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Abstract

Understanding the performance of realistic noisy encoded circuits is an important task
for the development of large-scale practical quantum computers. Specifically, the develop-
ment of proposals for quantum computation must be well informed by both the qualities of
the low-level physical system of choice, and the properties of the high-level quantum error
correction and fault-tolerance schemes. Gaining insight into how a particular computation
will play out on a physical system is in general a difficult problem, as the classical simu-
lation of arbitrary noisy quantum circuits is inefficient. Nevertheless, important classes of
noisy circuits can be simulated efficiently. Such simulations have led to numerical estimates
of threshold errors rates and resource estimates in topological codes subject to efficiently
simulable error models.

This thesis describes and analyzes a method that my collaborators and I have intro-
duced for leveraging efficient simulation techniques to understand the performance of large
quantum processors that are subject to errors lying outside of the efficient simulation al-
gorithm’s applicability. The idea is to approximate an arbitrary gate error with an error
from the efficiently simulable set in a way that “honestly” represents the original error’s
ability to preserve or distort quantum information. After introducing and analyzing the
individual gate approximation method, its utility as a means for estimating circuit per-
formance is studied. In particular, the method is tested within the use-case for which it
was originally conceived; understanding the performance of a hypothetical physical imple-
mentation of a quantum error-correction protocol. It is found that the method performs
exactly as desired in all cases. That is, the circuits composed of the approximated error
models honestly represent the circuits composed of the errors derived from the physical
models.
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Chapter 1

Introduction

Quantum computers offer potentially exponential speed-ups over their classical counter-
parts for well known and important computational problems [2, 3, 4]. As such, one of the
biggest tasks of applied quantum information is building a functioning quantum computer.
Doing so requires input at all levels; a deep understanding of the low-level physical system,
of high-level error correction protocols, and of how to effectively connect the two.

Connecting the low and high levels necessarily requires analysis of how the physical
system and error-correction protocol will work together. With regards to circuit-model
based computations, such an analysis can be phrased as the question: how will a given
circuit perform on a given physical system? This of course, is a very hard problem to
approach, as one cannot simply simulate the dynamics of the physical system on an existing
(classical) computer efficiently.

Efforts to analytically understand the performance of noisy quantum circuits have re-
sulted in threshold theorems for fault-tolerant circuits (e.g., [5]). That is, for certain fault-
tolerant error-correction protocols, given certain assumptions on the noise model, it is
possible to analytically find a threshold “error strength” for which, if the “error strength”
is below this threshold, the fault tolerance scheme can simulate a noiseless circuit with
arbitrary precision (at the cost of additional physical resources)!.

For some error-correction schemes, no analytic theorem currently exists. Nevertheless,
one would still like to get an idea of thresholds; how small do the errors have to be for
a computation to succeed? In some cases, efficiently simulable sub-theories of quantum
mechanics have proven useful for investigating such questions. If one restricts the types of

IThe “error strength” is generally some parameter or set of parameters that quantifies the error.



operations, initial states, and error models in an intelligent way, simulating the performance
of a quantum circuit can become tractable (see Section 3.2). On first glance one might
expect that the types of circuits admitting efficient simulation will be extremely limited, but
it turns out that many important and interesting circuits can be implemented using only
efficiently simulable circuit elements. The most well-known example is stabilizer circuits,
which are efficiently simulable on stabilizer states by the Gottesman-Knill Theorem (see
Section 3.2). Stabilizer circuits include error-correction steps in stabilizer codes, and can be
promoted to universal quantum computation by allowing the preparation of particular non-
stabilizer states [0]. Thus, while stabilizer circuits (on stabilizer states) are not universal,
and therefore will not be the only operations used in a meaningful computation, it is
generally believed that the majority of operations implemented on a quantum computer will
be devoted to error-correction, and so understanding the performance of circuits containing
only these elements remains valuable.

Such efficient simulation techniques have provided numerical estimates to thresholds
for topological codes [7, 8]. Even in cases when threshold theorems are known, such as in
the surface code [9], simulation can be used to find more optimistic estimates of a threshold
value [1]. They have also been useful for understanding resource requirements in cases when
the noise strength is already well below the threshold [10]. Thus, given these applications,
it would be highly desirable to find some way of using efficient simulation techniques to
say something about the performance of circuits on particular physical machines. The
difficulty of course arrises from the fact that the errors on gates implemented on a real
system will in general not take an efficiently simulable form.

1.1 Honest Representations of Channels

The idea presented in this thesis, which was proposed in [I1], is a method for applying
classical efficient simulation techniques to noise models that lie outside of the efficient
simulation formalism. Any imperfectly implemented circuit can be viewed as a series of
perfect gates intermixed with noise operations. Concretely, we can write an imperfect
implementation A (a completely positive and trace preserving - CPTP - map) of a unitary
U, as A = £ o U, where £ is some CPTP map that represents the noise of A as some
operation occurring after U. If, as discussed earlier, we are interested in circuits which
are efficiently simulable according to some algorithm, U will naturally be chosen from
the efficiently simulable set. However, the error £ will almost certainly not be efficiently
simulable, and thus A will not be.

From here, our idea is simple. Denoting the efficiently simulable set of channels as S, we



want to find some I' € S that approximates the error £. As we're interested in evaluating
circuit performance however, it isn’t enough that I' is close to £ according to some metric.
We also want I" to be an honest representation of the error £, in that we never want I" to
underestimate the strength of the error £ on the state. We want this property to be global,
in the sense that we want [' to always be somehow worse than & regardless of the state
that is sent through.

The hope then is that if we can honestly represent every error in the circuit, then the
circuit composed of the honest representations will also be an honest representation of the

original circuit. We refer to this as the problem of “error composition”?.

We quantify error using the distance induced by the Schatten p-norms || - ||, (defined
in Chapter 2) on quantum states. We are mainly interested in the case when p = 1,
as there is a strong operational interpretation of the quantity ||po — p1]|1 in terms of the
distinguishability of two quantum states py and p;, discussed in detail in Chapter 3. Thus,
if we feed a state p through an error £, we quantify the error by ||p — E(p)||,, for some
p > 1, where, again, we are most interested in the case when p = 1, which measures how
hard it is to tell whether or not the error has occurred. We say that another error I' is an
honest representation of £ if, for some p > 1, ||p—L(p)|l, > [|p — E(p)]|, for all pure states
p. That is, no matter what pure state p is used, I' always moves p further than £. Note
that we use the term “honest” differently from [11, 12], where “honesty” is reserved solely
for the p = 1 case. We remove this restriction here for simplicity, to avoid specifying which
p is meant when it is clear from context. While the cases when p > 1 have no operational
interpretation (known to me), if this type of inequality is satisfied for all pure states p,
then clearly I' is somehow globally worse than &.

1.2 Overview

This thesis is organized as follows:

e Chapter 2 - Notation and relevant facts that will be used in this thesis are established.

e Chapter 3 - The concept of distinguishability is reviewed, and efficiently simulable
sub-theories of quantum mechanics are discussed.

2Note that we use the word “composition” to refer to both direct (serial) composition of maps, as well
as tensor products (parallel composition) of maps.



e Chapter 4 - Results that are useful for finding approximations to arbitrary CPTP
maps that are also honest are established. Specifically, the statement of honesty given
in this introduction has the “for all pure states” qualification. Sufficient conditions
on the form of the maps which are easy to compute, and can therefore be used in
optimization problems for finding honest approximations, are given. An approxima-
tion problem based on these conditions is then specified, and then applied to some
instructive qubit examples.

e Chapter 5 - The utility of honest approximations for judging circuit performance
is numerically investigated. We begin with continuous-time models of physical sys-
tems, build gates from them, and then test our method on a typical error correcting
circuit using these gates. We find somewhat remarkably that in all cases, our approx-
imations perform exactly as desired. That is, the circuits composed of the honest
approximations are themselves honest representations of the circuits composed with
the errors derived from the physical models. This evidence is a strong boon for our
method. This chapter is a reproduction of the content of [12].

e Chapter 6 - The performance of “Pauli twirling” is analyzed (see Section 2.3), which
is a method of mapping an arbitrary error to a Pauli channel (which is efficiently
simulable via the formalism we focus on in this thesis, see Chapter 3). Pauli twirling
has been investigated as another means for performing the same task that our method
is designed for, due to that fact that it has certain computational benefits. In Chapter
5 we include statistics on the performance of Pauli twirling, which are analyzed in
this chapter.

e Chapter 7 - Concluding statements are given, remaining open questions are discussed,
and possible future directions and next steps are considered.



Chapter 2

Mathematical Background

First, we establish some basic notation and concepts to work from. This notation is
primarily borrowed from the course notes of Watrous [13].

2.1 Basic Objects and Notation

2.1.1 Complex Inner Product Space

As we are dealing with finite-dimensional quantum systems, we wish to work in complex
finite-dimensional Hilbert spaces X’ that are isomorphic to C" (with n = dim(#H)) with
the standard Euclidean inner product (-,-), and as such, we will simply work in C". A
vector v € C" is an n-tuple of complex numbers (a column vector), with brackets and
subscripts denoting entries. (Eg. (v); is the i entry of v € C". This notation is chosen
to avoid notational collisions when a collection of vectors is indexed with subscripts.) The
inner product of two elements z,y € C" is given by (z,y) = S.°, (2)(y)s, where * denotes
complex conjugation. Using standard definitions of matrix multiplication, transposition
(T), and conjugate transposition (7), we can write (z,y) = 2’y (if x,y € R, then (x,y) =
z'y). For a given vector space C", we call the set of vectors {e;}"; satisfying (e;); = d;j,
where 6;; is the Kronecker delta function, the standard basis for C".

To represent a vector x € C", we will sometimes use Dirac notation, |z). In Dirac
notation, we use the conventions |z)' = (2|, [2)” = (#*], and (z]y) = (x,y). When there is
no need to make the dimension of the space explicit, we will just use symbols like X, ), Z
to refer to finite-dimensional Hilbert spaces.



2.1.2 Linear Operators and Hilbert-Schmidt Inner Product

The set of linear operators mapping C" to C™ is denoted L(C", C™). We use the simplifying
notation L(C") = L(C",C"). These operators can be represented by matrices, where we
denote the 4,7 entry of a matrix A as (A);; = (f;, Ae;), where f; € C™ and ¢; € C" are
elements of the standard bases. The Hilbert-Schmidt inner product on operators A, B €
L(C",C™) is defined as (A, B) = Tr(A'B), where Tr is the standard trace operation. We
will use the symbol 1 to refer to the identity element in L(C™). If there is any chance of
confusion, it will be labelled as 1,,, or if the dimension of the space is not specified (ie. we
are using a symbol like X to refer to the space), we will label it as 1.

Of primary importance for us are Hermitian operators, which satisfy A = AT, or in index
notation, (A);; = (A)3;. We denote the set of Hermitian operators in L(C") as Herm(C").
A nice property for A, B € Herm(C") which can be easily verified is (A, B) € R. Another
easy to verify property is that Herm(C") is closed under addition and multiplication by
real scalars. Thus, when Herm(C") is thought of as a vector space over R, it is a real inner
product space when coupled with the Hilbert-Schmidt inner product. As it takes n? real
numbers to specify an element in Herm(C"), it is an n? dimensional real inner product
space. It can be shown that A € Herm(C") if and only if (x, Az) € R for all x € C™.

Also of importance is the set of positive semi-definite operators. An operator P €
L(C™) is called positive semi-definite if (x, Pz) > 0 for all x € C". We denote the set of
such operators as Pos(C™), and use the notation P > 0 as equivalent to specifying that
P € Pos(C"). It follows from (z, Px) € R that Pos(X) C Herm(&X'). For two operators
P,Q € Herm(C"), we write P > @ if P — @ > 0. A nice property for P,Q € Pos(C"), is
that (P,Q) > 0. An important subset of Pos(C") is the set of density operators, which
represent quantum states. We denote the set of density operators as

D(C") = {p € Pos(C") : Tr(p) = 1}.
A final subset of Herm(C™) that we give a special symbol to is
Herm;(C") = {A € Herm(C") : Tr(A) = 1}.

2.1.3 Super Operators and Quantum Channels

A “super operator” is a linear operator that maps L(C") to L(C™). We denote the set of
such operators as T(C",C™), and as before we write T(C") = T(C™,C"). Similarly to how
we use 1 to refer to the identity linear operator, with subscripts denoting which space it
acts on, we will use I,cn) to refer to the identity super operator in T(C").

6



For a map A € T(C",C™), we have the following classifications:

A is trace preserving (TP) if for all A € L(C™), Tr(A(A)) = Tr(A).

A is Hermiticity preserving if for A € Herm(C™), A(A) € Herm(C™).

A is positive if for A € Pos(C™), A(A) € Pos(C™). Note that positive maps are
necessarily also Hermiticity preserving by linearity and the fact that any Hermitian
matrix can be written as the difference of two positive matrices.

A is completely positive (CP) if, for any k € N, A® Iycry € T(C" ® Ck,C"®CF) is
positive, where Iy cx) € T(CF) is the identity super operator.

A is called a quantum channel if it is both CP and TP (CPTP). We denote the set
of CPTP maps from L(C") to L(C™) as C(C",C™) and denote C(C") = C(C",C").

A quantum channel that we use often is the partial trace, Try € C(X ® ), X), defined
as Try(A ® B) = Tr(B)A, for all A € L(X), B € L()), and extended to all operators in
L(X ® )) by linearity. The subscript denotes which subsystem the trace is being applied
to.

2.1.4 Characterizations of CPTP maps

In this document we make use of two characterizations of CPTP maps, the Kraus (or
operator-sum) and Stinespring representations. Let X and ) be finite dimensional complex
inner product spaces. For A € T(X,)), the following statements are equivalent:

1. Ae C(X,)),ie. Aisa CPTP map.

2. There exists operators {A;}F , C L(X,)), satistying >.F_| ATA; = 1 for which
AX) = Zle A XAl for all X € L(X). The set {4;}%, is called a Kraus represen-

tation for A.

3. There exists another finite dimensional complex inner product space Z, and operator
B € L(X,Y ® Z) for which A(X) = Trz(BXBT) for all X € L(X), and B'B = 1.
We call the tuple (Z, B) a Stinespring representation for A.



2.1.5 Schatten p-norms

In this document we will make use of Schatten p-norms on elements of L(X',)). For an
element A € L(X,Y) and 1 <p < o0, || - ||, is defined as

Al = (3 ob)>, (2.1)

where {o;} are the singular values of A (see Appendix A). As we will use these norms
exclusively on Hermitian operators, we will simply write, for A € Herm(X),

1AL = O )7, (2.2)

7

where {)\;} are the eigenvalues of A. Of primary importance for us are the special cases
p=1and p = 2, which, for A € L(X,)), take the form

[Ally = Tr(VATA) (2.3)
Al = /Tr(ATA). (2.4)

An important property of || - ||; that we make use of is the monotonicity of || - ||; under
the partial trace. That is, for X € L(X ® )), it holds that

X1 = [[Try (X - (2.5)

Another useful relation is that the one-norm distance between unit vectors u,v € X is
given simply as ||uul — vofl]; = 24/1 — [{u,v)|2.

