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ABSTRACT

This dissertation is the collection of a progressive research on the topic of topological quantum
computation and information with the focus on the error threshold of the well-known models such

as the unpaired Majorana, the toric code, and the planar code.

We study the basics of quantum computation and quantum information, and in particular quantum
error correction. Quantum error correction provides a tool for enhancing the quantum computation
fidelity in the noisy environment of a real world. We begin with a brief introduction to stabilizer
codes. The stabilizer formalism of the theory of quantum error correction gives a well-defined de-
scription of quantum codes that is used throughout this dissertation. Then, we turn our attention to
a quite new subject, namely, topological quantum codes. Topological quantum codes take advan-
tage of the topological characteristics of a physical many-body system. The physical many-body
systems studied in the context of topological quantum codes are of two essential natures: they
either have intrinsic interaction that self-corrects errors, or are actively corrected to be maintained
in a desired quantum state. Examples of the former are the toric code and the unpaired Majorana,

while an example for the latter is the surface code.

A brief introduction and history of topological phenomena in condensed matter is provided. The
unpaired Majorana and the Kitaev toy model are briefly explained. Later we introduce a spin model
that maps onto the Kitaev toy model through a sequence of transformations. We show how this
model is robust and tolerates local perturbations. The research on this topic, at the time of writing

this dissertation, is still incomplete and only preliminary results are represented.

As another example of passive error correcting codes with intrinsic Hamiltonian, the toric code is
introduced. We also analyze the dynamics of the errors in the toric code known as anyons. We

show numerically how the addition of disorder to the physical system underlying the toric code
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slows down the dynamics of the anyons. We go further and numerically analyze the presence of

time-dependent noise and the consequent delocalization of localized errors.

The main portion of this dissertation is dedicated to the surface code. We study the surface code
coupled to a non-interacting bosonic bath. We show how the interaction between the code and the
bosonic bath can effectively induce correlated errors. These correlated errors may be corrected
up to some extend. The extension beyond which quantum error correction seems impossible is
the error threshold of the code. This threshold is analyzed by mapping the effective correlated
error model onto a statistical model. We then study the phase transition in the statistical model.
The analysis is in two parts. First, we carry out derivation of the effective correlated model, its
mapping onto a statistical model, and perform an exact numerical analysis. Second, we employ a

Monte Carlo method to extend the numerical analysis to large system size.

We also tackle the problem of surface code with correlated and single-qubit errors by an exact
mapping onto a two-dimensional Ising model with boundary fields. We show how the phase tran-
sition point in one model, the Ising model, coincides with the intrinsic error threshold of the other

model, the surface code.
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CHAPTER 1: INTRODUCTION

“He who thinks great thoughts often makes great errors.”

— Martin Heidegger

1.1 Quantum error correction

In the first section we formally introduce the evolution of an open quantum system by describing

the quantum states in terms of the density matrix formalism.

1.1.1 Quantum Operations

Consider a closed system consisting of the environment and a central quantum system, with an
associated Hilbert space of Hg ® Hpgn,. Assume that the initial state of the system is [¢). At
time ¢ the state of the closed system has evolved to the new state |¢(t)) = U(t)|¢), where U (t)
is a unitary time-evolution operator. An equivalent way to express this time evolution is using the
density matrix representation. Then, the system is initial density matrix is p = |¢) (2| and at time
t it is given by p(t) = U(t)|4)){(¢)|UT(t). A particular case is when the initial state of the closed

system is a product state,

p(t) = U(t)(|Env)(Env| @ p,)U' (1), (1.1)

where we used |[Env)(Env| to represent the initial density matrix of the environment, while pj

represents the initial density matrix of the system.



The Hilbert space of the environment can be spanned by a complete set of orthogonal states {|ey) }.
This set may be discrete, continuous, or both. In general, we can trace the degrees of freedom of

the environment in the following way:

Prealt) = D (exl UM)(|Env)(Env| @ p,)UT(t) |ex)

= D {elUMIEW) o (Eav|UH(0)]er)

k
= Y Eup. Bl =E(ps). (1.2)
k

We then obtain the reduced density matrix representation of the system as a function of time. On
the last line we defined operators Ej, = (ex|U(t)|Env). It is straightforward, by dimensionality
analysis, to see that E has a matrix representation with the same dimension as p,. For example, a
single qubit system for which p, is a 2 X 2 matrix, Fj is also a 2 x 2 matrix for all k. Since any

2 x 2 matrix can be expanded by Pauli matrices, we have
Ep = apo’ + ot + as0? + as0’, (1.3)

with 0° = T and o’ being one of the three Pauli matrices {o°, 0¥, 0°}. The coefficients «, are
obtained as o, = %Tr(a”Ek). This follows from the property of the Pauli matrices that they have
zero trace, Tr(c”) = 0, and 3Tr(c”) = 1. In general, for a system that comprises of N qubits, E,

acts on a Hilbert space H, = H} ® - - - ® H3,. Then, the extension of the above expansion is
Bi= ) Quyott .. ok, (1.4)
H oo AN

: : _ 1 M1 UN
with coefficients ay,, .. .y = sx Tr(o}" ... oY Ey).

uN

Equation (1.2) represents the time evolution of the reduced density matrix and is called operator-



sum representation, it is widely used in literature of quantum error correction [50, 1]. This repre-
sentation will be used in the formal theory of quantum error correction presented in the following

sections.

1.1.2  Theory

After giving a short review on some of the necessary tools, we can now introduce quantum error
correction. The purpose of quantum error correction is to immunize the state of the central system
as much as possible against errors that may damage the system during the time period in which

quantum computational processes are being performed.

The general outline of the theory of quantum error correction, inherited from classical error cor-
rection theory, is the art of: First, initializing the system in the appropriate subspace of the accessi-
ble Hilbert space of the quantum system H,, known as the quantum error-correcting code (also
code-space or code-word). Next, to detect the new state of the system once the encoded system
is subjected to an error £}, relative to the code subspace by a series of syndrome measurements.
Finally, to perform a recovery operation based on the detected error syndrome on the system that
most likely returns the quantum system to the initial code state. A “success measure” of a given

quantum code is assessed by studying the error threshold of the quantum code.

Theorem 1.1.1 (Quantum error correcting conditions) Ler C' be a quantum code, and let P
be the projector onto C. Suppose & is a quantum operation with operation elements {E;}. A

necessary and sufficient condition for the existence of an error-correction operation R correcting

E on C is that

PE'E;P = oy, P, (1.5)



for some Hermitian matrix o of complex numbers.

A formal proof can be found in Ref. [S0]. A more intuitive justification of the proof is the follow-

ing.

Let us first show the sufficiency. Since «;; is a Hermitian matrix, it can be diagonalized as o =
udu'. Let us construct a new set of errors {F:} using matrices u and u' such that £}, = ZZ wip B
is a linear superposition of the set { F;}. Then the condition Eq. (1.5) is changed to PF, ,I EP =

di01 P. By using polar decomposition we can show that F, P = +/dy Uy P for some unitary Uy.

F,PU}

Also let us define P, = U PUJ = =t~

The system is initially encoded in the subspace P as p.; = Pp.sP. Then, by looking at Eq. (1.2)
with the set of errors {F}}, the faulty density matrix of the system after an evolution time ¢ is
Elps) = > FleSPFlT. Now, by applying the combination Uy P, that acts as a detection ()

followed by a recovery process Uy, we have
ps = Y _FPp.PE — ) UPFPp,PF Uy
! kl

but the latter is

P

g

>

N
I

> UlP.FPp,PF/PU.

kl

. UlU.PF}FPp,PF) F,,PU}U,
N dik '

kl
Kl

In the last line we used the condition (1.5). Therefore, it is sufficient to have the condition of

Eq. (1.5) to build a set of orthogonal projective subspaces { P} and their corresponding recovery



operations {Uy }.

The necessity is straightforward. If for each error in the set a recovery operation R; exists, then

> R;E;Pp,PF/R} = cPp,P. (1.7)
ij
One can define R, E;P = ¢, P and its adjoint to derive o = ), ¢},cx;, which is a Hermitian

matrix, as expected.

The next essential theorem for quantum error correction, which we quote without proof from Ref.

[50], states:

Theorem 1.1.2 Suppose C'is a quantum code and R is the error-correction operation constructed
in the proof of Theorem 1.1.1 to recover from a noise process £ with operation elements {E; }.
Suppose F is a quantum operation with operation elements { F’;} which are linear combinations of
the E;, that is I = Zz m;iF; for some matrix mj; of complex numbers. Then the error-correction

operation R also corrects the effects of the noise process F on the code C.

The theorem simply states that as long as we have a code that can be corrected against a discrete
set of errors, the same code can be corrected against any linear combination of that set. This is a
tool to deal with the continious nature of quantum noise. As an abstract example, if a single qubit
can be corrected against the set of all Pauli matrices, then it can be corrected against an entire set

of errors, as in Eq. (1.3).

To summarize, the theory of quantum error correction is built upon the above two theorems. The
first provides us with a checking tool. The checking tool is used to test the validity of a given
quantum code as well as the domain of errors it will correct. The second theorem deals with

the continious nature of the Hilbert space. In contrast to classical errors where the state of the
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information is discrete, in the quantum version the state can continuously sweep a Hilbert space.
The second theorem guarantees that by being able to correct a discrete set of operations we can

correct a continuous spectra of errors.

1.1.3 Classical linear code

So far we addressed the formalism of quantum operations and the theorems that quantum error cor-
recting codes are based on. Now, we show actual error-correcting codes that satisfy the theorems
above. To have a good understanding of how quantum error-correcting codes can be defined, we
begin by considering the basics of linear classical codes and their construction. In the next section

we present quantum error-correcting codes.

Consider an array of £ bits represented in the form of a vector in a k-dimensional space. Such
vector is defined on a Z5 field since a bit takes either 0 or 1. For example two bits have altogether
{(0,0),(0,1),(1,0),(1,1)} code-words. Assume a system of two bits that are initialized in the
code-word (0,0). Furthermore, assume that bit-flip noise flips the first bit. The corrupted state
would be (1,0). The question to be answered by a linear correcting-code is “given a vector (1,0),
how can we identify the initial state? Is it (1,0) with no error, (0, 0), or (1, 1) with a bit flip error,

or is the initial state (0, 1) with two bit-flip errors?

To be able to answer these and similar questions, where one needs to resolve some given vectors
of data from each other, classical linear code is used [2]. We start by building a linear operator, a
matrix GG known as the generating matrix of the code, that takes a £k component vector and returns
an n-component vector with n > k. G encodes each code-word x of the k-dimensional space as
Gz, the code. GG has independent columns and thus the mapped space Gx for all z is a subspace in

the larger n-dimensional vector space.



Example:

or 111000
000111
with Gz given by
G(0,0) = (0,0,0,0,0,0), G(1,0) = (1,1,1,0,0,0)
G(0,1) =(0,0,0,1,1,1), G(1,1) =(1,1,1,1,1,1). (1.8)

We might think that there are 2* elements or code-words of data, and that n2* operations to be
performed to specify the full encoding. However, to define a “linear” code all we needed is to

define an n x k generating matrix. The full encoding is encapsulated in G.

Error correction can be performed by defining the parity check matrix H,_y,. The matrix is
basically the collection of n — k£ (n—component) independent vectors that are orthogonal to all
the columns of GG. Roughly speaking, H defines a subspace orthogonal to the subspace Gz or the
code. Therefore, to check if a vector x belongs to the code it has to satisfy Hx = 0. Therefore,

mathematically, H is a linear map and the code is defined as the kernel of the map H.

Knowing that the code is the kernel of H, now assume that a code-word y = Gz is corrupted
by bit flip errors and changed to ¢y’ = y + €’. Notice that the vector ¢’ is a vector with 1’s at the
affected bits and 0 elsewhere. Since Hy = 0 we have Hy' = He. Naturally, the set { He} are the
syndromes detected in this way. What we are interested is to be able to distinguish vectors like He;
from vectors He, for as many errors (e; and ey) as possible. If that were possible then each error
syndrome He would tell us what the initial code-word was. The strength of this method relies on
how many 1’s a code-word y; differs from a code-word y5. Any vector /' that lies in between them

(by adding 1’s to, say, y1: ¥’ = y; + €) is detected by He' and corrected to the closest code-word



(say y1). Thus, to be able to correct more errors we need to have a code that provides a large
(Hamming) distance between the code-words. The minimum distance between code-words of a

given code is called the distance of the code d.

The initial vectors of bits to be encoded by G, contain the actual information to be coded and are
called the logical bits. Also we can see GG, as a vector of length £ with linearly independent
vectors v of length n as its elements; G = [vy,...,v;]. In this light, y = Gz is a sum over a
subset of these independent vectors: y = ) 4y V- Since the logical bits x consist of all possible
combinations of 0 and 1, then the set {)_ I v;} is the set of all combinations of the independent
columns of matrix G, all the possible sets {;j}. Now, if we add two code-words y +y' = >, v; +
> Gy Vi = > G Vi = y”, we have v € C. Likewise, one can see there is a unit element
E = G(0,...,0) € C. Also, for each element y + y = E, thus, the inverse element is in C.

Therefore, code-words in C' form a group.

In summary, a code C defined by a generating matrix G (or, equivalently, /) is formally denoted
by [n, k, d], which means that k bits are encoded into n bits and the minimum distance between the

code-words is d.

1.1.4 Calderbank-Shor-Steane codes

We know that a classical linear code corrects, say, ¢ number of bit-flip errors (equivalent to a
distance 2t + 1 = d). In contrast to a simple bit-flip error of classical physics, however, we
know that errors in quantum mechanics are continuous. Also, from the theories of quantum error
correcting codes if we are able to correct bit-flip and phase-flip errors, we are able to correct the

qubits from any error (that is, an error that is a linear superposition of Pauli matrices o, 0¥, o).

One natural way to construct a quantum code seems roughly to have two classical codes working



together. We could use one to correct bit-flip errors and other code [with a Hadamard rotation]
for phase-flip errors. This is the basic idea behind Calderbank-Shor-Steane (CSS) codes. More

explicitly, consider classical codes C'; and C5. A code-word x € ' will be encoded as

2+ Cy) = (1.9)

> |z +y).
\/I_z y<0s
This defines an equivalent class between the elements of C'; with respect to Cs, which is the set
of cosets of Cy in C (C1/C5). Thus each codeword of the CSS(C', Cs) is a superposition of the
elements in one equivalent class, i.e., it forms one coset. If the two elements = and z’ belong to
two different cosets, the two code-words |z + C5) and |2’ + C3) are orthogonal. For a C [n, k1]

and a Cy [n, ko] code, CSS(C1, Cy) is a [n, ky — ky] code.

Consider a quantum system with a state initially prepared in a CSS(C, Cs) code-word. Once a
phase-flip e; accompanied by a bit-flip e; corrupt the original code-word, the new state of the

system will be

1
S (—nEe|p 4y te). (1.10)

V |C2| ng2

Assuming an ancilla qubit was appended, we could apply the parity check matrix to have

3 (~)E2 g 4y 4 eg)|Hiey), (1.11)

V ’02 yeCy

where H, is the parity check matrix of the code C;. Notice we assume that the ancilla qubit itself
is immune from errors. Under this condition, one has to measure the ancilla qubit to detect the

bit-flip syndrome, and, as the next step, to apply an appropriate recovery operation.

Notice that by a Hadamard matrix one can switch the role of bit-flip 0® with phase-flip o°. There



exists a simple scheme that uses the Hadamard gate that practically switches the role of e; and
es in the above procedure and uses the same syndrome detection applied for the bit-flip above to

detect the phase-flip error e;. For more details see Ref. [50].

1.1.5 Stabilizer codes

There exists an alternative approach to define quantum codes by using the language of group theory.
To explain the technicalities of this approach along with advantages and disadvantages of it, we

begin with some nomenclatures and definitions that will be used later.

Pauli Groups: A Pauli group G, is constructed by the matrix multiplication of all the Pauli
matrices acting on n qubits. Example: G; = {&1,+il,+0" +io® +0¥, +io¥, 0%, +ic*}.
It can be easily verified that such group is closed under the matrix multiplication. Similarly,

G2 = {:l:](: :l:]l X ]2 = :i:]llg), :i:’LI, j:O'f]g, . }, etc.

Generators of a group: In any subgroup S of GG,, we can find a set of elements such that under
multiplication this set produces the whole subgroup S. Example: S = {[I, 2,75, Zy73, 2173}
is a subgroup of G3 (or any G,, with n > 3). The subgroup can be generated by choosing the
set {2174, Z273} as the set of generators of the subgroup. Notice that the set is not unique. A
subgroup is usually represented by its generators as (gi, ... ), with g; being the i-th generator; In
the example above S = (7,75, Z573). We will always select a set of generators such that all its

elements ¢, ... are independent.

Centralizer and Normalizer: Given a subgroup S, the set C'(S) = {E € G,|Eg = gFE} is called
the centralizer of the subgroup S. Given a subgroup S, the set N(S) = {E € G,|EgET = g} is
called the normalizer of the subgroup S. For Pauli groups G,,, if S does not include —/ then we

have N(S) = C(9).
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Stabilizer: Consider a vector space Vs and a subgroup S such that for any element |¢)) € Vg and
any element M € S we have M) = +[¢). Then, Vs is said to be stabilized by S, and S is called

the stabilizer of the vector space V.

It is obvious that for any subgroup S that contains —/ the only possible vector space that can be
stabilized by S is the trivial 0 state. It is straightforward to show that if we restrict ourselves to
only subgroups in which —I is excluded, then elements +:/ are automatically excluded as well.
Also, notice that if a vector state is stabilized by the set of generators of .5, it is stabilized by the
whole subgroup S. Therefore, we only need to verify that ¢;|¢)) = |¢) for all g; € (g1,...) of

subgroup S in order to claim that |¢)) is stabilized by S.

Working with n qubits automatically implies the use of the Pauli group G,,, since all possible
quantum operations that can be applied on n qubits are contained in G,,. Consider a subgroup

S ={g1,--.,gn—r). We define the projector P¢ as

. ST+ (=1)™g)
Pg = 1 Sk , (1.12)
where z stands for (1, ..., 2, ). It can be verified that by expanding the product in the definition

we generate all the elements in S. Therefore, if for a state 1)) we have PQJi)) = +|v), then
[v) € V. Also, it is easy to see that for any |¢)) € Vs, P3|¢)) = +|¢)). Hence, we conclude that
P{ is a projector onto Vs. Let us add that the projectors PZ are a set of orthogonal projectors; the
product P%Pg’ for different sets of z = (21,...,2,_4) and 2’ = (2,...,2/,_,) has at least one

term such as (I — g;)(I + g;) which gives 0 on any state.

The Hilbert space of n qubits is 2" dimensional and there are 2"~* different combinations of sets

x. Since ) | P& = Iynyon, then the vector space Vs is a 2% dimensional space.

With the main concepts being introduced, we can sketch an outline of the stabilizer code theory

11



as follows. Imagine the state of a system initially prepared such that it is stabilized by P2 for a
stabilizer subgroup S. Then, if an error F, € (G, acts on the system there are two possibilities:
Either F, anti-commutes with at least one of the generators of (gq,..., g, ) or it commutes
with all the elements of (gy, ..., g, ). In the former case, the projector Pg will be transformed
according to P¢ = E,PJE!. In this case the code may be corrected by assigning an R, recovery
operation to the P§ projector for every orthogonal subspace z. Therefore, by measuring all Pg§’s
and consequently applying corresponding R,’s we can recover the original state. In the latter case,
the error F, is either in .S which means it makes no harm to the original state, or it is in N(S) — S.

If £, € N(S) — S then it is uncorrectable.

Finally, the stabilizer code C(S) is defined as the vector space V; which is stabilized by S. The
code’s distance is identified by the minimum weight of an element in N(.S) — S. Here, the weight
of an element F is defined by the number of Pauli operators in the element £ that are not equal to
I. For example, F = X;Y3Zs € Gy has weight 3. Also, as a reminder, a code [n, k, d] corrects

errors on ¢ single qubit such that d = 2¢ + 1.

In summary, stabilizer codes are defined as subspaces that are stabilized by a set of generators of
a subgroup of Pauli groups. An ideal stabilizer code would have a long distance while requiring

minimum resources (i.e., a small Hilbert space).

1.2 Topological quantum computation

1.2.1 Introduction

The subject of topology covers a wide area of research and study in physics that goes far beyond
this introduction. The following introduction is based on the physical aspects of the subject that

will help us to better understand the specific models we study in the main body of this dissertation.

12



This introduction is mainly based on Refs. [4, 5] and, partly, [6].

To reach an intuitive but sufficiently deep understanding of the underlying concepts of topology in
condensed matter problems, we begin by discussing the problem of a particle on a ring. Consider
a particle on a ring (periodic boundary condition). Imagine the system to be in a magnetic field

with a vector potential A = %%. Then, the Hamiltonian of this system is
1, )
H = 5(—@8(]5 — A)7, (1.13)

where ¢ is the angle. It is straightforward to see that the function 1, (¢) = #ei"‘ﬁ satisfies the

Schrodinger stationary equation, and the energy spectrum is €,, = %(n — %)2 with n € Z.

Figure 1.1: A confined particle on a ring subject to magnetic field.

This simple problem, though, in the language of functional integrals (the familiarity of the reader
with the functional integral formalism of many-body physics is assumed) has interesting features

to be unveiled. The partition function reads

7= / Do ef 47L(6:6), (1.14)
#(B)—p(0)e2nZ
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where 7 is the Euclidean time and the integral is over all paths that begin at ¢(0) and finishe at
the same point (periodic boundary condition: ¢(5) — ¢(0) € 27Z). The Lagrangian in the action
Sl¢] = [drL(¢, ) is straightforwardly connected to the Hamiltonian of Eq. (1.13) by a Legendre

transformation,

L(¢,¢) = %d? — iAg. (1.15)

Assume that we seek a mean-field solution to approximate the value of the partition function by
taking the classical path (the saddle-point solution) as the most relevant path of the problem. In
addition, we can add quantum fluctuations, i.e., deviation from the classical path, to correct our
solution. The classical solution is obtained from the classical Euler-Lagrange equations, b = 0,

which has the solution ¢(7) = W%’”, W € Z. For the situation where A = 0 this answer gives

Sw = %(W?)Q.

At this point, we infer that classical mean-field solutions labeled by integer values (1) are sep-
arated for different values of W by discrete energy gaps. To understand this, remember that in
classical statistical mechanics Z = e, and F is the free energy of the system. If the system is

in the saddle-point solution with free energy Fy, then another solution Fy; . is separated by a

(2m)?
B

discrete energy of the order of % . This analysis commonly appears in the study of for exam-
ple instantons and the quantum tunneling problems, which explains quantum phase transitions in

glassy systems.

We should also notice that the last term in the Lagrangian of Eq. (1.15) can be integrated (since

it does not depend on the path) and the total partition function can be classified as the sum over
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different integer value W as

zZ=Y eWWA/ D¢ 2/, (1.16)
o 6(8)—(0)€2n

Treating the problem from a perturbative perspective around the mean-field solution of the theory,

we can understand that modifying the path around ¢(7) = % — ¢ + 0¢ to include quantum
fluctuation corrections will not change the W value intrinsic in that mean-field solution. This
indicates that there are topological sectors that cannot be connected via short-range perturbations.
The characteristic value that identifies these sectors in this example is the winding number .
The topological term of the action in this example is in the class of f-terms. Also, implicitly

in the argument above, is the partitioning of all possible paths into classes; in this example, the

homotopy classes of the field [¢].

Mathematically speaking, in the functional integral language and in general in field theory (clas-
sical and quantum) the field ¢ is a map that is defined over a “base manifold M and maps to a

“target manifold T,
p:M—T. (1.17)

The base manifold is usually R¢ while the target manifold is defined by the symmetries of the
underlying physical many-body system. We should digress to mention what is a natural candidate
for a target manifold. The target manifold is characterized by a general symmetry group G that
corresponds to the symmetries of the mean-field solution of the theory. The symmetry group G is

chosen such that for all elements of ¢ € G and ¢ — g¢ the action is left invariant.

