaking, this should be counted as prior
knowledge. However, when we compare the known DD-sequences with the numerically found ones,
we also use the symmetric version of the known DD-sequences. Thus, we perform the comparison
on equal terms.

In the following, we present the results of a number of experiments we have conducted to
evaluate the performance of our method. We consider sequences consisting of 32, 64 and 128 gates
for varying values of 74. This translates to having to optimize the distribution of the first 16, 32 and
64 gates respectively. To compute ¢, we use the figure of merit D as defined in Section [£.2.1] Thus,
a lower score is better. For M, we consider models with two or three stacked LSTM-layers followed
by a final softmax layer. The layers comprise 20 to 200 units where layers closer to the input have a
higher number of units. We allow for peephole connections and linear projections of the output of
every LSTM-layer to a lower number dimensions [GSK™15]. The optimization parameters are also
randomly sampled from sets of reasonable values. We choose the step rate to be in {107, 1072} and
the batch size to take values in {200, 500,1000}. The parameters specific to the Adam optimizer
B1, 32 and €, we sample from {0.2,0.7,0.9}, {0.9,0.99,0.999} and {10~%,107°} respectively. We
perform a truncation of the gradients to 32 time steps in order to counter instabilities in the
optimization (see . As we have stated above, we also employ early stopping in the sense
that, for every optimization of a model, we keep the parameters that generate the sequences with
the best average score. The algorithm was run until either the best known score was beat or the
scores converged, depending on the goal of the respective experiment. We will now briefly list the
concrete experiment settings and discuss the results.

Exp. E1: Length 32 In this first experiment, we considered sequences of 32 gates with 74 =
0.002. We let the algorithm train n = 30 models initially and set the number of models to be kept
k to 5. We combined the data generated by the LSTMs with the previous training set after each
generation, and chose the best 10% as the new training data, consisting of 10,000 sequences for
each generation. We let every model train for 100 epochs.

Exp. E2: Length 64 In our next experiment, we tackled a more difficult scenario with 64 gates
and a larger 74 = 0.004. We set n = 50 and k = 5. Again, we used the best 10% of both generated
and previous data as new training data which consists in total 10,000 sequences for each training
set.
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Table 4.1: A comparison of the results obtained in experiments E1, E2, E3 and E4 to the best
theoretically derived DD families. For each experiment, the average and best score of the last
training data and the average score of the best model of the last generation are shown. They are
compared to random sequences and the two DD classes that yield the best average and overall best
score respectively. The best results are printed bold.

(a) Experiment E2

(b) Experiment E3

Sequences (Ss) min g, Sequences (Ss) min g,
EDDS8 0.002398  0.002112 EDDS8 0.004793  0.004222
CDD32 0.053250  0.000803 CDDé64 0.031547  0.001514
Last training set E2 0.000712 0.000381 Last training set E3 0.000827 0.000798
Best model E2 0.016692 - Best model E3 0.029341 -
Random 0.341667 - Random 0.44918 -
(¢) Experiments E1 and E4
Sequences (Ss) min ¢,
EDDS8 0.000151  0.000133
CDD16 0.010699  0.000074
Last training set E1  0.000112 0.000070
Last training set E4  0.007178  0.000082
Best model E1 0.003089 -
Random 0.125371 -
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(a) Experiment E3

Generation
(b) Experiment E1 and E4

Figure 4.1: Two figures showing the convergence of the algorithm a) in E3 compared to the case
where LSTMs are replaced by 5/6-gram models and b) in E1 comparted to E4 as both consider
the same problem setting. In a) it is clearly visible that LSTMs outperform the n-gram models
while b) reflects the physical knowledge that the Pauli unitaries are a better choice than random
gates. As a reference, we show the score of the best DD sequence obtained from the known DD
classes.
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Exp. E3: Length 128 In the third experiment we tried our method on even longer sequences
of 128 gates with 74 again being 0.004. Due to the very large sequence space, we set the size of the
training sets to 20,000, again using the best 10% of sequences generated by the selected models
and the previous training set. The number of epochs was increased to 200. We set n = 30 and
k = 5. Here, we let the algorithm run until both average and best score converged to examine its
behaviour in long runs.

Exp. E4: Length 32 with Random Gates Finally, we tested the performance of Algorithm|T]
in the case where we replaced the Pauli gates {I, X,Y, Z} with ten randomly chosen gates. More
precisely, we chose each gate g; to be a randomly generated single two-dimensional unitary operator
with eigenvalues 1 and —1, i.e. g; = U jTX Uj, where U; is a random unitary. All other parameters
were kept as in experiment E1.

In the Tables|4.1b, [4.1ajand H4.1c, we compare the last training data and the best model of the
last generation of E1-E4 against the two DD families that achieve the best average and minimal
scores for the given experiment respectively. We also plot the convergence of the training data of
E3 and E1 with E4 in the Figures and respectively. In general, the results for E1, E2
and E3 clearly show that our method outperforms DD, achieving a better minimal score of the
generated data in a moderate number of iterations and with a relatively small set of models. The
results of E4 will be discussed below. These findings indicate that our method converges to good
local optima and that the models are able to learn a meaningful internal representation of the
sequences that allows for efficient sampling of good sequences. There is however a noticeable gap
between the scores of the training data and the models. A possible remedy for this could be an
increase of the training data size or an adjustment of the model parameters in later stages of the
optimization to account for the change in the structure of the data.