2.1.6 The Fidelity Function and Purification

We make use of the two related notions of fidelity and purification. For two positive
operators A, B € Pos(X), the fidelity is defined as the function F(A4, B) = |VAVB|;. If
one of the operators is a rank 1 projector, ie. A = uu' for some unit vector u € X, then this
definition reduces to F(uu', B) = \/|{u, Bu)|, and similarly, for B = vof, F(uu',vol) =
|(u,v)]. Given the simple forms of both the one-norm distance and the fidelity for pairs of
pure states, one can see that for unit vectors u,v € X,

|uu — vol]|y = 2¢/1 — F(uuf, vot)2. (2.6)



For a state p € D(&X), a purification is any pure state in some composite system
u € X ® Y for which p = Try(uu'). A state p € D(X) can be purified to a vector in
X @ Y if and only if dim()Y) > rank(p). A useful theorem called Uhlmann’s Theorem [11]
connects the concepts of fidelity and purification.

Theorem 2.1.1. Given two states py, ps € L(X), it holds that for dim(Y) = max{rank(p, ), rank(p2)},
and any purification u € X @ Y of p;

F(py, p2) = max{|(u,v)| : v € X ® Y is a purification of pa} (2.7)

A clear consequence of this theorem is that for p;, po € D(X) with purifications u,v €
X ®Y, F(p1,p2) > F(uu',vo"). Combining Uhlmann’s theorem with the monotonicity of
the 1-norm under partial trace, ||p1 — p2||1 < ||uu’ — vv'||1, one is able to arrive at one of
the Fuchs-van de Graaf inequalities [15]:

1 = p2lly < 2¢/1 = F(p1, p2)*. (2.8)

2.2 Vectorization and the (Generalized Bloch Repre-
sentation

For any finite dimensional complex vector space X = C", operators in L(X) also form
a complex finite dimensional vector space (with dim(L(X)) = dim(X)?). Thus, we can
represent operators in L(X') themselves as column vectors, and linear maps in T(X,)), for
some complex vector space ) = C™, as matrices. Explicitly, this can be done by choosing
orthonormal bases By = {\;}72, and By = {0;}/ for L(X) and L())) respectively, and
defining vec : L(X) — C™ entry wise as

(vec(A))i = (Ai, A),
and similarly for vec : L(Y) — C™. (We use “vec” to refer to all such vectorization
functions. Context and what operators it is being applied to provide enough information

on which particular “vec” function is meant.) By straightforward computation, it can be
seen that vec is an isometry. That is, for A, B € L(X), (vec(A),vec(B)) = (A, B).

In this way, the vectorized, or matrix, representation of a map A € T(X,)), which we
denote Sy € L(X ® X, Y ® ), can be defined as the operator for which

Savec(X) = vec(A(X)),
for all X € L(X). Entry wise, it is defined as
(Sa)ij = (vec(oy), Savee(;)) = (vec(oi), vec(A(A)))) = (o3, A(A)))-



2.2.1 Bloch Bases

We define a Bloch Basis for L(X = C"), {\;}725", as an orthonormal basis for L(X) (with
the Hilbert-Schmidt inner product) that satisfies the following additional properties.

[ ] )\0 = \/Lﬁ]lx
o (N}, C Herm(X).

In other words, a Bloch basis for L(X) is an orthonormal basis consisting of Hermitian
operators that are all traceless except for the element labeled with 0, which is a normalized
identity operator.

For X = C2, an example of such a basis is the normalized Pauli operators, given by:

w3 () (0 ) A0 )

Similarly, for X = C?", one can take the basis consisting of all normalized n-fold tensor
products of Pauli operators. For arbitrary dimension, an explicit construction of a Bloch
basis is given in Appendix A.2.

2.2.2 Properties of Matrix Representations of Channels in Bloch
Bases

As noted earlier, for X = C" and Y = C™, and respective Bloch bases {)\i}?:zal and
{ai}:’jo—l, the matrix representation of a map A € T(X,)), Sy is defined entry wise as
(Sa)ij = (o3, A(N))-

Now, if we assume that A € C(X,)), then it is Hermiticity preserving, and it follows
that (Sp);; € R for all 4,7, and so Sy € R™*"" (a real matrix with m? rows and n?
columns). A will also be trace preserving, and as such

(S = (o0 A = —=THA) = —=Tr) = 250,

Thus, we can write the matrix representation Sy of any A € C(X,)) as

Vn/m| 07
SA: v R )
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where 0 is the zero vector in R” ™!, v € R™~! and R € R™~1*"*~1_ (Here we use a block
matrix notation, where to the left of the vertical line is a single column and to the right is
n? — 1 columns, and above the horizontal line is one row and below is m? — 1 rows.)

2.2.3 The Generalized Bloch Representation of Quantum States
and Quantum Channels

Using the details of the previous sections, we now define the generalized Bloch representa-
tion of quantum states and channels. The aim of this representation is to represent states
p € D(X = C") as vectors in S(R” ) = {r € R”~![||r||y < 1}, and channels A € C(X,))
as linear transformations from R~ to R™*~! that take S(R™*~!) into S(R™ ).

Let By = {)\i}fial be a Bloch basis for L(X). Define the function bvec : Herm; (X') —
R™ ! as

1
bV€C<X) = m(<>\1,x>, ey <)\n2—17 X>)T
for all X € Herm;(X), where a(n) is a to-be-determined positive function of the di-

mension n. For X € Herm;(C"), we call bvec(X) the (generalized) Bloch vector of
X. Note that for X € Herm,;(X'), the bvec and vec functions are related as vec(X) =

( /1/n ‘ a(n)bvec(X)T )T.

We now determine a form for a(n) that will fulfill the desire that for p € D(X),
r = bvec(p) € S(R™~1). We do this by choosing a(n) so that ||r||, = 1 if p is pure. If p is
pure, then Tr(p?) = Tr(p) = 1. Thus

1 =Tr(p") = (p, p) = (vec(p), vec(p)) = % +a(n)?[|r]3. (2.9)

Setting ||r||s = 1 and solving for a(n), we find that a(n) = /%=+. Thus, for pure states,

|lbvec(p)|| = 1, and it follows by linearity of vec and bvec, the triangle inequality, and
that all density operators are convex combinations of pure states, that |[bvec(p)|lz2 < 1 in
general. Thus, for X € Herm, (X'), and r = bvec(X), we have that

X — ]lx+\/ngjbl—1)r-)\ (21())
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and

V1/n

-1, |

vec(X) = (2.11)

where r - A = Z?il_l(r)z)\l

The (generalized) Bloch representation of a channel A € C(X,)) is a tuple (M, t), where
M e ROW=Dx(*=1) and t € R™ !, defined in the following way. For all X € Herm; (X),

bvec(A(X)) = Mbvec(X) + t. (2.12)
Recall that the matrix representation of a channel A, denoted Sy, is given by

vn/m ‘ 07
v R |’

S = (2.13)

for some v € R™~1 and R € R ~Dx(*~1)  We claim and then verify that the following
definitions of M and ¢ satisfy Equation (2.12):

M:<\/m_1/\/”_1)13 (2.14)

= (vn mT_l)lﬁ. (2.15)

Writing R in terms of M and v in terms of ¢, and recalling the relation between the
vectorization of an operator and its Bloch vector in Equation (2.11), we have that (denoting
s = bvec(A(X)) and r = bvec(X))

vec(A(X)) = Savec(X) (2.16)
_VYm Vn/m_| 07 V1
o )= vy (et S e )
V1/m
= - , (2.18)
R (Mr + 1)

verifying our expressions for M and t.
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Note that the Bloch representation of a linear combination of channels is equal to the
linear combination of the Bloch representations of the originals. That is, for Ay, Ay €
C(X,Y), with Bloch representations (M, t;) and (Ms,ts), the Block representation of
a1+ BAs is (oM + fMs, aty + ftg). This follows from the linearity of the bvec operation.

2.3 The Process y-Matrix, Average Gate Fidelity, and
Pauli twirling

Any arbitrary map A € C(&X,)) can be written as A(X) = Zle AjXA;, for some op-
erators {A4; : j = 1,...,n} C L(X,Y). Given a basis {Pj}?iﬂ(mdim(y) for L(X,)), one
can expand A; = Zj a;; P; for some complex numbers «;;. In this way one can write
AX) =2 aas P X Pl = > ik Xk Py X Pl where x;. = 3. ayjal, is called the process
matrix |

The average gate fidelity of a quantum process A € C(X), which is the imperfect
implementation of some unitary U, is defined as

FALU) = [ 0 I UMA(S) @)U [6).

In [17], it was shown that
2o [ Tr(Ap) P +d

FAU) = d? +d ’
where d = dim(X), and {A;}x C L(X) is a Kraus representation for Uf o A or A o UT.
Now, as A is an erroneous implementation of U, & = A o UT is the error on the gate U for
the implementation A. If one uses a Bloch basis to expand the error £, then |Tr(Ay)|* =
|52, aTe(P)]? = |akeVd|?, and thus Y, |Tr(Ag)|* = Y, d|ag|* = xoo. Thus, it follows
that

Xoo + 1

where Y is the the process matrix for A o UT in any Bloch basis.

For a Pauli channel £ € C(X = C?"), we can write its y-matrix in terms of the
normalized basis of tensor product Pauli operators for L(X). In this case, x is diagonal,
with x;; = dp;, where d = 2" and p; is the probability that the ' Pauli operator (according
to whatever ordering is chosen) is applied. For an arbitrary map A, the effect of Pauli
twirling can be computed easily by simply removing the off-diagonal elements of the x-
matrix for A in the Pauli basis [15].
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Chapter 3

Quantum Information Background

3.1 Error and Distinguishability

When one wishes to quantify how bad an error messes up a quantum state, it is necessary
to quantify how different (or similar) two quantum states are. Of course, quantum states
are represented as density operators, and there is no shortage of norms on the space of
operators from which distance measures between states can be induced. In particular, we
choose to use the Schatten p-norms (see Section 2.1.5) to quantify the difference between
states. For any p > 1 and p € D(&X), the amount that an “error” A € C(X') “messes up” p
can be defined as ||p — A(p)||,; that is, how far does A move the state according to || - ||,7

While any choice of p > 1 is fine in principle, it is highly desirable to have an opera-
tionally motivated way of quantifying how different two quantum states are. A strong way
of defining how operationally different two states are, is by trying to quantify how hard it
would be tell them apart. That is, if you are given one of two states pg, p1 € D(X) (but
you don’t know which one), and you can do whatever you want with it, how likely are you
to be able to determine which state you were given?

The above scenario can be formalized in the following game. Let p : {0,1} — [0, 1] be
a probability distribution (that is, p(0) = A and p(1) = 1 — X for some A € [0,1]), and
let po, p1 € D(X) be two states. The parameter A and states pg and p; are known to the
player. A bit « € {0, 1} is sampled according to p, and a single copy of p, is given to the
player. The player is allowed to do anything with p,, and they win if they can successfully
guess «.

In this scenario, effectively all the player can do is measure the state, as preceding a
measurement by some CPTP map is equivalent to making a different measurement. Also,

14



the player might as well make only a two outcome measurement, where each outcome is
labelled by whether or not the player guesses 0 or 1. Thus, given a particular measurement
p: {0,1} — Pos(X) (u(0) + (1) = Ly), the probability that the player correctly guess
the sampled bit is given by A(u(0), po) + (1 —A){u(1), p1). We're of course interested in the
optimal success probability of this game, which is the maximization of this quantity over
all possible measurements. This brings us to what is referred to as the Holevo-Helstrom
Theorem [19].

Theorem 3.1.1. For py,p1 € D(X), and X\ € [0,1], and p : {0,1} — Pos(X) a measure-
ment,

Mu(0),po) -+ (1= M{p(1), 1) < 5+ 2lhoo — (1 = i (3.1)

There exists a projective measurement that achieves equality.!

This theorem tells us that the optimal success probability of the above game is given
by 3 4+ 3l[Apo — (1 — A)p1|l1. Using this, the distinguishability of two quantum states po
and p; is defined as 3 + 1{|po — p1]1, or equivalently, as the optimal success probability of
winning the above game when \ = % Thus, discarding the pre-factors, |[po — p1|l1 is an

excellent distance measure for quantifying how different two quantum states are.

One can further extend the above game to ask about the distinguishability between
two channels Ag, A; € C(X). Again, let p : {0,1} — [0,1] be a probability distribution
(where p(0) = A, and p(1) = 1 — X for some A\ € [0, 1]). We can ask what is the optimal
success probability of winning the following game. Let o € {0, 1} be sampled according to
p. Given a single use of A, the player must guess what « is. This game can be essentially
reduced to the same game as before, by noting that once one uses A, once (by passing
a state through it), the problem reduces to trying to distinguish the outputs of Ay and
A1. One subtlety however arises in that, for some complex Euclidean space Z, one could
choose to pass a state p € D(X ® Z) through A, ® 1y,z), possibly utilizing entanglement
to get an advantage. It turns out that, in general, there is an optimal p € D(X ® Z)
when dim(Z) = dim(X) (for some cases, it isn’t necessary for Z to be as large as X'). For
a given choice of p € D(X ® Z) and measurement p : {0,1} — Pos(X ® Z) (where «
is guessed if u(«) is observed), the probability that the player wins the game is given as
A(e(0), (Ao ® Tz))(p)) + (1 =A) (1), (A1 ® Irz))(p)). The optimal success probability of
this game is provided by the following theorem, in analogy to the state distinguishability
game [13].

! An example of an optimal projective measurement is given by yu : {0, 1} — Pos(X), where 1(0) is the
orthogonal projector onto the span of eigenvectors with positive eigenvalues of the operator Apg— (1—A)p1,

and p(1) = Tx — p(0) [13].
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Theorem 3.1.2. Let X and Z be complex Euclidean spaces, Ao, A1 € C(X), p € D(X®RZ),
p:4{0,1} — Pos(X ® Z) a measurement, and let X € [0,1]. It follows that

1 1
M), (80 @ L) (0)) + (1 = A1) (A1 © Luz))(p)) € &+ 2IAR = (1= VAl
(3.2)
with equality achieved for some choice of p and p when dim(Z2) = dim(X).

In the above theorem, the function || - ||, is used. This function, commonly referred to
as the “diamond norm” (it is in fact a norm) is defined in the following way [20] (note that
this is just one of several equivalent definitions). For A € T(X,)),

[Aflo = sup{[[(A ® Trx))(X) [l : X € L(X © ), [[X], < 1} (3.3)

When A\ = 1/2, the optimal success probability of distinguishing Ay, A; € C(X) is given as
2+ 2[[Ao—Ai]lo. Thus, discarding the pre-factors, ||Ag—A;]|s is a well motived quantity for
measuring how different the two channels are. This will be useful when we are interested
in finding approximations to channels.