However, under changing the parameter of the theory (such as temperature, magnetic field, etc.),

the system undergoes a transition that reduces the G symmetry group to G/H (a coset group of
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G stabilized by H), where the H C (. This “spontaneous symmetry breaking” implies a new
mean-field solution or state for the many-body system. Therefore, by knowing all the coset groups
G /H of the general symmetry group (G, we have identified the possible target manifolds of the
problem. Thus, generally, the target manifold is represented by 7' = G/ H. To be less abstract, in
the XY Heisenberg spin system G = O(3) while H = O(2). One can show that O(3)/O(2) is

isomorphic to 7' = S2.

Depending on the base and the target manifold there are different classes of maps ¢ that could be
defined. In our example we saw the map ¢ : S' — S1, (S! is the sphere in one dimension) and
the classes of [¢] were labeled by integer numbers W. In fact, one can define a “unit map” as well
as an operation between different classes, *, and show that these classes actually form a group. In

this case a homotopy group 7 (S') = Z.

Finally, we should mention that for different target manifolds resulting homotopy groups are differ-
ent and even may not exist. For example, for M = S and T' = S? one can intuitively understand
that by deforming a path around a sphere S one can go from one winding number to another, so
in this case all the maps ¢ are in the same equivalence class as “0”, and therefore no homotopy
group exists. As a general remark,in many-body quantum field theory there are many topological
terms that characterize the topological features of particular problems. In addition to the winding
number, there are Weiss-Zumino terms and Chern-Simons terms (in a particular case also called

the Berry phase).

1.2.2  Topology in condensed matter physics

The classification of phases of matter in condensed matter physics is understood through the
Ginzburg-Landau approach, which is based on characterizing the underlying symmetries that are

spontaneously broken. The phenomenology of the Landau theory is that, after calculating the free
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energy F' = In(Z) of the system by handling the sum over the microscopic details of the system
[see, for example, Eq. (1.16)], one is left with a system where phase is defined by macroscopic or-
der parameters; for instance, magnetic field, temperature, etc. Within the Landau theory, different

phases may be accessible via tuning these order parameters.

However, the emergence of topological features in the mathematical structure of any microscopic
theory implies that there are orders that can not be simply characterized by Landau’approach.
These new orders are referred to as topological orders. Topological orders are often used in

characterizing the orders in highly correlated system such as fractional quantum Hall states [7, 8].

Moreover, there are phenomena in condensed matter physics that do not involve correlations and
are explained in the framework of single-particle quantum mechanics, but, nevertheless carry topo-
logical signatures. The integer quantum Hall state (QHS) is an example that lies in this category.
Topological insulators can also be studied within the framework of single-particle physics of a

solid. Bellow, we elaborate this example further [10].

In an insulator a gap separates the conduction band from the valence band. However, the gap prop-
erty in this system is not the only quantity that distinguishes the insulating phase from other phases.
In fact, a similar gap, although narrower, exists in semiconductor phase and many semiconductors
and insulators can be shown to belong to the same topological classification. There exists an iso-
morphism that smoothly deforms the two band structures of insulator and semiconductor into one
another. This equivalence can even be extended to the equivalence between an insulator and the

vacuum of the Dirac theory.

To make the connection to our previous general discussion on topology in condensed matter more
clear, the Bloch theorem can be viewed as a set of maps, in analogy to [¢(7)]: from the base
manifold of the “Brillouin zone”, witch is a torus 7%, in k-space, to the target manifold of H (k)

(the target manifold has at least translational symmetry). The topological classification consists of
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putting all the maps that can be continuously deformed to each other without closing the gap of the

insulator into the same class. Some examples frequently found in literature are listed bellow.

o Integer Quantum Hall and the Landau flat bands: The authors in Ref. [9] (TKNN) proved
that this classification for quantum Hall states are labeled by integer Chern numbers. A

Chern number in this case is given by

1
N = — | d°k Fon, (1.18)
21

where F,,, =V x A, = V X i{t,| Vi|t,,) is known as the Berry flux.

e Peierls instability: Su et al. [13] studied solitons in polyacetylene. In this system the Peierls
instability for an odd number of sites exhibits a different Berry flux than an even number,

with topological excitations dominating the transport properties of the system.

o Graphene: Generally, a two-band model in two dimensions can be expressed as

H(k) = h(k). . (1.19)

Here, ¢ = {r,,7,, 7.} are Nambu spinors (i.e., a set of three matrices exactly the same as
Pauli matrices and should not be confused with spin). In graphene, in particular, this form
reduces to H(q) = hvgq.d + mo, around the Dirac points. The Hamiltonian has time
reversal symmetry O, while it lacks parity symmetry II. As a result, the two masses at the
two Dirac point are the same m = m/. Haldane [12] showed that if by assuming a magnetic
field that in average is zero (B o sin(k - r)), one can breaks the © symmetry but retain the
I1. He showed in this case Berry flux is different and the masses are m = —m/’. Then, the

two topological classes, m = m' and m = —m/, pertain to 0,,, = 0 and 0, # 0, respectively
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The importance of these topological hallmarks is the emergence of edge states at the boundary
between two phases with different topological classifications. In a topological insulator (TI) for
example, as we approach the boundaries from the bulk of the system, there will be states that
appear in the gap. In QHS these are the chiral edge states. Their existence indicates that the
topological characteristics of the bulk is about to change as we approach the boundary (say, from
TI to vacuum). By modifying the edge of the physical system, for example, by adding impurities to
increase scattering on the edges in QHS, one may locally perturb these states but their topological
properties are invariant. In the case of edge currents where the transport is mainly carried by these

edge states, a local perturbation does not affect the current [11].

There are many interesting features related to TI. So far we encountered one that was described
by Haldane [12] in which O is broken while II is not. In a © symmetric insulator, for example,
one can bring in a spin-orbit coupling that lifts the Kramers’ degeneracy everywhere but at the
center of the Brillouin zone (since at k = 0 there is no spin-orbit effect). In this case there are
two type of edge states that inherit their topological characteristics from the bulk (bulk-boundary

correspondence): Zs TI.

Similarly, in superconductors the theory can be expressed as in Eq. (1.19), known as the De Gennes
representation. In this case there is particle-hole symmetry (2): EH (k)= = —Hpac(—k).
As we get closer to the edge where the topology must change, this symmetry leads to the existence
of a zero-mode edge state. This implies that there must be a state with Fg = I'y (with I'T and
I' creation and annihilation operators, respectively). Such excitation is known as a Majorana

particle.

The bulk-correspondence rule and different symmetries in different dimensions, provide a table of
classifications of involved topological characteristics. These classifications are realized in physical

systems such as TI, topological superconductors, QHS, etc., and are named correspondingly such
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as Z- and Z»-TIs, etc. (Fig. 1.2).

The subject is vast enough to cover a complete dissertation by itself [14, 15]. For the purpose of
quantum computation what is offered by topological characteristics is the possibility of employing
these properties as to state information and perform computation. If the information is encoded to
an edge mode, small deformation, will not change the state of the information unless a quantum

phase transition happens, which can be argued to be exponentially suppressed [10]. This approach

to opens the door to topological quantum computation (see, for example, Fig. 1.3).

E Conduction Band
Insulator n=0
(a) (b)
A/ NN F
Quantum Hall
State n=1
Valence Band
1
r/a 0 k -n/a
Symmetry d
AZ (€] = 11 1 2 3 4 5 6 7 8
A 0 0 0 0 Z 0 Z 0 2 0 Z
AlIl 0 0 1 Z 0 7 0 Z 0 Z 0
Al 1 0 0 0 0 0 Z 0 Zy Zy Z
BDI 1 1 1 Z 0 0 0 Z 0 s Zs
D 0 1 0 7 Z 0 0 0 i 0 Za
DIII -1 1 1 Zsy 2y Z 0 0 0 Z 0
All -1 0 0 0 2y 2y Z 0 0 0 Z
CII -1 -1 1 Z 0 Zy Zy Z 0 0 0
C 0 -1 0 0 7 0 7y 7y 7 0 0
Cl 1 -1 1 0 0 Z 0 Zs 25 Z 0

Figure 1.2: The interface between a quantum Hall state and a trivial insulator hosts a chiral edge
state (top left). A boundary edge state connects the conductance band to the valence band (top
right). The table of topological insulators and topological superconductors based on the bulk-
boundary correspondence (bottom). From Ref. [10].
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Figure 1.3: Schematic representation of braiding of non-abelian quasi-particles. From Ref. [16].
Reprinted with permission from AAAS.
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CHAPTER 2: MAJORANA FERMIONS

2.1 Introduction

Here we present one of the several proposed models by Kitaev [18] with topological order with the
aim of implementing topological quantum computation (TQC). The model inspired the search for
unpaired Majorana fermions in quantum wires [17]. The idea of TQC with Majorana fermions in
a wire begins with the observation that the occupation number of a fermion of a site on the wire
encodes the states |0) and |1), and while a phase can also be assigned to each state, we can consider
the set of sites as a collection of physical qubits |s),. The scheme of unpaired Majorana describes

one logical qubit that is encoded in this system by the the right choice of its Hamiltonian.

In this regard the single qubit flip-error ¢” is the annihilation/creation operator from |0) to |1)
and vice-versa, and the phase flip o* is the occupation-number operator a;aj. However, for a
practical system of fermions the single flip-errors a' or a become impossible to occur since we have
conservation of charges. In superconducting systems this reduces to the conservation of fermionic
parity [] j(Qa}aj — 1) which is roughly a measure of whether the occupation number is “odd”
or “even” (Reminder: in superconducting system that follows BCS theory, carriers at the Fermi
sea contribute to the superconducting phase. This is the origin of the Bogoliubv transformation

in bosonization problems like charge density waves (CDW), spin density waves (SDW), and the

Bogoliubv-de Gennes Hamiltonian. See Ch. 2 and 6 in Ref. [4]).

In a condensed matter system where the excitations are fermions, single flip-errors appear to be
suppressed due to fermionic parity conservation. But even in an non-interacting system of fermions
the energy h; = ¢; a}aj itself would cause dephasing as the system evolves in time |s); — €"*|s);

(at this point one can get the impression that if a logical qubit exists, then it must be associated to
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a zero energy state € = 0 to stay immune from dephasing). Kitaev proposed a toy model in which
the excitations of the system are the Majorana fermions, instead of fermions. As explained below,
the situation in this model is different. This situation is described in Ref. [19] as: “Electrons, from
this perspective, are higher-energy composites, and looking at the system in terms of their behavior

would be like doing electrical engineering with quarks.”

Kitaev Toy Model: Consider a wire as shown in Fig. 2.1 which is governed by

1
H = Z [_w (“}ajﬂ + a;r'—i-laj) —p <a}aj - 5) + Aajajr + Atal,jal| .1)
J
where w is the hopping amplitude, 1 is the chemical potential, and A = |Ale® is the induced

superconducting gap. We also define the Majorana operators

.0 .0
Coj—1 = €'2a; + e”ia;r-, (2.2)

N

Co; = —i€'a; +ie " zal. (2.3)
This convention allows us to disguise the phase of the superconducting gap A in the definition of

Majorana fermion c. Notice that for every fermion at a site j there are two Majorana fermions.

Writing Eq. (2.1) in terms of these operators gives us

H=3 D [Heaj 1095 + (w + [A]) eajc001 + (—w + |A]) e 109542 - 2.4)

J

Exploring different phases of the Hamiltonian in Eq. (2.4), we identify the following phases.

e Trivial phase (Tr): If we set |A] = w = 0 and p < 0, then it is easy to see that

Hy = —p Zj(ajaj — 72) = §(=1) 3 c2j-105;. In this phase we have, by transforming

the Hamiltonian to k-space, flat bands (Landau levels). However, we can see that Majorana

23



fermions on each site are coupled with the Majorana of the same site, leaving no unpaired

Majorana.

e Non-Trivial phase (NTr): This is when 4 = 0 and |A| = w > 0. In this case Hyr, =

WY C2jCaj41-

Comparing the two phases, in the trivial phase the fermionic parity is always P = [],(—icj-1¢2;) =

+1 (P|¢rr) = +|¢7,)) and the the ground state of the system is nondegenerate.

In contrast, in the non-trivial phase there are two unpaired Majorana operators c; and cy;, where
L is the linear size of the wire. Since half of an electron does not naturally exist, the combination
of the two operators that can be well defined is ¢;cor,, which commutes with the Hamiltonian of
the system. Therefore, there are two degenerate ground states. In fact, P is exactly P = cicop,
and the two ground states of the non-trivial phase correspond to the two possible parities, namely,

P ==£1.

How about other values of the parameter space of the Hamiltonian, y, w, and |A|? It is easy
to see that we can write Hamiltonian of the system, Eq. (2.1), in k-space reducing it to the

matrix form of Eq. (1.19). Diagonalizing the 2 x 2 matrix we find the bands to be £y =

+1/(2wcos g + )% + 4|A[2sin? g.

The two extremes, trivial and non-trivial, correspond to flat bands as in the Landau levels in QHS.
Kitaev argues that the phase diagram of the system is: trivial phase, 2|w| < p; non-trivial phase,
2|lw| > p, |A| # 0. Also, for general values of the parameters the unpaired Majorana fermions b’
and b” will be a superposition of the Majorana operators of all sites, in general. He concludes that

any interaction between the two, H;,; = 5tb'0" (that could possibly change the fermionic parity),

is exponentially suppressed in the scale of the linear size of the system, ¢ oc e~ %/%0.
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Figure 2.1: (a) A representation of the unpaired Majorana in the non-trivial phase. (b) The physical
model consists of semiconductor wire on a superconductor that will induce proximity effect. (c) an
attempt to tune the microscopic parameter of the model to reach the zero-mode Majorana. Source:
Ref. [20]

2.2 Resilient Majorana mode in a one-dimensional spin model

- P. Jouzdani and E. R. Mucciolo, in preparation.

2.2.1 Abstract

There are mathematical equivalences between one-dimensional spin systems such as the Ising and
Heisenberg X X Z models, and the Kitaev Majorana model. We study a class of one-dimensional
Ising spin systems that, by a unitary transformation involving only two-qubit interactions, can be
transformed into a model that has zero local order parameter, in contrast to the original Ising model,
even though the Z, symmetry is preserved. The degeneracy of the ground states of transformed
spin model is robust against both local longitudinal and transverse fields, and the protection in-
creases with system size. We show how the protection works using exact numerical calculation for

small system sizes.
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2.2.2 Introduction

A large effort has been made to construct more robust protocols for quantum computation by
exploiting topological properties of many-body systems [21, 22]. Recently, in addition to the
work done on elegant mathematical models, such as the toric and surface codes [23, 25, 24],
particular attention has been given to detect and employ exotic non-Abelian excitations in order
to perform quantum computation [26]. Among those, Majorana fermions are of particular interest
and several systems have been proposed to host unpaired Majorana modes, such as semiconductor

wires [27, 28], superconducting qubits [29], and optical lattices [30, 31].

The hunt for Majorana fermions in condensed matter physics originates from the work of Kitaev
where a toy model was presented [17]. The toy model consists of a semiconductor wire interfaced
with a p-wave superconductor. In that toy model two phases exists, with one hosting a non-local
fermion. The non-local fermion is the sum of two Majorana operators that can appear in a two-
folded degenerate mode. The model hosts one logical qubit corresponding to this two modes which
is referred as the unpaired Majorana. In the same paper Kitaev argued that by a Jordan-Wigner
transformation one arrives at a spin realization that hosts the two possible modes of the logical
qubit of the model in its Z, symmetry. Kitaev also argued that the spin realization, in contrast
to the fermionic one, has an order parameter when it comes to local perturbation, and that the Z,
symmetry is thus broken for any value of the order parameter. Thus, the spin realization is not a

promising candidate for realizing a Majorana qubit.

In the remaining sections we consider a class of one-dimensional Ising spin systems with open
boundaries. While the one-dimensional Ising model has been shown to host Majorana modes
after a Jordan-Wigner transformation [18, 32], we use a series of commuting two-qubit unitary
transformations to reshape the Ising model onto a Hamiltonian that, in contrast to the original

Ising model, does not have a local order parameter, even though the degeneracy of the ground
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states is preserved. Therefore, the system is protected against both longitudinal and transverse

local fields.

While the spin realization of the Kitaev toy model fails to be a good candidate to host a Majorana
fermion, the transformed model provides a robust realization of a such mode. An experimental
realization of the transformation required to achieve this protected state does not require more than
two-spin interactions (i.e., two-qubit operations). Below, we provide a detailed description of the
transformation that lends the spin model protected. We illustrate how protection takes place by
evaluating numerically the energy spectrum for two short spin chains. We conclude with a brief

discussion about the applicability of the model to quantum information processing.

2.2.3 The one-dimensional Ising model

The two-fold degeneracy associated with the configurations of an unpaired Majorana [22] corre-
sponds to the topological degeneracy of the Z, symmetric open-chain Ising system. The topo-
logical degeneracy of the ground state can be understood in the following way. Imagine that an
applied magnetic field &, slightly lifts the degeneracy of the two ground states |1) = | 11 ... 1)
and [|) = | JJ ... |) by an energy A.. In this case, there exists a false vacuum with a slightly
higher energy, say |1), and a true vacuum with a slightly lower energy, ||). If the spin chain is ini-
tially prepared in the false ground state 1), it can nucleates into the true ground state by tunneling
with a probability that falls off exponentially in the space-time distance of the nucleation and thus

exponentially disappears as A, — 0 [4].

A small transverse field h, can flip a spin within the state |1). Then, tunneling between the two
macroscopic classical ground states occurs through a propagating domain wall, which can propa-
gate from one end of the chain to the other. However, the tunneling amplitude associated to this

transition falls off exponentially with the distance of the chain [18]. Thus, at zero temperature, a
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transition between the two degenerate ground states due local external fields is strongly suppressed.

a
@) 1 N=4m+2

é
/4

Figure 2.2: (a) The standard one-dimensional Ising model with nearest-neighbor interactions. (b)
The reshaped Ising model into a ladder after the unitary transformation R in spin space. The
diagonal dashed and dash-dot lines show the two-spin terms o0? , used in the transformation.
The term 030 | is shown with a dashed line from the upper left to lower right of the ladder.
(c) The Hamiltonian resulting from the transformation, Hp, has only four-spin interactions. By
reshaping the chain into a ladder, we can associate the four-spin operators to plaquettes. The bulk
has two different types of plaquettes, A and B. There are three operators of type A and one operator
of type B. The two left and right plaquettes on the boundaries are named R and L, respectively.
There are two operators acting on each of these boundary plaquettes.

The one-dimensional Ising system has an order parameter (o) that corresponds to a net magneti-
zation. This allows a global external field /., to couple to the the order parameter and to destroy
the coherence between the two topological degenerate states |1) and |]). Thus, unfortunately, this
one-dimensional system is vulnerable to any finite magnetic field h,. In addition, any of its Z,

broken phases is thermally unstable.

As an alternative, consider a one-dimensional spin 1/2 system of length N = 4m +2, with m being
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a positive integer. Starting from the standard nearest-neighbor Ising Hamiltonian
N-1
Hy=—J> oo}, (2.5)
i=1
with J > 0, let us apply the unitary transformation
R(a) = @MV, (2.6)

where

N—2
_ yy vy y y y
Vi = ojo3+ (U4i04i+2 + a4i+104i+3) T ON_20N
i=1
y y
+ 050N_1, 2.7)

to H;. The result is

H(a) = R'(a)H;R(a)

« a\ . o[o
= cos’ (5) H; + cos (§> sin (§> H,

+ sin? (%) Hy, (2.8)

where H; and Hp involve three-body and four-body interaction terms, respectively (see Appendix

A). For a = 7, the contribution of H; to the total Hamiltonian drops out and we obtain

H(ﬂ') = HT
m—1 m—1
= Iy [AV AP+ AP -y B,
=1 =0
—J (L1 + Ry + Ly + Ry), (2.9)
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where we have introduced the following operators:

AV = 04041410 4i+20 i3 (2.10)
Az('z) = 04,05i41041+204i43 (2.11)
AP = 0405141041420 4i13 (2.12)
B; = Ugj+laij+3ngj+4agj+6 (2.13)
Ly = ojozoioy_4 (2.14)
Ry = 0305 308 10N (2.15)
Ly = olososok (2.16)
Ry = o030y 20Nn_10y (2.17)

We denote the set formed by all these operators S, withi =1,... m —2and j =0,...,m — 1.

All the terms on the r.h.s. of Eq. (2.9) commute with each other. By reshaping the spin chain as
shown in Fig. 2.2, one can identify Agk) and B, as bulk plaquettes operators, while R; 5 and L »
act as boundary plaquette operators. For N = 4m + 2 there are 3(m — 1) plaquettes of type A, m
plaquettes of type B, and two plaquettes of types 2 and L each. Together, these plaquettes function
as stabilizer operators and the degenerate ground states of Hp form a logical computational basis.
Since there are 242 gpin configurations and 4m + 1 plaquette operators, the system comprised
by the spin chain and the plaquette operators as observables encodes a logical Hilbert space of

dimension 24m+2 /24mFl — 9,

The ground states of Hr, |G), have no local spin order parameter. To see that, consider that
the ground states are also eigenstates of the plaquette operators of the set S with eigenvalue +1,
Q|G) = |G), where Q € S. Given any single-spin operator 0%, 0¥, 07, withn = 1,..., N, one

n)YnrYn

can always find an operator () that commutes with it. Therefore, (G|0$|G) = 0 for a = x,y, 2. As
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a consequence, the system couples only weakly to external fields. Below, we illustrate this result
by considering exact diagonalizations of finite spin chains.

(a) @

(b) @

@& 66
l

®

Figure 2.3: Chains of four (a) and six (b) qubits. The solid lines represent the initial Ising nearest-
neighbor interaction between the spin, H;. The dashed and dotted lines indicate the interaction
terms present in V', which is used to generate the transformation /2. The linear chain is reshaped
to make it easier to visualize the plaquette operators, which are indicated by the filled polygons.

Examples Let us consider the Hamiltonian defined in Eq. (2.9) for two finite-size spin chains. For
N = 6 we have

HY = —J (Ly + Ly + By + Ry + Ry). (2.18)

The V' interaction involved in the transformation of H; into the protected Hamiltonian H;ﬁ) is

schematically shown in Fig. 2.3. This Hamiltonian has two degenerate ground states,

) = | ) — [ L) — [ ) — | 1) (2.19)

and

) = | L) — [ 1) = | AT = | 11, (2.20)

Due to the small size of this example, the operators A;(k) are absent; thus, the protection in the
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bulk is not complete. Nevertheless, this system has (c”) = (¢¥) = (¢*) = 0 for the ground states.
However, expectation values involving more single-spin operators can be nonzero. For instance,
otoy swaps the two ground states (up to a phase) and commutes with the operators in the set S.
Also, ZO|pPy = £|piPY, with Z© = 6i6%0%. Thus, Z® behaves as a logical o* operator
in the two-dimensional subspace spanned by the ground states. In general, the structure of the
Hamiltonian H; is such that the logical states in this subspace are only protected up to single-spin

errors. Yet, this protection increases with system size.

For the sake of comparing different system size, let us also consider N = 4. Even though this
system does follow the N = 4m+ 2 prescription, one can identify plaquette operators that function

as stabilizers (see Fig. 2.3). We have
H?) = —J(ojo504c] + olo5050] + oloosoy), (2.21)
with the two degenerate ground states

) = | 1111 — | L) (2.22)

and

[0y = [ L) + | L. (2.23)

For this system, (0%) = (oY) = (0*) = 0 as well.