To assess the importance of LSTMs for the performance of our algorithm, in experiment E3,
we also ran a different version of our method where we replaced the LSTMs by simple 5/6-gram
models, which only model and generate sequences based on local correlations (see Appendix m
for the definition). The convergence plots in Figure show that LSTMs are indeed superior to
the simpler models. They are able to improve the average and best scores faster and ultimately
let the algorithm converge to a better local optimum. This advantage most likely results from the
fact that the LSTM-models are able to leverage information about longer range correlations in
the data. These results hence justify our choice of LSTMs as machine learning model to optimize
DD-sequences.

We also compared the results of experiments E1 and E4 to examine the importance of using
the Pauli group as the gate set. Figure shows that while for E1 the average score quickly
becomes very good and the best score exceeds the best known result after a few generations, in E4
the average score of the data improves much slower and remains significantly worst than that of
E1. Although the best score exhibits a much stronger improvement, it eventually converges to a
value slightly worse than that of the best theoretical DD-sequence and the one found in E1. This
is expected since with the Pauli group we can achieve first-order decoupling with DD sequences of
length 4, which is the shortest. On the other hand, with random unitaries, in general it will take
much longer sequences to have approximate first-order decoupling, during which the system and
environment can become fairly entangled.

Another interesting aspect to note is the rather strong improvement of the average scores
occurring in E3 and E1 between generations 8 to 10 and 2 to 3, respectively. These jumps can
be explained by the known existence of several strictly separate regimes in sequence space that
differ strongly in their performance. The results indicate that our algorithm is able to iteratively
improve the learned distributions to eventually capture the regime of very good sequences.

In order to verify that sampling the initial training data from the distributions learned for
shorter sequences is a viable alternative to uniform sampling, we let the best model obtained in E2
generate an initial data set for the problem setting of E3. The obtained data was found to have an
average score of 0.037175, which is about one order of magnitude better than the average of the
initial training data generated by uniform sampling.
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4.5 Conclusion

We have introduced a novel method for optimizing dynamical decoupling sequences, which differs
from previous work by the ability to utilize much larger datasets generated during the optimization.
Its ability to efficiently generate large sets of good sequences could be used along with other
optimization methods to cover their weaknesses or to perform statistical analysis of these sequences.
We show that for certain imperfect control Hamiltonians, our method is able to outperform (almost
all) known DD-sequences. The little prior knowledge about DD we use is (1) choosing Pauli
operators as pulses in the sequences (see experiment E4 and its discussion), (2) choosing specific
lengths for the DD-sequences and (3) enforcing the reversal symmetry, as discussed in section m
However, we do not need to initialize the dataset in a specific way as in the Appendix C.5.a
of [QL13], which actually contains a certain amount of prior knowledge of DD. Also, our method
does not fundamentally rely on the prior knowledge stated above. It is conceivable that the use of
this prior knowledge can be lifted, at the price of a possibly much slower optimization procedure.
For example, as mentioned in [SAS11] , the KDD scheme helps to further increase the performance
of CDD-sequences in some experiments. Thus, an interesting question is when given the freedom
of applying non-Pauli gates and choosing variable lengths of the sequences, whether our algorithm
could discover a similar strategy. Thus, a possible direction of future research is to see how we can
minimize the slow-down when not incorporating any prior knowledge and whether we can obtain
good DD-sequences with non-Pauli pulses.

While we have applied the algorithm to the case of quantum memory and compared it to
dynamical decoupling, it is of general nature. It can in principle be applied to every problem
where the optimization of a sequence of gates with respect to some well-defined figure of merit
is desired and where it is feasible to evaluate this performance measure for larger numbers of
sequences. However, due to the nature of the underlying machine learning model, good results will
likely only be obtained for problems whose solution depends strongly on local correlations in the
sequences.
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Appendix

4.A Analysis

4.A.1 Local correlations of DD sequences

As we suggested earlier, the reason we use RNNs as the probabilistic model is that the performance
of dynamical decoupling sequences heavily depends on their local correlations. To illustrate this
fact, we can count the frequency of length-2 (3) subsequences from the training set of the 30th
generation in Experiment 3. We can then compare these statistics to the ones of the sequences
generated by the LSTM, which is trained based on the training set. We can see indeed the
percentages match very well. To get more detail about local correlations, we could also count the
frequency of length-3 subsequences (see table [4.A.2). Note that since the table is based on the
datasets in the late stage of the optimization, the distribution of the subsequences are already
very polarized. However, we observe the same behavior (the percentages matches well) in other
experiments at different stages of the optimization as well.

However, RNNs do not only take into account local correlations, as we show in Figure 4.1
that they perform better compared to the n-gram models, which we will introduce in the next
subsection.

4.A.2 n-gram models

n-grams are the simplest sequential models that treat the sequences as stationary Markov chains
with order n — 1. Operationally, given a set of sequences, we first estimate the conditional proba-
bility distribution

Prp,xp_1-x1 = Pr(Xt = $n|Xt71 = Tn—1,--- thnJrl = -1:1)-

Note that we assume the conditional probability is independent of ¢ (hence stationary Markov
chain). The estimation is done by counting over the whole set of sequences. The generation of new
sequences based on the conditional probability ps,, z,_,..z; is straightforward, as we can repeatedly
sample from it based on the previous n—1 items. This behavior is different compared to the RNNs’,
which have memory units that can store information for arbitrary long time in theory.