3.2 Efficiently Simulable Sub-theories

Quantum mechanics is not efficiently simulable on a classical computer in general, as the
number of parameters required to describe a system grows exponentially as the number of
parts of the system grows. Nevertheless, if one restricts the initial states and operations
allowable by quantum theory, in some cases, this can lead to an efficiently simulable sub-
theory of quantum theory. This can be understood intuitively by simply noting that if one
limits the number of degrees of freedom accessible to a system (by wisely choosing the types
of states and operations you wish to investigate), then the number of parameters required
to describe the system can be reduced from exponential to polynomial in the number of
subsystems, thereby admitting a compact description of the state of the system.

The most well known and commonly used efficiently simulable sub-theory is provided
by the Gottesman-Knill (GK) theorem [21]. The theorem, by means of an explicit sim-
ulation algorithm, gives that perfect “Clifford” operations and Pauli-basis measurements
(“stabilizer circuit elements”) are efficiently simulable on “stabilizer states”. We omit a
detailed description of this sub-theory, as the details of it are not important for this thesis,
but the basic idea is as follows. A “stabilizer” state on n-qubits is defined as the unique
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+1 eigenvector (of unit length, ignoring global phase) of n, mutually commuting Pauli
operators (called the stabilizer). Within this context, the Clifford operators are defined
as unitaries which, under the action of conjugation, permute the Pauli group. Thus, the
action of a Clifford on a stabilizer state can be tracked by acting the Clifford on the sta-
bilizer to get a new one, which stabilizes the output of the Clifford on the original state
(and therefore uniquely specifies it). The action of Pauli measurements is similar, though
indeterminacy must be handled.

The GK algorithm can be extended to simulate the action of certain types of noisy
circuits on stabilizer states. Specifically, if errors are modelled as probabilistic application
of stabilizer circuit elements (Clifford gates and Pauli measurements), then one can sim-
ulate the action of a noisy stabilizer circuit on a stabilizer state via Monte Carlo (MC).
The combination of these techniques (GK-MC) has been used to study performance of
error correcting circuits subject to limited error models. Examples include the numerical
estimation of threshold error rates in topological codes [1, 7, 8], and, in conjunction with
Sequential Monte-Carlo techniques, has enabled reasoning about overhead required even
when well below threshold [10].

While GK-MC is currently the most prominent method for efficiently simulating noisy
circuits (not least of all because of its applicability to one of the most important classes
of QEC protocols), and is therefore the example of choice within this thesis, we note that
the work in this thesis is not tied to GK-MC, and is applicable within the context of
other efficiently simulable sub-theories. These include Wigner function simulation [22],
matchcircuit simulation [23], quantum normalizer circuit simulation [241, 25], or the non-
adaptive strong-simulation algorithm for Clifford circuits [20].
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Chapter 4

Partial Order on Quantum Channels
and Honest Approximations

We now formally define the notion of one map being an honest representation of another.
We start by defining a family of partial orders on C(X) which encapsulate possible defi-
nitions for a channel A € C(X = C") to be somehow globally worse than another channel
& € C(X), and describe results that give sufficient conditions for when some of the partial
ordering relations hold for two maps. We leave the proofs of these results to Appendix B,
as they are technical and straightforward.

Using these partial order results, we define an optimization problem for finding honest
approximations to arbitrary error maps, and apply them to some simple examples for
intuition.

4.1 Partial Ordering Results

Definition 4.1.1. For channels A,I' € C(X), and 1 < p < oo, we write A >, I if

lo = Al = [l = T(P)lp (4.1)

for all p € D(X). We write A >3 T' to denote the restriction of this statement to pure
states. If A >, ' (A>yT') and I' >, A (I' >5 A), then we write A ~, T' (A ~5 T').

The relation >, (>7) is a partial order on C(X).
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The case we are most interested in is when p = 1, due to the relationship between || - ||;
and distinguishability. Nevertheless, we will say that A is an honest approximation of £ if
A >, & (or A>3 &) for some 1 < p < oo. Note that this definition differs from [11, 12],
where we explicitly reserve the designation “honest” for the case when p = 1. We redefine
it here to avoid having to constantly qualify statements about honest approximations, as
what p is meant is always clear within context. Below we add one more partial order to
the mix, involving the Fidelity function (see Section 2.1.6).

Definition 4.1.2. For channels A, I" € C(&X), we write A >p I if

F(A(p),p) < F(I'(p), p)

for all p € D(X). We write A >% I' to denote the restriction of the above statement to
pure states.

The following results provide sufficient conditions for a channel to be an honest repre-
sentation of another. They are corollaries to statements proven in Appendix B.

Corollary 4.1.1. Let A,T" € C(X = C") and let their Bloch representations be denoted
(My,tp) and (Myp,tr) respectively. Define

A= Ly — M) (12 — My) — (Lp2q — Mp) (1,21 — Mp) (4.2)
+ ([tallz = [leoll3 = 21 (Lnz—1 — Ma)"ta = (Lpzoy = M) trll2) L2y, (4:3)
Where 1,21 € R"=DX0*=1) s the identity matriz. It holds that if A >0, then A >3 T

If, in addition,

[£all3 = lltell5 = 0
(L2 — M) ta — L2y — Mp)"tr]l2 = 0,

then A >, T.

Corollary 4.1.2. For A,T € C(X = C") and p > 1, if rank(p — T'(p)) < 2 for all pure
states p € D(X) and A >3 T, then A >7 T

Corollary 4.1.3. Let A,T' € C(X =C?). Foranyqp>1, A>T A>T (A>T &
A>*T).
—p
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Corollary 4.1.4. Let A,T' € C(X =C"), A € L(X,XRZ) be a Stinespring representation
of T for some space Z, uw € Z an arbitrary unit vector, and (M, tp) the Bloch representa-
tion of A. Define the maps T'1,Ty € C(X,X®Z) as1(X) = X @uu’ and ['y(X) = AX AT
for X € L(X), and let (Mr,,tr,) and (Mr,,tr,) be their respective Bloch representations.
Define

B = (L2 — My)"(Lp2y — Ma) — (Mr, — Mr,)" (Mr, — Mr,)
+ ([[tall3 = ltr, = trall3
= 2[[(Lpz1 = Ma)" (—ta) — (Mr, — Mr,)" (tr, — tr,)[[2) Lz 1

It holds that if B >0, then A >7 T and I" >} A.

Corollary 4.1.1 is a slightly generalized version of the result in [I1], which takes into
account the possible non-unitality of the map A. This condition is used throughout the rest
of this thesis as the condition in an optimization problem for finding honest approximations
in the p = 2 sense. As already noted, the case we’re most interested in is honesty in the
p = 1 sense. Corollary 4.1.2, gives that honesty in the p = 2 sense is sufficient for the p =1
sense if rank(p — E(p)) < 2 for all pure states p (and, in particular, for all qubit maps).
As an example, if £ is a unitary map, this condition is satisfied. Finally, Corollary 4.1.4
provides a condition that is sufficient to ensure honesty in the p = 1 sense for arbitrary
maps in arbitrary dimensions, and with an added bonus is also sufficient for the Fidelity
partial order to hold.

4.2 Approximation Algorithm

We now use Corollary 4.1.1 to generate honest approximations to a given channel £ €
C(X). As we're interested in classically simulable approximations, we consider optimization
problems over convex combinations of some specified set of channels. Eg. for GK-MC
simulable channels, this would be some subset of channels achievable using only Clifford
operations and Pauli measurements. Thus, we have the following optimization problem
(as given in [12]):
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input: Finite set of channels {A;};and channel £
> pihi— €
i=1

s.t. Zpi =1,p; >0, and A > 0, where
i=1

A= (1 — M)T(1 = My) — (1 — M) (1 — Mg)+
(Eall3 = llZell3 = 21(1 — Ma)"Ta — (1 — Me) te||2)1,

minimize: f(pla '-'7pn) =

o

where My =>"7" | piM;, th = Yoy piti, (M;,t;) is the Bloch representation of channel A;,
(Mg, tg) is the Bloch representation of £, and 1 is the identity matrix of appropriate size.!

We implement the approximation optimization problem in MATLAB using the built
in fmincon function. The diamond norm is computed using a semi-definite program given
by Watrous [27] and implemented using the CVX package [28]. Linear constraints ensure
that the vector (pi,...,p,) is a probability vector and non-linear constraints check that
the eigenvalues of the matrix A are non-negative with a tolerance of 1075, The SQP
algorithm is used for the optimization. Due to the non-convexity of this problem it is
necessary to run many local solvers and then choose the best result. This is done using the
MultiStart function which instantiates the local solver many times over randomly chosen
starting points that satisfy the constraints. For every approximation in this thesis we used
72 starting points (a common, high-ish multiple of the number of cores available on the
computers used for this work).

4.3 Metrics for Judging Approximations

Given a set of approximations for some error £, we need some metrics for checking how
honest they are, and comparing how they perform next to each other. The metrics given
here are taken from [12] with minimal modification.

IThe complexity of this optimization problem has not been analyzed, but it certainly doesn’t scale well
with the dimension or with the number of input channels used to find an approximation. For example,
when the system is a qubit and the input set is the set of Pauli operators, one run of our implementation
takes less than a minute. When the system is two qubits (with the input set being two qubit Pauli
operators), it takes on the order of an hour. Finding a better algorithm has, however, not been a priority.
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As, in the end, we're interested in talking about errors on gates, we set some notation
consistent with that. Suppose Aoyiginal is @ map representing an imperfect implementation
of some ideal operation Urgeal. Then, we can write Aoriginal = € © Uldea, Where & represents
the error. Given an approximation Ag to the error £, we let the operation A = Ag o Urgeal
denote the approximation to the gate Aoyiginal-

Several metrics are used to compare how each approximation performs on individual
gates. In what follows we denote the noisy implementation of some ideal operation Ujgea
by Aoriginal, and use A as a place holder for the various approximations. The first few
metrics are well known quantities.

® Yoo — The first entry of the y-process matrix of the error in the Pauli basis [10].
This quantity is reported due to its relation to the average gate fidelity (see [17] and
Section 2.3), and, for Pauli channels, is the probability that the identity operation
occurs.

o |[|A—Ulgealllo and ||A — Aouiginal||lo — The distance of the approximation A to the ideal
gate and original error, respectively.

The rest stem from our definition of honesty. Using the function

hI,E, p) = llp=T(p)ll = llp = €)1, (4.7)

which we call the hedging of the channel I relative to £ for the state p, the statement that
A honestly represents the error of Apyiginal can be restated as h(A, Aoyiginal, ) > 0 for all
pure states p. We calculate three quantities related to the hedging, which we approximate
by randomly sampling N pure states {|1;)}, according to the Haar measure.

L }_7/<A7 AOriginal) = f dw h<A7 AOriginalu ‘w> <w‘)
N~ SN B(A, Aoriginal, |1i) (1i]) — The Haar average of the hedging function over
pure states.

® Dyiol © N]V\}Ol — The number of sampled pure states [¢)) for which honesty is violated

(that is, h(A, Aorigmal, [¢) (¥|) < 0) divided by the total number, where Ny, =
{I¥) € {la)}ily « h(A, Aoriginal, [¥) (]) < O}].

Throughout this thesis we compute the latter two metrics by sampling N = 10°. In
Appendix C we give a quick calculation and argument to show that N = 10° provides a
very good estimate of h in the vast majority of cases in this thesis, and most importantly,
in Table 5.2 in Section 5.5, where the usefulness of our method for bounding circuit perfor-
mance is tested. We also show that the estimate of py;, (the probability that a randomly
chosen pure state has negative hedging) is very good in all cases.
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4.4 Instructive Qubit Examples

We now apply this approximation algorithm to some instructive qubit examples, where we
can use the Bloch sphere to visualize how the channels warp state space. We start with
approximations to small unitary rotations, following examples given in [! 1], and end with
approximations to a (non-unital) depolarizing channel. In both cases, we approximate
the errors using Pauli channels, and add some additional, efficiently-simulable-by-GK-MC
(see Section 3.2), operations to attain better representation of the errors. Note that the
non-unital examples are similar to those in [29].

4.4.1 Unitary Rotations

Consider the three unitary rotations, Ax(p) = UkpU,Z, where U, = exp (—igﬁk . 5), My =
(sin(km/8),0,cos(kn/8)), and ¢ = (X,Y, Z), for k € {0,1,2}, and 6 = 0.02. We approx-
imate these channels as a Pauli channel, a mixed-Clifford channel (where we include all
single qubit Cliffords), and the Pauli twirled channel. Statistics for each approximation
are given in Table 4.1, where N = 10° pure states were used to generate the hedging
statistics. Note that, in principle, the statistics for the Clifford approximations of Ag and
A5 should be the same. The Clifford approximation for Ay is a probabilistic application a
7/2 rotation about the z-axis. The analogue for this in the Ay case would be a probabilis-
tic application of the Hadamard gate, which, by symmetry, would have the same hedging
statistics and distance to the Original as the Clifford approximation has for Ay (which
would be closer, and therefore a better approximation). This is an example of how the
approximation algorithm is not particularly well behaved.

The effect of the unitary rotations, the Pauli approximations, and Pauli twirled approx-
imations, on the x-z axis of the Bloch sphere are plotted in Figure 4.1 (where we instead
use the rotation angle # = 2sin~'(1/0.1) ~ 0.64 to exaggerate the visual features of the ap-
proximations). The action of the unitary rotation, which rotates states out of the x-z plane,
is represented as a dephasing channel about the rotation axis. Using Ay as an example,
this is done by noting that, for any qubit state p, ||[Ao(p) — pll1 = 2 |sin (6/2)| |sin(a)|||7]|2,
where r is the Bloch vector of p, and « is the angle of r away from the z axis. If one
considers a dephasing channel about z, given by A(p) = (1 —p)p+ pZpZ, one sees that for
any qubit state p, ||A(p) — p|li = 2p|sin(«)]| ||7]|2, where a and r are defined in the same
way as previously. Thus, by setting p = |sin(0/2)| for the dephasing channel, it can ezactly
reproduce the input-output distinguishability profile of the rotation. It is this dephasing
channel that we plot in Figure 4.1 in place of each unitary, for easy visual comparison to
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the approximations. Notice that for Ay, the average hedging of both the Pauli and Clifford
approximations is 0, and visually, in Figure 4.1, one can confirm that the honest Pauli ap-
proximation is exactly the dephasing channel that perfectly reproduces the input-output
distinguishability of Ag.

Table 4.1: Statistics for approximations to the unitary rotations for § = 0.02 (which yields
Xoo & 0.9999). N = 10° pure states were sampled for the hedging statistics.