2.2.4  Protection of Hy

The eigenenergies of the Hamiltonian H («) for N = 4 are shown in Fig. 2.4 as a function of «.

Figure 2.4a shows the energy levels in the absence of any perturbation. At a = 0 we have the
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Ising system. As « is increased, the two-fold degenerate ground states of the Ising model at o« = 0
are adiabatically connected to the two-fold degenerate ground states of Hy at o« = 7. Figure 2.4b
shows the effect of adding a uniform magnetic field, H, = h, Zf‘zl o7. While the degeneracy in
the Ising system is rapidly lifted for any value h, # 0, the effect on Hr is significantly weaker.

4
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Figure 2.4: (a) The energy levels of H(«) in the absence of external fields for a N = 4 spin chain.
a = 0 corresponds to the Ising system and o« = 7 to Hr. (b) Energy levels for the same system in
the presence of a uniform longitudinal magnetic field 4, = 0.1J. The symbol g denotes the level
degeneracy.

In fact, the dependence of the splitting of the ground states, A(a) = E,(a) — F_(«), on global
external magnetic fields allows one to verify the enhanced protection offered by Hp. The splitting
for N = 4 at the points &« = 0 (H;) and @« = 7 (H7) is shown in Figs. 2.5a and 2.5b as a function of
both /. (longitudinal) and h,, (transverse) external magnetic fields, respectively. The Z, symmetry
(i.e., the ground state degeneracy) is lifted for any nonzero h, for both H; and Hy. However, there
is a marked quantitative difference between them. One can see that the dependence of the splitting
A, goes from linear for H; to quadratic for Hy, indicating increased protection. Figure 2.5b shows
that the gap A, behaves similarly for both H; and Hy, showing a cubic dependence on the field
h

Y-

33



0.61—

0.4

A/

03

0.2

0.1

ol I AT NI BRI BR | 0 | L L L L L
0 02040608 1 1214 0 02040608 1 12 14
h/J] h/J

0

Figure 2.5: The splitting between the two low-lying states at « = 0 (H, circles) and o = 1 (Hr,
squares) as a function of external field for a N = 4 spin chain. (a) For any non-zero longitudinal
magnetic field &, the Z, symmetry is spontaneously broken. The numerical data follows closely
the functional form expected for the Ising chain in the thermodynamic limit (dotted line). (b) The
splitting as function of a transverse field &, is the same for both H; and Hr.

In Fig. 2.6 the ground state splittings for chains with N = 4 and N = 6 spins are compared. In
Fig. 2.6a the comparison is with respect to longitudinal field /.. The suppression of the splitting
increases when going from N = 4 to N = 6, with the magnetic field dependence of the splitting
A, going from quadratic to cubic. In Fig. 2.6b, the comparison is with respect to transverse field
h,.. The suppressing of the splitting is also visible in this case, with the magnetic field dependence

going from fourth to sixth order in h,,.

2.2.5 Summary and discussion

We have presented a one-dimension spin model where an enhanced protection to external fields is
obtained. Thus, the Majorana mode in this model is more resilient than that present in the nearest-
neighbor Ising model, as well, as that in the spin version of Kitaev’s model. We find that the

splitting caused by external magnetic fields progressively weakens as the system size is increased.
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The degenerate ground states of this model are well separated from the rest of the spectrum and can
encode a logical qubit. The structure of the model Hamiltonian allows the system to self correct

single-qubit errors.

2

05—

08 : 0
0 02040608 1 12 14 0 02040608 1 12 14
h./J h),/J

Figure 2.6: Comparison of ground state splittings for N = 4 and N = 6 spin chains as a function
of external magnetic fields: (a) longitudinal, /; (b) transverse, h,. The splitting is suppressed as
the system size is increased.

The model studied in this chapter opens the doors to the exploration of other spin models, possibly
in higher dimensions, that could also achieve enhanced protection against external perturbations by
suitable unitary transformations based on two-qubit interactions. Similarly to topological schemes
of passive quantum information protection, such as the toric code, the model we studied requires
four-spin interactions. However, since the model is one dimensional and the only non-local inter-
actions involve the boundaries of the spin chain, (i.e., the plaquette operators 1?1 2 and L 3), those

interactions can be made local by adopting a ring geometry.

For most low-dimensional spin models with local interactions, particularly in one dimension, ther-
mal instability is hard to avoid. A way around this problem is to replace the always-on interactions
with periodic syndrome extractions using the stabilizer operators followed by recovery operations.

That would also work for our model. With the fast-paced advance seen recently for superconduct-
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ing qubits [33] and other systems, this indicates that the model we introduced here could be a very

good candidates for experimental studies.
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CHAPTER 3: TORIC CODE

- P. Jouzdani and E. R. Mucciolo, “String localization and delocalization in the disordered toric
code”, American Physical Society, APS March Meeting 2012, February 27-March 2, 2012, abstract
Y30.003.

3.1 Introduction

The physical system of the toric code is defined as a collection of physical qubits located on the

links of a torus. The physical qubits are governed by the toric code Hamiltonian,

Hp=—JY B,—J) A, (3.1
P S

where

B,=]]o:. A=]]or (3.2)

Here, Bp and A, are called plaquettes and star operators. The geometry of the system is shown
in Fig. 3.1. The torus is a square lattice of L x L dimension (L is the number of the links) with
periodic boundary conditions along the width and the length. There are N = 2L? physical qubits.

The operators A, and Ep commute. In addition, there exists a set of observables of two types,
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namely X and Z, that are defined as

Xy =[]t Xo=1]]of (3.3)

i€lyy i€l

> z 7 z

2= 1ot Z=1]]o: (3.4)
i€lzy i€l

The operators Xi(Zi) commute with 1213 and B’p operators and, consequently, with the toric Hamil-

tonian. There are L?> — 1 independent Ep and L? — 1 independent A, operators.

From the perspective of the stabilizer formalism of quantum error correction (see Ch. 1), the set
of operators in Eq. (3.2) (excluding two dependent operators) is a stabilizer set, S. The stabilizer
subspace C'(.9), in the 2™V -dimensional Hilbert space of the problem, is defined to be the common
92L?

~2_.dimensional subspace that stabilizes the set of 2L? — 1 independent plaquette and star

operators (see Sec. 1.1.5).

The argument following Eq. (1.12) tells us that the C/(S) is 22%° /222°~2 = 4-dimensional. Based
on the same argument, the only operators in the set N(.S) — .S are the logical operators Zand X.
This shows that for the toric code C'(.S) the distance d is of order of O(L) and the code corrects up

to L /2 — 1 errors.

From a physical perspective, the ground state of the toric Hamiltonian in Eq. (3.1) happens natu-
rally when all the observables corresponding to Aj and Bp are +1; |1,) is the ground state of Hr

if

Bylthe) = Bylthe) = +1[1h,) and Alth,) = Altho) = +1]10), (3.5)

for all s and all p. In other words, the ground state is obtained by a simultaneous diagonalization

of all the star and plaquette operators.
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Figure 3.1: The geometry of the physical system and arrangement of qubits on the lines of a lattice
(left). The stabilizers of the toric code, plaquettes and stars, are shown along with the logical
operators (right) .

Since Xi (Z-) commutes with all the operators 1213 and ép, a ground state must be additionally
labeled by new quantum numbers indicating the eigenvalues of Z, and Z, (or, alternatively, X, and
X,). Therefore, each ground state has a four-fold degeneracy defined by two quantum numbers 2

and Z such that Z;|1),) = Zi|1b,).

The ground state of the Hamiltonian can be seen as a gas of loops containing flipped qubits. Our
definition for “loops” can be explained in the following. Consider a state | F;) where all the qubits
are in their | 1) state. Then, by applying a star operator we have flipped four qubits to | |) states.
These four qubits are on the boundary of a star and form a closed loop. This action can be repeated
on the state | ;) with some arbitrary number of star operators. Each time this action creates either

one or many closed loops. Finally, one can see that the ground state in Eq. (3.5) is the superposition
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of all the possible distinguishable loop states created in this way.

Since applying the logical operators Z;on |F'7) gives Z; = +1 and Z5 = +1, then the ground state
generated in the previous paragraph has Z; = +1 and Z, = +1. Applying X; on this ground state
will give all the three other degenerate ground states, namely, {|1,), X1]to), Xao|tho), X1 Xa|100) }.

The energy spectrum of the toric code is gaped. It costs an energy of 2.J to excite the system to
its first excited state. A first excited state is characterized by two stabilizers with —1 eigenvalues.
The physical locations of the two stabilizers are the boundaries to a string of physical qubits that
actually experienced errors, which consists of a string of Pauli matrices g;j(a:) = [Lnes o,

However, since only the stabilizers are observable, identification of the string of actual errors by

the code formalism is not possible. See Fig. 3.2.

Recovering the corrupted code from errors could be done in the following way. If two star stabi-
lizers B; = —1 and B; = —1, one needs to deliberately apply a set of o errors along a string
S*Z»j that connects site ¢ to site j. One possibility is that this string is the actual string S;; that has
initially caused the error. In this case applying two repeated Pauli operators, [ [, ofof = 1, and
the code is recovered. If this is not the actual error then the total Sij @ S;; is a closed loop; that
is] kit OROp = [ 1, As, product of star operators enclosed by 5’,;]- @ Si; [23]. However, the loops
on the torus come with two different homotopy classes; trivial, non-trivial. After a bit scrutiny we
can see that the former is a product of stabilizers, while the later is a logical error. Therefore, the

recovery scheme described above will work as long as the resultant is not a non-trivial loop.

In the example above the stabilizer B; = —1 and B; = —1 are, physically, excitations of the toric
Hamiltonian. Elementary excitations of the toric Hamiltonian always come in pairs. In case of star
operators these excitation are called “electric charges”, while in case of plaquette operators (as in
the above example) the elementary excitation are called “magnetic charges”. The quasi-particles,

excitations of the theory, follow a particular statistics known as non-abelian statistics.
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Figure 3.2: The location of two plaquettes that are detected with eigenvalues B = —1. Two
possible actual errors ([ o%) could have resulted in this syndrome. The two possible paths are
shown in dotted and dashed lines. S;; @ S;; in this example is equivalent to a product of four star
operators.

3.2 Toric code in contact with a noise bath

Under a perturbation V; one would attempt to use perturbation theory to analyze the effect. Up to

the lowest order in the perturbation theory, one needs to deal with the digonalization of

V=3T3 (wlSuy St Vi SipySiglto), (3.6)

s {SpySpg b
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where the equation is read as following; S’f{s}wo) is a state with an s number of e-type quasi-
particles and p is the number of m-type quasi-particles. The sum (SpyesSl )} is over all the
necessary strings (configurations of n, p errors) that generate distinct states with n, p number of
errors. Finally, we have a sum over the possible errors. The situation can be complicated since
many strings may result in the same configuration. Also, due to the non-abelian nature of the

errors, when moving from one configuration to another, braiding of the particle must be accounted

as well.

To simplify the situation we focus only on one type of errors, namely the magnetic ones. In Eq.
(3.6), there are two types of elements: those connecting different sectors of n,p to n’,p’ with

n # n', and those connecting S, 1) to S*,{p} |4h0) with the same number of charges.

The former generates more strings of error on the code if n’ > n. Assuming an in-built quantum
error correction (QEC), its task would be to correct the detected errors by “closing the loop” as
mentioned previously. However, the accumulation of the strings due to the perturbation at some
point will cause the QEC cycle to draw a wrong path in closing the cycles that will eventually

result in a non-trivial operation on the code, namely, a logical error.

The latter accounts for the dynamics of errors within a given sector n. It is computationally difficult
to monitor all the sectors for a large code system. Then, by restricting ourselves to only one
sector, say p = 2, we can phenomenologically describe the dynamics as the physics of a hopping

particle on the lattice of plaquettes. More explicitly, the perturbation in the latter case is V; =

Zs,s’ tSS' |S> <S/|

Consider a complete set {|i1, i)} with i; the lattice site (plaquettes) of the first and i, the lattice
site of the second error. Assume a local perturbation V; = —h ) . o7, and let us restrict ourselves

to the sector of one string of magnetic charges. Then, from the argument above it follows that an
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effective Hamiltonian is

Vi = —hz (c;rcj + c;r-cz-> , (3.7)

(i)
with creation, cj, and annihilation, ¢;, operators of one magnetic charge at plaquette 7, and (ij) are
nearest-neighbor sites. We also generalize the model to situations where local impurities at each
plaquette create local potentials. Finally, we assume the following Hamiltonian for the magnetic

charges of the string,

Vi==> ty (CICJ‘ + Cici) + > Wi+ e cos(wt +6,)] cles, (3.8)
(i5) i

where t;; is the hopping parameter and is in general complex as ¢ = |t|e'?s. TV; are the onsite
potentials. A time-dependent noise ¢; cos(wt + 6;) is added. The parameter W, ¢;,;;,6; are all

random and their magnitudes are randomly chosen from uniform random distributions.

Our objective is to analyze the dynamics of the magnetic charges under the effective Hamiltonian
Eq. (3.8). In the first step we set ¢;; = t to be constant and assume no time dependence. For this
situation we calculate the distance between the two end points of the string as they evolve over

time via the Hamiltonian V;. For this we define

A2, (t) = (()|(Fy — 7o) - (P — ) |1 (2)). (3.9)

The value of |A(?)| is numerically calculated using the Kernel Polynomial Method (KPM) expan-
sion [36] and is shown in Fig. 3.3. The figure depicts a gradual approach to localization; from a
ballistic move with no random on-site potentials (or often called random impurities) to diffusive

regime and eventually localization.
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Figure 3.3: The numerical calculation of the dynamics of end-of-the string errors on toric code
with L = 10. The errors are initially separated by one lattice site, and located in the middle of the
lattice (the legend shows the initial lattice site locations) with periodic boundary conditions. The
solid line (red) shows a free propagation where the two errors are not subject to random impurities.
The dotted line (green) shows a modest random impurity W/t = 1/2, and the crossed line a higher
ratio of onsite impurity W/t = 5/8

The distinction of the three regimes become clearer when looking at a single-particle dynamics.
While errors appear as pairs, we may approximate the relative motion of the two end points as a
single-particle dynamics. Then, by studying the single-particle dynamics we can achieve mean-
ingful results on the value of the size and ratio of the strength of impurities with respect to hopping

amplitude.

The behavior of error dynamics in the presence of onsite impurity can be identified by just looking
at one end of the string. This can be justified by assuming that the dynamics of one of the end-of-

string errors is seen from the reference frame of the other end-of-string error.
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The single-particle dynamics, on the other hand, can be identified by calculating the variance

A(t) = var(t) = (2°(t)) + (y*(1)) — (2(1))* — (=(1))*, (3.10)

which is easier to be computed numerically for larger lattice than the distance of the two anyons, as
shown in Fig. 3.4. In logarithmic scale we are able to compare the slopes and identify the different
propagation regimes: ballistic, diffusive, and localization of the single particle. In Fig. 3.5, it is

shown how a time dependent random landscape can delocalize an already localized anyon.

. e S
~
T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T

\ \ |
0 50 100 150 200
Time steps

Figure 3.4: The variance A of a single-particle dynamics, averaged over many realizations, as a
model for a single anyon on the toric code. There are three distinguished regimes; ballistic (black),
diffusive (red), and localized (green).

The localization of the errors is of the Anderson type due to the destructive interference of the
time-reversed paths. Moreover, by turning on the time-dependent part of V;, the localized particle
can be delocalized. This happens due to decoherence that the random time-dependence potential

induces. The numerical result is shown in Figs. 3.5 and 3.6.
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Figure 3.5: The variance with respect to time steps in a logarithmic scale (L = 50). The three
regimes of ballistic, diffusive and localized are shown in black, blue, and red, respectively. By
turning the time varying noise the localized anyon becomes delocalized (pink).

Finally, we compare the different ratios of time-independent and time-dependent random impurity

strengths, and analyze the localization/delocalization transition (see Fig. 3.6).

The results obtained indicate the possibility of confining propagating anyons simply by adding
randomness to the toric code system. While the overall gap is still preserved, the perturbative
randomness can cause the anyons or the charge particles (errors) to be localized, making them

easier to be detected and corrected.

However, we observe that a noisy environment represented by a time-dependent potential can
adversely delocalize the errors, reestablishing a diffusive regime that can result in the winding of
the errors around the torus and thus cause a logical error. We conclude that the random impurity
approach to confine errors can be effective, but due to possibility of time-dependent noise it can

not fully solve the problem of logical errors.
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Figure 3.6: Comparison of delocalization from a localized state W = 10 (red line) at different
frequencies w (color lines) with the diffusive regime W = 6 (black line) on a lattice with L = 50.
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CHAPTER 4: FIDELITY OF THE SURFACE CODE IN THE PRESENCE
OF A BOSONIC BATH

- P. Jouzdani, E. Novais, and E. R. Mucciolo, “Fidelity of the surface code in the presence of a

bosonic bath”, Physical Review A 88, 012336 (2013).

4.1 Abstract

We study the resilience of the surface code to decoherence caused by the presence of a bosonic
bath. This approach allows us to go beyond the standard stochastic error model commonly used to
quantify decoherence and error threshold probabilities in this system. The full quantum mechan-
ical system-bath dynamics is computed exactly over one quantum error correction cycle. Since
all physical qubits interact with the bath, space-time correlations between errors are taken into
account. We compute the fidelity of the surface code as a function of the quantum error correc-
tion time. The calculation allows us to map the problem onto an Ising-like statistical spin model
with two-body interactions and a fictitious temperature which is related to the inverse bath cou-
pling constant. The model departs from the usual Ising model in the sense that interactions can
be long ranged and can involve complex exchange couplings; in addition, the number of allowed
configurations is restricted by the syndrome extraction. Using analytical estimates and numerical
calculations, we argue that, in the limit of an infinite number of physical qubits, the spin model sus-
tain a phase transition which can be associated to the existence of an error threshold in the surface

code. An estimate of the transition point is given for the case of nearest-neighbor interactions.
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4.2 Introduction

Recent progress in implementing controllable multiqubit systems in the laboratory has sparked re-
newed interest in topological quantum computing schemes. Particular attention has been devolted
to the surface code [24, 51, 23], which is a planar version of Kitaev’s toric code [25]. From a
physical implementation viewpoint, the surface code has two important advantages in comparison
to other schemes: (i) all gates are local, and (ii) simulations indicate that the topological protection
yields very high tolerance for errors. The latter is based entirely on stochastic models for errors.
These models point to error threshold probabilities per single qubit operation or cycle ranging
from 1% [53, 52], when only nearest neighbor interactions and no perfect gates are assumed, up to
19% [91], when the ability to perfectly measure four-qubit operators is assumed. The large error
threshold comes at the expense of hardware: a vast number of local operations and physical qubits
is required to build a useful computing machine [54]. Yet, this tradeoff seems attractive nowadays
for a number of physical realizations such as cold atoms [55], ion traps [56], Rydberg atoms [57],

semiconductor systems [58], and superconducting integrated systems [59].

Most error threshold estimates so far have relied on the assumption of errors being uncorrelated
in time and space. However, given the large-scale integration that will be required to implement a
surface code, this assumption seems unwarrantable on physics grounds. The need to have tens of
millions of physical qubits siting on a common substrate and interacting with each other and with
the controlling electronics is very likely to introduce environmental modes, which will effectively
couple the time evolution of the physical qubits. Under these circumstances, errors will become
correlated and it is unclear whether the system will retain its high error threshold. In fact, previous
studies of the impact of correlated errors on standard (non-topological) quantum computing codes
have shown that error thresholds may be reduced or altogether disappear in some situations [60,

61, 62, 63, 64, 65]. Investigating the effect of correlations between errors in the surface code is the
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main goal of this paper.

In a recent paper [66], it has been shown that the time evolution of the surface code in the presence
of a common bosonic bath can be mapped onto a statistical spin model. This mapping allows for
the computation of the surface code fidelity much in the same way that one computes the partition
function and expectation values in a spin model. As a result, the existence of an error threshold was
related to the existence of a phase transition in the statistical model. Even though the interpretation
of the crossing of the error threshold as a classical phase transition is not new [67, 23], our formu-
lation is novel since it takes into account the full quantum mechanical time evolution of the qubits
in the presence of a dynamical environment. In addition, rather than evaluating error probabili-
ties, we compute directly the fidelity of the logical qubit. Our choice of environment, a collection
of freely propagating massless bosonic modes, is realistic for systems where decoherence can be

related to the coupling to phonons, magnons, and electromagnetic modes.

Below, we provide a detailed derivation of the evolution operator of the combined surface code—
bosonic bath system. We focus our attention on a single quantum error correction cycle and assume
that, after the syndrome extraction, the bath is reset to its ground state. Within this approximation,
we find that the fidelity can be written as a function of the expectation value of single-qubit logical
operators. The study of these expectation values can be related to the physics of an Ising-like
spin model with a complex fictitious temperature. Under the assumption of non-cyclic and perfect
stabilizer measurements, we use both exact and mean-field finite numerical calculations to argue
that the spin model sustains a thermodynamic phase transition in the limit of an infinite number of
physical qubits. System with 25 and 41 qubits are studied numerically. The critical temperature
of the spin model yields a coupling constant threshold value which is found to depend mainly on

bath parameters.

The chapter is organized as follows. In Sec. 4.3 we give a brief introduction to the essential
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elements of the surface code and set some of the notation used later. Section 4.4 presents a Hamil-
tonian formulation of the problem in terms of bosonic modes coupled to physical qubits which
allows us to obtain a compact form for the evolution operator of the combined logical qubit-bath
system. The evolution operator involves a bath correlation function which is explicitly evaluated
for three representative situations. The effect of syndrome extraction on the evolution operator is
described in Sec. 4.5 and an expression for the fidelity in terms of expectation values involving
qubit operators is derived in Sec. 6.6. The mapping of the fidelity calculation onto a statistical
model is given in Sec. 4.7 and the connection between the fictitious critical temperature and the
error threshold probability is shown in Sec. 4.8. In Sec. 4.9 we estimate the fictitious critical tem-
perature via a low-temperature expansion. Numerical supporting the existence of an error threshold
are shown in Sec. 4.10, which is a very encouraging result. Conclusions and a critical discussion
of the approximations involved and future directions of investigation are drawn in Sec. 4.11. A
number of appendices with technical details of the calculations are also provided at the end of this

dissertation.

4.3  Surface code

Following Ref. [24], we define the surface code as collection of N spins 1/2 (physical qubit
systems) located on the edges of a two-dimensional lattice with two types of boundaries, as shown
in Fig. 4.1. The lattice comprises n and m qubit rows and columns, respectively. Measurements

are done on two types of stabilizer operators: stars A, which are associated to lattice vertices (),

Ay =]t (“.1)

€0
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and plaquettes By, which are associated to tiles (L]), including the ones at the open boundaries,

By =]]oi (4.2)

ieD
In Egs. (6.18) and (6.19), the Pauli spin operators &; act on qubits. Thus, there are N = (n+ 1)m
plaquette operators and N, = (m + 1)n star operators. The N physical qubits store one logical
qubit. There are n;, = 2 distinct logical operators: X and Z. They are formed by a string of

physical qubit operators along paths that cut through the lattice:

Z=1]s (4.3)
€l y
and
X=1]]e (4.4)
i€l x

where ['; runs between qubits at opposite open boundaries (left to right), passing through vertices
along the way, while I"x runs between qubits at opposite closed boundary (top to bottom), crossing

tiles (see Fig. 4.1). Notice that vertices and tiles form dual lattices.

The protected code space contains two states, T> and |l> Both states are eigenstates of all sta-
bilizer operators with eigenvalue +1. Errors can be inferred by measuring the stabilizer operators
and tracking down which stars or plaquettes yielded —1 values. A decoding procedure is needed

to decide which recovering operation to perform [70, 71].