Next gate
I X Y Z
Previous
I 0.00% (0.00%) 0.04% (0.08%) 0.15% (0.68%) 0.02% (0.08%)
X 0.05% (0.22%) 5.38% (5.04%) 30.53% (30.47%) | 1.39% (1.26%)
Y 0.07% (0.20%) | 30.17% (30.47%) | 18.40% (18.61%) | 5.84% (5.50%)
Z 0.01% (0.02%) 1.90% (1.68%) 5.75% (5.42%) 0.30% (0.27%)

Table 4.A.1: The frequency of length-2 subsequences, from the training set and the set generated
by the trained LSTM (given in parentheses) at the generation 30 of Experiment 3. The total
number of subsequences is around 1.2 million

123



124 CHAPTER 4. OPTIMIZING DYNAMICAL DECOUPLING WITH RNN
Last gate
1 X Y Z
Second

I 0.00% (0.00%) | 0.02% (0.05%) 0.12% (0.55%) | 0.00% (0.01%)
X 0.00% (0.00%) | 1.40% (1.22%) | 11.99% (11.52%) | 0.32% (0.32%)
Y 0.15% (0.47%) | 44.79% (45.09%) | 33.39% (33.54%) | 4.11% (3.85%)
Z 0.01% (0.01%) | 2.38% (2.14%) 1.05% (0.98%) | 0.28% (0.26%)

Table 4.A.2: The frequency of length-3 subsequences started with the gate X, from the training
set and the set generated by the trained LSTM (given in parentheses) at the generation 30 of
Experiment 3. The total numbers of the subsequences started with X are around 450 thousands.
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Figure 4.A.1: Experiment 3 and 5/6-gram without data reusage. Otherwise, the experiments are
done in the same way as in Figure

4.A.3 Optimization without reusing data from previous training sets

During the optimization processes in the main text, we always reuse the data from previous training
sets, in the sense that we first add the new sequences generated by the models to the training sets
and then delete the worst sequences. An interesting question is what will happen if we generate
new training sets completely from the trained models. In Figure we plot the counterpart of
Figure with this modification (as well as not deleting duplicated sequences from the training
set). We can see that for the LSTMs experiment, the final minimum score gets slightly worse,
which is 0.000874. However, the 5/6-gram experiments actually performs better when not reusing
data. While it seems counterintuitive, this can be possibly explained by the fact that in the case
of reused data with unique sequences the higher diversity of the data might make it harder for
the models to find local correlations which then in turn slows down the optimization. There is
other interesting information contained in the plot. For example, we can see the minimum scores
almost always decrease, which implies that the LSTMs are able to learn new information about
good sequences in most generations.

4.A.4 Performance of the obtained sequences with a larger heat bath

In the main text, all the numerical simulations are done on a randomly generated noise Hamiltonian
with the dimension of the bath being dim(#3) = 16. The small dimension of the bath is used in
order to have a fast simulation. Here, we test the performance of some obtained sequences from
the experiment 2, in the presence of a larger bath with dim(Hg) = 128. Apart from the change of
dimension, the Hamiltonian Hj is again randomly generated according to the description in [4.4.1]
which has a 2-norm ||Hp|| = 24.0. We then computed the scores of the top 500 DD sequences
in the last generation of Experiment 2. The results are shown in Table While the best
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Sequences (<) min g
EDDS 0.002781 | 0.002203
CDD32 0.053753 | 0.000432

Top 500 sequences | 0.001081 | 0.000626

Table 4.A.3: A comparison between the scores of the top 500 DD sequences in the last generation
of Experiment 2 and some DD families for the larger bath dim(Hg) = 128. The best score of
the 500 sequences is worse than best score of CDD32. However, it is clear that on average, the
obtained sequences still work fairly well.

score of the obtained sequences is worse than best score of CDD32, it is clear that on average,
the obtained sequences still work fairly well. This also suggests that our algorithm is potentially
capable of adapting to the particular noise Hamiltonian, as the learned sequences outperform
known DD-families in Experiment 2.

4.B Best Sequences

We list here the best sequences we found in Experiment 1,2 and 3 from the numerical results
section. We denote the identity by I, X,Y, Z refer to the respective Pauli-matrices. Note that we
show only the first half of the complete sequence as the second one is just the first half reversed.
Experiment 1 X, Y, X, 7Z, X, Y, X, 72,72, X,Y,X,Z, X, Y, X

Experiment 27,7, X,7,72,72,X,72,72,X,2, X, X, X,Z, X, X, X, Z, X, X, Z, X, X, X, Z, X, Z,
7,X,7,7
Experiment 3 Z y/

Y, X, Y, X,Y,Y,Z2,X,2,Y,2,X,Z,Y, X, YV, X, X, VX, V, X, Y,
X, XY, X, X

2, Y, XY, 2, Y, XY, XYY, XYY Y Y, XYY, Y, X Y Y X
XY, Y. XY, Y, Y XY,

4.C Comparison of optimization algorithms

In this section, we will give a comparison between several optimization algorithms applied to black-
box problems. In other words, the algorithm needs to optimize (minimize) the objective function
f only by looking at the values of f(z) (without knowing the concrete formula of it). We are going
to look at the following types of algorithms:

e Gradient-based algorithms (when we can access the gradient of f), e.g. Newton’s method,
variants of gradient descent.

e Metropolis-Hasting algorithms and its variants, e.g. simulated annealing

e Genetic algorithm and its variants, e.g. probabilistic model building genetic algorithm (PM-
BGA).