Unitary Example

Gate/Statistics Original Pauli Clifford Pauli twirled
X00 0.999900 0.990000 0.992929 0.999900
A = Urgeat||o 2.00x 1072  2.00x 1072  2.00x 1072  2.00 x 1074
Ao 1A = Aosigmallo 281 x 1072 151 %1072 2.00 x 102
h 0. 0. —1.56 x 1072
Prviol 0. 0. 1.
X00 0.999900 0.986025 0.990489 0.999900
IA — Uigeatlle 2.00x 1072 2.80 x 1072 2.34x 1072 2.00 x 10~*
A A = Aoriginalllo 359% 1072 2.05x 1072 2.00 x 102
h 3.29x 1073 815 x107* —1.56 x 1072
Pviol 0. 0. 1.
X00 0.999900 0.985000 0.989794 0.999900
IA = Upgeatlls ~ 2.00x 1072 3.00 x 1072 2.41x 102 2.00 x 10~*
Az 1A = Aovigimalle 381 x 102 223x 1072 2.00 x 102
h 4.29 x 1073 9.76 x 107* —1.56 x 1072
Pyiol 0. 0. 0.99999

4.4.2 Non-unital Channels

Let £(X) = KyXK| + K, X K] for

Klz(é\/lo_—7>,[(2:(8\{7). (4.8)

Define &, = Uy 0 Eo U], for a € {0,1,2} and U, = exp (—i%Y). These channels are
examples of amplitude damping channels which drive the system towards a particular state.
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We approximate these channels as a Pauli channel, something we label as a Pauli &
Measurement channel, and a Pauli twirled channel. A Pauli & Measurement approximation
here denotes an approximation which uses the following channels:

{1]-7X7}/7 Z7 q)x—‘r’ (I)IE—J (I)y+,(1)y_, (I)Z—‘ra CI)Z—}7

where ®,.(X) = |at) (af]| for o € {X,Y, Z}, and |a+) satisfies a |at) = £ |at). (In
the above list, {1, XY, Z} denote both the Pauli operators themselves, as well as the
channels defined by conjugation of these unitaries.) For example ®,, maps every state to
the +1 eigenstate of the X operator. This channel can be viewed as measuring the state in
the X basis, then conditionally performing a Y or Z gate on the state if —1 is measured.
As these channels consist of Pauli measurements and conditional Pauli gates, they are
efficiently simulable. Channels like this enable the generation of efficiently simulable non-
unital gates [29].

Statistics for these approximations are given in Table 4.2, and the visualizations for
the Pauli approximations are given in Figure 4.2, and for the Pauli & Measurement in
Figure 4.3 (for the visualizations, we set v = 0.25 to exaggerate the effects on the Bloch
sphere). One sees that, as expected, as Pauli & Measurement channels can generate non-
unital effects, they do a much better job of approximating the various amplitude damping
channels. Notice that for &, the Pauli & Measurement approximation is able to “touch”
the top of the deformed Bloch sphere of &, whereas this is not the case for & or &.
The reason for this is that the “Measurement” part of Pauli & Measurement channels
can only prepare states that are convex combinations of Pauli eigenstates, and as such,
when the amplitude damping channel is driving the system to a Pauli eigenstate, the Pauli
& Measurement channel can approximate it quite closely. When the amplitude damping
channel isn’t driving to a convex combination of Pauli eigenstates, as for & and &, the
Pauli & Measurement channels can’t approximate it quite as well, as they can’t push the
centre of the Bloch sphere outside of the convex set. It is also clear that the Pauli &
Measurement channels provide a much better fit to the I/O Distinguishability profiles of
the Original.

4.4.3 Foreshadowing Observations

Before moving on, it is worth noting a couple of observations in anticipation of what will
follow. The parameters in the unitary and non-unital examples were chosen so that the
Original channels would all have the same xqo element (equivalently, the same average gate
fidelity). In the case of the unitary examples, we see that the ygo element of the honest
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Table 4.2: Statistics for approximations to the amplitude damping channels for v = 2x10~*
(which yields ygo &~ 0.9999). N = 10° pure states were sampled for the hedging statistics.

Amplitude Damping

Gate/Statistics Original Pauli Pauli & Measurement  Pauli Twirled
X00 0.999900 0.999720 0.999850 0.999900
|A = Utgeat||o 4.00x107* 561 x107*  4.00 x 107¢ 2.00 x 10~*
& IA = Aoriginalllo 423 x 107 1.00 x 1074 2.00 x 10~*
h 1.53x 107%  4.60 x 107 —8.26 x 107°
Diol 0. 0. 0.74941
X00 0.999900 0.999713 0.999830 0.999900
|A = Utgeat|o 4.00 x 107 575 x 107*  4.06 x 107* 2.00 x 1074
& |IA = Aoriginalllo 433 x 107 141 x 1074 2.35 x 1074
h 1.63 x 107*  5.03 x 107° —8.43 x 107°
Diol 0. 0. 0.75218
X00 0.999900 0.999710 0.999824 0.999900
IA = Utgeatlo 4.00 x 107* 580 x107%  4.10 x 107* 2.00 x 1074
Er ||A — Aoriginalllo 437 x107%  1.54 x 10™* 2.50 x 1074
h 1.66 x 107*  5.27 x 107 —8.59 x 107°
Dyiol 0. 0. 0.74498

approximations is much lower than that of the Original as compared to the non-unital
example. Also, in the unitary example, the hedging of the Pauli Twirled approximation is
much worse than in the non-unital example. This observation, and the contrast between
the performance of the honest approximations and Pauli Twirled channels is explained in
detail in Chapter 6.
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Figure 4.1: Bloch visualizations for the unitary examples and their Pauli and Pauli twirled
approximations. From top to bottom, the channel (and its approximations) being repre-
sented are Ay, Ay, As. The solid red line represents the action of the Original channel, the
dashed blue represents the Pauli, and the dotted gold represents the Pauli Twirled. The
left column is a visualization of how the channels affect the x-z plane of the Bloch sphere,
and the right column is a curve of the input-output distinguishability for the states in the
x-z plane an angle # from the z-axis.
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Figure 4.2: Bloch visualizations for the non-unital examples and their Pauli and Pauli
twirled approximations. From top to bottom, the channel (and its approximations) being
represented are &, &1, £. The solid red line represents the action of the Original channel,
the dashed blue represents the Pauli, and the dotted gold represents the Pauli Twirled.
The left column is a visualization of how the channels affect the x-z plane of the Bloch
sphere, and the right column is a curve of the input-output distinguishability for the states
in the x-z plane an angle 6 from the z-axis.
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Figure 4.3: Bloch visualizations for the non-unital examples and their Pauli & Measurement
and Pauli twirled approximations. From top to bottom, the channel (and its approxima-
tions) being represented are &, &, &. The solid red line represents the action of the
Original channel, the dashed blue represents the Pauli, and the dotted gold represents the
Pauli Twirled. The left column is a visualization of how the channels affect the x-z plane
of the Bloch sphere, and the right column is a curve of the input-output distinguishability
for the states in the x-z plane an angle 6 from the z-axis.
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Chapter 5

Numerical Studies of Circuit
Performance

Up until now, we’ve described and studied honesty of approximations in terms of the
performance of individual gates. Ultimately however, we're interested in how the honest
gate approximations can be used to understand circuit performance. We phrase this as the
problem of composition. That is, while the individual gates may be honest, when they are
put into a circuit, the “approximate” circuit may not be an honest representation of the
original circuit.

In Section 5.1, we discuss the problem of composition in more detail and give a simple
example that shows that honest approximations will not “honestly compose” in general.
Nevertheless, despite the possible issues with generic error composition, it is possible that
when considering realistic error models within typical QEC circuits, our approximations
will compose honestly. In Section 5.2 and onward, we put our approximation method to the
test within a work flow that strongly motivated this research. That is, within the context
of understanding the performance of particular QEC circuits implemented on particular
physical machines, as described in the introduction.

This chapter contains the main body of [12], slightly reorganized and modified for the
flow of this thesis.
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5.1 The Problem of Composition

We begin by constructing a simple example in which honest approximations compose dis-
honestly. This example demonstrates the inherent limitations of approximating an error
with another error that composes in a fundamentally different way. Consider the two
single-qubit maps

D(p) = U(0)pU (0) (5.1)
Ap) =1 =p)p+pZpZ,
where U(#) = exp(—ifZ) and Z is the Pauli 2 operator. In [11], it was shown that if
p = |sin(0/2)|, then A and I' have identical IO distinguishability properties; that is,
lp =T @)pU )l = llp = Alp)lI, (5.3)
for all p, and therefore A is an honest representation of I'. Consider the state p. = |+) (+],
where X |[4+) = |4), and X is the Pauli x operator, which is chosen as it is maximally
sensitive to both U(#) and A. One can check that
o+ = Tlp)ll = llp+ = Alp)ll = 2[sin(6/2)] = 2p. (5.4)

Now, consider the circuit composed of two applications of I', C' = I'ol", and the approximate
circuit C® = A o A, where

C@(p) =[(1 = p)* +p’lp+2p(1 —p) ZpZ. (5.5)

For 6 € [—7, 3], it can be checked that

los = Clos)ll > llps — C (o), (5.6)

and thus the composition of approximations is not an honest representation of the original
circuit.

This example can be understood by looking at how repetitive application of these
channels affects the state. Each application of I', a unitary error, deterministically rotates
the state by a small angle, whereas A, a dephasing error, rotates the state by 180°, but
with a small probability. In the former case, the distance that each application moves
the current state remains constant, whereas in the latter case, this distance decreases
exponentially in the number of applications, resulting in an underestimation of errors
after only two applications. We encounter this situation in our simulations; one of the
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gate sets we consider has an identity gate error that is essentially a unitary about the
z-axis, and the honest Pauli approximation is the dephasing channel that reproduces its
10 distinguishability properties. Given this discussion and the frequency with which the
gate occurs, we expected that our approximations might underestimate the overall circuit
error. However, even in this case, our approximations perform as desired, providing strong
numerical evidence for the value of this method in QEC circuits.!

Despite these potential difficulties with error composition, it remains possible that, after
a QEC protocol is applied, the resulting effective errors might compose more desirably. As
an example, the first step of QEC in stabilizer codes is measuring the error syndrome.
This consists of measuring a generating set of stabilizer elements {Q;}%_,, which produces
a k-bit string b with b; = 1 if the outcome from measuring @); is —1, and b; = 0 if it is +1.
If a particular string b is measured, then the system is projected onto the subspace defined
by the projector

I, =251+ (=1)"Q1) - -- (1 + (—=1)*Qy). (5.7)

For a Pauli operator P and codeword |¢), II,P |¢)) = 0 if P does not produce syndrome
b, and TI, P |[¢)) = P|¢) if P produces syndrome b. Thus, indexing the Pauli operators as
{P;}, and denoting S, as the set of indices for Pauli operators that produce syndrome b, if
a particular syndrome b is measured after an error A, with y-matrix y;; in the Pauli basis
[10], acts on an arbitrary codeword |), the state will be (ignoring normalization)

LA ([4) (W PIL, = ZXinbPi |¥) (| P11,

= 57 B[ (6] P

ijESp

Given this form, it is clear that if P, and P; have different syndromes, then x;; can play
no part in the post-syndrome measurement state, and is therefore effectively truncated by
syndrome measurement. In this way, errors become more “incoherent” and this, at least
superficially, makes errors “more like” Pauli channels (which have diagonal y-matrices in
the Pauli basis). Thus, whatever the form of A, after a syndrome extraction step is enacted,

IThis example is for serial composition, but an interested example where honest parallel composition
fails can be constructed in the following way. Take two unitary qubit maps, Aj, A, with the property
that if they are composed in parallel on a maximally entangled state, the state is invariant. As is dis-
cussed in Section 4.4.1, there exist dephasing channels & and & that perfectly match the input-output
distinguishability function of each unitary. Thus, individually, A; is a 1-honest representation of &£, and
similarly for A; and &. However, when composed in parallel on the maximally entangled state, labelled
P, 0= lip— (A1 & As)(P)lls < llp— (€1 ® E)(p)]1 # 0.
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Figure 5.1: Circuit to produce a Choi state for the logical action Egadget of a QEC gadget
acting on an [n, k, d] stabilizer code, where r = n—k. Note that errors act on all operations
in the dashed box (including measurements), aside from the recovery operation labelled
with R. A detailed account of this circuit (including an explanation as to why R is
left noiseless) is given in Section 5.5. Note that, while the Z measurements are part of
syndrome measurement, we use the the box labelled “syndrome meas.” to refer only to
the gate operations required before actual measurement occurs.

|,B 00> quadget

Dideal

Tr

| 0®}" > . Sideal

syndrome meas.

the effective error may compose more like a Pauli channel. In practice, this argument may
fail due to various aspects of imperfect syndrome measurement, such as limited visibility
measurements, and the time it takes to perform measurement protocols like ancilla-assisted
syndrome measurement.

5.2 Simulation Schema

In this section, we work through three examples of the workflow described in the intro-
duction. Starting with two physical models (given in terms of deterministic and stochastic
continuous-time evolution), we generate three sets of gates via various pulse design tech-
niques and physical model parameters. Given these gate sets, we approximate the errors
on each gate using our approximation method to create efficiently simulable honest gate
sets. We then simulate a small, typical, QEC gadget, and compare how our approximate
gate sets compare to the original, un-approximated gate sets. We find that in all cases, our
approximations perform exactly as desired. We also include the performance of the Pauli
twirled approximations.

Our simulation schema begins with a low level physical model, and ends with a high
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level, efficient simulation of a QEC circuit, with our approximation method being a bridge
between the two. A physical model is a description of the continuous-time dynamics of
a candidate physical system for QIP, consisting of deterministic and stochastic parts to
internal and control Hamiltonians, as well as dissipative open quantum-system dynamics,
and includes constraints on control amplitudes. Using control techniques, a gate set is
generated from a physical model, which consists of all elementary quantum logic gates
required for the desired QEC circuit. Once a gate set is generated, the error on each gate
is approximated using our method, yielding an honest representation of the original gate
set, which is used in an efficient simulation of the desired QEC circuit.

The circuit that we simulate, shown in Figure 5.1, is a gadget that performs one round
of error-correction in an [n, k,d] stabilizer code, which we implement using the 5-qubit
perfect code (a [5,1,3] code). The circuit was chosen by balancing the desire that it
be representative of standard practices, with the requirement that it be small enough
to allow for fast simulation of arbitrary gate errors, thereby allowing for comparison of
the efficiently simulable errors to the original. For us, a gate set consists of the gates
{1,X,Y,Z, H,cNOT}, where the first four are standard single qubit Pauli gates, H is the
Hadamard gate, and CNOT is the two qubit controlled-not gate.?

We implement this procedure for three gate sets, generated from two physical models
with varying model parameters and control techniques. The physical models and control
techniques are chosen to be representative of those found in experiment. Doing so allows us
to encounter errors not typically considered in fault-tolerance research, despite naturally
occurring in physical implementations. We emphasize however that neither the approxima-
tion method, nor the procedure for testing it given here, have been tailored for a particular
outcome. The method is generic; it is independent of both the underlying physical model
and gates, as well as the QEC circuit.

5.3 Gate Set Generation

We consider two physical models, PM1 and PM2. PM1 is motivated by a double quantum
dot system, and PM2 represents an archetypal two level system (see Appendix E for a
description and full details). Gate Set 1 (GS1) is built on PM1, and Gate Sets 2 and 3 (GS2
and GS3) are built on PM2 (using different model parameters). GS1 and GS2 use noise
refocusing techniques [30, 31], which mitigate errors induced by stochastic Hamiltonians.