The code state can be generated by the action of a product involving all star operators on the z
ferromagnet state, namely,

1) = G|F.). (4.5)
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Figure 4.1: A 3 x 3 two-dimensional square lattice structure for a surface code. Physical qubits
(circles) are located at the edges of the lattice, which has open (vertical) and closed (horizontal)
boundaries. In the general case, the lattice is n x m in size, with nm vertical and (n + 1)(m + 1)
horizontal edges and N = physical qubits. The light colored strips show possible paths for the

logical operators Z and X. a is the lattice constant.

Likewise
1) = GX|F.),
where
¢
and
N
|F) = Hl iz
i=1

Notice that the product in Eq. (4.7) can be expanded as

IO+ A40)=14+> Ag+ > Ag A, +

O O 01702

(4.6)

4.7)

(4.8)

4.9)



The number 27¢ appearing in the prefactor of G is the number of terms appearing in the expansion:

2% = (3) 4 () 4 oo (30).

4.4 The bosonic environment

The most general bath model would allow for both flip and phase errors to occur. However, only
perturbative calculations would be possible in this general case. Since our goal is to obtain nonper-
turbative results, we focus our discussion on flip errors only (it is possible to rephrase the model
to induce only pure dephasing model by a simple change of basis). We do not explicitly consider
correlated errors introduced by the hardware upon measurement, but rather errors induced by the
interaction between a bath and the qubits during the time span of a QEC cycle. The Hamiltonian

we consider is written as

H=Hy,+YV, (4.10)
where H, is a free bosonic Hamiltonian,
Hy =) weala, 4.11)
kA0
and
4 > fri)o} (4.12)
— - 7 0-7, y .
2 i

where r; denotes the spatial location of a qubit ¢ and f is a local bosonic operator,

D/2+s )
f(I‘) _ (’U/C‘ZOD/2 Z |k| ( ik-r ’r zk-rak> ) (413)

k0

Here, D is the bath spatial dimension, v is the bosonic mode velocity, wx = v|k|, and wy is

a characteristic frequency of the bath (notice that f is dimensionless since we adopt units such
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that » = 1). The creation and annihilation operators of the bosonic modes follow the standard

commutation relations, namely, [ax, af,] = dy1e and [ax, aw] = [af, al,] = 0.

The choice of s depends on the physical nature of the environment and on which bosonic degree
of freedom couples to the qubits. When the qubits couple directly to the bosonic displacement
field, we choose s = —1/2, whereas when they couple to the bosonic current operator, we choose
s = 1/2 instead. Notice that these two choices allow us to write the coupling between the qubits
and the bosonic environment as a simple function of the free bosonic field. Hence, they render
an interaction Hamiltonian with commutators that are subluminal, namely, which are equal to
zero outside the boson light cone (see below). But this is not the general rule. For instance, a
model that couples the environment to two different qubit components would render an interaction

Hamiltonian with non-subluminal commutators (regardless of our choice for s).

This apparent problem comes from the fact that we usually think of errors in a dynamical sense:
they happen in a point in space-time and create bosons that propagate at the speed of light. How-
ever, this is an incorrect interpretation to the equations we are about to derive. We will not be
considering pulses propagating thought a medium, but rather looking at allowed normal modes of
the bath and how they relate to different qubits configurations. If there is no fundamental symmetry
reason for their suppression, long-wave length modes of the bath will in general introduce super-
luminal effective interactions. A very simple way to highlight this fact is to rewrite the bosonic
model in a coherent state basis, ay = ax + «, where @, and C~LJ{( also obey standard commutation
relations and « in a constant. This procedure introduces an effective instantaneous interaction be-
tween the qubits as much as the Coulomb gauge introduces the instantaneous Coulomb interaction

in quantum electrodynamics.

For a time interval A, the error model comprised by Eqs. (4.10) to (4.12) leads to the following
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evolution operator in the interaction picture [62]:

)\ A
U(A) =T, exp [—25/0 dtzi:f(ri,t) o2 (4.14)

Combining a Magnus expansion with the Zassenhaus formula (see Appendix B), we arrive at a

remarkably simple expression for the evolution operator,

2 ,
U(A) = x exp [—% Z Drry (A) Jf’af] L exp [—% Z F.,(A)o?| (4.15)
i#j i
where
Prs(A) = % [G(28) +G:(8)] (4.16)
)\2
X = exp [_Z Z Dy, (A) ] 4.17)

and :: stands for normal ordering. In Egs. (4.15) and (4.16), we have introduced two bath correla-

tion functions,

A t1
G0 = 5 [ an [ an{lf ). s s
I

(Satl) 7f(r7t2)]} (418)
and
G (D) = (0] F(A) Fi(8)[0), (4.19)
and the auxiliary bosonic field
A
F.(A) = / dt f (r,t). (4.20)
0

(Notice that y is a real number since gﬁ? =0.)
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Below, we present the functional form of the correlations functions for two-dimensional bosonic
baths (D = 2). Details of the calculations are provided in Appendices C and D. We consider three
representative values of the power s which appears in the qubit-bath coupling constant dependence
on the bath mode momentum [see Eq. (4.13)]. These values are s = —1/2, 0, and s = 1/2, corre-
sponding to subohmic, ohmic, and superohmic baths, respectively. This classification is standard
and follows from the bath’s spectral function frequency dependence at low frequencies: sublinear

(subohmic), linear (ohmic), and superlinear (superohmic) [68]. Also, see Appendices C and D.

4.4.1 Subohmic bath

For two-dimensional subohmic baths (D = 2 and s = —1/2), the bath correlation function takes a

simple closed form. The real part reads

sl A A e —s)

Qﬁf’)(A) - TVWo 2w
. vA Ir — s|?
-1 4.21
arcsin (|r — s]) + CINE ] ,  (4.21)

+ AH(\I‘ —s| —vA)

TTWo

where 6(z) denotes the Heaviside step function. The imaginary part reads

_ 2
_ 1/1—|EUT§L}. (4.22)

—iA

T™Wo

X {ln

Gid(8) O(vA — [r —s)

(vA)* ] vA
v —sf? v —s|
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4.4.2 Ohmic bath

Choosing D = 2 and s = 0, the real and imaginary parts of the bath correlation function take the

forms [69]
(R) 1 vA
Gps (A) = — arcosh O(vA — |r —s]), (4.23)
Twg Ir — s|
and
DA = [T oA —r—
G0(A) = 5 [50a—Ir—s)
, vA
+ arcsin (m) O(jr —s| — UA)} . (4.24)

Notice that the real part of the correlation function vanishes for distances larger than vA. For this
bath as well as others, the number of qubits within the spatial range of the correlation function is

determined by the ratio vA /a, where a is the surface code lattice constant.

4.4.3 Superohmic bath

Choosing D = 2 and s = 1/2, we find for the real part

R v 1 O(|r — s| —vA)
GHA) = — |—= - _ _ (4.25)
Twy | [r—s] \/]r —s]2— (vA)
For the imaginary part we find
gi(A) = v O(vA —|r —s|) (4.26)

i /(vA)2 —Jr = s[>

A schematic representation of the spatial dependence of these correlations functions is shown in
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Fig. 4.2
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Figure 4.2: Schematic representation of the spatial dependence of the correlation functions
gﬁf)(A) and gﬁi’(A) fors = —1/2,0,and 1/2. Weuse d = |r — s|.

4.5 Syndrome extraction

Let us assume that the system is prepared initially in the logical state H> and the boson field initial

state is the vacuum,

Vo) = (GIF%)) @ [0)e. (4.27)

We then let the system evolve under the interaction Hamiltonian until a time A, when an error
correction protocol is performed flawlessly. The syndrome extraction operator is equivalent to the

application of the projector

1
P = oxom, 1;[ (1+ boBo) 1;[ (1+apAy), (4.28)
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where ap = £1 and b, = +£1 are the syndromes for each star and plaquette operator, respectively.
Since we are assuming only bit-flip errors, the projection over stars is just the identity for a, = 1,

namely,

1
P = 1;[ (14 buBp). (4.29)

Using that A,G = G and [)_( ) G} = 0, we can rewrite the projector in a slightly different form,
P=R|1)(t|R+R|L) (]| R, (4.30)

where R is the recovery operation chosen to be performed.

In principle, we should consider all possible syndrome outcomes. However, it is useful to look
at the most benign evolution and assume b5 = 1. Such an evolution corresponds to the system
remaining in the vacuum of the gauge fields after a time A. This nonerror syndrome provides
an upper bound to the available computational time. In addition, it simplifies the calculations
by removing from consideration a recovery operation that tries to steer the system back to the

computational basis [70, 71, 72]. Thus, for this particular case,

P = [f) (F| +10) (1. @31

The environment state is unaffected by the error correction protocol. If no extra step is taken
to dissipate excitations that pile up over time, the environment will keep a memory of events
that happened during the QEC period. Keeping track of such excitations between QEC cycles
in a fidelity calculation is a difficult task even for simple, non-topological logical qubit systems
[61, 62, 64]. For topological qubits, the task is considerably harder due to the exponential number

of terms that enter in the composition of the computational states.
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Thus, in order to make the formulation amenable to an analytical calculation, we consider an
extra step to the QEC protocol. In addition to projecting the quantum computer wave function
back to the logical Hilbert space, we assume that at the end of the QEC step the environment is
reset to its ground state. This is equivalent to imposing at the end of the QEC step the projector
limz, .. 0 e~ Ho/ksThatn for some environment temperature 71,4, defined with respect to some even

larger reservoir.

A consequence of this extra QEC hypothesis is that we exclude from the calculation any spatial
correlation between QEC periods, as well as memory and spatial correlations between the time

evolution of bras and kets. This new projector operator can be conveniently written as

P’ = |Wo)(Wo + X[Wo) (Wo|X. (4.32)

After the projection, the wave function must be normalized again. For this purpose, consider the

normalization factor

(Uo |UNA)P'UA)| W) = |A* + B[, (4.33)
where
A= (Vo |[U(A)| Wo) (4.34)
and
B = (¥, |XU(A)| V). (4.35)

Below, we use the expectation values A and B to compute the surface code fidelity after one QEC

cycle.
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4.6 Fidelity

The fidelity of the surface code after one QEC cycle can be defined as
F = [(Yqrc|¥o)l, (4.36)
where |Wy) is the initial state of the qubit system and the bath and
[Ware) = P'U(A) W) . (4.37)

The expectation values A and B now come in handy since they allow one to obtain a simple

expression for the fidelity,

(Wo |P'U(A)| o) (W0 |UT(A)P'| By)

1/2

b I (To |UTH(A)P'U(A)| W)
_ [ (W0 |U(A)] W) (W, |UH(A)] W) 1/2
I |A]® + |B°
- A
A + 1B
1

= — (4.38)

[ 4 B2
where we used that P’ |U,) = |U,). Thus, our task of determining the fidelity is reduced to

evaluating the ratio |B|?/|.A|?.
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4.7 Mapping onto a statistical model

Let us first consider the cases where the bath correlation function ®,(A) has both real and imag-
inary parts finite, namely, 0 < D + 2s < 3. The insertion of the evolution operator given by Eq.
(4.15) into Egs. (4.34) and (4.35) results in very compact expressions for .4 and B since these

expectation values are taken on the bosonic vacuum. After a short manipulation, we arrive at

A= x(F.|e""G* F.) (4.39)

and
B=x(F.|Xe G| F.), (4.40)

where we introduced
)\2 T T
H = 28 Z Dy, (A) 070 (4.41)
7]
and
1 /) 1

= (=) — 4.42
B 27-[- (w0> (WOA)D+2372 ( )

Clearly, Eq. (4.41) can be interpreted as an effective interaction between qubits intermediated by
the environmental bosons. The connection to a statistical model becomes more apparent when
we consider that the ferromagnetic state along the 2 direction can be expanded in in the z basis,

namely,

IF) = 11 (‘ T>zx\‘/i‘§‘ Um) ‘ (4.43)

Inserting this expression into Eqgs. (4.39) and (4.40), we arrive at

A=y 2 e (]G s) (444)
S
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and

X -BE %
B:Q_NZeBS<S|XG2\S>, (4.45)
S
where S stands for the eigenstates of the operator Hf\il o} and
BEs = (S|6H]S). (4.46)

Notice that the expectation values in Eqs. (5.26) and (5.27) vanish for those states |.S) where at

least one start operator has a —1 eigenvalue. Therefore, those equations can be rewritten as

A= 21N Y e o (4.47)
S/
and
B=ou Y e P (9 |X]9), (4.48)
SI

where the sums are over the subset of states .S’ where all star operators take positive values:
(S"|Ay|S") = +1. (4.49)

It is clear now that A is proportional to the partition function of a classical statistical spin model
with a restricted configuration space. Then, C is equal to the expectation value of the operator X

in this model.

The statistical model defined by Eqgs. (4.41), (4.46), (4.47), and (4.48) is nontrivial in a number
of ways. First, the interaction term (4.41) is not purely real. Second, the interaction range is not
necessarily restricted to nearest neighbors. Third, the constraint imposed by Eq. (4.49) severely

reduces the size of the configuration space.

Since (" | X | S’) can only take the values +1, one can rewrite Eqs. (4.47) and (4.48) as sums over
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“energy” eigenvalues, namely,

A= 21N S gHE) + g (E)] e (4.50)
El
and
B= v > [¢"(B) =g (B)] e (4.51)
E/

where g* (E') are the number of qubit configurations with energy E’ and (X) = 41. The prime in-
dicates that only configurations where all star operators have +1 expectation value are considered,

Eq. (4.47).

When the sums in Egs. (4.50) and (4.51) are not restricted by Eq. (4.47), the time-reversal symme-
try of the Hamiltonian implies g*(E) = g~ (E) for logical operators X containing an odd number
of 0¥ qubit operators. Therefore, in this case, B = 0. For X containing an even number of 0% oper-
ators, for each “energy” eigenvalue E, (X) is either +1 [and g_(F) = 0] or —1 [and g, (E) = 0],

but the value of B cannot be predicted.

In the case of a restricted sum, it is straightforward to see that the separation of configurations in
time-reversal symmetry classes is not useful. Consider that at the vertical boundaries one can form
operators A, with three qubits. In this case, even if a certain configuration |S’) satisfies Eq. (4.47),
its time-reversal partner will not and therefore will not be included in Egs. (4.50) and (4.51). Thus,

the restriction is equivalent to projecting out time-reversal partner of |S”).

As explained in Ref. [66], one useful way to understand this point is to break up the states {|S")}

into two groups, {|S’,)} and {|S” )}, where

15%) = ][ BolFz) (4.52)
J
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and

1S”) = Zr|S). (4.53)

Here, [] ; Br is a product of all plaquette operators that do not touch the logical error Zyp for a
given path I'. It is then possible to show that this separation leads to the appearance of an effective
local magnetic field that acts only on the qubits along the path I'. This local magnetic field leads
to the time-reversal symmetry breaking in the computation of the expectation values in Egs. (4.50)

and (4.51).

4.7.1 Effective interaction and fictitious temperature

The parameter [ plays the role of inverse temperature in the statistical model. From Eq. (4.42), we
see that 3 is proportional to A2, thus serving as a measure of the strength of the coupling between
the qubits and the environment. The effective exchange interaction amplitude, .J;;, depends on the
bath characteristics (e.g., spatial dimension and spectral density), on the QEC cycle duration A,

and on the ratio a/(Awv).

For instance, consider the ohmic bath, where

2
B ! (i) (4.54)

21 \ wp

Using Egs. (4.23) and (4.24), the effective Hamiltonian of the statistical model can be written as

M= Jyolol, (4.55)
7]
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with

arcosh( va ) + %r, Irizri] 1,

1 r;—r; v
Ty =5 % Iri=x;] 2 (4.56)
i arcsin (Ir-vfr-\> , ”J—A”' > 1.
i L

The real part of J;; is nonzero only between qubits within the light cone of the bosonic modes. The
imaginary part is present for any pairs of qubits, but decays rapidly (approximately with the cube
of the inverse distance) when qubits are outside the light cone. For a lattice of size L, an extreme
limit occurs when vA ~ L, in which case all qubits are correlated. In the opposite limit, when the
QEC cycle period A is sufficiently short (or, equivalently, that the lattice constant is large enough),
so that a/ V2 < vA < a, only qubits belonging to the same plaquette are within the light cone
defined by the free spatial propagation of the bosonic modes and the real part of the coefficient J;;

vanishes beyond nearest neighbors.

4.8 Connecting [ to the qubit error probability

It is useful to relate the fictitious inverse temperature S of the spin model to the probability p of a

qubit flipping its spin state during the QEC cycle. The latter can be defined as
p = {01 @ (1 (U] Q) 455 [U;(8)] 15) @ 10), (4.57)
where {| 1,),| J,)} are states of the qubit located at r;, |0) is the bath ground state, and
A A
U;(A) = Tyexp [—5/ dt f(r;,t) ag'} (4.58)
0

is the evolution operator of that qubit coupled to the bath when the dynamics of all other qubits is

frozen. The steps in the evolution of Eq. (4.57) are similar to those used in the derivation of the
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fidelity. The details are provided in Appendix E. The result is

1 Nk
P=; {1 — exp [‘Z gﬁjﬁjm] } . (4.59)

Notice that for A\ = 0, p = 0. As the coupling between qubits and bath grows in magnitude, p

approaches 1/2, which signals a complete randomization of the qubit state.

The functional relation between p and the fictitious temperature 3 can be easily established by

evoking Eq. (4.42) and employing the explicit form of Qﬁﬁ)j (A) as given in Eq. (C.1). One obtains

Wﬁ(UA)D+2S_2

In(1—-2p)=-— 7D

Z k|**72[1 — cos(|k[vA)]. (4.60)

k£0
The sum over momentum diverges in the ultraviolet when D 4 2s > 2 and the relation between the
error probability and the fictitious inverse temperature becomes cutoff dependent. For instance, for
D =2 and s = 0 (ohmic bath), one finds p = 3 [1 — (20AA) /2], where A is the ultraviolet mo-
mentum cutoff. However, for D = 2 and s = —1/2 (subohmic case), one finds p = % (1 — e B/ 4) ,

which is cutoff independent.

4.9 Estimate of 3,

We now provide an estimate of the critical inverse fictitious temperature, taking a slightly different
approach from that used in Ref. [66]. Let us consider the case when the effective spin coupling in
Eq. (4.41) is real and only nearest-neighbor interactions occur, @, . (A) = J for [r; — ;| < a/V/2
and .., (A) = 0 otherwise. We will carry out a low-temperature (large /3) expansion of Egs.
(4.50) and (4.51). The key element we exploit in this expansion is the following property of the
surface code: At the boundaries of the surface code, the star operators are defined by three qubits

instead of four. This means that if a certain state |S) is included in the restricted sums defining
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A and B, its time-reversed counterpart is included. This is because reversing all the qubit of
a configuration with an eigenvalue +1 for all star operators yields a —1 eigenvalue for the star

operators at the boundaries.

This property is particularly useful in the limit of 5 — oo when the term with the minimum energy,
¢ PFhin | carries the leading contribution to the sums. For § — oo and for J < 0, the only state
with minimum energy is a ferromagnetic state where all spins are pointing along the positive z
direction, | F},). Since the the ferromagnet state with spins pointing along the negative x is not part

of the restricted sum, g~ (E!

min

) = 0. In this limit, the spin model is in the ordered phase, with

A = B, resulting in F = 1/2 (lost fidelity).

Consider now a large but finite 3. Starting from the state |F}), the states appearing in A and B
can be separated into two groups, as shown in Eqs. (4.52) and (4.53). The first group, {5’ },
corresponds to the states counted in g*(E’), whereas the second group, {.5”, }, is accounted for by
g~ (E'). Therefore, g~ (E") is equal to the number of states of energy £’ with a logical error Z for
a given path I'. At large 3, the energy cost of these states is of the order of the length of Z and
they are suppressed in comparison to other states. The leading terms contributing to the sums are
the minimum energy state |F,) and the states |S’,) containing only small loops. However, as the
system size increases the multiplicity factor g7 (E’) increases as well. Its value is proportional to
the number of ways one can apply the Z operation, or equivalently, to the number of self-avoiding
walks (SAW) from one open boundary to its opposite. The number of SAWs with a length [, is

related to connective constant j of the lattice and scales as p'.

If the multiplicity factor g~ (E’) is high enough, it can compensate the Boltzmann factor sup-
pression. Then, as § decreases to a certain value [3., for some energy FE. a term of the type

p'z(B) e=P<Ei will appear in B with the same order as the leading term related to the |S",) states,
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namely, e~?<Fmin. Here, [ is the length of Z. This criterion provides a crude estimate for 3,

e_ﬁcE;nin ~ MZZ(EL) e_ﬁcEi’ (461)

leading to
(B Inp
Bc ~ E, — E, .

* min

(4.62)

The difference between E’ and E’ ; is proportional to the length of the logical error Z. Then, the
denominator is of the order of 2n [;.J, where n is the number of qubits interacting with the qubits
comprising the logical error Z through the Hamiltonian in Eq. (4.55). A range of possible values
for the connective constant of a square lattice can be found in the literature. If we adopt p = 2.64

[73], set n = 4, and insert these values into Eq. (4.62), we obtain (.J ~ 0.12.

4.10 Numerical evaluation of the fidelity

In light of Sec. 4.7, we can interpret the ratio 13/.A as the expectation value of the M, = > jeq0js
namely, the x magnetization of a linear set of spin 1/2 particles embedded into a spin system gov-
erned by the Hamiltonian of Eq. (4.55) with the restriction imposed by Eq. (4.47). (Here, 2
denotes the path defining the logical error X.) In the absence of such a restriction, the computation
of B/.A in the thermodynamic limit would follow standard procedures used in Statistical Mechan-
ics. The restriction, however, makes an analytical computation rather difficult, if not impossible.
Therefore, we resort to numerical calculations, both exact and approximate, to find how 5 and A
(and thus the fidelity F) behave as a function of 5 and how this behavior scales with increasing

system sizes.

Below, we focus on the case where the effective interaction strength J;; is real and only involves

nearest-neighbor qubits. As mentioned earlier, this special case is of significance to experiments
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where vA is of the order of a. Short-range correlated errors in this case can be introduced by any

measurement or operation on individual stars and plaquettes.

4.10.1 Exact calculations

For two lattice sizes, N = 25 and 41, we computed .A and BB for an X operator that ran vertically
through the middle of the lattice. The computation was done by exhaustive enumeration of all
orthogonal qubit configurations |S) that complied with the constraint (S|G?|S) # 0, namely, that
produced only positive plaquette eigenvalues. We verified that the results were insensitive to the
choice of operator X. The resulting fidelity is shown in Fig. 4.3 as a function of the inverse
fictitious temperature /5. For small § (equivalent to small coupling constant \), the fidelity stays
close to 1 after one QEC cycle. As [ increases, the fidelity decays and tends asymptotically to
1/ V2, which is expected when B = 0. Another important feature is that the transition from F = 1
to F = 1/+/2 becomes sharper as the system size is increased. This is the expected behavior when,

in the thermodynamic, infinite-size limit, a phase transition occurs at some critical value of 5.

We have tested that this behavior is not substantially altered when the coupling constant J gains a
constant imaginary part. The results are shown in Fig. 4.4. The main effect of adding an imaginary
part is to create oscillations in the decay of the fidelity as a function of 5. The larger the magnitude
of the imaginary part in J, the more oscillations are observed. However, the relative amplitude of
these oscillations decrease with increasing system size. In the limit of a large number of physical

qubits, we expect that the oscillations to be relatively small and concentrated near the critical value

Be.

In order to determine the critical value (3., we resort to the coherent anomaly method, which has
been extensively and successfully used to determine critical temperatures in interacting spin sys-

tems [74, 75].
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Figure 4.3: Surface code fidelity of code spaces of 25 and 41 physical qubits in contact with a
bosonic bath when star operators are restricted to positive values (A, = 1).