The performance of an optimization algorithm depends heavily on the class of the problems it is
applied to. (This fact is remotely related to the “no free lunch theorem for optimization”). Thus
in the following, we will use different objective functions to illustrate the strong and weak points
of those algorithms.

4.C.1 Gradient based algorithms

To understand the idea of these algorithms, it is enough to consider f : R — R defined on
a single variable. The simplest gradient descent for finding the minimum of f is the following
iterative algorithm: starting from a random number xg and successively computing x,+1 = x,, —
af’(x,). Gradient based algorithms perform well on functions with non-vanishing gradients almost
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Figure 4.C.1: The plot of function (4.2)).

everywhere and very few local minima, and likely have a poor performance otherwise. For example,
the above algorithm would perform very well on a simple function f(x) = 22, but much worse on
the following fast oscillating function

f(z) = sin(8x) + 0.5sin(4x) + 0.3 sin(2x) + 0.1 sin(x) (4.2)

We plot the above function in Figure It is easy to see we can construct f(z) = Zf\i L a;sin(2%x)
such that the chance of finding the global minimum is arbitrarily small.

4.C.2 Simulated annealing

Simulated annealing (SA) and its variants stem from the Metropolis-Hastings algorithm. The main
idea is constructing a family of probability distribution p(z,T") based on the values of the objective
function f(z), with the requirement p(z,0) > 0 only when z is a global minimum of f. Then we
repeatedly sample from p(z,T") while slowly decreasing T'. In practice, simulated annealing is also
an iterative algorithm, i.e. it chooses x,11 based on x,. Since SA uses the Metropolis-Hastings
algorithm as a subroutine, there is a non-zero chance to choose x4 such that f(z,11) > f(zn).
So in principle, SA could escape from local minima, which is an advantage compared to gradient
descent. SA also works for functions with discrete variables. As a trade-off, it is likely to be slower
compared to gradient descent when f has very few local minima. Moreover, while SA has the
mechanism to escape from local minima, in practice it could work poorly on functions with many
local minima and high barriers between them, e.g. the Function (4.2)).

4.C.3 Genetic algorithms and beyond

In this subsection we will assume f has the form f : RY — R. A common feature in all versions
of genetic algorithms (GA) is that they maintain a population of solutions {#;,1 < ¢ < M},
where Z; = (x;1,...,x;n). For the first generation, a number of M’ > M solutions is randomly
generated, then we pick the #; with the M smallest f(Z;) as the population. To generate new
potential solutions for new generations, several different operations are introduced. In the original
genetic algorithm, the two such operations are crossover and mutation. The effect of the mutation
operation on a solution ¥ is

(x’l,...,:L‘j,...,l’N)—>(J,‘1,...,:E9,...,1}N),

where ac; is a random number. The crossover operation acts on two solutions & and ¥

(fvg) - (mla"'axj’ijrl?"'ayN) )
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Figure 4.C.2: These two figures can be viewed as an outline of our algorithm. Figure (a) demon-
strates that if we can model the distribution correctly, then we will be able to sample from good
solutions more efficiently. Figure (b) illustrates the idea of concatenating the step performed in
Figure (a) in order to achieve an exponential speedup compared to random search.

where the position j is picked randomly. Then we can use these two operations to generate M"”
new test solutions from the first generation, combine them with the M old solutions and pick the
top M solutions as the population of the second generation. Later generations can be obtained by
repeating these steps.

To illustrate the advantage of the (original) genetic algorithm, we can consider the following
objective function f

F@) = filxy) .
j

In this case, if f(&) is (relatively) small, then either Z§:1 fj(z;) or Z;V:kﬂ fj(z;) is (relatively)
small. Thus the crossover operations serve as non-local jumps, while the mutation operations help
to find local minimum. However, in general, it is not clear for what kind of function f the inclusion
of the crossover operations could provide an advantage. It is easy to construct counter-examples
such that the crossover operations deteriorate the performance, such as

(&) = f(Za, L) = ||Za — Tl ,

where ¥, ¥}, has equal dimension, and || - || is the Euclidean norm. Clearly, in most cases, the
crossover of two good solutions will only produce inferior new solutions.

It turns out that the most important feature of genetic algorithms is the use of a population.
In comparison, other optimization methods we mentioned previously only keep track of the last
test solution. If we are willing to believe that good solutions of the function f have a certain
structure (thus partially dropping the black-box requirement of f), it is possible that we can
identify this structure from the solutions in the population, and then generate new test solutions.
This idea has led to the so-called probabilistic model building genetic algorithm (PMBGA) and
its variants [PGL02, Pel05]. The optimization algorithm we introduced in the main text is also
closely related to this idea.

Instead of going through the details of these algorithms, we will explain the idea using a simple
example, as illustrated in Fig Suppose that we want to minimize a function f(z,y) with
two variables which defined on a finite region of R?, and prior knowledge of f allows us to make
the hypothesis h that all points {(x,y)} with values f(x,y) < M live in a certain region A (e.g.
the rectangular in Fig 4.C.2a)). By sampling random points from the domain of the function, we
can verify or refute the hypothesis h. For simplicity, we assume h is satisfied for all sampled points
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and N of them is inside the region, then the opposite hypothesis “an « fraction of points {(x,y)}
with values f(z,y) < M live outside the region A” will give the observed data a likelihood of
(1 — )N, Thus, we can just optimize f over the region A by ignoring a very small fraction of the
good solutions. It is easy to see that we can iterate this process, as long as we can formulate a
small number of hypothesis such that one of them will describe the good solutions correctly. Our
algorithm in the main text resembles this toy example. However, for functions in high dimension
and sophisticated generative models such as RNNs, it is hard to give a mathematical justification
like in the above example.