2Note that the circuit we ultimately simulate uses only the 1, H, and cNOT gates. The rest are included
for further comparison of the gate approximations.
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GS2 and GS3 implement gates via hard pulses; that is, the pulse sequences used to generate
the gates are manually specified by choosing control amplitudes. Due to the complicated
structure of the Hamiltonian in PM1, optimal control theory (OCT) was used to find pulse
sequences that implement the gates in GS1 with high fidelity [32, 33]. Every gate in a set
is made to be the same length in time, as our circuit simulation proceeds in discrete time
steps in which a single gate acts on every register qubit. A full description of how the gates
are simulated is given in Appendix F.1.

The different combinations of physical model and control techniques give rise to different
types of gate errors. A detailed account on the form of the errors for each gate set is given
in Chapter 6, as it has particular relevance within the context of that discussion. We do
however wish to highlight that some gates in GS1 have largely unitary errors, resulting
from the use of OCT pulse finding in gate implementation. Thus, given the discussion on
error composition, GS1 provides a strong test for our method.

5.4 Gate Set Approximations and Statistics

For each gate set we generate three efficiently simulable approximate gate sets:

Pauli twirled The Pauli twirled errors.
Pauli The honest Pauli channel approximation.

Clifford The honest mixed-Clifford channel approximation.?

Table 5.1 presents the statistics for the identity gate from each gate set, using N = 10°
uniformly sampled pure states (see Section 4.3 for a description of the displayed quantities).
See Appendix D for tables containing statistics on all gates.

Looking at the various diamond norm distances between the Original, Ideal, Pauli
twirled (Apt), and Pauli errors (Ap), a simple ordering can be seen to hold for every gate:
||APT - UIdeal||<> S ||A0riginal - UIdeal||<> S ||AP - Uldeal||<>7
|Apr — Aoriginatll, < |Ap — Aoriginal |, -

3Note that only the single-qubit errors are approximated as mixed-Cliffords (we allowed the algorithm
to search over all mixed-Cliffords). Due to the large number of two-qubit Cliffords, the honest Pauli
approximation for the CNOT gate is reused.
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Table 5.1: Statistics for the various approximations of the identity gate for each gate set,
approximated from N = 10° random pure states.

Set /Statistics Original Pauli twirled ~ Pauli Clifford
X00 0.999994 0.999994 0.997618 0.998314
A = Utdeat || 476 x 1073 1.20 x 107° 4.76 x 1073 4.77 x 1073
Gs1 |A — AQriginal”o 4.76 x 1073 6.73 x 1073 3.64 x 1073
h —3.73x 1073 1.14 x 1077 1.64 x 107¢
Pviol 1. 0. 0.
X00 0.999087 0.999087 0.999085 0.999086
1A — Udea|o 1.83 x 1073 1.83 x 1073 1.83 x 1073 1.83 x 1073
GS2 |IA — AQriginal”o 2.48 x 107° 2.50 x 107° 2.06 x 1076
h —1.63 x 1077 2.65 x 1076 8.34 x 1077
DPviol 0.49861 0. 0.
X00 0.998751 0.998751 0.996501 0.996501
|IA — Utdear|o 4.99 x 1073 2.50 x 1073 7.00 x 1073 7.00 x 1073
GS3 |A — AgriginalHo 2.50 x 1073 5.28 x 1073 5.28 x 1073
h —1.03 x 1073 1.91 x 1073 1.91 x 1073
Pviol 0.74978 0. 0.
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Thus, while the Pauli twirled error is always closer than the Pauli to the Original, it is also
always closer to the Ideal than the Original, and is therefore a less noticeable error than
the Original. The location of the Clifford approximation in the second inequality chain
varies; for some gates, it is an order of magnitude closer to the Original than both the
Pauli and Pauli twirled approximations, for others, it is the same distance to the Original
as the Pauli, indicating that the best Pauli is also the best Clifford approximation, and for
the rest, it is in between the two.

Two other important and connected observations can be made. In some cases, the o
element of the honest approximations is much lower than that of the Original, and in others
it is not appreciably different. In the former cases, the Pauli twirled approximations tend
to be much closer to the Ideal, and have worse hedging performance, than in the latter
cases. These are demonstrations of channels with different average fidelities but similar
10 distinguishability properties, and channels with identical average fidelities but very
different 10 distinguishability properties. This observation is connected to the different
regimes of performance for Pauli twirling, as well as how “coherent” or “unitary” an error
is, and is explained in detail in Chapter 6.

5.5 Circuit Design and Simulation Results

We simulate the gadget ®gaq0e¢ that performs one round of error correction on one block
of an error-correcting code, as per Figure 5.1. We isolate the action Egadget of this gadget
on the encoded state by preceding and following it with perfect encoding and decoding
operations, Eigeal and Digear*. The circuit is simulated by computing its Choi state; for a
code that encodes k logical qubits into n physical qubits, we take the state

2k
1 . .
’BOO) = \/ﬁ ; ‘2> ® |Z> ) (58)
where {|i)}2", is an orthonormal basis for the k-qubit Hilbert space, and compute

(€ ® Luien) (o) {Bool) = 5 7(C), 5.9

where C' represents the entire circuit and J(C) is the Choi-Jamiotkowski matrix for the
circuit. (This simulation method is chosen due to the efficiency with which maps of the

4Note that sandwiching gadgets in a circuit between perfect encoding and decoding operations will not
guarantee that the approximate gadgets will compose honestly.
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form we consider can be applied to states. See Appendix F.2 for details.) Due to the perfect

encoding and decoding operations, J(C') = J(Pgadget). Explicitly, the circuit performs the
following operations:

1. The state |By) (Equation 5.8) is prepared, half of which is perfectly encoded into an
[n, k, d] stabilizer code.

2. The gadget ®gaqget is applied to the encoded physical qubits, consisting of:

i) One imperfect wait location on all of the data qubits. This is a placeholder for
possible non-trivial operations in gadgets meant to perform logical operations.

ii) Simultaneously, a register of ancillas for ancilla-assisted syndrome measurement
is prepared. An imperfect identity operation acts on each ancilla to represent
imperfect ancilla preparation.

iii) Imperfect ancilla-assisted syndrome measurement is performed (see Figure 5.3).
Measurement of the physical ancillas is taken to be perfect, with errors repre-
sented by identity gates that precede the measurement.

3. A perfect recovery operation is performed by classical feed-forward of syndrome mea-
surement details (see Figure 5.4).

4. Once Pgaqqer is done, the resultant state is then perfectly decoded and the physical
ancillas are discarded.

The recovery operation is chosen to be perfect as, in practice, it isn’t always necessary
to physically perform the recovery; errors can be tracked and taken into account when
further operations are performed on the block [341].

We implement this simulation schema using the 5-qubit perfect code, with the syndrome
measurement and recovery circuits designed by the Python package QuaEC [35]. Note that
we choose to perform the syndrome measurement in a non-fault-tolerant way, as a fault-
tolerant gadget for a code with n physical qubits would require at least 2n ancilla qubits
for the Steane or Knill fault-tolerant error correction (FTEC) gadgets, or strictly more
than ), wt(S;) = 16 ancillae for the Shor FTEC gadget. Thus, at least 10 ancillae are
needed for the perfect code, requiring simulation of at least 16 qubits, putting us outside
the range of quickly simulable circuits with arbitrary errors.

With 4 stabilizer generators, this code requires 4 ancillas for encoding and 4 for syn-
drome measurement using the circuit shown in Figure 5.3. Any redundant Hadamard gates
have been removed. The recovery operation is shown in Figure 5.4. This type of non-fault
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Figure 5.2: Circuit to measure the stabilizer generator Z®*, proposed by Fowler et al [1]
for use in surface codes.

tolerant syndrome measurement is similar to gadgets proposed for use in topological QEC
codes, such as the surface code. In particular, the syndrome measurement gadget used by
Fowler et al [1], shown in Figure 5.2, relies on CNOT gates between each data qubit in the
support of a stabilizer generator and a common ancilla qubit. We emphasize that we are
not concerned with absolute circuit performance. Rather, the task at hand is the com-
parison of relative performance of efficiently simulable error approximations, so it suffices
that this circuit contains all of the typical elements and procedures for QEC, regardless of
fault-tolerance.

Tables 5.2 and 5.3 give the simulation statistics for Egadget, again using N = 10% sample
pure states to compute the hedging parameters. For each gate set, the Pauli and Clifford
approximations compose well; the approximated circuit honestly represents the error of the
original. This is especially encouraging for GS1, given its unitary identity error. For the
Pauli twirled errors, we see that in GS1 they fail the honesty condition for every tested pure
state. For GS2, they fail the honesty condition for just over half of the pure states tested,
but by an arguably small degree. Interestingly, for GS3, the Pauli twirled approximations
provide an honest representation of the circuit performance.

5.6 Discussion

In all examined cases, the honest approximations led to honest representations of circuit
performance, providing confidence in our method as a tool for evaluating the performance
of typical QEC circuits with realistic gate errors. By starting from continuous-time physical
models, and building gates using common control techniques, we tested our method against
errors typical of those found in experiment, which were not tailor-made for any desired
outcome. The strongest test of our method came from errors with strong unitary parts,
arising from OCT designed pulses, a regime not typically considered in fault-tolerance
research. Additionally, our results, in conjunction with the recent work by Geller and
Zhou [30], demonstrate two regimes of performance for Pauli twirled error approximations.
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Figure 5.3: Syndrome measurement circuit for the five-qubit perfect code.

Figure 5.4: Recovery circuit for the five-qubit perfect code.
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Table 5.2: Statistics for Egadget using N = 10°% randomly sampled pure states. The key
point to notice is that pye, = 0 for all approximations that were generated using our
method. That is, the action of the circuit on all sampled pure states was found to be

1-honest. This is summarized in Table 5.3.

Set /Statistics Original Pauli twirled  Pauli Clifford
X00 0.999964 0.999964 0.985820 0.989930
IA = Ungealle 476 x 1073 728 x 1070  2.84x 1072 2.04 x 1072
agy 1A = Aosginalls 476 x 107% 287 x 1072 2.01 x 102
h —3.69 x 1073 1.85 x 1072 1.23 x 1072
Pviol 1. 0. 0.
X00 0.991372 0.991372 0.991355 0.991367
|A — Utgeallo 1.73x 1072  1.73 x 1072 1.73x 1072  1.73 x 1072
asy 1A= Aorginalo 245 % 1075 4.20x10°°  1.14x 1077
h —1.63 x 1078 2.24 x 107° 7.66 x 1076
Dviol 0.55566 0. 0.
X00 0.992495 0.987594 0.969499 0.969499
1A = Utdear|o 1.51 x 1072 2.48 x 1072 6.10 x 1072 6.10 x 1072
sy 1A = Aovignall 1.03%x 1072  460x 1072  4.60 x 102
h 6.36 x 1073 3.04 x 1072 3.04 x 1072
Pviol 0. 0. 0.

Table 5.3: A summary of Table 5.2. If the approximation performed as desired (produced
a 1-honest representation of the original circuit) then it gets a 3, and if not, an 7. For the
Pauli twirled approximation for GS2, we put both a 3 and an 7, as while approximately
half of the sampled states failed the honesty condition, the underestimation was small.

Set  Pauli twirled Pauli Clifford
GS1 X 4 v
GS2 /X 4 v
GS3 v 4 v
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In one regime, their performance can be considered “sufficiently good”, while in the other,
Pauli twirling results in systematic underestimation of the IO distinguishability notion of
error (see Chapter 6 for a systematic investigation of this observation).

Our work is motivated by the desire for the simulations to be pessimistic. We want to
be reasonably assured that, if the simulation with the approximated errors performs well
according to some metric, then the actual implementation will perform well also. Currently,
experimental implementations of QIP are limited to small system sizes. Extrapolating their
performance to hypothetical large-scale systems requires caution. Quantum processors will
require constant application of error-correction protocols like the one we consider, and it
is imaginable that in large systems, consisting of hundreds of qubits or more, even a small
underestimation of the effect of physical-level errors may dramatically compound, resulting
in false expectations of over-all performance. This work provides hope that our method
can be used as a tool for extrapolating performance from small systems in an honest way.
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Chapter 6

Analysis of the Form of Errors

This chapter contains an analysis of how the form of the original errors affects the various
approximations that we have considered throughout this thesis. In particular, we identify
good and poor regimes of performance for the “Pauli twirled” errors, and classify the
gate sets of the preceding chapter into these regimes. This also aids in the understanding
of the behaviour of the approximations generated by our own method; in particular the
observations made in Sections 4.4 and 5.4 that, in some cases, the average fidelity of our
approximations is much less than that of the original, whereas in some cases they are very
similar. Given the importance on the classification of errors to this discussion, we conclude
by explaining why the errors for each gate set in the preceding chapter take the form that
they do. We note that this chapter is Appendix C in [12], with minor modifications for
incorporation into this thesis.

The identification of these regimes requires analysis on what happens to the IO distin-
guishability properties of a channel when it is twirled. Generally, twirling a map A by a set
of unitaries {Uy}_; is the action of mapping A — + SV Ul o AoUy. The twirled map
results from choosing a unitary operator from the twirling set with uniform probability,
applying it, applying A, then inverting the twirling operator. If the twirling set is chosen
to be the Pauli operators, it is called a Pauli twirl and, if perfectly implemented, will
transform any map into the Pauli channel that results from mathematically truncating the
off-diagonal elements of the process (x-)matrix [10].

Before analyzing the effects of Pauli twirling specifically, we can look at the general
effect of twirling on the diamond norm distance of an arbitrary channel to the identity
operation. Let H denote a finite dimensional Hilbert space, and L(H) the set of linear
operators from H — H. One property of the diamond norm is that for ® : L(H) — L(H),
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and any unitary operators U,V € L(H), it holds that [|[U o ® o V|, = ||®||, [L3]. Thus,
for any finite set of unitaries {Uy}7_, C L(H), and quantum channel A : L(H) — L(H), it
holds by straightforward application of the triangle inequality that

N

1
ﬂL(m—NZUQOAon

k=1

< [Tz — A

(6.1)

o

<

where 1,y is the identity channel. In other words, the distance of a twirled error to the
identity operation is always bounded above by that of the original error and so, in a worst
case sense, twirling typically acts to make an error harder to detect.

To specify the regimes of performance of twirling, we look at the Bloch representation
of quantum channels. Any qubit map A can be represented as a matrix M and vector ¢ that
acts on Bloch vectors as 7 — M7 +t. M can be written in terms of its polar decomposition
M = OP, where O and P are an orthogonal and positive semidefinite matrix, respectively.
Thus, the action on the Bloch sphere can be represented as 7 — O(P7 + OTt) [37]. That
is, as a possibly non-unital channel followed by an orthogonal rotation of the Bloch sphere,
which corresponds to a unitary rotation for qubits [38]. We say that a channel is in the
“unitary regime” if the effect of O is relatively large compared to P and ¢, and we say the
channel is in the “deforming regime” if the opposite is true. To quantify the “effect” of a
Bloch matrix M, we use the quantity |1 — M||s, and use [|¢]|2 to quantify the effect of the
non-unital part. We use || ||2 to denote both the Hilbert-Schmidt norm on matrices and the
Euclidean norm on vectors, where context and notation will make clear which is meant. In
the following paragraphs, we examine how twirling affects worst-case 1O distinguishability
properties of different errors in these regimes.