4.10.2 Mean-field solution: coherent anomaly method

In the coherent anomaly method (CAM), a cluster of interacting spins is embedded inside a mean-
field medium. Self-consistency is obtained by allowing the spins at the boundary of the cluster to
experience the mean field, which is set equal to the mean value of the central spin in the cluster.
This constraint provide an equation from which the critical temperature can be determined. As the
cluster size is increased, the expectation is that the critical temperature obtained in this way rapidly

approaches the exact value of an infinite-size system [74, 75].

More precisely, let S§ denote the central spin operator and let H be a Hamiltonian describing
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nearest-neighbor interactions inside the cluster, H.;, as well as the action of an effective field g
at the boundary spins,

H=Hear+J bert ) ST, (4.63)

i€dQ
where OS2 denotes the cluster boundary. The expectation value of the central spin is given by

Tr [Sy e F%]

(S5) = el (4.64)

where the trace is carried over all allowed spin configurations. Expanding the exponentials in Eq.

(4.63) to the lowest nontrivial order in the effective field, we find that

(S5) = (S5)aa— B b Y_ (S5 S0, (4.65)

€00

where (- - - ). denotes the expectation value taken with just the Hamiltonian H,, and neglecting the

boundary field. Setting (S7) equal to ¢, we arrive at the equation

L= B0 (S§85)a =0, (4.66)

i€
which can be solved numerically to yield the critical inverse temperature 5 = [3.. as a function of
J. The most costly part of the procedure is the calculation of the correlation function (SFS7),

)

which requires an exhaustive enumeration of all spin configurations within the cluster.

We employed this method to compute the critical value of 3 for surface codes with clusters of
increasing sizes and performed a finite-scaling analysis to estimate the critical value in the thermo-
dynamic limit. The result is shown in Fig. 4.5. As in the case of the exact numerical calculations,
we employed the constrained nearest-neighbor Ising model of Sec. 4.7 with J real and only al-
lowed for spin configurations with positive plaquette eigenvalues. We find that 5.J = 0.193(2)

for an infinitely large system, which is about 60% higher than the estimate presented in Sec. 4.9
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(given the roughness of the approximations involved in the estimate, the discrepancy seems quite
acceptable). The extrapolated value also matches quite closely the point where the downturn of the
fidelity develops (see Figs. 4.3 and 4.4), providing additional support for the existence of a phase

transition in the thermodynamic limit in the case of nearest-neighbor interactions.

4.11 Discussion and conclusions

We have presented a fully quantum mechanical calculation of the fidelity of the surface code in the
presence of a bosonic bath. We considered the fidelity after a complete quantum error correction
cycle and in the most benign case, when a nonerror syndrome occurs. An important assumption
made in the calculation was the resetting of the bath to its ground state after the syndrome extrac-
tion. We then expressed the fidelity as a function of the ratio of two complex amplitudes which
were formulated as expectation values of a statistical spin model with complex two-body interac-
tions and a restricted configuration space. We presented both analytical estimates and numerical
evidence that the statistical spin model sustains an ordered/disordered phase transition in the limit
of an infinite number of qubits. The existence of such a phase transition can be directly related
to the existence of a threshold on resilience of the surface code: provided that the bath coupling
constant remains lower than a critical value, fidelity can be maintained close to unity with increas-
ing system size. This is very good news for those interested in large-scale implementations of the

surface code.

This work provides more detailed derivations and deeper analyses than Ref. [66], in additional to
new numerical support to the existence of an error threshold in the surface code in the presence of
correlated noise. We note that our approach differs substantially from the surface code literature

since we do not rely on a stochastic error model.
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In order to understand the difference between a threshold due to correlations and the usual stochas-
tic model discussion, let us consider the case of D = 2 and s = 0 (ohmic bath). As shown in Sec.
4.8, the probability of such a bosonic bath to produce a bit flip error is p = % [1 — (20AN)7H/ 2}.
If we take the ultraviolet cutoff to infinity, then we are bound to find p = 1/2. However, in most
physics systems, and condensed matter systems in particular, the cutoff is finite. Hence, we can
expand p for small 5 and A to obtain

PR

~ 5 4.67
In |20AA] (4.67)

For the ohmic model, we also found that the real part of the effective interaction is given by [see

Eq. (5.11)]

Jijz%m< va ) (4.68)

vy — 1;
for qubits within the causality cone. In both equations, the logarithms are slow growing functions

and should be regarded as producing numbers of the same order. Therefore, we can rewrite p as
~— (4.69)

where we took J ~ J;; ~ (1/2)In|2vAA|. Now, we have also found that the inverse critical
temperature is [see Eq. (4.62)]

In i
e 4.70
B o] (4.70)

To be resilient to correlated errors, we must require the system to be above the critical temperature,

thus 5 < f.. Using the equations above, we find that

1
p< n—: 4.71)

For the least correlated case, where only nearest neighbors effective interactions take place, we
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have

1
p< Ill—é‘ ~ 6%. 4.72)

That is, the threshold for the surface code in the presence of an ohmic bath is reduced to at most
pe ~ 6% due to the introduction of nearest-neighbors correlated errors. If we allow for longer-

range correlated errors, the threshold will steadily decline.

Within our formulation, exact analytical calculations of the threshold based on the fidelity are
daunting. Thus, it is likely that quantitative results will always require numerical simulations.
In Ch. 5 we simulated statistical spin models with more general interactions than the nearest-
neighbor case investigated here. Further investigations are necessary to relax the assumption of
bath resetting and to evaluate the effects of residual qubit correlations on the fidelity over multiple

cycles. Such studies are also under way in Mucciolo’s group.
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Figure 4.4: Fidelity of a code space of 25 physical qubits in contact with a bosonic bath when star
operators are restricted to positive values (A, = 1) and an imaginary part is added to the coupling
constant: J = Jg + ¢J;. The data sets correspond to different values of J;.

77



55 T T T T T T T T T T T T T T T T T T

T 1J

4.5 M -

P
0 0.1 0.2 0.3 0.4
1/L

Figure 4.5: Finite-size scaling of the critical fictitious temperature 7, obtained from cluster mean-
field calculations for lattice of sizes 13, 25, and 41. A real Ising interaction of strength .J involving
only nearest neighbors was used. The circles are the numerical data and the dashed line is a linear
fit. L denotes the linear size of the surface code.
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CHAPTER 5: NUMERICAL EVALUATION OF THE FIDELITY ERROR
THRESHOLD FOR THE SURFACE CODE

- Pejman Jouzdani and Eduardo R. Mucciolo, “Numerical evaluation of the fidelity error threshold

for the surface code”, Phys. Rev. A 90, 012315 (2014).

5.1 Abstract

We study how the resilience of the surface code is affected by the coupling to a non-Markovian
environment at zero temperature. The qubits in the surface code experience an effective dynamics
due to the coupling to the environment that induces correlations among them. The range of the
effective induced qubit-qubit interaction depends on parameters related to the environment and the
duration of the quantum error correction cycle. We show numerically that different interaction
ranges set different intrinsic bounds on the fidelity of the code. These bounds are unrelated to the
error thresholds based on stochastic error models. We introduce a definition of stabilizers based
on logical operators that allows us to efficiently implement a Metropolis algorithm to determine

upper bounds to the fidelity error threshold.

5.2 Introduction

Topological quantum codes provide an alternative route to fault-tolerance quantum computation.
In topological quantum codes the information is encoded on the topological characteristics of the
physical system, resulting in protection against local perturbations [25, 23, 81, 26]. The surface

(or planar) code [24, 51] is an important example of this class of quantum codes that requires an
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active approach to error correction on lattice of regular qubits. In contrast to the toric code [25],
which has an intrinsic Hamiltonian that governs the evolution of the system, the surface code has
no intrinsic Hamiltonian and the system’s evolution is due to its coupling to an environment and
the syndrome extraction and recovery operations at the end of a cycle. It has attracted increasing
attention in recent years due to its more practical nature than other topological forms of encodings.
Architectures based on superconducting qubits [82] and Majorana fermions [83] have been pro-
posed theoretically. At the experimental level, significant increase in coherence time and fidelity
of logical gates in superconducting qubits has been recently reported [84, 85, 86], suggesting that
these systems may provide a suitable experimental setting for implementing surface codes. Sev-
eral studies have been done to determine the error threshold of two-dimensional topological codes
[53, 87, 89, 88, 90, 91]. However, in these studies the role played by correlated errors was not
fully investigated. However, it is crucial to study the impact of correlated errors on any scalable
quantum code before attempting to quantify error thresholds based on quantum error correction

(QEC) protocols [92].

When in contact with environmental degrees of freedom, the physical qubits in the surface code
will experience an effective dynamics. This effective dynamics may comprise qubit-qubit interac-
tions, which in turn can result in a correlated time evolution. Since a large-scale quantum code has
a large Hilbert space, a correlated dynamics may cause a sharp change in the quantum phase of
the code system, even in the presence of QEC operations. This change of phase cannot be stud-
ied in the context of stochastic noise models, which typically only include bit flip, phase flip, and

depolarizing channels.

The effective dynamics induced by the environment on the code system is in general very nontrivial
to derive from first principles. However, for a particular case, the bosonic bath, we were able
to obtain an exact effective action after a single QEC cycle [66, 93]. This action comprises a

qubit-qubit interaction term with a distance-dependent exchange coupling. The range and strength
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of qubit-qubit interaction were found to be functions of environmental parameters, the distance
between the qubits, and the duration of the QEC cycle. The effective dynamics derived for a
bosonic bath could be used as a phenomenological model for other types of environments as it has

a rather general functional form.

In this chapter we numerically evaluate the effect of correlated errors induced by a two-qubit
effective action and study the impact of different ranges of correlations. We use a Monte Carlo
method for evaluating the fidelity of the surface code at the end of a complete QEC cycle. We
introduce an alternative approach to define the surface code stabilizers that helps us to implement
an efficient Metropolis algorithm. This method can be extended to other topological systems such
as the toric code. For the surface code, we confirm the results presented in Ref. [98], namely, the
existence of a sharp transition in the fidelity as a function of the coupling between qubits and the
environment for large enough codes. The critical value of this coupling provides a threshold for
the ability of the surface code to protect quantum information. We also find that an increase in the
correlation range does not washes away this critical point but moves it to lower coupling constant

values, making it more difficult in practice to achieve protection.

The chapter is organized as follows. In Sec. 5.3 we introduced the basic elements of the surface
code. In Sec. 5.4 we describe a model interaction for the environment and the physical qubits that
induces an effective evolution for the code system. We then use this evolution in Sec. 5.5 to obtain
an expression for the surface code fidelity in terms of expectation values of a spin statistical model.
The numerical Monte Carlo method used to compute these expectation values and the results are

described in Secs. 5.6 and 5.7. Finally, a summary is provided in Sec. 5.8.
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5.3 Surface Code

The surface code [24, 51] is a collection of N qubits located on the links of a two-dimensional

lattice, as shown in Fig. 5.1. There are two types of stabilizers, fls and Bp, which are defined as

A, =T]er (5.1)
€S
and
B, =[] (5.2)
1EP

They have eigenvalues A, and B,, respectively, that take the values 1. The subscript s(p) refers
to a vertex (plaquette) on the lattice, and 5" is the o component of the Pauli matrices that acts on
the i-th qubit. The two stabilizers commute, [/15, Bp] = 0, and thus are simultaneously observable.

In addition, there are two logical operators defined as

X, =[] (5.3)
i€l
and
Z. =[] (5.4)
i€l

where the path [, (/.) runs from one boundary to the opposite boundary, as shown in the Fig. 5.1.
The two logical operators follow the same commutation relations as the Pauli matrices 0” and o

and both commute with the stabilizers in Eqgs. (5.1) and (5.2).

The code space is defined as the particular subspace of the total Hilbert space of the system
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for which the outcome of any stabilizer is +1. The maximum set of observables can be either
{{A},{B}, Z} or {{A},{B}, X}. Considering the set {{A}, {B}, Z}, X anticommutes with the
logical operator in the set, Z. Therefore, there are only two distinct basis states |SC) and X |SC)
that satisfy the condition of the code space. X can be chosen along different paths [,. However
X |SC) is unique and independent of the chosen logical operator. These two orthogonal states are
the two states of the logical qubit of the surface code. The code is topologically protected, e.g., to
flip the logical qubit state | SC) to X|SC) a logical operator comprising at least L physical qubit
operations must be applied, where L is the linear size of the system. We will refer to |[SC') as the

code state.
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Figure 5.1: The geometry of the surface code system. Physical qubits are shown with arrows.
A plaquette (star) operator B (A ) is shown with a shaded (unshaded) enclosed area connecting
the corresponding qubits. The dashed green (dotted red) line [, (/) represents the logical operator
ZZZ(X 1,) and runs over corresponding qubits.

Any deviation from the code space due to local errors such as qubit flips or phase flips results
in excitations known as anyons. The anyons correspond to stabilizers that yield an outcome —1

‘6 b2l

after measurement. Anyons corresponding to A stabilizers are referred as e” type, while anyons
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corresponding to B stabilizers are “m” type.

5.4 Interaction with the environment

When the system is in contact with a bath the total Hamiltonian is

H = Hg + Vge, (5.5)

where Hp is the bath Hamiltonian and V¢ is the interaction part. If the closed system is prepared
in the product state |SC) ® | B), where the | B) is the bath ground state, the closed system evolves

in time as

() = Ui(t)|SC) @|B), (5.6)

where U (t) is the time evolution operator of the combined system in the interaction picture. At the
end of the QEC cycle the state of the environment may have components beyond its ground state.
As a result, the entanglement between the qubits and the environment can spill over to the next
QEC cycle. While this effect deserves investigation, here we will adopt a simplifying hypothesis
and assume that the environment remains in its ground state at the end of the QEC cycle. This
could be achieved by maintaining the environment cold (i.e., by keeping it in contact with a much

larger bath or reservoir). Hence, we define

Uat(A) = (B|UI(A) |B), (5.7)

as the effective evolution operator of the code system at the end of a QEC cycle of duration A.

The evolution under U.z(A) induces an effective dynamics into the code system that includes
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dissipation and dephasing. In general, the functional form of U.g(A) in terms of the qubit operators
{o®} can be rather difficult to derive from first principles. For the particular case of a gapless

bosonic environment with a coupling given by
Vee =AY f(ri)of, (5.8)

a simple expression can be exactly derived. Here, A is the strength of coupling to the bosonic field,
f(r;) is the bosonic field operator of the bath, and o7 is the Pauli matrix acting on the i-th qubit.

In this case, the induced evolution operator dynamics was found to be [66, 93]
Ue(A) = et = 70 2 i}, (5.9)

The sum in the exponent is over the physical qubits of the surface code (see Fig. 5.2). The

parameter [ is a function of A and other characteristics of the bosonic environment. For the Ohmic

2
B ! (i) ; (5.10)

2 Wo

case [93],

with wy denoting a characteristic frequency of the bosons and

vA ir |ri—rj)
arcosh (\rfrﬂ) +5, —x- <1,

(5.11)

iarcsin( vA > oo Eoml o

[r;—r;] vA

Here v is the bosonic mode velocity. The complex interaction J;; is directly related to the corre-
lation function of the bath at two spacial points r; and r; and to A. Notice that Eq. (5.11) was
derived in Ref. [93] under the assumption that the bath returns to its ground state at the end of the

QEC cycle, as shown in Eq. (5.7).

The functional form in the effective action in Eq. (6.21) can also be used as a phenomenological
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error model of correlated errors with a complex exchange coupling parameter J;;. We note that
other forms of interaction between the surface code constituents and the environment have been
used in the literature. In particular, one may start with an interaction such as Vge ~ A3 f(r:) A;
where a bosonic field couples to the stabilizers. In this case, the resulting effective dynamics may

enhance the surface code protection [94, 95].

s o o & ¢

Figure 5.2: The effective interaction induced by the bath, Eq. (6.21), between a qubit and its near-
est (solid black lines) and next-to-nearest neighbors (dashed red lines). The range of the interaction
(dotted circle) is related to the QEC period A.

5.5 QEC with flawless recovery

The system is maintained in its code space by means of QEC cycles. At each QEC cycle the
stabilizers are measured (syndrome detection) and a suitable recovery operation is performed with

the goal of returning the system to its code state, as defined in Sec. 5.3. Due to the interaction with
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the environment, prior to the syndrome detection the code system is in a superposition state where
all syndromes are possible. After reading the stabilizers, the system is detected (i.e. projected)
onto a particular superposition state (syndrome). Eventually, a non-destructive recovery returns

SC), or erroneously to X [SC).

the system back to the code state,

The syndromes in the QEC protocol are based on measurements of the stabilizers. Let us define
Pn.r = |n, f)(n, f] as the projection onto a subspace of n excitations or anyons. The n excitations
may be detected at different vertices or plaquettes on the surface code. The index f refers to the
configuration where anyons are detected on the surface code after syndrome detection. Due to
the topological nature of the code, any state |n, f) is a superposition of a large number of states

involving the physical qubits of the system,

n, £y =I5, (5.12)

where the sum is over configurations of the physical qubits |s*) = |sq,...,sy) and the asterisk
indicates that the sum is taken over the configurations that are consistent with the condition of “n

anyons with the configuration f”.

After being initially set in the code state | SC'), the system interacts with the environment. After a
time interval A, it evolves to the state U (A) |SC). The effective time evolution operator Ueg(A)
is in general nontrivial and may not be unitary. At this point we assume that the QEC operation
detects the system (with some probability) to be in the state |n, f). Then, a flawless recovery

operation R returns this state to either |SC') or, erroneously, to X |SC), namely,
R Pps Ug(A) |SC) = A|SC) + BX |SC), (5.13)

where A and B are the amplitudes of the two orthogonal states |SC') and X |SC), respectively.
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To be more explicit, let us exactly specify the projector P, ; = |n, f)(n, f| for the case where
errors are of “m’” type. “m” type errors occur as a result of bit flipping qubits along a set of strings.

We define this string operation as

7 (L) =], (5.14)
jec
where £ is a set of strings running on the surface code lattice such that |n, ) = S%(L£)|SC). There
are many possible sets of £ and corresponding 57 (L) that generate the same state |n, f). Two such
choices of string operators, 5%(£;) and S (L,), can differ from each other in two possible ways:
Either

S*(L1)|SC) = S*(L5)|SC)

1A
seP
= §7(L,)[SC), (5.15)

or

S7(£4)|SC) S*(Ls) [SC)

[TAX
seP
= X'S*(L,)|SC). (5.16)

Here, P is a set of vertices on the surface code. In Egs. (5.15) and (5.16) we used the identity
[HSEP AS} |SC) = |SC). Thus, the two states S*(£)|SC) and X S*(L)|SC) alone are enough

to define P, ¢ as

Py = S%(L)|SCHSC|S5(L)

+ X S5%(L)|SCWSC| S*(L)X. (5.17)
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With this definition we find the state of the code at the end of the first QEC cycle to be

ISC(A)) = RP,;Ug(A)|SC)
+RS*(L)]SCY (SC|S*(L) Usg(A)|SC)
+RX S%(L)|SC) (SC|8%(L) XUuz(A)|SC)

= A, |SC) 4 B, X |SC), (5.18)
where we assume a flawless recovery, R Sx(ﬁ) = 1, and define the amplitudes
Ay = (SC|S*(L) Usg(A) |SC) (5.19)
and

B.; = (SC|S*(L)X U(A)[SC)

= (SC|5%(L) Ug(N)|SC). (5.20)

The fidelity is a suitable quantity to measure the success of the QEC operation after error correc-

tion,
(SCISC(A))
F = 5.21
JSC(A)SC(D)) 62D

It is straightforward to show that the fidelity can be written in terms of the amplitudes A,, ; and
B, ¢, namely,
F = (5.22)

Byt
1+ A

In order to find a suitable expression for the numerical evaluation of the amplitudes A,, ; and B, ¢,
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we write | SC') as

1 o
1SC) = ml:[(HAs) |F.), (5.23)

where |F.,) is the ferromagnet state of the qubits in the z-direction: |F,) = | 1)1 ...| 1), with Ny

being number of star operators. Noting that
N
[+)i + | =)
F,) = —_— 5.24
|F2) ||1 7 (5.24)

where of |+); = £1|+); and |1), stands for eigenvectors of Pauli matrix o7 acting on i-th physical
qubit, we obtain

1SC) = (5.25)

1 *
Noire Z Es}
The sum in Eq. (5.25) runs over restricted states s* (a product state of |+); of physical qubits)
that preserve the conditions A, = 1 (i.e., As|s*) = +]s*)) for all vertices s of the lattice. The
state | SC) also satisfies the conditions Z|SC) = +|SC) and B, = 1 (B,|SC) = +|SC)) for all

plaquettes of the lattice. Hereafter we will make use of the relations
S7(L)]s*) = Se (L) |s%) (5.26)

and

S™(L)X|s*) = S (L) ]s7), (5.27)

with S, = +1 being the product of the o¢ operators along either the path £ or £. By inserting

Egs. (5.25), (5.26), and (5.27) into Egs. (5.19) and (5.20), we arrive at

_Buy _ X Se(L)Uals”)
Aoo ZS* Uer (5*)

(5.28)
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and

Ay 2 S (L) Uenr(s7)
Aoo Zs* Uest (5*)

(5.29)

Here Ue(s*) is the matrix element (s*|Uyg(A)|s*) that can be considered as a statistical weight in

the sums shown above.

Equations (5.28) and (5.29) show that the calculation of A, ; and B,, ; maps onto a statistical
mechanics problem where these amplitudes are equal to the expectation values (S(£)) and (S(L)),
respectively. The averaging (...) is performed with respect to a complex-time effective action
H.g that gives rise to the statistical weight U.g(s*) introduced above. In the following, we study
the fidelity of the code based on the behavior of the amplitudes 55 and A for an effective action
comprising qubit-qubit interactions of the form introduced in Eq. (6.21). We limit our study to real
values of 5 and J;; while probing different ranges of interactions, namely nearest neighbors and
next-to-nearest neighbors. We remark that the range of the effective qubit-qubit interaction can
be sharply controlled by the duration of the QEC cycle: longer cycles lead to longer ranges while

shorter cycles decrease the range, even down to nearest neighbors.

5.6 Numerical Method

We numerically evaluate the amplitudes A and B, as defined in Eqgs. (5.28) and (5.29), using a
classical Monte Carlo method and assuming an effective evolution operator as in Eq. (6.21), with

an effective action of the form

Heg == J(jri —rjl) oo} (5.30)
(i)
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for nearest-neighbor and beyond nearest-neighbor interactions.

Using the standard classical Monte Carlo method [96], we replace the summation over the large
set of configurations {s*} in Egs. (5.28) and (5.29), which is of order [O(27%)], by a sum over a
smaller set of representative sample configurations {7} for a given value of 3.J. All the sampled
configurations have the same statistical weight e=#F~_ If there are M representative configurations

for a given [3.J, we then have

> {ye P o % > () (5.31)

where we target the average value of the quantity {...}. We use a Metropolis algorithm to collect
these relevant configurations assuming that 3./ is real. However, since we must take into account
the constraint A, = 1 for any vertex s, the standard Metropolis algorithm needs to be suitably

modified.

In general, a state |s*) that satisfies the constraint “A, = 1 for all s” in Eq. (5.25) has the form

(

[ep BolFa), (D

s) = 4 or (5.32)

\Hpep B, Z|F,). (1)

Here, P is an arbitrary set of plaquettes. States in the first class, (I), are eigenstates of X with
eigenvalue +1, while in the second class, (I1), the states are eigenstates of X with eigenvalue
—1. Equation (5.32) provides a natural codification of the restricted states |s*): One can start
with a vacuum state |F), then flip a number of qubits by [[ E’p that correspond to P, and
arrive at a restricted state |s*). However, this is not the route we pursue. Below we present an

equivalent but alternative definition for the stabilizers of the surface code and consequently of the
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states in Eq. (5.32). They provide a more efficient implementation of the Metropolis algorithm.
The new definition for stabilizers is not limited to the surface code and can be extended to higher-

dimensional codes.