It is natural to concatenate the above process (see Figure . Let Sp be the domain of f,
and 57 be the points in region A. By sampling enough points from S;, we might be able to build
a model and sample from a even smaller set Sy with the good solutions (e.g. find a region B C A).
This way we will introduce a series of sets {S;}i<x that we can sample from. Assuming the order
of these subsets satisfies [S;y1| < %|SZ-|, then in the ideal scenario the above iterative algorithm
would provide an exponential speedup with respect to K. However, it is worth pointing out that
automatically building a model from a data set is, in general, a difficult task (if possible at all).

As another concrete example, we can consider the objective function and a routine which
looks for the periodicity of the data and then generates new test solutions accordingly. After we go
through multiple generations, it is likely that the population would converge to the correct periodic
subset that has the minimum f(z).

4.C.4 Summary

As seen in the discussion above, each of these optimization methods has its strong and weak
points. Thus different methods are chosen depending on the prior knowledge we have on the
concrete problems. It should be emphasized that we should not consider these methods as in a pure
competition; instead, they can be used in complement with each other. For example, stochastic
gradient Langevin dynamics (SGLD) [WT11] can be viewed as a combination of gradient descent
and annealing, and in [PHOG], it is mentioned that inclusion of the deterministic hill climber
(discrete version of gradient descent) can lead to a substantial speedup in the PMBGA.

4.D Machine Learning

This section will give a brief overview over the subfield of machine learning known as supervised
learning and introduce a model for time-series data, known as Recurrent Neural Networks (RNN).
Furthermore, some aspects of the optimization of this class of models will be elaborated on.

4.D.1 Supervised Learning

The field of machine learning can be divided into three main subfields: supervised learning, unsu-
pervised learning and reinforcement learning. These branches differ from each other by the way in
which the respective models obtain information about the utility of their generated outputs.

In the case of supervised learning, it is assumed that for every input that a model shall be
trained on, a ”supervisor” provides a target, corresponding to the desired output of the model for
the given input. These pairs of inputs and desired outputs are then used to make the model learn
the general mapping between input and output.

More formally and from a Bayesian perspective, one assumes to have a dataset D of size N,
consisting of several tuples of i.i.d. observations € C! and corresponding targets y € CF, such
that

D = {(z,yi) |}

where z; and y; are instances of two random variables X and Y respectively. These random
variables are assumed to be distributed according to some unknown probability distribution pgen,
the so-called data-generating distribution,

XY ~ pGen(Xa Y)
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The goal of any supervised learning method now is to approximate the conditional distribution
PGen(Y|X) in a way that allows for evaluation in some new observation x. ¢ {x;}|Y,. Since pgen
is not available, one resorts to fitting the empirical distribution pg,, given by D as surrogate
problem.

A typical way of deriving a concrete optimization-problem from this is to make an assumption
regarding the form of pge, and treating the model at hand as a distribution py;(Y|X,0) of this
kind, parametrized by the parameters of the model © that are also often called the weights of
the model. Now, the fitting of the model can be perceived as a maximum-likelihood problem and
hence the supervised learning problem can be formulated as

mgxﬁ(@]D) = max HpM(yz'\iL‘z‘, 0),

making use of the i.i.d.-assumption. A commonly employed trick to obtain a more benign opti-
mization problem is to instead optimize the negative log-likelihood. As the logarithm is a monotonic
function, this transformation does not change the location of the optimum in the error landscape,
but turns the product of probabilities into a sum over the tuples in D. This step then yields a
minimization problem, given by

1
min — - > logpa (yilei, ©)
1

which is called empirical risk minimization (ERM). These statements of the problem can now be
tackled with the optimization methods appropriate for the given model. In the case of the RNN,
gradient-based optimization is the state-of-the-art approach and will be explained in Section [£.D.3]

While it is obvious that fitting a model with respect to pgn,, is identical to fitting it to pgen
as long as every tuple in D is only considered once, this is not necessarily true anymore when
considering each tuple multiple times. This however is needed by many models in order to fit their
parameters to a satisfying degree. In order to prevent the model from learning characteristics of
the empirical distribution that are not present in the data-generating distribution, a phenomenon
commonly known as over-fitting, often some form of regularization is applied. This may be done
by punishing too large parameter values, stopping the training after performance starts to decrease
on some hold-out data set or by averaging over multiple models. Note that in the Bayesian picture
some penalty-terms can be perceived as the logarithm of a prior distribution over ©, hence turning
the optimization problem into finding the maximum a-posteriori parameters.

4.D.2 Recurrent Neural Networks

In this section, the Recurrent Neural Network model will be introduced. We will start with an
introduction of the standard version of the model and based upon this, explain the advanced
version of the model employed in this work in a second step.

The Standard RINN Model

In many areas of application, the data can be perceived as, often non-Markovian, discrete time-
series data, such that an observation z; € R! at some time ¢ depends on the previous observations
Tt_1,-...,21 or with respect to the framework introduced above,

Xt ~ p(Xt|Xt,1, . ,Xl).

While Markov Chains have been the state-of-the-art approach for this kind of data during the last
decades, with the recent rise of artificial neural networks, RNNs [WZ89, Wer90] have also gained
momentum and are now generally considered to be the most potent method.