First, for a unital deforming qubit channel A, the Bloch representation is simply a
positive semi-definite matrix P. Diagonalize P as P = UDUT, for some orthogonal matrix
U and diagonal non-negative matrix D). Then, as diagonal Bloch matrices are realizable
as Pauli channels, we can write A as A(p) = Z?:o p;VEPVipV B VT where V is the unitary
corresponding to U. Channels of this form are called Generalized Pauli channels, and the
diamond norm distance between channels of this form with different probability vectors
p and ¢ is given by Z?:o Ipi — qi| [39, 40]. For these channels, as V P;VT has no identity
part for ¢ > 1, the ygo element in the Pauli basis is identical to the probability assigned to
the identity operator. As this quantity is conserved in Pauli twirling, and as the identity
map on qubits 17,2y is a Generalized Pauli channel, it follows that, for a deforming unital
qubit channel A and its Pauli twirl Apy, [|Ipc2y — Alle = (1 —po) +p1 +p2 + p3 =
2(1 — po) = || L2y — Aprllo- Thus, diamond norm distance to the identity for these
channels is unaffected by Pauli twirling.
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To examine the qualitative behaviour of Pauli twirling on a non-unital deforming chan-
nel, we examine the special case of an amplitude damping channel, which has Kraus oper-

ators
Klz((l)\/lo_—7>,f(2:(8\{7>, (6.2)

for some parameter v, and Bloch representation

Vi—v 0 0 0
M = 0 VI—=v 0 t=1 0 |. (6.3)
0 0 1—7 v

In the Bloch representation, the effect of Pauli twirling is to remove the off-diagonal ele-
ments of M and set t — 0. Thus, the only effect that twirling has on this channel is to
remove the non-unital part. Note that the dominant error considered by Geller and Zhou
in [30] is of this form; the Bloch matrix is diagonal, and so in some sense, Pauli twirling has
a minimal effect. We consider the worst case performance of this channel on a pure qubit
state. It is clear that the state most affected by A, and by its Pauli twirl Apy, is the —1
eigenstate of Z, which we denote as p_. It can be easily checked that ||p- — A(p-)|l1 = 27,
and ||p— — Apr(p-)|l1 = 7. Thus, while the worst case performance in this case is lessened
by Pauli twirling, it is only by a factor of 2.

Lastly, we look at purely unitary channels. For two unitary operators U,V in L(H),
there exists a pure state |¢)) € H for which

U U=V Vil = [U ) (0| U =V [) @ Ve = 2¢/1 = [ UV [9) 2 (6.4)

[13]. From this form, it is clear that any state that maximizes the distinguishability between
the identity operation and a unitary U will be orthogonal to the unitary’s rotation axis.
Thus, for a rotation U by an angle 6, ||17c2y — U - U'|, = 2|sin(6/2)]. As the xoo element
of a qubit rotation by angle 6 is cos?(6/2), it follows from the preceding discussion that,
for the Pauli twirled error Apr, ||1rc2) — Aprlle = 2(1 — cos?(6/2)) = 2sin*(6/2). Thus,
for small values of 6, the twirled channel can be orders of magnitude closer to the identity
than the original.

With this qualitative analysis in hand, we examine the form of the Bloch representation
of the errors considered in this paper. The Bloch representation of each error is decomposed
into the three pieces O, P, and #, and the size of each piece is reported in Table 6.1. As the
identity gate occurs most frequently in the circuit, its properties are the most important.
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Table 6.1:  We denote the Bloch representation of each gate error as (OP, f), where O is
an orthogonal matrix, P is positive-semidefinite, and ¢ is the “non-unital part”. Norms of
size less than 10710 are displayed as 0, as at this size they are irrelevant compared to the
dominant parts of the error.

Set/Statistics 1 X Y Z H CNOT

T -0, 6.74x107% 1.83x 1072 1.83x 1072 5.06 x 107 1.63 x 1072 5.78 x 1072

GS1 ||1—Pl, 822x1077 1.06x 1072 443 x 1073 1.33x 1072 6.24 x 107 3.56 x 1072
|t]l. 0. 551 x 1070 5.56 x 107 0. 1.36 x 107 2.19 x 1078
|T—0O|2 335x107° 552x 107 552x107* 2.09 x 107* 1.59 x 107% 1.73 x 1073

GS2 ||1—Ply 216x 1073 215x 1073 2.15x 107% 2.32x 1073 219 x107% 813 x 1073
12|z 4.01 x 107% 565 x 107 4.95x 107° 1.66 x 107* 9.91 x 107° 2.14 x 10~*

|1 -0, O. 1.09 x 107° 1.50 x 10™° 1.04 x 107° 2.83 x 1075 4.45 x 1072

GS3 ||1— Py 3.06x 1073 293 x 107 293 x 107% 3.06 x 1073 2.96 x 1073 1.12 x 1072
12|z 250 x 1073 1.37x107% 1.37x 1073 250 x 107% 2.11 x 107* 2.95 x 1073

We see that GS1 has the largest unitary component to its errors (in terms of the ratio
to the other components). The error in the identity gate is almost entirely unitary, and
therefore falls neatly into the unitary regime. Indeed, this is consistent with the fact that a
single-qubit unitary rotation by an angle § will have a oo element of cos?(6/2) ~ 0.99999,
whereas the Pauli channel that ezactly matches its IO distinguishably has a xqo element
of 1 —|sin(0/2)| ~ 0.99762. We see that these numbers correspond exactly to the given
number of digits in Table 5.1, where a two-order-of-magnitude decrease in the distance of
the Pauli twirled error to the identity channel is shown. While the other errors in the set
have unitary parts, the non-unitary parts are comparable in size. As such, character from
both the unitary and unital deforming regimes is observed; the diamond norm distance of
the Pauli twirled error to the identity decreases, but the decrease is not as impressive as
for the identity gate. For the Y and H errors, the unitary part is 2 or 3 times larger than
the non-unitary, and thus the decrease in diamond norm distance to the ideal channel for
the Pauli twirled errors is the greatest of the non-identity gates.

For every gate in GS2, ||t], is relatively small and |1 — O, is in most cases an order
of magnitude smaller than |1 — P||5, putting GS2 into the unital deforming regime. When
looking at the diamond norm distances of the Pauli twirled channels to the identity, we see
that, as expected in this regime, there is very little decrease. Indeed, while the Pauli twirled
channels generally underestimate the error in the hedging metrics, the underestimation is
small.
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For GS3, ||1 — O||5 is usually of comparatively negligible size, and ||#]|, is of the same
order of magnitude as |1 — P||2, putting this gate set into the non-unital deforming regime.
Looking at the decrease of the diamond norm distance to the ideal operations for the Pauli
twirled errors, we see roughly what is expected; a decrease on the order of a factor of 2.
As in the case of GS2, while the Pauli twirled errors show underestimation in the hedging
statistics, it is by a small degree.

The performance of the gadget, as simulated using the Pauli twirled approximations
to the various gate sets, is more-or-less in-line with what might be expected from the
preceding discussion of these regimes. For GS1, in the unitary regime, we observe large
underestimation of 10 distinguishability properties on an individual gate basis, and this
underestimation propagates upwards; the gadget simulated with Pauli twirled errors is
much harder to distinguish from the perfect gadget than the gadget subject to the Original
errors. In the deformation regime (GS2 and GS3), where the Pauli twirled errors may only
slightly underestimate the Original gate errors, we see very minor underestimation of gadget
errors in GS2. One might argue, as Geller and Zhou do, that this level of underestimation
is acceptable. Indeed, for GS3, the Pauli twirled circuit even has positive hedging.

These observations are perhaps not surprising on an intuitive level. Pauli channels are
a subset of deforming channels, and while not all deforming errors are Pauli channels, they
are like Pauli channels. All deforming channels contract the Bloch sphere inwards (with
possible non-unital shifts), so Pauli twirling simply maps one deforming channel to an-
other, which doesn’t dramatically change the 10 distinguishability properties. This stands
in contrast to the unitary regime where, in regards to IO distinguishability, something
fundamental can be lost when a dominantly unitary error is mapped to a Pauli channel
via Pauli twirling.

In addition to understanding the performance of the Pauli twirled errors, this discus-
sion also demonstrates why our approximations behave the way they do in regards to
average gate fidelity. As we’ve seen from the Pauli twirl analysis, for a fixed average fi-
delity, channels in the unitary regime are much more distinguishable from the identity
operation than those in the deforming regime. Thus, if the original error is in the unitary
regime, our approximations, which fall into the deforming regime, will sometimes have a
much worse average fidelity than the original to allow them to honestly represent its 10
distinguishability properties.

As a final point, we can ask why the errors for each gate set have the form that they
do. To explain this, it is necessary to examine the physical models and the pulse design
techniques used, which are described in detail in Appendix E. The simplest case is GS3,
where hard pulses with no refocusing sequences were used. As the T time was the shortest
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of all of the gate sets, and no refocusing pulses were used, the strong non-unital effects
were allowed to continue building in their natural direction throughout each gate resulting
in primarily non-unital errors. In GS2, which used the same physical model as GS3, the T}
time was an order of magnitude longer. In addition, the refocusing pulse sequence used has
the effect of “fipping” the non-unital shift between the positive and negative z-direction,
and so, when averaged over the whole sequence, the effective non-unital shift tends to zero.
As a result, the size of the non-unital piece tends to be at least an order of magnitude
smaller than the other pieces, putting this gate set into the unital deformation regime.
Finally, as GS1 had the longest T} time, and the refocusing sequence was performed at
a rate far faster than the 7 time, the non-unital error components are negligible. Aside
from this, the prime difference between GS1 and the other gate sets is that the pulses used
were found using the GRAPE algorithm, rather than being hard, which accounts for the
dominant unitary components of the errors. For hard pulses, in the limit of no noise, the
implemented unitary should be perfect, aside from numerical imprecision in the field ampli-
tudes, which can be made arbitrarily small with low overhead. For pulses found using the
GRAPE algorithm this is not the case; even a noiseless implementation will not produce
the perfect unitary. Arguably, this situation is more prevalent in experimental implementa-
tions as pulse finding algorithms like GRAPE are necessary to obtain high-fidelity control
over systems with complicated Hamiltonians. In addition, these types of algorithms can
be used to achieve high-fidelity control across a range of internal Hamiltonian parameters,
even when the Hamiltonian is simple [33]. Pulse finding algorithms also tend to naturally
incorporate the physical constraints of the control device, and as such are preferable over
naively implemented hard pulses.
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Chapter 7

Conclusion

In this thesis we presented the idea of honest error approximations for use in efficient
classical simulations of quantum circuits for the purposes of evaluating circuit performance.
Strong numerical evidence was provided showing the utility of the method for generating
honest representations of circuits under composition. Indeed, the success of the method
for errors in the unitary regime is especially surprising and encouraging, given that at the
outset of the study, this regime was precisely where underestimation was expected.

As described in Section 5.6, this work has been motivated, from its outset, by the
desire for simulations to “honestly” represent the performance of a realistic implementation
of a quantum circuit. That is, we want the strength of the errors in the simulation to
somehow lower-bound the strength of the errors of the implementation of the circuit we’re
interested in. Of course, other metrics of simulation performance may be considered as
well. For example, in Geller and Zhou’s study [30], they start from the viewpoint that it’s
more desirable for the simulation to be close to the performance of the original circuit,
and they are happy with some level of underestimation of error strength, so long as the
underestimation isn’t too bad. In their study, they show that the Pauli twirled error
approximations are able to closely model the failure probability of a well-motivated circuit
for a variety of error strengths. However, as discussed in Chapter 6, the dominant part
of their error model falls into a regime (the “deforming regime”) where Pauli twirling the
errors doesn’t change their character significantly, and therefore the close representation of
circuit performance may not be surprising. Given these facts, it would be very interesting
to extend their study to include dominant errors in the “unitary regime”, where, given the
discussion in Chapter 6, orders-of-magnitude underestimation of error strength is possible.

A natural question to ask is whether or not the concept of honest error approximations
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could be useful for extending the applicability of threshold theorems. For example, could
error models that have so-far eluded threshold theorems be honestly approximated by
models that are easier to handle? A related question is how strongly threshold type values
depend on the error model. While two error models may be comparable in terms of
some measure of error strength (e.g., average gate fidelity or diamond norm distance) they
may differ significantly in others. Thus, it is important to understand what measures of
individual gate performance best predict the performance of the circuits that they will
ultimately be used to implement.
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Appendix A

Mathematical Background

A.1 Spectral Theorem and Singular Value Decompo-
sition

For a finite dimensional Hilbert space X, an operator A € L(X) is called normal if ATA =
AAT. The most important subset of normal operators for this thesis is Herm(X').

Theorem A.1.1. (Spectral Theorem)
For every normal operator A € L(X), there exists an orthonormal basis for X, {x1, Ta, ..., Tp},
where n = dim(X), of eigenvectors of A, for which

n
1=1

where the \; are the (not necessarily distinct) eigenvalues of A.

Theorem A.1.2. (Singular Value Decomposition) For an operator A € L(X,Y), there
exist orthonormal sets {xy,...,x,} C X and {y1,...,y,} C Y, and positive real numbers
01, ..., 0, (called the singular values) for which A =3"_, Uiyixz. The x; and y; are eigen-
vectors of ATA and AAT respectively. The singular values are unique, up to ordering, and
are the (non-distinct) square roots of the (positive) eigenvalues of ATA and AAT.
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A.2 Explicit Construction of a Bloch Basis in Arbi-
trary Finite Dimension
Here we give an explicit construction of a particular “Bloch Basis”, following [11], that

works in any finite dimension. Let X = C", and let {e,}}_, be the standard basis for X.
Let Py, = ejel. € L(X), and define the following Hermitian operators

l

W, = Py — P Al

1= ,—l + 1 Z I+1, l+1) ( )
1

Ujr. = E(ij + Pij) (A.2)
7

Vi, = E(ij — Pij), (A.3)

for1<l<n-—1land1l<j <k <n. Itcan be easily verified that this defines n? — 1
operators. (Note that these definitions differ from [11] by a factor of v/2.)

Now, order them as (Wi, ..., W, _1,Uia, ..., Upn—1.m, Via, ..., Voo1), and relabel this order-
ing as (A1, ..., A\y2_1). Finally, define Ay = 11/—%. It can be verified that the set of operators

x = {Ai}ﬁa ! is orthonormal (with respect to the Hilbert-Schmidt inner product), and,
given that there are n? elements, it is a basis for L(X).
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Appendix B

Partial Ordering Proofs

Here the proofs for the partial ordering results of Chapter 4 are given. The main idea is to
convert the partial ordering statements which are statements about all (pure) states into
state independent statements that depend only on the matrix representation of channels.

B.1 Quadratic Forms and Schatten 2-norm inequali-
ties

All of what we do in this section is based on the following propositions. The first is a

statement about quadratic forms defined on vectorized unit trace Hermitian matrices in
the Bloch basis.