) 4 4 4

Figure 5.3: Applying two logical Z operators along the paths /; and [ is equivalent to a Bp
operator shown with the hatched rectangle.

Since oot = 1 for o = z, y, 2, one can write the stabilizers of Eqs. (5.1) and (5.2) as

A, =1]of = X0 X0, ... X0, (5.33)
€S
and
B,=|]ei = 2.2, ... 2, (5.34)
1ED

where a path [; goes from one boundary to the opposite boundary of the system. The set {/;} is
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chosen such that the product of the logical operators XllX Iy - - - X I, (OT 251212 e ZIQM) is equal
to [[;e, of (or [;¢, 07) and thus the stabilizer A, (or B,). The number of paths, 2m, is not unique.
An even number guarantees that the commutation relation [/15, Bp] = 0 1s satisfied. The product
of 2m logical operators always forms closed loops. For example, in Fig. 5.3 the operation of the
stabilizer operator B’p on the qubits of plaquette p is generated by applying two logical Z operators

along the paths /; and /5, as depicted in the figure.

Thus, the states |s*) defined in Eq. (5.32) can be stated in terms of logical operations as

(

ZAllZAlz"'ZAlQm |Fx> :Z?lFl‘>7 (I)

|s") = < or (5.35)

Z\F) =Zy|F,), (D)

2

22, 2
\

where we abbreviate the product 211212 e Zlm as Z? and 251212 e ZZQMZ as Z,;. By introducing
these definitions into Egs. (5.28) and (5.29) and using the fact that Z12 X =X Z% and 7, X =

— X 7Z,;, we arrive at

B = Z{<Fx| Z% Sx(‘c) Ueff Z%|Fx>
l

—(F|Z;S* (L) Ut Zy| F) } (5.36)
and

A = {(F|Z] S"(L) U 27| Fy)
l
+ (F,| Zy S*(L) Uegr 24| F,) Y, (5.37)

up to a common normalization factor.
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To understand the essential difference between .4 and B, let us assume a phase of the system in
which the states belonging to the two classes of Eq. (5.35) contribute with the same statistical
weight U.g (the topological state). In this phase any fluctuation around the equilibrium config-
uration states, {|s*)} (which is of the order of £ and less than the distance of the code £), will
be canceled out in the sum in the expression for B via the minus sign of the second term in Eq.
(5.36). Hence, the ratio ‘%‘ — 0 in thermodynamic limit and the fidelity / — 1, as expected.
However, in the phase where the statistical weight of the states in class [ differs from states in

class 11 in Eq. (5.35), i.e., in the ordered phase, there is a sizable change in |§|. In our model the

ordered phase corresponds to the state |F),). In this limit, %‘ — 1 and a sharp phase transition
takes place between these two limits. Thus, for a correct decoding and sufficiently large system,
one should expect to see |B| < |.A] in the disordered phase (topological phase) in a universal way,

independently of the error S,(L), as long as £ < £.

Equation (5.35) provides a novel way for the codification of the restricted state |s*): One begins
with a vacuum state |F,), then flips a number of qubits along certain path {{ = [; ... }, and arrives
at a restricted state Z7 |F,) or Z; |F,). The sums in Eqs. (5.36) and (5.37) run over all possible
paths {l}. The statistical weight U, corresponds to the probability of flipping the qubits along the
path [. In this regard, the Metropolis algorithm finds the most relevant paths. The scheme to update
the configurations is then similar to the techniques used in world-line-based quantum Monte Carlo

[97], since each two Z; and Z; differ by a certain number of Bp operations.

5.7 Numerical Results

Considering a real homogeneous interaction coupling J;; = J(|r; — r;|), we use the method de-

scribed in Sec. 5.6 to numerically evaluate A, B, and ‘%‘ to determine the fidelity F.
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Figure 5.4: The numerical evaluation of (X) = ‘%! for non-error syndromes based on the Monte

Carlo calculation for different system sizes. L = 20 is a surface code system with 761 qubits
(circle), L = 30 has 1741 qubits (diamond), and L = 40 has 3121 qubits. The solid lines are
guides to the eye. On the horizontal axis, S is proportional to the coupling to the environment and
J is the exchange coupling of the effective interaction between nearest-neighbor qubits. In this
simulation 80,000 iterations are used for each (3 step.

5.7.1 Results for the non-error sector Py

For the no-charge sector Py we have S*(£) = 1. Our numerical results show that |§‘ follows
the local order parameter (o7), where 7 is an arbitrary qubit in the bulk of the surface code system.
The behavior of |%} as a function of 3.J for nearest-neighbor interaction and different system sizes

is shown in Fig. 5.4.

The surface code geometry can be decomposed into two sublattices. Here we considered square

sublattices of sizes L x L and (L — 1) x (L — 1). By increasing the system size the transition from
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the topological state, where 5.J < f3..J, to a trivial state where the degeneracy between |s*) states is
lifted, becomes sharper. This confirms the first-order phase transition nature of the effect (i.e., the
existence of an error threshold in the fidelity). A finite-size scaling of the heat capacity is shown
— . U B2((E?)—(E)?) it
in Fig. 5.6. Taking /3 as a fictitious inverse temperature, we used —-———"- as the definition of
heat capacity. Here V' is the total number of qubits. By setting J = 1 and fitting the data to the
asymptotic functional form 8.(L) = 5.(c0) — yL”, we find the critical exponent z = —1/v = —1,
in agreement with the expected Ising model (v = 1). Scaling the data according to this functional

form also gives /3.(c0) = 0.217. This value agrees closely with the analytical result obtained in

Ref. [98].

HJ1= 1.0 ]
HJ1= 1.0, J2= 0.2 —
<—<J1= 1.0, J2= 1.0 i

Figure 5.5: The ratio ‘ % ’ for different interaction ranges as a function of 3 on a lattice with L = 40
and 80,000 Monte Carlo steps for each data point. The data points correspond to J; = 1 (circles),
asin Fig. 54; J; =1, J, = 0.2, and J,, = 0 for m > 2 (diamonds); and J; = 1, Jo = 1, and
Jm = 0 for m > 2 (triangles) in Eq. (5.38). The solid lines are guides to the eye.

In this one-cycle study, the time period of the cycle, A, affects directly the range of interaction in
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H.g [see, for example, Eq. (5.11)], while the strength is proportional to 3. Keeping the environ-
ment parameters fixed, the longer the error cycle, the longer the range of the interactions, as qubit
correlations are intermediated by the propagation of environmental modes. To extend the analysis

to qubit-qubit interactions beyond nearest neighbors, we write

Hg = =Y Y Jnofol, (5.38)

m  m-thn.n (¢j)

where J,,, is the exchange coupling between m-th nearest neighbors (see Fig. 5.2). In Fig. 5.5
the behavior of ‘%‘ as a function of /3 is shown for some fixed values of .J,,. By increasing A the
interaction range in H,.g varies and therefore one needs to take into account higher orders of m in

Eq. (5.38).

0.4

I
L

Heat Capacity
=)
(\o)

S
p—

Figure 5.6: Finite-size scaling analysis of the heat capacity per qubit that yields 5. = 0.217 for
L — oo. The solid lines are guides to the eye.
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By including higher orders of m, the threshold value in the coupling to the environment for which
the code protection is lost also changes. We see that a longer QEC cycle brings a larger range of
correlated errors into account and consequently decreases the threshold value (.. This indicates
that for increasing values of A, a smaller coupling to the bath is sufficient to destroy the topolog-
ical state of the surface code. We should emphasize that the effect is robust against increases of
system size and the value of 3. is also well defined in the thermodynamic limit in this case. In
general, the dependence of .J,,, on A is determined by the characteristics (correlation functions) of
the environment; for bosonic environments this dependence was derived for some representative
cases in Ref. [93]. We have numerically calculated the ratio ’%| for interaction ranges up to the
fourth nearest neighbor. The results (not shown) confirm a trend of decreasing thresholds when the

interaction range is increased.

5.7.2  Results for one-error sector Pyy and the two-error sector Py

To investigate the intrinsic nature of the transition mentioned above we have also numerically
evaluated (SY,) = ‘%‘ for charge sectors Py ¢ (where a plaquette 5,,, is measured to be —1) and
P, (Where two plaquettes B, and B, are measured —1). The locations of the errors { B, } and

{B,,, By, } are arbitrarily chosen as shown in Fig. 5.7.

In the presence of detected errors, the numerical calculations require higher number of iterations.
Figure 5.8 shows the gradual convergence of the results for the one- and two-error sectors to the
results achieved for no-error sector. In these calculations only the nearest-neighbor case (J; = 1)
has been considered. As can be seen in Fig. 5.8, for small values of (3, complete convergence is
not achieved when the number of iterations is just O(10%) per data point and a much larger data
set is required. However, the data shows a clear tendency of convergence toward the same curve

obtained for the no-error sector when the number of iterations is increased. The results for the case
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with a larger range of correlated errors [J,,, # 0 for m > 1 in Eq. (5.38)] converge toward their
counterpart of no-error syndrome as well (not shown). In fact, we observe a faster convergence
when the range of correlations is larger. Results for other non-zero error configurations differ-
ent than the configurations considered here were found to be consistence with the results shown
in Fig. 5.8. However, a larger distance between errors requires significantly higher number of

computational iterations to achieve convergence.

5.8  Summary

A non-Markovian environment in contact with the surface code induces an effective dynamics
(action) on the code system. Environmental degrees of freedom can intermediate interactions
between physical qubits making up the system. As a result, when errors occur during the code
evolution, they will be correlated. We considered the effect of such correlated errors on the fidelity
of the code state after one error correction cycle. We studied the code state resulting from an
effective action derived for a gapless bosonic environment but expect the same model to describe
phenomenologically other types of environments. The calculation of the expectation values that
enter in the fidelity can be cast in the form of expectation values of a statistical mechanics spin
model with two separate phases. The disordered and ordered phases of the statistical version
correspond to the topological and non-topological states of the surface code system in contact with
the environment. We evaluated an upper bound for the threshold of the coupling to the bath beyond

which no quantum error correction is possible (i.e., fidelity is fully lost).

We showed numerically that the transition between the two phases can be evaluated by a Monte
Carlo method. We used a new definition for the stabilizers of the code based on the logical er-
rors. The logical error in this definition plays a role equivalent to a world-line in the world-line

based quantum Monte Carlo. The separation of the two phases of the surface code lies behind the
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statistical physics of these world-lines, as presented in Egs. (5.36) and (5.37). The alternative def-
inition for stabilizers given in this paper can be extended to higher dimensional topological codes
where the stabilizers are defined on hypercubes and logical errors correspond to closed hypersur-
faces [99]. In higher dimensional codes the stabilizers can be defined in terms of the logical errors
similar to Eqgs. (5.33) and (5.34). Therefore, a similar approach should be applicable to those

codes.

In the numerical evaluation we considered qubit-qubit interactions with different interaction ranges.
We considered a QEC cycle with both zero and nonzero error syndromes. For the nearest-neighbor
range the results perfectly agrees with the analytical calculations in Ref. [98]. Finite-size scaling
shows the value for the threshold (. to be close to half of an Ising model with nearest-neighbor
interaction. For longer range of interactions the threshold . decreases. The type of error syn-
drome does not affect the value .. However, higher numerical iterations were required to achieve

convergence beyond nonerror syndromes.

Our results are based on the assumption that the interaction between the physical qubits and the
environment has the form Vpe = A}~ f(r;) of. Different functional forms for this interaction
may result in a different effective evolution operator U.g than the one studied here and may set
different threshold values for the fidelity. Another question that should be addressed is the behavior

of the fidelity over multiple QEC cycles. Both issues are open to future investigations.
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Figure 5.7: The location of the single error { B, } (bottom) and two errors {B,,, B,,} (top) as-
sumed in the numerical calculations.

102



»
1.5¢- 4 F -

Figure 5.8: The ratio |§| for a lattice of L = 20. The left box shows the convergence of (ST) = |%
for one detected error located as shown in Fig. 5.7. The right box shows the convergence of (S5) =
]%] for two detected errors located as shown in Fig. 5.7. In both boxes the number of iterations
used for each § data point is: 90,000 (circle), 180,000 (square), and 900, 000 (diamonds). The
solid line is obtained from the corresponding no-error sector (Fig. 5.5).
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CHAPTER 6: FIDELITY THRESHOLD OF THE SURFACE CODE
BEYOND SINGLE-QUBIT ERROR MODELS

- Pejman Jouzdani, E. Novais, 1. S. Tupitsyn, and Eduardo R. Mucciolo, “Fidelity threshold of the
surface code beyond single-qubit error models”, Phys. Rev. A 90, 042315 (2014).

6.1 Abstract

The surface code is a promising alternative for implementing fault-tolerant, large-scale quantum
information processing. Its high threshold for single-qubit errors under stochastic noise is one of
its most attractive features. We develop an exact formulation for the fidelity of the surface code that
allows us to probe much further on this promise of strong protection. This formulation goes beyond
the stochastic single-qubit error model approximation and can take into account both correlated
errors and inhomogeneities in the coupling between physical qubits and the environment. For
the case of a bit-flipping environment, we map the complete evolution after one quantum error
correction cycle onto the problem of computing correlation functions of a two-dimensional Ising
model with boundary fields. Exact results for the fidelity threshold of the surface code are then
obtained for several relevant types of noise. Analytical predictions for a representative case are

confirmed by Monte Carlo simulations.

6.2 Introduction

Quantum error correction (QEC) is one of the most important tools to reduce the effects of deco-

herence in quantum systems that process information. Several different protocols have been de-
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veloped since QEC was first introduced [100], but particular attention has been given to stabilizer
codes [101]. Among them, the surface code [24, 23] is perhaps the most promising for large-scale
implementations [54]. Its main virtues are: (i) qubits are disposed in a planar array, only requiring
local measurement operations; and (i1) early estimates based on stochastic error models indicate a
very large threshold value, p. ~ 11% [23], for the single-qubit error probability p. For p < p,, the

probability of successful encoding tends to 1 as the number of physical qubits is increased.

Despite the large theoretical effort that has been devoted to characterizing the threshold of the sur-
face code [23, 102, 52, 103, 104, 105], the true nature of the transition has been hard to assess due
to the large Hilbert space that the code demands. Some criticism has also been raised by the use of
simplified error models in these studies, since, for more traditional QEC schemes, error models that
take into account correlations can substantially alter or even remove error thresholds [37, 60, 106].
In this paper we make significant progress on both issues. We consider more general bit-flip error
models with and without disorder and correlations. We derive an exact mapping of a complete
QEC quantum evolution with arbitrary syndrome onto a two-dimensional Ising model with com-
plex temperature. Exact results are then obtained for what we call the “one-cycle threshold”. Our
main conclusion is a positive one: a fidelity threshold exists in most cases, although its value is not
universal, depending on the noise model. For a representative case, the analytical prediction for

the threshold location based on the mapping is supported by Monte Carlo simulations.

The remaining of the chapter is organized as follows. In Sec. 6.3 we discuss the difference between
intrinsic and effective thresholds, which is crucial for the understanding of our results. The next
two sections are mainly a review: Sec. 6.4 contains a concise description of the surface code
and Sec. 6.5 describes the code’s evolution, syndrome extraction, and error correction within one
cycle in very general terms. The description of our work begins in Sec. 6.6, where some basic
assumptions and definitions are provided and a suitable expression for the fidelity is presented.

This is followed by a discussion in Sec. 6.7 of decoding and the thermodynamic limit in the
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determination of the threshold. A realistic error model that induces bit-flip errors is introduced
in Sec. 6.8 and consists of an effective action involving single-qubit and two-qubit interaction
terms. Using this error model and considering the full quantum evolution of the physical qubits,
in Sec. 6.9 we map the fidelity calculation after one QEC cycle onto the evaluation of correlation
functions of a two-dimensional Ising model. In Sec. 6.10 we discuss several scenarios based on
that mapping, including cases with homogeneous and inhomogeneous couplings. In Sec. 6.11 we
present the result of Monte Carlo simulations of the fidelity threshold and confirm the analytical
prediction based on the mapping for the homogeneous coupling case. Conclusions are provided in

Sec. 6.12

6.3 Intrinsic and effective thresholds

Two QEC strategies can be used for any stabilizer code. In the so-called active QEC, stabilizer
operators are measured and, based on their syndromes, a recovery operation is chosen and im-
plemented. In passive QEC, the physical qubits are subjected to a Hamiltonian that enforces an
energy gap between the code word subspace and the rest of the Hilbert space of the physical qubits.
Typically, the Hamiltonian consists of a sum over all stabilizer operators multiplied by a negative
constant. Protection in this case requires neither measurements nor recovery operations. While the
surface code introduced by Dennis and coworkers [23] is an example of active QEC, the original

toric code of Kitaev [25] is its passive counterpart.

Now, consider adding to the toric code a static perturbation that acts directly on the physical qubits
and competes with the code’s intrinsic Hamiltonian [38]. Several authors have shown that beyond
a certain critical value of the perturbation’s coupling constant, the toric Hamiltonian is no longer
capable of protecting the code word subspace; topological order is completely lost and so is the

spectral gap separating the ground state subspace from the excited states [107, 108, 90]. In this
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context, it is clear that the critical value of the coupling constant provides an intrinsic threshold:
any perturbation larger than the threshold renders the code completely ineffective even when the
code distance is increased. It is natural to assume that different types of perturbations will have

distinct thresholds.

In this paper we extend the concept of intrinsic thresholds to active QEC. While for passive QEC
the intrinsic threshold reveals itself as a clear-cut quantum phase transition, in active QEC the
situation is a more subtle because the outcome of the QEC cycle depends on the syndromes, their
decoding, and the recovery operation. Thus, it is natural to look for the intrinsic threshold in the
most favorable situation, one that is not affected by a particular decoding strategy for codes. This
happens in the case of a nonerror syndrome, when no recovery operation is recommended. For
any other syndrome, the threshold must be less favorable because there can be a certain amount of

uncertainty as to which recovery operation is more effective.

Within this approach, we distinguish two kinds of thresholds:

e An intrinsic one, which depends only on the interaction between the physical qubits and the

environment and is independent of any decoding procedure.

e An effective one, which depends on the interaction between the physical qubits and the

environment and on the decoding procedure.

This distinction is valid for any stabilizer code. The effective threshold is always equal or smaller
than the intrinsic threshold. The effective threshold can always be increased by improving the
decoding procedure until it reaches the intrinsic value. Thus, perfect decoding makes the effective

threshold equal to the intrinsic one in the limit when the code distance goes to infinity.

In the context of the surface code, the existence of threshold has been demonstrated by associating
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it to a phase transition of a classical statistical spin model with quenched disorder [90]. The proof
assumes that physical qubits are subjected to independent depolarizing noise sources, uncorrelated
in time, with recovery from those errors requiring a syndrome decoding strategy. In this paper
we go further and argue that, in general, an intrinsic threshold may exist independently of the
syndrome decoding procedure adopted, being only determined by the error model. We show that
an intrinsic threshold exists for a noise source where spatial correlations among physical qubits are
induced by their interaction with a common environment. The threshold in this case is associated to
a finite-temperature phase transition of a two-dimensional Ising model, with the coupling constant
between physical qubits and the environment playing the role of the inverse temperature of the

model.

6.4 The surface code and the stabilizer formalism

In a QEC stabilizer protocol, information is encoded into a much larger Hilbert space than the
minimum space physically required. Different sectors of this large Hilbert space are labeled by
different values of observables associated to operators known as stabilizers. A judicial choice for
the stabilizers can then be used to diagnose the most common type of error for a given quantum
evolution. Based on the outcomes (syndromes) of measurements of stabilizer operators, a forceful

return to the logical Hilbert space is performed.

The surface code consists of a two-dimensional array of qubits placed on the edges of a square
lattice, see Fig. 6.1. These physical qubits can be implemented with Josephson junctions [82],

cold atoms [111], trapped ions [112], Rydberg atoms [57], or semiconductor quantum dots [113].
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Figure 6.1: Schematic representation of the surface code. The circles are physical qubits. The gray
squares represent plaquettes (5p) and stars (A ). The product of single-qubit operators along the
dashed-dotted lines I'x (vertical) and I'; (horizontal) define the logical operators Xp « and Zr 2o
respectively.

The stabilizers of the code are the plaquette operators

By =]]oi (6.1)
ied
and the star operators
Ao =] 0t (6.2)
icd

where o} are the Pauli operators x and z of qubit i. The logical operations are defined as strings

of physical qubit operations:

Xry =[] ot (6.3)
IEFX
and
Zr, =[] o, (6.4)
iel',

where ' is a path that cuts through the lattice from left to right and I'x is a path that goes from
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top to bottom [114]. Finally, the codewords can be written as

T =G |F) 6.5)

and
1) = Xr, GIF.), (6.6)

where
1

G = VoS 1;[ (14 Ag) 6.7)

and
|FZ> = |T>1®"'® |T>N (6.8)

is the ferromagnet state in the 2 component of the physical qubits. Here, N, denotes the number
of star operators on the lattice and N is the total number of physical qubits. The product X, G is
independent of the particular choice of I'x and uniquely defines }I> (thus, hereafter we will drop
the path subscript in the logical operators). The logical space is a two-dimensional Hilbert space
where all plaquettes and stars, when measured, return the value +1; by convention, this set is called
the zero charge sector. All other sets define sectors with nonzero charge and are characterized by

the number of —1 syndrome values for the plaquette and star operators.

6.5 Quantum evolution, syndrome, and error correction

To make the discussion more concise, and without loss of generality for the case of bit-flip errors,
let us assume that the system is initially prepared in the logical state ‘ﬂ and is not entangled with

the environment |e),

1) 6.9)
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The logical qubit and the environment evolve under a unitary evolution operator U(A) for a time
A,
[W(A)) = U(A) [¥(0)). (6.10)

Since we are assuming only bit-flip errors, stars will remain always with eigenvalue 1 under this
evolution. On the other hand, plaquettes may have eigenvalue +1. Let us call {p} a set of plaquettes
that return a nontrivial syndrome, thus indicating an error. When the stabilizers are measured, the

system’s state vector is projected by the operator

1
Py = g 110+ B [[(1-B,). 6.11)
D/

p

where [I' is the set of plaquettes with eigenvalue +1. The decoding procedure associates to a syn-
drome a certain recovery operation. In the surface code, this corresponds to choosing a string & fp}
made of a product of of operators that connect the plaquettes in {p} pairwise or to the boundaries.

This recovery operation results in the unnormalized state vector

Varc)py = SiyPwlY(A))

SinPimU (A)

T,e). (6.12)

A small but important simplification can be made: notice that

X 1 X
SinPwy = oNG S} H (14 Bv) H (1= By)
D/

p

1 T
= o TI0+Bsy, (6.13)
O
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where in the second line the product over plaquettes is unconstrained. Therefore,
1 . _
[Parc) o} = 5xg [T+ Bo) S, UA) [7,e). (6.14)
O

The presence of the projector [ [(1+ Bp) on the right-hand side of Eq. (6.14) implies that |V qpc)
contains only qubit states with all plaquettes positive, i.e., it can be represented by a superposition
of the two logical states |1) and ||). The amplitude of each state depends on the choice of Sgy. A

good choice will favor [1).

Even though there is a large number of strings Sfp} compatible with the syndrome {p}, they can
be sorted into two distinct classes related by the logical operator X. The product Sfp}G , implicit
in the evolution of the logical qubit in Eq. (6.14), generates all possible strings within a class.
Therefore, the particular choice of S {p) to represent a class is irrelevant to the calculation of the
fidelity of the code. After choosing a string S?fp}, we can assign X Sfp} to represent the elements

of the other class.