A RNN is defined by the two non-linear maps s; : R* — R" and o; : R — R given by

st = fs(Uxy + Wsi—1 + bs)
0y = fo(VSt + bo)a
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Figure 4.D.1: The standard model of a Recurrent Neural Network shown for three time-steps.

v

Figure 4.D.2: An illustration of an RNN with 3 hidden layers.

where U € RM W e R*h vV e RO*P by € R1¥P b, € R1° and the trainable parameters of the
models are constituted by © = {U, V, W, bs,b,}. The non-linear function fs is often chosen to be
tanh, the rectifier-function given by

rect(z) = max(0, z)
or the sigmoid-function given by
1
S l4e
The function f, must be chosen according to the distribution that is to be approximated by the

model. For the case of a multinoulli-distribution as assumed in this work, the corresponding
function would be the softmaz, defined as

sigm(x)

e*i

softmax(x); = W,
the superscripts in this case denoting the single elements of the vector .

The intuition behind this simple model is that it combines its information about the input at
a given time step with a memory of the previous inputs, referred to as state of the network. The
precise nature of this combination and the state depends on the weight matrices U and V and the
bias-vector bs. The combined information is then used as input of the chosen non-linear function
fn to generate the next state. From this state, the output o; is then computed as defined by W,
b, and f,. The effect of an RNN acting on the sequence {z;} is illustrated in Figure m

From the above explanation, it is clear that the power of the model depends strongly on the
size of the hidden state h. It should however also be noted that another effective way of increasing
the expressive power of an RNN is to construct a composition of multiple functions of the form
of s¢, see Figure In the machine learning terminology, the respective functions are called
the layers of an artificial neural network and the number of composed functions is referred to as
the depth of a network. The layers between the input and the output are referred to as hidden
layers. The common intuitive reasoning behind stacking multiple layers is that it will allow the
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network to learn a hierarchy of concepts, called features, from the initial input data. Thereby, the
features are assumed to be of increasing complexity with every layer, as they are based on a linear
combination of the features learned by the layer below. Apart from this intuitive reasoning, also
more rigorous work on the benefits of using at least one hidden layer between input and output
can be found in the literature[BLO7, HSW89| [Hor91]. This ansatz of increasing the power of neural
network models via deepening their architecture is publicly known as Deep Learning and has led to
a drastic increase in success of machine learning methods during the last decade. However, having
a composition of many state-computing functions of similar size can slow down the optimization
process. This is why, when forming such a composition, each pair of functions is often connected
via a simple linear projection from the space of the state of the earlier function onto some lower-
dimensional space that is then used by the following function. Note that while all the above claims
seem natural and lead to a good enough performance for our paper, more benchmarking is needed
to really confirm them.

Now, in the case of supervised learning, one assumes to be in possession of a set of time-series
T1,...,Ty, that shall be used to let the RNN learn to predict series of this kind. The natural way
of doing this is to define the pairs (z;,y;) = (2, 244+1). While in principle the model is capable of
taking into account all previous time steps, in practice it shows that optimization is only feasible
for a relatively short number of steps. This is mainly due to the fact that the gradients that are
needed to optimize the parameters of an RNN tend to grow to infinity or zero for higher numbers
of steps. This will be discussed more in-depth below.

Long Short-Term Memory Networks

In order to improve upon the standard RNN, Hochreiter et. al. introduced the Long Short-Term
Memory network (LSTM) [HS97], which provides a different way of computing the state of an
RNN. Hence the following set of equations can be perceived as a replacement for s; from the
previous section. The main advantage of the approach is that it drastically mitigates the problem
of unstable gradients by construction. It is defined by the following set of equations,

iy = sigm(Ui:ct + Wisi_1 + bi)
fo = sigm(UTzy + W/ sy +b7)
oy = sigm(U°xy + Wsi_1 + b°)
& = tanh(Uzy + Wes;_1 + b°)

Ct = Cp—1 % fr + Cp x4y

(4.3)

st = tanh(cg) * o4

where again z; is the input at time step ¢, s;_1 is the previous state of the network and ¢; is the
state of the cell. U, U, U°, U® € R"*! while Wi, W We We e Rh b bF 12, ¢ € RV and *
denotes the element-wise multiplication.

As it can be seen from the equations, the way in which an LSTM computes the state is a bit
more involved. If needed, it may however just be treated as a black box and can be stacked just
in the same manner as it was described for the plain RNN model. The general idea of an LSTM is
to give the model a higher degree of control over the information that is propagated from one time
step to the next. This is achieved by making use of so-called gates that control the information
flow to and from the network and cell state. These gates, by taking into account the previous state
and the new input, output vectors of values in [0, 1] that determine how much information they
let through. In the equations given above, i; is called the input gate, f; is referred to as the forget
gate and o; denotes the output gate. Now, the mechanism works as follows:

e For a given time step ¢, the new input and previous network state are processed by ¢; like
for the standard RNN and the output values are squashed to the interval [—1,1] to yield
candidate values for the next cell state.

e The input gate i; determines how to manipulate the information flow from the candidate cell
state. Likewise, the forget gate f; determines how to affect the information flow form the old
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Figure 4.D.3: The Long Short-Term Memory model illustrated in a schematic way. In addition to
the diagram above, the input gate i, the forget gate f and the output gate o all depend on the
current input x; and previous state of the network s;_1, as described in (4.3]).

cell state. The gated previous cell state and the gated input are then added to form the new
cell state ¢;.

e Finally, the output gate o; determines what to output from the new cell state. The new
cell state is then also projected onto the interval [—1,1] and put through the output gate to
become the network state.