Proposition B.1.1. Let Q € R™*" be a symmetric matriz (Q = QT), and write it in
block form as

where B € R, v € R, and B € RO*=VX0*1) veql matriz. Define Qy € R —=Dx(n*~1)
as

Qs == [?B + (8% 2aloll) L 4]
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where 1,2_; € RO =Dx0*=Y s the identity matriz, and o = /n — 1.
Then for any operator X € Hermy(X), satisfying ||r|ls = 1 for r = bvec(X), it holds
that
rTQ_r < vee(X) ' Quec(X) < r'Q,r.

If 6 =v|l2 =0, then Q = Q_, the above inequalities become equalities, and the statement
holds for all X € Hermy(X) (without restriction on Bloch vector length).

Proof. We first prove the special case statement when 5 = |[[v|s = 0. In this case,
L = %B. Recall that for any X € Herm;(&X’) with corresponding Bloch vector r, the
vectorization of X in the Bloch basis is given by

It is then clear by direct matrix multiplication that vec(X)?Qvec(X) = r7Qir without
any assumptions on 7.

We now show the general case. Let X € Herm; (X)) with Bloch vector r, and we assume
||l = 1. Then

Bl 1
v| B ar

vee(X) Qvec(X) == (1] ar’)

S|

1
= —(B+2av'r + o*r' Br).
n

By the Cauchy-Schwarz inequality, [vTr| < ||v||2]|7|l2, from which follows the following
string of inequalities:

—[Jollallr]le < =T < 0T < T < olla]lr ]l
and thus

1
E(B —2a|v|a||r]|2 + ®rT Br) < vec(A)TQvec(A) < (8 + 2a|v|z||r]|2 + o?rT Br).

S|
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By assumption, ||7]|2 = 1, and so

1 1
o (8 £ 20llellllrllz + % Br) = 2 (Blirlls & 2aolalirlls + o Br)
= TTQﬂ’,
from which the desired inequalities follow. u

Corollary B.1.1. Let Aj,Ay € O(X = C"Y = C™), I',T, € OX,Z = C*), and
let their Bloch representations be denoted (My,,ta,), (Ma,,ta,), (Mr,,tr,) and (Mr,,tr,)
respectively. Define

m—1 k—1
A= T(MAl - MAz)T<MA1 - MAz) - T(Mrl - Mfz)T(Mrl - MFz)
m—1 k—1
(e~ taalB - S, - el
m—1 k—1
-2 HT(MAl - MA2)T(t/\1 - tl\z) - T(MF1 - MF2)T(tF1 - trz) )ﬂan'
2

It holds that if A > 0, then
[A1(X) = A2(X) |2 = [[T1(X) = Ta(X) ]2
for all X € Hermy(X) satisfying ||bvec(X)||2 = 1. If both

k—1
HtAl - t/\QHg - —Htrl - thH% =0

k
m— 1 k—1
HT<MA1 — Mp,) " (ta, — tay) — T(Mrl — Mp,)" (tr, — tr,)

m—1

=0,
2

then the result holds for all X € Hermy(X') without restrictions on the length of the Bloch
vector.

Proof. Let Sg denote the matrix representation of the channel £. Let X € Herm;(X).

By applying the definition of the 2-norm in terms of the inner product, it is clear that
[AL(X) — Ao (X)||2 > ||IT1(X) — T'a(X)||? is equivalent to vec(X)TQvec(X) > 0, where

Q = (SA1 - SAQ)T(SA1 - SAQ) - (SF1 - SFQ)T(SF1 - SF2)'
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Now, write the matrix @) in the form of Proposition B.1.1 as

Bl o7
O

By direct computation, we can find 3, v and B.

(SA1 - SA2)T(SA1 - SAz)

0 ‘ V e (ta — )" 0 | 07

- 0 n(m_l) (]\4/\1 _ MA2)T \/ %(t/\l - tAQ) Zfb((mn:ig (MAl - MAQ)

m(n—1)

D, — ta,13 B (tay — tas)T (Mo, — Ma,)

my/n—1
N :1(\"/1%1%(]\/[1\1 - MAz)T(t/h - t/\2) %(MAl - MAQ)T(MAl o MAQ) ’

and so, with a similar form for (Sp, — Sr,)? (Sr, — Sr,), we see that the parameters of @
are

m— 1 k—1
B=n ( - Ita, — taslls — THtrl - trzHS)

n m—1 E—1
v = < (MAI - MAZ)T(tAl - t/\2) - T(MFI - MFQ)T<tF1 - th))

vn—1 m

n

B—

n—1

m—1 k—1
(T(Mlh - MAz)T(MAl - MAQ) - T(MFI - Mrz)T(Mrl - MF2)> .

Plugging these expressions for 5, v, and B into the expression for (J_ in Proposition
B.1.1, reveals that A = Q_ (where A is given in the statement of this corollary). Thus, by
Proposition B.1.1, vec(X)TQvec(X) > bvec(X)T Abvec(X) if ||bvec(X)|s = 1, and thus if
A >0, it follows that

AL (X) = Ao(X)[3 = T3 (X) = Ta(X) 3 = vee(X) Qvec(X) = 0

for X € Herm; (X) satisfying ||bvec(X)|s = 1.

If B =||v|l2 =0, then it holds for all X € Herm,(X'), without restriction on the Bloch
vector length, that ||A;(X) — Ag(X)]|2 — [|[T1(X) — To(X)]|3 = bvec(X)T Abvec(X), and
thus A > 0 implies ||A1(X) — Ao(X)[]2 > ||IT'1(X) — T'o(X)]|2 for all X € Herm,;(X). O
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B.2 Relating Norm Inequalities

Lemma B.2.1. Let A € Herm(X) such that Tr(A) = 0 and rank(A) < 2. Then it holds
that [|All, = 207" | Al

Proof. Tr(A) = 0 and rank(A) < 2 implies that A has at most two non-zero eigenvalues of
equal magnitude and opposite sign {£A}. Then, by definition, ||Al/, = (2|)\|p)% = 2%|)\| =
25| Al O

Lemma B.2.2. Let A € Herm(X) and B € Herm(Y) such that Tr(A) = Tr(B) = 0 and
rank(B) < 2, and let p > 1. Then if ||Al|, > || Bll,, it holds that || All1 > ||B|:-

Proof. First we show that for any traceless Hermitian operator A, ||A|; > 2%71||A||p. Let
P, @ € Pos(X) be two positive semi-definite operators such that A = P — @ and PQ = 0.
Then, Tr(A) = 0 means that ||P||; = Tr(P) = Tr(Q) = ||Q|1, and as PQ = 0, we have
that [|A[[} = [[PI[} + | Q[ Thus

1 _
IAIE = I1P15 + Q15 < IPIR + IQIE = 2Pl = 251 Alh)” = 2"l

where the inequality follows from || X, < || X||; for any operator X and p > 1.

From Lemma B.2.1, by the assumptions on B, it follows that || B]|; = 2%_1HBHP, and
thus it follows that ||A||; > 25| A, > 2¢ || B]|, = ||B]]:. O

B.3 Partial Ordering of Quantum Channels

We can now apply the statements of the previous sections to situations of interest regarding
quantum channels. These are the proofs to the Corollaries in Section 4.

Proof of Corollary 4.1.1. This is a straightforward application of Corollary B.1.1. In
the notation of that Corollary, make the associations Ay = I'y = 1y,x) (which has Bloch
representation (1,2 1,0)), and Ay = A, I'y = I', with corresponding Bloch representations
(My,tp) and (Mr,tr). The conditions of this Corollary can be obtained by plugging these
Bloch representations into the conditions in Corollary B.1.1 (and removing dimensional
factors), to obtain the desired result. ]
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Proof of Corollary 4.1.2. If A >¥ T, then for any pure p € D(X), [[p — A(p)[l, >
lo — T'(p)|l,- By the assumption that rank(p — I'(p)) < 2 for all pure states p, and by
the fact that p — I'(p) € Herm(X') and Tr(p — I'(p)) = 0, Lemma B.2.2 then gives us that
o= A(p)lli = llp — T(p)[ls for all pure p, fe. A >7 T O

Proof of Corollary 4.1.3. By Lemma B.2.1, for any py, p2 € D(X), || p1—p2ll, = 2%_%Hp1—
p2|lp, thus any inequality on differences of qubit states with the Schatten g-norm can be
converted into one of the Schatten p-norm. O

Before proving Corollary 4.1.4, we first prove the following proposition.

Proposition B.3.1. Let A, T € C(X), p > 1, A€ L(X,X ® Z) be a Stinespring repre-
sentation of I' for some space Z, and v € Z an arbitrary unit vector. Define the maps
I, Ty € OX, X®Z) asT1(X) = X @uul and Ty(X) = AXA for X € L(X). If

lo = Alp)llp = IT1(p) = Ta(p)ll,

for all pure states p € D(X), it follows that A >} T' and T >3, A.

Proof. The important thing to note is that both I'; and I's map pure states in D(&X") to pure
states in D(X®Z). Thus, for any pure state p € D(X), it follows that rank(I'; (p)—T'2(p)) <
2, and we can then apply Lemma B.2.2 to conclude that [[p — A(p)||1 > ||[T1(p) — T2(p) |l
for all pure states p € D(X). From the fact that || - ||; is non-increasing under partial trace
(1Al = ||'Trz(A)||; for all A € L(X ® Z)), it follows that A >7 T

To get that T" >% A, we need one of the Fuchs-van de Graaf inequalities, F'(p1, p2) <

\/ 1— %lH p1 — p2||3, that there is equality if p1, po are pure, and Uhlmann’s Theorem, which

in particular implies that F'(py, pa) > F(ului, u2u£) for any purifications u; and wus of p;
and py respectively. The first two facts (along with the preceding part of the proof) give
that, for any pure state p € D(X),

Fh(p),p) <1~ Sl = M@ < 41~ HITi0) ~ Talo)l = FIT1 o). o).

AsT'i(p) and I'y(p) are purifications of p and I'(p) respectively, it follows that F'(I';(p), I'2(p)) <
F(p,T'(p)), and therefore, as p was an arbitrary pure state, it follows that T" >%. A. O

Proof of Corollary 4.1.4. By Corollary B.1.1, if B > 0, then |[p — A(p)|l2 > ||T1(p) —
[y(p)]|2 for all pure p € D(X). By Proposition B.3.1, the result follows. O
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Appendix C

Sampled Estimation of Parameters

This appendix gives a brief analysis of how accurately the hedging parameters for honest
approximations, defined in Section 4.3, are estimated by sampling N = 10° points (a
number which is used throughout this thesis). Recall, for two channels A,I" € C(X), and
a state p € D(X) we defined the hedging of A with respect to I' for the state p as:

h(A T, p) = [lp = Alp)lls = [lp = T(p)]1- (C.1)

We are interested in two quantities: the average of h over all pure states, which we denote

h(A,T), and the probability that any given pure state produces negative hedging, which
we denote pyiol.

More formally, h(A,T) is the mean of the random variable H = h(A, T, |¢) (¢]), where
|t)) a random variable distributed according to the uniform measure on states (induced
by the Haar measure), and pyio is the probability, p = Prob(P = 1), where P is defined
as the random variable P = f (h(A, T, |¢) (¥]))), where f(x) = 1if z < 0 and f(z) =0
if x > 0 (ie. the function which indicates if its argument is negative), and [¢) is again
distributed uniformly (note that p is also the expectation value of P). By naive application
of Chebyshev’s inequality, we can see that uniformly sampling N = 10° pure states provides
good estimates for these quantities.

Recall, Chebyshev’s inequality gives that, for a random variable X with mean p and
variance o2, the probability that the average of N independent realizations of X, X,
deviates from the mean by more than a > 0 is bounded by

Prob (| X — u| > a) < ]\;'—612. (C.2)
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By applying the definition of H, we can compute a very loose upper bound on its variance,
o2 (with its mean denoted pz):

0% = B[] - i (€.3)
< E[H?] (C.4)
— [avn(a. 1) (0l (C.5)
= [ aw (1) w1 - AG0) DI~ I19) (6] - L) DI (C8)
< [ awa0w) @) - () @D (€.7)
< [avja-ry (©s8)
— AT, (C.9)

where the second last inequality follows from the triangle inequality, the last inequality
from the definition of || - ||, (see Section 3), and the last equality by [di = 1. Note that
this is likely a very poor bound on ¢%, but it will be sufficient for our purposes.

Thus, for H = %(Hl + ...+ Hy), where H; is independently drawn according to H, for
any a > 0,

. |A — T3
Prob (|H — >q) < ———2, C.10
rob (| pr| > a) < N2 ( )
Letting a = 1072||A — T'||, and N = 10°, we arrive at the expression:
Prob (|H — py| > 1072|A = T|,) < 1072 (C.11)

In other words, there is at most a 1% chance that our estimate of py differs from the
true value by more than 1072||[A — I'||,. In the vast majority of cases within this thesis,
the computed value of h is on the same order of magnitude as |A — I'|,, and as such,
in these cases, it is unlikely that our estimate of uy deviates from the true value in any
significant way. In a few cases, the estimate of py is on the same order of magnitude as
1072||A — T'||s, and some are as low as 107*||A — T'||,. In the former case, our bound gives
a good chance that we have the first significant digit right (ie. a good order-of-magnitude
estimate) and in the latter case, our bound isn’t of much use. Nevertheless, given that this
bound was derived in an incredibly loose way, and given that, in these cases, the hedging
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is so small as to be considered negligible, we can conclude that the estimates still provide
good qualitative insight.!

To examine our computation of pyi,, note again that we're trying to estimate p =
Prob(P = 1) = E[P]. In such a case, 0% = E[(P — p)?] = (1—p)?p+ (0—p)*(1 —p) < 1/4.
Thus, applying Chebyshev’s inequality gives that, for P = %(Pl + ...+ Py), where P; are
independent realizations of P,

Prob(|P — pp| > 1072) < (1/4) x 1072, (C.12)

when N = 10° samples are used. In other words, our computed values of pyi, have less
than a 0.25% chance of being off from the true value by more than 1%, which is more than
acceptable for our purposes.

!The most important estimates of this parameter are given in Table 5.2 in Section 5.5, where we test
how well our approximations represent circuit performance. The average hedging is the same order of
magnitude as the diamond norm in all but two cases — both for Pauli twirled approximations. In one case
it is one order of magnitude smaller, and thus our computed value is still very good. In the other case, it is
three orders of magnitude smaller, and thus there is, roughly, at most a 10% that our computed quantity
differs in the most significant digit. Again, given that our bounds on this probability are derived naively
and very loosely, we are confident that this is an accurate estimate.
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Appendix D

Gate Statistics
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Table D.1: Statistics for the various approximations of the gates in GS1, approximated
from N = 10° random pure states.