Thus, if the recovery operation S ) brings the logical qubit state back to |1), its counterpart XS o)
takes it to the state |]). We can then write the (unnormalized) state vector at the end of the QEC

cycle as

[Wanc)py = DHSEUA)IT, €) + N(TX S UA)[T,e). (6.15)

[Notice the partial contraction in the expectation values appearing on the right-hand side of Eq.
(6.15); environmental degrees of freedom remain non contracted.] In the case of a bad recovery
operation, the roles of Sfp} and XS {p) are swapped. The fact that one cannot be completely sure
of the efficacy of the recovery operation is the reason why the effective threshold is always equal

or smaller than the intrinsic threshold.
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6.6 Environment resetting and the one-cycle fidelity

After one QEC cycle, the fidelity of the system comprising the physical qubits can be generally

defined as )
[(¥(0)[¥qec) py

Fipy = ,
t W qec|?

(6.16)

where {p} is the set of syndromes obtained. This definition implies that if the environment evolves
to a state orthogonal to the ground state, the fidelity must goes to zero regardless of the final state

of the qubits.

Here we avoid this situation by assuming that the environment is reset to its ground state. It is
physically reasonable to assume that the environment’s excitations can be suppressed by some
“cooling” mechanism (e.g., lowering the temperature, applying a polarizing field, etc). This as-
sumption was previously discussed in Refs. [66, 93]. Assuming this resetting of the environment

at the end of the QEC cycle, we can rewrite Eq. (6.15) as

Waec) py = AT, e) + Byl e), (6.17)

where we have introduced the amplitudes

'A{p} - <T7 e| Sfp}U (A)

T,e) (6.18)

and

By = (T,e| XSE,U (A) |1 e), (6.19)

for each syndrome outcome characterized by the set {p}. As a result, after some simple manipula-
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tions [66], we can write

A |”

Fipy = .
T AR+ Byl

(6.20)

Maintaining maximum fidelity at the end of the QEC cycle implies Fy,; = 1. Maximum loss of
fidelity results from a complete uncertainty about the logical state, | A,y | = |Byy|, and, conse-

quently, Fyy = % [39].

When the coupling between the physical qubits and the environment is sufficiently weak, one
can expand the evolution operator U(A) in terms of strings of operators of of increasing length.
Each string represents a certain number of bit-flip events, with that number defining the length
of the string. Looking at Eq. (6.18), one recognizes that the shortest string in the expansion that
gives a nonzero contribution to Ay, corresponds exactly to the string of of operators in Syp.
Therefore, the order of the leading contribution to Ay} is equal to the smallest possible length of
Sipy. Similarly, the leading contribution to By, has an order equal to the smallest possible length
of X S{p}. Therefore, in the weak-coupling limit, whenever 8{p} is shorter than X S{p} (namely,
when it involves fewer bit flips), one expects | A, | > |Bypy|. In the strong coupling limit, on the
other hand, any perturbative expansion fails; in those circumstances, we expect A,y and By, to

have similar magnitudes on a finite lattice.

The dependence of Ay, and By, on the lengths of S,y and X Sypy, respectively, give us a hint to
the appropriate decoding procedure and thermodynamic limit we need to adopt in order to define

a fidelity threshold.

6.7 Decoding and the thermodynamic limit

The expression for the fidelity given in Eq. (6.20) is only valid under the assumption that the

decoding of the syndromes is flawless, such that |A{p}‘ > |B{p}‘. In practice, finding a recovery
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operation & ) that fulfills this inequality for any given syndrome set {p} is a difficult task. A rich
literature exists on decoding algorithms for the surface code; see, for instance, [23, 70, 40, 41] and
references therein, where a number of strategies have been proposed. Here, we do not attempt to
improve on the existing strategies. We offer instead a prescription where the inequality is always
satisfied in the limit of infinite code distance (i.e., infinite lattice sizes). As we argue below, when
the inequality holds, the fidelity threshold obtained from from Eq. (6.20) is equal to the intrinsic
threshold. However, since it is not possible to guarantee that the decoding is flawless in practice,
at times we will have ‘A{p}| < ‘B{p}|. Therefore, an effective fidelity threshold that takes into
account the possibility of flawed recovery operations should always be smaller than the intrinsic

one.

Our prescription for enforcing ’A{p} } > |B{p} ‘ begins by recognizing that the amplitudes A, and
By,,y are functions of the lattice size used to encode the logical qubit. Therefore, it is important to
define what we call the thermodynamic limit. Let us start with a fixed and finite set {p} containing
an even number of plaquettes and assume that the limit is taken by constructing a sequence of
lattices of increasing size. Consider the smallest lattice that can contain the set {p} as the initial
element of the sequence. The next element in the sequence is constructed from the previous one by
adding rows and columns to all four boundaries of the lattice. As a consequence, the distance from
any plaquette in {p} to the boundaries increases with increasing lattice sizes. We now choose a
string Sfp} made of a product of of operators that connect pairwise the plaquettes in {p} without
reaching the boundaries. By this choice, the string operator X Sipy used in the computation of
B,y always reaches the boundaries while Sfp} does not. As the lattice grows, the length of X Sipy
surpasses that of Sfp}. As described in Sec. 6.6, in the weak coupling limit, By, is strongly
suppressed in comparison to Ag,y. Thus our choice of Sfp} ensures that, in the limit of infinite

lattice size, the inequality ‘A{p}} > |B{p}‘ is satisfied.

The prescription needs to be slightly modified when {p} contains an odd number of plaquettes.
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After connecting all but one plaquette with strings pairwise, we connect the unpaired plaquette
(presumably the most remote one) by a string to the closest boundary. We then keep that boundary
fixed and construct the sequence of lattices by adding columns to the left and right boundaries but
adding rows only to the opposite boundary. Thus, the one string in Sfp} reaching a boundary will
keep its length fixed, while the counterpart of that string in X Sypy will reach the opposite boundary

with an increasing length. This guarantees that ‘A{p}| > ‘B{p}‘ is also satisfied.

With this definition of the thermodynamic limit at hand, we define the one-cycle threshold for
the surface code as the largest value of coupling between the physical qubits and the environment
such that, in the thermodynamic limit, F,y — 1 for any finite set {p}. In particular, the intrinsic
threshold corresponds to the non-error syndrome, namely, when {p} is an empty set. A proof that
an intrinsic threshold always exists for the error model defined in Sec. 6.8 is given in Appendix B.
Our prescription for the thermodynamic limit also allows us to show in Sec. 6.9 that, for an error
model with only nearest-neighbor qubit interactions, the fidelity threshold derived from Eq. (6.20)

is independent of the syndrome set {p} and thus equal to the intrinsic threshold.

In our prescription for the thermodynamic limit we first fix the syndrome set {p} and then take
the lattice size to infinity. Thus, the density of plaquettes with eigenvalues —1 tends to zero. This
procedure is quite adequate for our goal of establishing the intrinsic threshold irrespective of the

syndrome {p}, as we argue in Sec. 6.10.

An alternative definition of the thermodynamic limit, commonly used in numerical investigations
using stochastic error models, would keep the density of plaquettes with eigenvalues —1 fixed as
the lattice size is increased. Therefore, the set {p} would be different and larger for each new lattice
size and a recalculation of the amplitudes A, and B,; would be required at each new step. Thus,
in addition to being much harder to be analyzed, such a prescription does not guarantee that the

inequality | Ay, | > |Byp| is satisfied in the thermodynamic limit. Therefore, it is not suitable for
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determining a fidelity threshold from Eq. (6.20).

6.8 The error model

In realistic implementations, the physical qubits interact with a variety of environmental degrees
of freedom [42]. For instance, frequently one cannot neglect the interaction of qubits with bosonic
environments [60]. These can come directly from phonons and electromagnetic fluctuations gen-
erated by electronic components, or indirectly from interactions with spin or charge impurities. It
is also possible that imperfections in qubit design cause spurious coupling between single-qubit
states. Finally, it is also possible that qubits couple to a spin (or pseudo-spin) bath. For these cases
and others, the effect of a time evolution under the influence of the environment can be recast as
an effective action for the physical qubits by integrating out the environmental degrees of freedom.

Thus, at the end of a QEC cycle, an effective evolution operator of the form
Uer = (e|U(A)]e) = e~ et (6.21)

can be derived and employed in the calculation of matrix elements and probability amplitudes
involving physical qubits. The exact form of H.g depends on the particular type of interaction and

the nature of the physical qubits and the environment. Here, we consider the two-term expression
Hex ({o07}) =) hsof + > Jijoiof. (6.22)
i i]

The parameters h; and Jj; incorporate environmental fields and qubit-qubit interactions, respec-
tively, and can be either real or imaginary numbers. Their magnitudes set the strength of the cou-
pling between physical qubits and the environment. This form is exact for qubits coupled linearly

to free bosonic baths and local fields [93]. We note that Jj; can also represent direct interactions
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between qubits that are not environment mediated.

6.9 Mapping onto an unconstrained Ising model

Let us write expressions for the amplitudes Ay, and By,) as sums over configurations of the
variables {o{}. We begin by replacing each state |1); in Eq. (6.8) by \/Li (|4)i +|—)i), where

0¥|4); = £|+£);. Introducing the notation 6 |0;) = 0;/0;), we have

1 =>"1o) (6.23)

up to a normalization factor. Here o stands for (o4, ..., on). The sum in Eq. (6.23) is restricted to
the configurations o that satisfy the constraint A, = +1 for all stars (i.e., vertices) in the lattice.
We substitute Eq. (6.23) in the definitions of the amplitudes Ay, and B, [Egs. (6.18) and (6.19)]

and use Eq. (6.21) to arrive at

Agy = Z 'Spy e Her() (6.24)

and

By =Y "X Sfy e @), (6.25)

The operator Sfp} now represents a string of variables o; compatible with the syndrome represented

by the set of plaquettes {p}.

The sums in Egs. (6.24) and (6.25) are very difficult to evaluate (see Ref. [66]). Below, we provide

an exact solution to this problem for a particular but significant case.
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Figure 6.2: Qubit variable o; and corresponding plaquette variables jiy, and jiy,.

6.9.1 Nearest-neighbor correlations

Let us consider the case where J;; describes only nearest-neighbor interactions. To overcome the
restriction in the sums in Eqs. (6.24) and (6.25), we introduce plaquette variables {jiy,}, with
tm = =£1, such that o3 = ppm, in (see Fig. 6.2). The subscript i refers to the physical qubit i
while m and n indicate the plaquettes sharing the link i. Even though the variables { i, } can be
positive or negative, they automatically satisfies the constraint of positive star eigenvalues. This
parameterization is well known in the lattice gauge field literature [109]. Thus, starting from the
error model defined in Eq. (6.22) and introducing these new variables, it is straightforward to show

that, for nearest-neighbor qubits i and j in the bulk (i.e., not at the top or bottom edges),

hi U;c — hi Hom fn (626)

and

JioF oF —> Jij ftu fiv, (6.27)

where the plaquettes u and v are next-to-nearest neighbors containing the links i and j, respec-
tively [see Fig. 6.3(a)]. Notice that the same product p,, i, appears again when we consider the

contribution from the other pair of nearest-neighbor links i’ and j’ belonging to these plaquettes.
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Thus, we can define an = h; such that

Y hiof =Y hun pim fin, (6.28)
(m,n)

i€bulk

as well as juv = Jjj + Jij such that

Y Jyoiof =) Juvttup, (6.29)

(i,j)€bulk u,v
where (m, n) are nearest-neighbor plaquettes and u, v are next-to-nearest neighbors. The new
parameters are functions of h; and J;;. Notice that for homogeneous fields and couplings in the

bulk, h; = h and Ji; = J, we get hn = h = hand Juy = J = 2.J.

A little more work is needed to understand the constraint of positive stars at the bottom and top
boundaries (see Fig. 6.1). A star at these boundaries is formed by the product of three qubits;
for instance, A; = of 05 0§ = 1. One of these qubits belongs to the bulk and can be written in
terms of plaquette variables, 05 = p; p13. Therefore, we obtain 07 ps 05 = 1 and, consequently,
i o = ps o5 = £1. This can be repeated for all qubits at the boundary. As a result, the product
of any pair py, of at the boundaries is a constant 1 (here m denotes the plaquette where the

boundary link i is located.) Thus, for sites at the top ¢ and bottom b boundaries, we can write
hi oy — ay@) hi pim (6.30)

and

Jij 01 05 —> aup) Jij fin, 6.31)

where o,y = %1 and n is the nearest-neighbor plaquette to m that contains the link j. Similarly

to the bulk case, pairwise interactions between a qubit at the boundary and another in the bulk
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contribute twice to terms containing solely one plaquette variable. As a result,

Z hiof + Y Jyoiol = oy Y i pm, (6.32)

ict(b (i,j),iet(b) met(b)

where Ay, = h; + Jy; + Jik. Here, i’ and i” are the next-to-nearest neighboring links to i along

the edge and j and k are links belonging to the same plaquette where i is located [see Fig. 6.3(b)].

Combining Egs. (6.28), (6.29), and (6.32) we obtain

eff {,U/m} Z hmn Hm HUn + Z Juv Hu Hv, (633)

(m,n)

Thus, we can completely eliminate the qubit variables.

Figure 6.3: (a) Links and plaquettes involved in Eq. (6.27). (b) Links and plaquette involved in
Eq. (6.32).

We can now go back to Egs. (6.24) and (6.25) and switch the restricted sums over qubit variables
o to unrestricted sums over plaquette variables { /iy, }. There are two distinct situations to consider,

depending on the number of plaquettes in the syndrome.
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For syndromes with an even number of plaquettes, the choice of strings in .S o} will involve no link
at the top or bottom boundaries. This is because, in our thermodynamic limit, when the boundaries
became infinitely far apart but the plaquettes are confined, this choice provides terms with a finite
order in the coupling constants /; and .J;;; other choices will lead to infinite-order terms. Therefore,

we can write

Styeven — | tm: (6.34)
me{p}
and
X'Sfp} oven — Qb Q¢ H s (6.35)
me{p}

since any logic operator X will link top to bottom boundaries.

For syndromes with an odd number of plaquettes, at least one string in Sfp} will have to end in
one of the boundaries. By applying the operator X one generates a string ending on the opposite

boundary. Then,

Sty oaa — iy [ - (6.36)
me{p}
and
X 8P} oaa — b(t) H P - (6.37)
me{p}

[If the unpaired plaquette is linked to the top boundary by S e then one picks the subscript £ on

the right-hand side of Eq. (6.36). The opposite goes for Eq. (6.37).]

To obtain new expressions for the amplitudes Ay} and By, in terms of the variables {jim}, o,
and oy, one inserts Eqs. (6.34) and (6.35) or Egs. (6.36) and (6.37) into Egs. (6.24) and (6.25) and

sum over all configurations of the variables oy, ap, and { iy, }. In order to simplify the result, we
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introduce the (unnormalized) correlation function

Crop () = Y | [T e | 7 Mmbsacen), (6.38)
{um} \ke{p}
where
]:]({Mm}; o, ) = Heg({tm}) + Hoound ({fbm }5 0, %), (6.39)
and
Hyound({#tm }; i, ) = Z Bt Uy + Z ilb Ub- (6.40)
t b

Notice that since H.g contains only two-body interaction terms, the following symmetry relation
is satisfied:

Cpp(—ar, —ap) = (=1)" Cppy(on, ), (6.41)

where N, is the number of plaquettes in {p}. Using Egs. (6.34), (6.35), (6.36), and (6.37) in
conjunction with Eqgs. (6.38) and (6.41) allows us to obtain concise relations for the amplitudes

Aypy and By,y. For N, even, we get
o= Cry(+,4) + Ciy (+, ) (6.42)

and

o = Cy(+,+) — Cry (4, ) (6.43)

For NV, odd, there are two situations to consider. When the bottom is closest boundary to the most

remote plaquette in {p}, we get

AP — Cy (+,4) — Cppy (+, —) (6.44)
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and

Biy " = Cipy (+,4) + Cpp (+,-) (6.45)

while when the closest boundary is the top one,
Af;;?;mp = Cpy(+,+) + Cipp (+,—) (6.46)

and

By = Cipy(+,4) = Oy (+, ) (6.47)

6.10 The threshold as a phase transition

As argued in Sec. 6.7, our prescription of the thermodynamic limit guarantees that [ A,y | > |By|
as the lattice size grows and therefore we can use Eq. (6.20) to evaluate the fidelity. Equations
(6.42) to (6.47) are exact expressions, valid for any lattice size and for any finite set {p}, provided
that the effective interaction between physical qubits involves only nearest neighbors. Thus, the
behavior of Ay,) and By, is completely determined by H and its associated correlation function
Cpy- Since the boundary-field Ising model defined by H hasa finite-temperature critical point, the

fidelity threshold can be understood as this phase transition point.

Let us now show that this interpretation is valid. To simplify the argument, suppose that either
h=0and J # Oorh # 0and J = 0, in which case the Ising model defined in Eq. (6.33) can
always be transformed into a ferromagnetic model (when .JJ = 0) or two decoupled ferromagnetic
models (when h = 0) by an appropriate change in the signs of the the variables f,, belonging to

one of the sublattices.
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6.10.1 N, even

Consider the case where NV, is even. For temperatures above the critical value (i.e., for small
enough coupling constants), the {jy,} spin system of Eq. (6.33) is in a disordered (paramag-
netic) phase. In the thermodynamic limit, because both boundaries become infinitely distant from
the plaquettes in {p}, C',,; will not depend on boundary fields v, and o, namely, Cypy (o, ) —
D (i) <er ) uk> e~ Her(um}) = €' 1(0,0). Notice that even though spatial correlations among
the spins {1 } in the set {p} decay exponentially in space, they are finite even in the infinite-lattice
limit because their are locked in their positions. Therefore, |Cy,3(0,0)| > 0 and By, — 0, inde-

pendently of {p}. As aresult, Fg,; — 1.

Conversely, for low temperatures (i.e., large enough coupling constants), the spin system is in
an ordered (ferromagnetic) phase. We can then distinguish two situations: (i) ap oy = 1, when
there is an even number of domain walls running parallel to the top and bottom boundaries; (ii)
ap oy = —1, when the number of domain walls is odd. In both situations the domain walls are
rather costly energetically (the cost scales with NV, the number of columns in the lattice). Thus,
for low enough temperatures and N, > 1, we can assume that C'p,) (&, ) is governed by spin
configurations with no domain wall, whereas C',y (&£, F) is governed by configurations with just
one domain wall. In addition, since correlations decay exponentially in space in the ordered phase
as well, [Ty eyt & [licqy) b Where - =370 (o) e~ H{mmYoron) - with each e = +1,
depending on which side of the domain wall the site k is located. Therefore, since we have an
even number of plaquettes in {p}, Cy,y (%, %) > 0. For Cy,3 (£, F), on the other hand, because
the domain wall can cut across the plaquettes in {p} in many different ways with similar energy
costs, this amplitude results from a sum of many similar terms with alternating signs. C,3 (&, F)
is strongly suppressed with respect to Cy,} (&, &) and, as a result, Ay, ~ By, and Fyp,y ~ %

independently of the location of the plaquettes in the set {p}, as long as they are in finite number.
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6.10.2 N, odd

Let us now consider cases where N, is odd and assume that the most remote plaquette in {p} is

closer to the top boundary (it is straightforward to extend the discussion to the opposite situation).

For temperatures higher than the critical one, the spin system is in a disordered (paramagnetic)
phase. In the thermodynamic limit, the bottom boundary will become infinitely distant to the
plaquettes in {p} and C{,(ay, op) will not depend on the boundary field o Cipy (o, o) —
Cipy(ay,0). As aresult, from Eqgs. (6.46) and (6.47) we see that B, — 0, independently of {p},
while Ay, takes a nonzero finite value determined by the residual spatial correlations between the

spin variables {1 }kegp). Therefore, Fy,y — 1.

The argument for the low-temperature limit follows closely that developed in Sec. 6.10 when
the number of plaquettes is even. In the ordered (ferromagnetic) phase, Cy,y (&, &) is governed
by spin configurations with no domain walls. Then, C,(+,+) > 0 and Cp,(—,—) > 0. The
correlation functions C'yy (£, F), on the other hand, are dominated by spin configurations with a
single domain wall running parallel to the top and bottom boundaries and result from a sum of
terms with alternating signs with roughly the same energy costs. As a result, they are suppressed
in magnitude in comparison to C'y,y (+, ). Thus, using Eqs. (6.46) and (6.47), we concluded that

A{p} ~ B{p} and f{p} ~ %

6.10.3 Phase transition

For both N, even and odd, the abrupt change in behavior of the correlation function Cy,, as the
critical temperature is crossed is what renders the transition from Fy,, = 1to Fyy = % sharp and

what defines the location of the threshold value for the coupling constants.
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We stress that this transition is not the same as that originally discussed in Ref. [23], where the
error model was a purely stochastic one with no correlations. By virtue of the stochastic nature of
the errors, their problem mapped onto a spin glass on the Nishimori line. Instead, the transition
we obtain bares close resemblance to that for the toric code in the presence of a transverse field
[107, 108]. For the error model we adopt, if the coupling constants in H are homogeneous, the

spin system { /i, } does not behave as a spin glass.

We now discuss in more detail the critical behavior of the boundary-field Ising model in some

special situations and how that behavior affects the surface code threshold.

6.10.4 Homogeneous coupling

Consider juv = 0and an = h < 0 and real, corresponding to a single-qubit relaxation channel.
In this case Eq. (6.33) is reduced to the ferromagnetic square lattice Ising model with a boundary
field. In particular, A, and B, are determined by the partition function of this model [43]. It is
known that the free energy has two different terms: a boundary and a bulk contribution. Although
the boundary magnetization has a different exponent than the bulk one, the critical temperature
for the ferromagnetic transition is defined by the bulk transition temperature [44], |hcritical] =
In (1 + \/5) /2. In the high-temperature paramagnetic phase, |h| < |heritical|, the direction of the
boundary fields is irrelevant. Hence, in this fully 7, symmetric phase, we find that By, — 0 in the
thermodynamic limit. Below the critical temperature, |h| > |Acitical |, the boundary fields explicitly
break the 7, symmetry, leading to two distinct values for By when oy = oy and o # . In this
phase, By # 0 in the thermodynamic limit and we find 5, < 1. The transition is exponentially
sharp since the boundary free energy is proportional to the number of sites at the edge. For other

syndromes, a very similar discussion can be made.

In the thermodynamic limit, the transition to a regime where the code can correct happens simul-
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taneously for all syndromes since the critical point is entirely controlled by Heg.

4 [

2 [
< I
~ 0F O quantum information can be recovered
g

2=

4

I . | |
2 0 2 4 6
Re (1)

Figure 6.4: Phase diagram of the Ising model with homogeneous complex coupling constant h
and its significance to the one-cycle QEC fidelity threshold. Here u = e~%". In the gray regions
quantum information cannot be recovered.

This analysis can be extended to complex h [45]. In this more general situation, the transition
point between the Z, symmetric phase and the broken symmetry phase is defined by the curve
sinh? (2heitical) = €%, where § € [0,27). See Fig. 6.4. For a purely dynamical problem,
when h is imaginary (e.g., when a uniform external magnetic field acts on the physical qubits),
heritical = £im/4. In this case the critical point corresponds to p. = 1/2, which is consistent with

the code providing infinite protection in the thermodynamic limit.