The whole process is shown in Figure

Naturally, there exists a plethora of possibilities to adapt the normal LSTM as explained
above. One important enhancement is commonly referred to as peepholes, which allows the gates
to incorporate the cell state via an extra term in the sum, in addition to the input and the network
state. One other popular possibility introduced in [SSB14] is the use of projection layers between
different time steps of LSTM. In this case, we replace s;_1 by r;_1 in the equations for i, f;, o; and
¢; and add the simple equation

re = WpSt

where WP € R¥*" is the projection matrix. In this work, we have made use of both of these
extensions of the normal LSTM. For an exhaustive overview over the known variants of the LSTM,
we refer the interested reader to |[GSK™15].

4.D.3 Optimization of RNNs

As the optimization problem described in the beginning of this section can not be solved analytically
for the models considered in this work, gradient-based approaches have established themselves as
the state of the art. However, in the case of fitting the parameters of neural network models, three
main restrictions need to be accounted for:

1. The number of parameters for neural network models easily exceeds 100,000 and can for
larger architectures go up to several tens or even hundreds of millions. Hence, computing
the Hessian (or its inverse) explicitly is not tractable and so, one is limited to first-order or
approximative second-order methods.

2. As the error function that is minimized is only a surrogate error function, its global optimum
is not necessarily the optimum of the error function one actually wants to minimize.

3. For many real-world data sets, computing the gradient of the complete sum of the error
function over all samples is not feasible. Hence, the sum is normally split up into smaller
parts called mini batches and these batches are looped over. A complete loop over D is then
called an epoch.
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These restrictions have led to the rise of an own subfield of machine learning that is concerned with
the parallelization of gradient computations in the mini batch case, the approximation of second-
order information and the formal justification for the splitting up of the error function. All of the
currently available methods are nevertheless extensions of the simplest method for gradient-based
optimization known as steepest gradient descent: At iteration i in the loop over the batches, the
parameters © are updated according to

©i11=0; —v ;@i
where £(D,©) is the respective error function and ~ is called the step rate. The most straight
forward natural adaption is to make v depend on the iteration and slowly decrease it over time,
following the intuition that smaller steps are beneficial the closer one gets to the respective opti-
mum. In addition to that, many methods employ some kind of momentum term [SMDHI3| or try
to approximate second order information and scale the gradient accordingly [TH12, KB15].
Besides this, the size of the batches also has an influence on the performance of the respec-
tive optimization method. In the extreme case where each batch only consists of one sample, the
gradient descent method is known to converge almost surely to an optimum under certain con-
straints [Saa09]. As picking individual samples for optimization can be perceived as sampling from
the empirical distribution to approximate the overall gradient, this method is called stochastic
gradient descent (SGD). Using single data points however is computationally inefficient and by
definition leads to heavily oscillating optimization, so it is common practice to resort to larger
batches. Following the ERM-interpretation, batches B consisting of Sp samples are often used to
compute an approximation of the mean gradient over D given by

<aez~>D = <a@,~>B " Sp 2 00,
(z,y)€B
where obviously
o€ o€

a8, % = (g8,

This interpretation is used, e. g. by the recently proposed algorithm Adam which has been shown
to yield very good local optima while being very robust with respect to noisy gradients and needing
comparatively little adjustment of its parameters. We have employed Adam for fitting the models
used in this work.

While the approach to optimizing artificial neural networks is well established, this does not
change the fact that the optimization problems posed by them are inherently difficult. It is well
known that the error landscape becomes less smooth the more layers one adds to a network. This
results in error surfaces with large planes where % ~ 0 that are followed by short but very steep
cliffs. If the step rate is not adapted correctly, the optimization procedure is very likely to get
stuck in one these planes or saddle points and to jump away from an optimum in the vicinity of
O if evaluated on one of the cliffs. The phenomena of the frequent occurrence of very large or
very small gradients are referred to in the literature as the exploding gradient or vanishing gradient
problem respectively. To get a better understanding of why these problems exist, it is instructive
to examine how the gradients for a given model are obtained.

As has been explained above, multi-layer neural network models are a composition of non-linear
functions R* — R : z31 = fp(Wixy + bi), where W}, is the weight-matrix, by the bias-vector,
o the input data and zx the final output of the network. From this definition it is clear that
Ox = ix11. For convenience, we define y, = Wiz +bg. In order to obtain the gradient for a specific
W or by one must obviously make use of the chain rule, such that

K1
H 0xjt1 \ Oxp1 Oyg

8xj 8yk 8Wk

o0& 0E Owpy1 Oyp  OE
8Wk N 8xk+1 8yk BWk - 8.%[{

j=k+1
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and
K1
0xj41 | Oxpy1 Oyg

0f  O& Ompp Oyp _ OE Oy
Ox; Oy, Oby

by Owgry Oy Ob,  Owk jlgrl

where % is the shortcut of doing the derivative element-wise:

i),
6Wk ab 8[Wk]ab

The same convention applies to aaTk' As % and % depend on all the gradients of the later
layers, this formulation yields an efficient method of computing the gradients for all layers by
starting with the uppermost layer and then descending in the network, always reusing the gradients
already computed. Together with the fact that many of the commonly used non-linearities have
an easy closed-form expression of the first derivative, this allows for fully automatic computation
of the gradients as it is done in every major deep learning framework. This dynamic programming
method of computing the gradients is known in the literature as Back-Propagation. The vanishing

(exploding) gradient problem arises because of the product H]K:_kil 85;@1 in the above equations.