Now, consider Amy = 0 and Jy, = J < 0. This case applies to qubits coupled linearly to a gapless
bosonic bath [66, 93]. The Hamiltonian in Eq. (6.33) can be broken into two independent square-
lattice Ising models with nearest-neighbor interactions. Hence, the discussion from the previous
paragraph can be immediately applied. Note that .J is doubled with respect to its value for the

physical qubit interactions, i.e., J = 2.J.
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6.10.5 Random coupling

Let juv = 0 and ﬁmn be real and random. The Harris criterion can not be applied since, for the
clean Ising model, the specific heat critical exponent vanishes and the model is marginal to disorder
[110]. We therefore discuss some specific cases. If Rmn has the same sign for all bonds, we expect
bond disorder to be perturbative and simply yield a transition temperature roughly given by the
typical value of Bmn. This can be put on firm grounds by considering a simple toy model with
two possible values for the bond, ﬁmn = hy or hy, with equal probability [46]. In this case the

transition temperature is given by (e’“ — 1) (eh2 — 1) =2.

An interesting situation arises when there is bond dilution, namely, when some of the iLmn are equal
to zero. In the case of a square lattice, the percolation threshold happens when half of the bonds are
missing. Thus, if at least half of the qubits do not suffer the action of a local magnetic field h;, the
probability of having an infinite cluster (i.e., strings of flipped qubits traversing the lattice) tends to
zero in the thermodynamic limit and the Z; broken phase does not exist. The implication to QEC
is that quantum information can always be recovered if at least half of the qubits do not interact
with the environment during the QEC cycle. Thus, only a severe random event that affects most of
the qubits during the cycle will lead to a failure in the protection. This can be relevant to the design

of other planar codes as well (which can be engineered to have high percolation thresholds).

The scenario dramatically changes when we allow bonds with different sign [47]. A Gaussian
distribution is likely a realistic assumption for this case [48], but most of the physics can already be
discussed using the toy-model bond distribution P (h, q) = g0 (ﬁmn - h> +(1—¢q)¢ <l~zmn + h)
There are three renormalization group fixed points for this model in the (h, ¢) plane [47] (see Fig.
6.5). On top of the well-known Nishimori line, there is an unstable fixed point, (hy,qy), that
separates the Z5 broken phase from the unbroken phase. For ¢ < gy and A < hy the physics

is controlled by the stable fixed point of the model (., 0), hence we fall back to the discussion
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of the homogeneous model and get the usual paramagnetic-ferromagnetic transition. Conversely,
for ¢ > gy and h > hy the transition is controlled by the fixed point with (0o, ¢y ). Little is
known about this fixed point, but it is believed that it separates the ferromagnetic phase from a
spin glass phase at h = co. The existence of the Z, broken phase is not in question, but the nature
of the unbroken phase, where we expect the fidelity to be higher, is not clear and needs further

investigation.

quantum information
can be recovered

’

/ Nishimori line

quantum 4
1 information /
hy | N
cannot be
recovered .-~
S
/

- - >
dn 1

Figure 6.5: Phase diagram of the Ising model with random bond sign and its significance to the
one-cycle QEC fidelity threshold.

Finally, let us consider ﬁmn = 0 and juv real and random: All the discussion from the previous
paragraphs can be immediately transported to this case, the main difference being that there are
two independent lattices. Hence, as a function of disorder or coupling strength, one can have two

different transition temperatures and thus a more complicated threshold situation may arise.
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Figure 6.6: Ratio (X) = |%| evaluated through Monte Carlo sampling for three system sizes:
L = 20 (761 qubits, circles), L = 30 (1741 qubits, diamonds), and L = 40 (3121 qubits, triangles).
The solid lines are guides to the eyes.

6.11 Numerical simulations

Some of the results described above were independently confirmed by Monte Carlo simulations.
Here, we present the case of a constant and real J;; = J for nearest neighbors, i = 0, and nonerror
syndromes. To insert the constraint A, = 1 into the Metropolis algorithm, an alternative represen-
tation of the stabilizers was necessary. The stabilizer operator was rewritten as the product of an
even number m of logical operators such that their product is equivalent to the stabilizer, namely,
Ay = Zr, ... Zr,, (seeCh. 5 for details of this formulation and more extensive numerical results).
Working directly with the original spin (i.e., physical qubit) variables, we used this representation
to numerically evaluate the amplitudes .4, and B, and the ratio (X) = |By|/|.Ao|. Data for the case
of nearest-neighbor interactions are shown in Fig. 6.6. Notice that the larger the lattice, the sharper
the transition becomes. The mapping onto the unconstrained Ising model predicts that the critical

coupling J. should be equal to half of that for a regular two-dimensional Ising system, namely,
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J. = 0.220. This is in excellent agreement with the numerical value of J. = 0.217 obtained in our

Monte Carlo simulations through a finite-size scaling analysis.

6.12 Conclusions

In this chapter, we showed that a stabilizer code, such as the surface code, when coupled to an
environment, has an intrinsic fidelity threshold. This threshold can be determined by focusing on
the nonerror syndrome sector after the physical qubits have evolved in time under an effective ac-
tion intermediated by the environment. For other syndrome sectors, the decoding of the syndrome
into a recovery operation limits the error correction capabilities of the code. As a result, the ef-
fective fidelity threshold should be smaller than the intrinsic threshold. To show that a threshold
exists nevertheless for any syndrome, we provide a prescription where the decoding always work
in the infinite lattice size limit. When bit-flip errors are considered, this prescription allows us to
derive an expression for the fidelity of the surface code in terms of two amplitudes that involve

expectation values of a constrained classical spin model.

For the case of an effective action involving at most nearest-neighbor interactions, we map the
spin model onto an unconstrained Ising model with boundary fields. This mapping allows us
to predict the exact value of the fidelity threshold for several important practical situations. We
find that a fidelity threshold is almost always present, for both homogeneous and inhomogeneous
noise sources, but the actual critical value of the coupling constant between qubit and environment
depends on particular features of the model. Thus, the threshold is not universal. For the case
of homogeneous coupling to the environment, the analytical prediction for the threshold location

based on the exact mapping is confirmed by an independent Monte-Carlo simulation.

When the effective interaction between physical qubits goes beyond nearest neighbors, the map-
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ping no longer works, but the threshold can still be computed by direct numerical simulations
of the constrained spin model. In ch. 5 we showed that the threshold decreases with increasing

interaction range, as originally predicted in Ref. [66].
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APPENDIX A: ONE-DIMENSIONAL SPIN MODEL (DERIVATIONS)
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Consider a spin chain of length N = 4m + 2 as shown in Fig. 1 in the Letter. The sites are
numbered from 1 to N. Sites from 4 to N — 3 form the bulk of the chain; sites numbered 1, 2, 3
and N — 2, N — 1, N are part of the left and right boundaries, respectively. Using this notation, ,

the unitary transformation R can be written as

m—1
R = (a+ibolol)(a+ibo¥_,o%) H (a+ibof 04, ,) (a+ibol,, 04,,)
J
X (a+ibolo¥_,), (A.1)
where a = cos(a/4) and b = sin(a/4). The term within square brackets in Eq. (A.1) is the
contribution of the bulk while the first two factors are the boundary contributions. The last factor in
Eq. (A.1) is a nonlocal term that connects the two ends of the chain. The initial Ising Hamiltonian

can be broken down as

m—1 m—1
_ z z z z zZ z V4 V4
H = —J § (0-41' Ogitv1 T Onit1 Ogigo T Ohigo U4z‘+3) —J § 0434304514
i=1 i=0
z z 4 z 4 z z z
—-J (01 05+ 0505 +0xy_908n_1+ UN_laN) . (A.2)

Let us first consider the transformation of the terms within the parenthesis in the first line of of Eq.
(A.2). For each of the three terms, there exists one and only one term in the bulk [corresponding to

a term within the square brackets in Eq.(A.1)] that anticommutes with it. Thus,

z _z T ; Y Y z -z Tz Y ; Y Y
R (U4i ‘74z'+1> R' = (a t b‘74j+1 ‘74j+3) (C 04 0441+ S0y U4i+1a4i+2) (a - b‘74j+1 ‘74j+3)
o 2 z _z zZ Yy Tz Y
= Pof0h+sc (050500, + 0505, 04,,)

2 x _x Yy Y
T 8704 04511 04iy2 Oait3s (A.3)
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where we have introduced ¢ = a® — b* = cos(«/2) and s = 2ab = sin(«/2). Similarly,

_ ; Yy Yy Y
R (Uiiﬂ Uii+2) R = (a T+ b04j+1 U4j+3) (C Oli410aiv2 T804, 0441 Uffi+2)
X (a—ibof; oY) (A.4)

_ 2 =z z T z Yy Yy _z Yy
= 044104542 T SC (O4i+1 O4i+204i43 T 04 Ogiiq U4i+2)

2 Yy _x x Yy
+ 8704 O4iv1 Oaiy2045435 (A.5)
and
z z T : Y Y z z Yy T z
R(051505i13)RT = (a+ib O4j41 U4j+3) (cOtiaOtiis + 504 05110 05i13)
- ) Yy
x (a—iboj;,, 04;.3) (A.6)

_ 2 _z z Yy z x Yy _x z
= C 04490443+ SC (U4i+1 O4i+2 04i43 T 04 Ogiyo U4i+3)

2 Yy Y T T
+ 8704 04511 O4iyo Oait3- (A7)

The second term in the first line in Eq. (A.2) contains terms such as o3 0}, 0% 0, up to 03;_5 0% _o.

They transform as

z z T . Yy Yy z z Y T z
R (U4i+3 U4i+4> R" = (a +ib O4it1 U4i+3) (C 04i+308i44 T 50454304544 U4i+6>
1y y
x (a—1iboy,,0%3) (A.8)
= 0% 0% +sc (O’y OF 0O 0% Lo O )
= 4i+3 04414 4i+1 04513 04414 4i+304i14 0416

(A.9)

2 vy x x Yy
+ 87 0411 04543 04iva Odite

Finally, for the terms o503, 0503, 0y _o0x_1, and o3 _,0% 1n Eq. (A.2), the transformation leads
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to the nonlocal terms. We obtain

R(ojo3)R' = oios+cs(of050%_, +0)050%) +s° 0] o a4 o%_, (A.10)
R(Uzz\/—lgjzv) R' = oj_ of +es (032’ ON-10N + 0N s U]ZV—IOfV)
+ 2oy ol y o ok (A.11)
R(o305)R' = oo +cs(o5o50% , +o0lo50%) +s°al oy o50%_, (A.12)
R(0k 20k ) RN = Pok 0%y +es(ofoi_yok ) +oR a0k 1 0%)
+ 820y 0% TN 0% (A.13)

Putting all together, we obtain Eq. (4) in the Letter, where

m—1
_ Yy T T Y Y T T ) Y Y x x
Hy = —J E (041» O4i+1 04i+20 2543 + 043 Oni1 0434904543 + 043 Oniyq Ouigo U4i+3)
i=1
m—1
Y x x Y
—J E O4i+1 94i+3 94i+4 04546
i=0
T x Yy vy z T vy _x _x Yy y = T y
—J (‘71 09030N_1 T 030N 90N _1ON T 0105030y 1 +030N 90N UN)

(A.14)
and
m—1
_ z T Yy T _z Yy T z Yy Yy 2 Y
H = —J E (041' O4it1 04it3 T 04 O4ig1 Ogivo T Onit1 Ogiyo Oning + 043 Ogitg Ogigo
i=1
m—1
Y z x Yy x z y x z z x Y
T O4it1 Ogiyo Onivs T 045 Ogito ‘74z‘+3) —J E (U4i+1 O4it3 Oaita T 04i1304i14 U4i+6)
i=0
4 X Yy T z Yy Yy X 4 Yy z X X z Yy
Yy _z _x Yy _z x x z Y
+ 010505 +0508_90Nn_1 +O0Nn_9 aNflaN) . (A.15)
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Notice that 1 can be broken into four-spin plaquette operators, as stated in Eq. (5) of the paper.

The operators are explicitly identified in Egs. (2.10-2.17).
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APPENDIX B: EVOLUTION OPERATOR
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Consider Eq. (4.14), where the bosonic field in the interaction picture reads

(v/w)P/2+s iker—ilkjot
o) = SR ST (e ikt

k0
—ik-‘r+i|k|vt
4 emientiliptg, )

We can write U(A) = exp[Q2(A)], where Q(A) follows the Magnun expansion

with

o - 32 [ f o

X Z[f(rzytl) f(r]at2>] g; 0']7

1,J

Q(A) = —- (g)g/ dtl/ dtQ/ dts

X ([f (xi,t0), [f(x, t2), flrn, t3)]]

J,k

+[ T, ts), [ (v, t2), £ (ri t1)]])

e~

Tr T __T
X 0,050},

(B.1)

(B.2)

(B.3)

(B.4)

(B.5)

etc. Since [f(r;,t1), f(r;,t2)] is a c-number, only the first two terms in the expansion survive and
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we can write

A .
U(A) = exp [_15 3 Fu(8)0;
)\2
X exp | = > 6 (A)ajat | (B.6)
0,
where QQJ (A) and F,,(A) are defined in Eqgs. (4.18) and (4.20), respectively.

It is convenient to rewrite the first exponential in Eq. (B.6) as a normal ordered term. For this

purpose, we note that 7. (A) has the form

Fr(A) = (65 s 0+ grpeaf), (B.7)
k40
where
~(U/WO)D/2+S s—1 _ik-r/ ilklv
grx = — W“q 16 k (6 [kjoA _ 1) (BS)

Thus, we can write

A .
exp [_? Z Fr(A)oy | = [ explafor — axv)), (B.9)
i k#0
where
A
Ve = _% Grx OF. (B.10)

(2

Now we can use the Zassenhaus formula applied to bosonic operators,

i L, ot i
e(akvk—akv]’i) _ ei[akvk’akvk] M Vk e—akvk’ (Bll)
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which results in

_ | | e—%vkvlt eaka e—akvl

k#0
_ | | 6_%7)“};[‘ . ealvk—akvl .

k£0

exp [—i/\ Z F..(A)o?

1 i
= e 2 Zk;é() Uk Vg

A e .
X : exp [—25 ZFri(A) ol |, (B.12)

where : (...) : denotes normal ordering. We can rewrite the argument of the first exponential in

Eq. (B.12) since

A2 .
kavlt = 7 (Z gri,kgrj,k> 0} 0y
i?j

kA0 K+£0

)\2 xr T
%

where G\ (A) is defined in Eq. (4.19). Combining Egs. (B.6), (B.12), and (B.13), we arrive at
Eq. (4.15).
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APPENDIX C: THE CORRELATOR G/ (A)
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The correlator in Eq. (4.19) can be evaluated in the following way. Inserting Eq. (4.20) into Eq.
(4.19) and using Eq. (B.1), we find

U/(,L)O D+25

Z‘k’23 2 _ik-(r—s) z|k|vA 1 2. (C.1
kA0

This is integral is convergent provided that 0 < D + 2s < 4. Assuming D = 2, we can write

242 2
gﬁ?(A) _ 2(v/wo)** /(d k |k‘2572€ik-(r75)

v? 27)2
x [1 — cos (|k|vA)]

2+42s A
_ (fw)™™ /Odkk231Jo(k]r—s|)

T v?

x [1 — cos (kvA)], (C.2)

where J,,(z) is the nth Bessel function of the first kind. To proceed further, we consider three
representative values of s where the integration over momentum is convergent independent of the

cutoff and we can set A — oco.

e Subohmic case:

For s = —1/2 we can write

GI(A) = /W%Jo(k‘h“—s])[l—cos(k:vA)]. (C.3)
0

™V Wo

Then, Eq. (4.21) can be obtained by using the integral [76]

/0 d—xJo(ﬂx) [1 — cos(ax)]

fB? — a? 4+ acarcsin (%) , a<pf,

= B+ (C.4)

o, a> .
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e Ohmic case:

For s = 0 we can write

1 > dk

GI(A) = —5 [ = Jo(klr —s|)[1 — cos (kvA)].

2
TwiJo Kk

Then, Eq. (4.23) can be obtained by using the integral [77]

/0 ) dfjowx) [1 — cos(az)] = arcosh (%) B(a — B).

e Superohmic case:

For s = 1/2 we can write

v

GR(A) = — N dk Jy (k|r —s|) [1 — cos (kvA)] .

3
TWo Jo

Then, Eq. (4.25) can be obtained by using the integral [78]

/Ooo d Jo(B) [1 — cos(az)] = % _ %.
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APPENDIX D: THE CORRELATOR G (A)
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The correlator in Eq. (4.18) can be evaluated in the following way. Starting with Eq. (4.13), we

have
[f(r,t1), f(s, )] = ”/“’0 o 3 k[Zsinfk - (r —s) + [kfo(t — 1)), (D.1)
k£0
which allows us to write
D+2s
AU 0, £, )] + [0 £ 1)) = —2i P S e cosfle (r-8)] s (1)
7 (D.2)
Considering D = 2, we have
1 i (v \2TE A
3 (00 fGs.0)] £, fr ]} = = () [ ko (el sl sinfro(r 1)
0 0
(D.3)

In Eq. (D.3), we introduced an ultraviolet momentum cutoff A. To proceed further, we need to

specify s. Below, we consider three representative values.

e Subohmic case:

For s = —1/2, the integral in Eq. (D.3) converges. Using the integral [79]

O(le| —[8])

/00 dx Jo(Bz) sin(ax) = sign(«a) (D.4)
0

we have

?

3 (000, Fs )]+ s, Sty = =2 () sign(t o)

O(vlty —to| — |r —s])

VRt — to> = [r — s
D.5)

™

Carrying out the time-ordered integration over ¢; and t,, we obtain Eq. (4.22).
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e Ohmic case:

For s = 0, we notice that

L i (v\®d d
AU ), f5. 8] + [f(510), fn )]} = __( )

m \wo /) dtydt,
A dk
[/ - Jo(k|r — s|) sin[kv(t; — m)]} .
0

(D.6)

Using the integral [80]

/OOO i—x Jo(Bx) sin(ax) = sign(a) [g 0(|a| — |B]) + arcsin (%) 0(18] — |oz|)} (D.7)

we obtain

%{[f(ntl)vf(satQ)]+[f(S,t1),f(r’t2)]} _ _i(v) d d [w

0(|tr — tof — [r —s)

7 \wo/ diydh 12
. (|t —to]
+ arcsin | —— | O(|r —s| — |t1 — t2]) | -
T
(D.8)
Carrying out the time-ordered integration in ¢; and ?,, we obtain Eq. (4.24).
e Superohmic case:
Similarly to the ohmic case, for s = 1/2 we write
L), S )] + ) Sty = — (L) L
9 y V1) s L2 sy V1) y L2 7 \wo dtgdtl
A
{/ dk Jo(k|r — s|) sin[kv(ty — t2)]] .
0
(D.9)
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Using the integral in Eq. (D.4), we obtain

S 1), F5, )] + [f(5,0), )]} = —— (—) ii[ Ot — to] — |r — s

™ \wo/ diadty | \/v2[t; —ta]2 — |r — s]?
(D.10)

Carrying out the integration the time-ordered integrations on t¢; and t,, we arrive at Eq.

(4.26).
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APPENDIX E: SINGLE-QUBIT FLIPPING PROBABILITY
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We can obtain a compact expression for the single-qubit-bath evolution operator in Eq. (4.58)
by following essentially the same steps show in Appendix B. The only formal difference is that
summations over all qubits in the lattice have to be replaced by a term corresponding to a single

qubit j. Thus, considering Eq. (4.15), the result is

U;(A) = x; :exp [—%Frj(A) aj”-“} : (E.1)
where
/\2
Xj = exp [—ggﬁﬁ?j(A)] : (E.2)

since gﬁflj(A) = 0.

Consider now the change of basis

1

[ 1) = 7 (| ti)e +145)2) (E.3)
1

[ 4y) = 7 (| 1)z — 1 4i)a) 5 (E4)

which allows one to write

2
— exp {%Frj(A)}} (E.5)
since : ef%F”f &), = Xj_l ef%F”j (&) [see Egs. (B.12) and (B.13)]. We can then write

(05 [UA) L) 0(A) 1) = (2 exp [iA By (A)] — exp [i By (4)])
= i {2 — X? :exp [i)\ Fr].(A)} : —X§ : exp [—i)\ Frj(A)} :} ,

(E.6)
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which yields Eq. (4.59) when the expectation value over the bath vacuum is taken. Now we can

insert Eq. (E.1) into Eq. (4.57) to obtain Eq. (4.59).

152



APPENDIX F: EXISTANCE OF AN INTRINSIC THRESHOLD
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Let us consider the case of nonerror syndrome and assume that the environment is reset to its
ground state at the end of the QEC cycle. The final state of the physical qubits is given by the state

vector

lvarc)o = Po Uet|1), (F.1)

where

Nors H (14 Ap)|F,), (F2)
0
|F,) is the ferromagnetic z state, and the projector of positive stars and plaquettes is

1
730 = Wl;[(l‘f—AQ) H(1+BD) (F3)

O

Since “no errors” were identified, there is no need to apply a recovery operation: S§ = 1 (i.e., the

identity operator).

Introducing the amplitudes

AO = <ﬂwQEC>0

1 _ —
- W(T\H(1+Ao [+ Bo)Ues|1) (F4)
O O

and

= WWX [T+ A0) J]( + Bo)UsD), (F.5)
o 0

we can express the fidelity without any ambiguity as

| A|?

Fo= 20
O A2+ 1B

(F.6)
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In order to evaluate the amplitudes, it is convenient to move to the x basis {|s) }. Since

N
| Dai + | $)a 1
7 =11 ( % ) = m%}s% (E7)
we arrive at
1
A = W?sll}(u% 1;[ (1+ Br)Uest|s) (F.8)
and

1 _
Bo = gxgw O (51X 1;[(1 + Ag) 1;[ (14 Bo)Uens), (F.9)

where we used that v [[ T, (1 + Ag)] 2= [1,(1+ Ap). Substituting Ueg = e~ and recalling

that, for bit-flip errors, H.g 1s diagonal in the x basis, we can write

1 _
0= Srogn 2 ¢ (sl 1;[(1 + Ay) 1;[(1 + Bo)ls) (F.10)
and
1 o
Bo=gyow D¢ " (sIX l;[(l + Ag) l;[ (14 Bo)ls (F.11)

where Hog|s) = Egls).

At this point the sums over states s contain all possible x spin configurations of the physical qubits.
However, the projectors in Eqs. (F.10) and (F.11) will restrict these configurations. In order to
proceed, we can explicitly write that any state s that satisfies the projectors can be written in one

of the two forms:

1) = J[BilF) (F.12)
J

s2) = Z, ][ BilF2), (F.13)
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where |F,) is the ferromagnetic state in the z direction, Z,, is a logical z following a path ~, and
[1; B; is a product over a set of plaquettes. In order for the basis {|s1),[s2)} to be complete,
all possible products of plaquettes have to be used when generating the states |s;). Notice that
only one path ~ should be used for generating the states |ss); summing over more than one path
will render the basis overcomplete. In principle the choice of v should not be important in the
evaluation of the fidelity (choosing « amounts to choosing a gauge; for each state |s;) there is a

state |s9) and different v’s just define different correspondences between those states).

Thus, the restricted sums can be explicitly written as

1
-Ao = 2—N<Ze 81|51 +Z€ 32|32)

S1

_ QLN (Z DY e—ESQ) (F.14)

51

and

By = o (Ze 1(s1] X [s1) +Ze Es ( 32]X|32>>

52

_ QLN (Z =B — 2}—%) . (E15)

S1 52

Notice that | Ay| > |B,| always.

Now consider the infinite-lattice limit. When the spin model of Eq. (6.22) has a well-defined
phase transition at a finite temperature, in the “high-temperature” (disordered) phase, which here
corresponds to small coupling constant values, states of type |s;) and |s;) have the same “partition
function”, namely, ZSI e B = 252 e P2, As aresult, By = 0 and Fy = 1 for coupling
constant values below the critical point. In the “low-temperature” (ordered) phase, states |sq) are

energetically more costly than states |s;) [66], resulting in (Zsl e P2 /( e Ps1) — 0in the

52
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thermodynamic limit. Therefore, for coupling constant values above the critical point, By = Ay

andf(): 1/2
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