For example, if one of the 8%; ~ (0 in the product, then likely we have Bank ~ 0, which leads to
an ineffective gradient descent. Similarly, if many of the terms 8§; L have large norms, then there
J

is a possibility that 8‘9—& becomes too large, which often causes the optimization method to jump
out of a local optimum.

In the case of an RNN as defined in Section the above generic equations for the derivative
become a little more involved, as in addition to the term for possibly multiple stacked layers, a term
accounting for states of previous times has to be added. Nevertheless, at the heart of the problem,
it is still about computing derivatives of composite functions. This slightly more involved back-
propagation method is known as Back-Propagation through Time and can also be fully automatized.
Similar to the multi-layer neural network models mentioned above, the gradient computation of
RNNs also has these instability issues. As can be seen from Figure the same matrix W is
used in all time step of an RNN. Thus, a tiny change of W could affect the output o; drastically
when the time step ¢ gets big. In other words, the derivative of the error function £ with respect
to W could again become very large or very small in certain situations. To deal with this issue,
we could truncate the number of time steps during the computation, as described in Figure [f.D.4]
More discussion on this topic can be found in Section 3.2 of [Gral3].

4.E Technical Aspects

For the implementation of this work, we have made use of Python with the numerical libraries
NumPy, SciPy and TensorFlow [VDWCVTI] [JOP14, IAAB™15]. All experiments were run on
single workstations with up to 8 threads. The runtime of the experiments varied, depending on
the optimization parameters, from a few hours to several days.
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Figure 4.D.4: An illustration of how we truncate the gradient computation for long sequences.
Here we divide the sequences into two halves. As the first step, we compute the gradient of the
error function £(¥1, d1) with respect to the parameters U, V, W, while ignoring the other half of the
network. In the second step, we compute the gradient of £(Z2, d2), while treating the final state of
the network s; of the first half as a constant. The final gradients are approximated by the sums
of these two constituents. Thus, we are able to avoid the instability of computing gradients, but
still capture the correlation between two halves, since we feed the final network state s; into the
second half.
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Chapter 5

Outlook

In this last chapter, we will briefly discuss the future direction of quantum memories and how the
works presented in this thesis can help the progress.

At the moment, a large amount of experimental effort is spent on solid-state implementation
of the 2D surface code with active control. Apart from a relatively low fidelity threshold of the
surface code, this approach is favored also because the technology of putting many qubits on a 2D
chip can be very useful later for building a quantum computer. As the theory of the surface code
is well-studied, the difficulty lies in how to scale up the number of qubits without decreasing the
fidelity of the gates. For example, when we put many qubits on a chip, some unwanted coupling
between them can arise (aka crosstalk) [BKM™14b|. As the coupling is of unitary nature, dynamical
decoupling can suppress it when we want to preserve quantum states or implement gates [KV09).
It is conceivable that our machine learning methods can find good DD sequences for this scenario.

It is possible that in the near future, the surface code with more than 50 qubits can be im-
plemented that can store qubits for long duration. However, this will not immediately lead to a
working quantum computer. The first problem is that certain logical gates are hard to implement
for the surface code. The recently developed 2D gauge color code [BC15] has solved this problem
but at the cost of introducing more qubits and more coupling between them. This brings on the
second problem, which is that too many (physical) qubits are needed to have a non-trivial quantum
computer. It is reasonable to assume that a logical qubit requires around 30 physical qubits (for
surface code), and then we need at least 30 logical qubits to do a computation which cannot be
simulated easily on a classical computer. Thus, it is still a long way until this goal is achieved, and
unforeseeable obstacles can emerge during the progress. With this borne in mind, it is important
that we keep researching alternative error correction codes or different approaches to quantum
computing such as topological quantum computers.

The generalized stabilizer formalism proposed by us certainly enlarges the class of error cor-
rection codes that can be studied. For example, we can try to study subsystem codes within our
formalism, as subsystem codes are proven useful at having more protected local gates and reducing
the number of interactions needed between qubits. Another possible use of our formalism is to
construct and study topologically ordered systems in three or higher dimensions. Although 2D
topologically ordered systems are well-understood and all constructed examples support anyons
which can be moved via string operators, less is known for higher dimensions. Intuitively, the
generalization of string operators to 3D are membrane operators, and thus the excitations in 3D
correspond to string and membrane operators. However, it has been shown in [Haall] that certain
3D models cannot be understood this way, which suggests more studies need to be done. Due to
the difficulty of classifying all phases, it is natural that we restrict ourselves to a subclass of all
possible Hamiltonians, for which our generalized formalism is a good choice.

Another alternative approach to quantum computing is topological quantum computing. Our
work on preparing ground states of topological Hamiltonians can be viewed as a way to initialize
these computers. A natural question to study in this direction is generalizing our result to systems
of larger size. To achieve this, we need a better understanding on how the gap at the critical
point scales with system size for different models, which is also of interest for the study of phase
transitions. The perturbation method we use needs to be updated to handle larger system size as
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well.
In summary, the work presented in this thesis is relevant for the future research and development
of quantum memories and thus quantum computing in general.
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