GS1
Gate/Statistics Original Pauli twirled  Pauli Clifford
X00 0.999994 0.999994 0.997618 0.998314
|A — Utgeal|lo 4.76 x 107 1.20 x 107° 4.76 x 1073 4.77 x 1073
1 |A — Aoviginai l|o 4.76 x 1073 6.73 x 1073 3.64 x 1073
h —3.73 x 1073 1.14x 1077 1.64 x 1075
Dviol 1. 0. 0.
X00 0.996147 0.996147 0.991234 0.994179
1A — Utdear|o 1.51 x 1072 7.71 x 1073 1.75 x 1072 1.59 x 1072
¥ A — Agriginalﬂo 1.29 x 1072 1.67 x 1072 4.58 x 1073
h —5.76 x 1073 1.12 x 1073 3.90 x 1074
Dviol 0.99892 0. 0.
Xo00 0.998330 0.998330 0.992021 0.994711
|A = Utgeat||o 1.35x 1072 3.34x 1073 1.60 x 1072 1.43 x 1072
v A — /\Qﬂginal||<> 1.30 x 1072 1.86 x 1072 8.15 x 1073
h —7.96 x 1073 9.94 x 1074 3.09 x 1074
Dviol 0.99953 0. 0.
X00 0.995289 0.995289 0.992055 0.993663
IIA — Utgeatl|o 1.06 x 1072 9.42 x 1073 1.59 x 1072 1.31 x 1072
7 |A — Aoviginai l|o 4.59 x 1073 7.68 x 1073 3.46 x 1073
h —5.71 x 107* 3.0l x 107* 129 x 107
Dviol 0.60369 0. 0.
X00 0.997642 0.997642 0.991031 0.993638
1A — Utdear|o 1.35 x 1072 4,72 x 1073 1.79 x 1072 1.54 x 1072
I A — Agriginalﬂo 1.27 x 1072 1.85 x 1072 8.83 x 1073
h —6.42 x 1073 2.51 x 1073 1.10 x 1073
Pviol 1. 0. 0.
Xo00 0.993152 0.993152 0.976600 0.976600
1A — Ulgeall|o 3.09 x 1072 1.37 x 1072 4.68 x 1072 4.68 x 1072
CNOT A — /\Qﬂginal||<> 2.82 x 1072 4.52 x 1072 4.52 x 1072
h —1.17 x 1072 1.52 x 1072 1.52 x 1072
Pviol 1. 0. 0.

64



Table D.2: Statistics for the various approximations of the gates in GS2, approximated
from N = 10° random pure states.

GS2
Gate/Statistics Original Pauli twirled  Pauli Clifford
X00 0.999087 0.999087 0.999085 0.999086
A = Utgeat|| 1.83 x 107  1.83x 1073 1.83 x107%  1.83x 1073
" 1A — Aoriginalllo 2.48 x 107 2.50 x 107 2.06 x 1076
h —1.63 x 1077 2.65 x 107 834 x 1077
Duiol 0.49861 0. 0.
X00 0.999074 0.999074 0.998972 0.999029
IA = Utgeatll 191 x 1073  1.85x 1073 2.06 x 107 2.00 x 1073
% IA = Aoriginanllo 4.38 x 1074 485 % 10~*  1.16 x 10~*
h —4.04 x 107° 9.61 x 107  6.12x 107°
Diol 0.7897 0. 0.
X00 0.999075 0.999075 0.998990 0.999033
|A = Utgeat||o 1.91 x 1073 1.85x 1073 2.02x107%  1.99 x 1073
v 1A = Aoriginallo 4.32 x 1071 4.72x 107 1.03x 1074
h —4.02 x 107° 7.32x 107 558 x 107°
Diol 0.8674 0. 0.
X00 0.999023 0.999023 0.998869 0.998901
A = Utgeat| 1.97 x 1072 1.95 x 1073 2.26 x 1073 2.21 x 1073
7 1A — Aoriginalllo 2.67 x 107* 427 x107*  3.33x 10~*
h —1.37 x 107° 1.87 x 107*  1.52x 107
Duiol 0.61392 0. 0.
X00 0.999060 0.999060 0.998684 0.998878
IA = Utgeatll 2.33x 1073 1.88x 1073 2.63x 107 253 x 1073
H IA = Aoriginanllo 1.25 x 1073 1.45 x 1072 4.35 x 1074
h —3.05 x 104 1.98 x 107*  1.32x 10~*
Pviol 1. 0. 0.
X00 0.998071 0.998071 0.997683 0.997683
A — Utgeat|| s 3.99 x 107®  3.86 x 1073 463 x 1073  4.63 x 1073
oNOT IA = Aoriginallo 1.01 x 1073 1.33x 1072 133 x 1073
h —7.38 x 107° 544 x 107 5.44 x 10~*
Dol 0.76905 0. 0.
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Table D.3: Statistics for the various approximations of the gates in GS3, approximated
from N = 10° random pure states.

GS3
Gate/Statistics Original Pauli twirled  Pauli Clifford
X00 0.998751 0.998751 0.996501 0.996501
IA = Urgeatlls ~ 4.99 x 1073 250 x 10%  7.00 x 10~%  7.00 x 10~
L A= Aol 2.50 x 1073 528 x 107 528 x 1073
h —1.03 x 1073 1.91 x 1073 1.91 x 1073
Peiol 0.74978 0. 0.
X00 0.998751 0.998751 0.997447 0.997674
IA = Ugealle  3.17x 1073 250x 107 511x107%  4.65x 1073
v A= Aovignallo 137 x 10 312x 1073 275 x 1073
h —3.64 x 107 1.39 x 1073 1.06 x 1073
Dviol 0.69216 0. 0.
X00 0.998751 0.998751 0.997669 0.997669
|A = Utgeat||o 3.17x 1073 250 x 1073 466 x 1073 4.66 x 1073
v 1A= Aosignalls 138 x 1073 276 x 1073 2.76 x 1073
h —3.63 x 107* 1.06 x 1073 1.06 x 1073
Dviol 0.69113 0. 0.
X00 0.998751 0.998751 0.996501 0.996501
IA = Urgeatlls ~ 4.99 x 1073 250 x 10%  7.00 x 10~%  7.00 x 10~
;A= Aosgnalle 2.50 x 1073 528 x 1073 528 x 1073
h —1.03 x 1073 1.92 x 1073 1.91 x 1073
Peiol 0.75055 0. 0.
X00 0.998751 0.998751 0.996883 0.996940
IA = Ugealle  4.31x 1073 250x 1073 623 x107%  6.12x 1073
i 1A= Aovignallo 227 x 1073 443 x 1070  4.36 x 1073
h —7.92 x 107 1.68 x 1073 1.60 x 1073
Dviol 0.74018 0. 0.
X00 0.997441 0.997441 0.981266 0.981266
|A = Utgeat||o 1.98 x 1072 5.12x 1073 3.75x 1072 3.75 x 1072
oxop 1A~ Aorginals 1.83x 1072 3.90x 1072  3.90 x 102
h —1.15 x 1072 1.48 x 1072 1.48 x 1072
Dviol 0.99988 0. 0.
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Appendix E

Physical Models and Gate Protocol
Details

This is a reproduction of Appendix B from [12]. It should be considered technically separate
from this thesis, and is only included for completeness.

This appendix describes the physical models, noise refocusing techniques, and the subse-
quent gate sets generated from these. It is assumed that the density matrix p(t) describing
a physical system evolves according to

g7t = —iH@.p0) + 3 (B8] — (1L p(0) ). (©.1)

where H(t) is the Hamiltonian for the system and {L;} is a set of Lindblad operators
generating non-unitary dynamics [12, 43, 44]. A physical model must specify all determin-
istic and stochastic Hamiltonians (both internal, and control), and specify any Lindblad
operators that the system is subject to.

E.1 Physical Model 1

Physical Model 1 is motivated by a double quantum dot physical system. A double quan-
tum dot is a pair of electrons contained in a double potential well. The spatial and spin
states of the electrons encode logical states |0) and |1),

10) = |@F) @ ([1) + [41)) /vV2 (E.2)
1) = (a|®3)) +b[5) @ (ITL) — [41) /V2, (E.3)
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where |®7)) and |®7)) are symmetric and anti-symmetric spatial states with one electron
in each of the potential wells, and |®5,) is a symmetric spatial state having two electrons
in one particular well.

The electron state can be controlled by varying the voltage detuning B(t) and Zeeman
splitting difference A(t), described below.

e Voltage detuning introduces a potential energy difference B between the quantum
wells. B > 0 favours the |®5,) spatial state over |®9)) and |®1}), because |®3,) allows
for both electrons to minimize their potential energy. The parameters a and b in
Equation (E.3) are therefore B-dependent and given by Fermi-Dirac statistics [15]
such that the probability p;; = |a|? of having an electron with potential energy B is
given by pi1 = m, whereby

1
a(B) = /—1 BB

1
b(B) = \/1 + e~ (B/Bi1-B2)"

The detuning Hamiltonian H(B) is diagonal in the spatial states {|®7,) , |®T,) , |®5,)}
and takes a form

H(B) = B (|®%) (] + |®1)) (211]) + Bo | 5,) (@53, (E.4)

where Bj is the energy eigenvalue of |®gs) at zero detuning. Up to a constant identity
contribution, this yields the following Hamiltonian for logical states

_(OHB)) OHB)) Y _L( BEHB-B) 0
13 = (Wi oo ) =30 o " ure-s )

e Zeeman splitting is related to the energy difference between electron spin-up and
spin-down states in the presence of an external magnetic field. A magnetic field gra-
dient across the potential wells introduces an energy splitting A between |®11) ® 1))
and |®1;) ® [11), where |®y;) = |®7,) + |®%}), leading to a Hamiltonian
H(A) = £ (|0) (@u] @ 1) (1} = [@11) (P1a| @ [41) (11]).  The resulting matrix
H(A) in the logical basis is

(0] H(A)[0) (O|H(A)I1) \ 1 0 daA
( > §<a*A 0 )



Substituting the parameters a(B) and b(B) into the above expressions and summing
them results in the effective logical single qubit Hamiltonian

1
9 2 B(t)
\/l—l—exp (%T)_BQ> 1+ exp [— (B_l_BQ)]

where the parameters a(t) and ((t) encapsulate the stochastic behaviour of the parameters
A(t) and B(t). As the logical state |0) corresponds to the ground state of the physical
Hamiltonian at zero detuning (B = 0) and in zero magnetic field gradient (A = 0), we
make an assumption that relaxation acts on the logical state simply as a Lindblad operator
L= W<X +1iY).

The parameters A(t), B(t), B; for i € {0,1,2}, and 7}, define the deterministic evolu-
tion of the system, with the first two representing the single-qubit controls and the latter
being the T} time-constant of the system. Both control scalars are specified for inter-
vals of length dt, over which the controls remain constant, whereas the rate of change

Z, (E.5)

of these control scalars between adjacent intervals is bounded with ‘w max and

dB(t)
dt

|A(t)] < Amax and 0 < B(t) < Byax for some Apax, Biax > 0.

‘ < ABpax- Additionally, the controls are bounded by some maximum value; that is

The parameters specified by « and S are independent, zero-mean, stationary Gaussian
processes [10], such that (a(t)) = (B(t)) = 0 and («(t1)B(t2)) = 0. The auto-correlation
functions are given by

(alt)a(t)) = I, (1t — to]) + 12,e” (=) +(952) (52
(B(0)Blt2)) = T2, + T, 8(1ts — o).

where §(t) is the Dirac delta function. Parameters labelled with the letter I' represent the
noise strengths, and those labelled with 7 represent various correlation times.

(E.6)

The Hamiltonian for simulating two-qubit gates is given by

Ht)=HYt) @1+ 10 HP(t) + H..(t)

1 Ct)(1+~(t)) ZRZ—-7ZR1-1® 7
Haxlt) = JE0I0) * BO() ’
(rew[- (50 -m)])  (treo (%50 - 5)))
with two Lindblad operators L; = 2\ﬁ(X +iY)® 1 and Ly = #ﬂﬂ ® (X +14Y). Any

parameters or Hamiltonians denoted by superscript (i) mark either the first (i = 1) or
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the second (i = 2) qubit, and are identical to the Hamiltonian in line (E.5). The stochas-
tic parts for single-qubit Hamiltonians on different qubits are taken to be independent.
The two-qubit control parameter C(t) can only take two values, C(t) € {0, Cypax}, and
the noise parameter (¢) is an independent zero-mean stationary Gaussian process with
autocorrelation function

(v(t)v(t2)) = F'Zyd(’tl — to]). (E.7)

E.2 Physical Model 2

Physical Model 2 is an archetypal two level system. For a single qubit, the Hamiltonian is
given by

H (1) = S[BO(1+ A1(0) + B0 + A0 + (1)) [cos(@(1) X +sin(p(1)Y], (B9

with the only Lindblad operator given by L = #ﬁ(X +1iY).

The parameters A(t), B(t), ¢(t), and Tj, define the deterministic evolution of the
system, with the first three representing the single-qubit controls. Every control value is
specified for intervals of length dt, over which the controls remain constant. Each control
scalar is bounded by some maximum value; that is |A(t)| < Anax and |B(t)| < Bpax for
some Aax, Bmax > 0, but is not limited by any control rates.

The parameters specified using the letters o and (8 are all stationary Gaussian processes.
All are zero-mean and independent. That is, (a(t)) = (Bi(t)) = 0 for i = 1,2, and
(a(t1)Bi(t2)) = (B1(t1)Ba2(te)) = 0 for i = 1,2. The auto-correlation functions are given as

(a(t)a(ts)) = T2 gup(AD, AW, [t — t) (E.9)
(Bi(t1)B(t2)) = T2, g1/p(AS), ASY [ty — ta]) (E.10)
(Ba(t1)Ba(t2)) = T3, gl/f(A(ﬁl;A,(gZ)a t1 — tal), (E.11)

where the parameters labelled with the letter I' are the noise strengths and those labelled
with A represent upper and lower cutoffs for 1/f noise. The autocorrelation function gy ¢
for 1/ f noise is defined as the Fourier transform of 1/ f spectral density with smooth cutoffs

[47]

G175 (A1, A, At) = / % (arctan <Ai1> — arctan (Aig)) e WAL qu. (E.12)
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Notice that lim % (aretan (Ai) — arctan (%)) =L
1 2

A1 —)O,AQ —00 |"J|

The two-qubit Hamiltonian for this model is given by
H(t) = H(l)( HR1+10 HD () + H..(1)

(E.13)
Healt) = —5C(1+1())Z® 7,

with two Lindblad operators L; = 2W(X +iY)® 1 and Ly = I1® (X +iY).

2W

Single-qubit Hamiltonians denoted by H acting either on the first (i = 1) or the
second (i = 2) qubit have identical parameters to the Hamiltonian in Equation (E.8),
and stochastic parts for single-qubit Hamiltonians are taken to be independent. The two-
qubit control parameter C(¢) is bounded in its maximum value |C(t)| < Ciax, but is
otherwise unconstrained. 7(t) is an independent zero-mean stationary Gaussian process,
its autocorrelation function being given by

(v(t)Y(t)) =15 g1 (AD, ALY, [t — ta]). (E.14)

E.3 XY Sequence Gate Protocol

Suppose we have a dynamical decoupling sequence which is given as a list of unitary
operations {A;}, i = 1,..., N, where ¢ denotes the temporal order of these operations. We
demand that

Ay ... AyAy =€" 1, (E.15)

where €® is an arbitrary global phase. If we want to spread a unitary gate U across the
sequence {A;}, we first find

Uy = A UYN AT (E.16)
Uy = Ay A UYN AT A (E.17)

: (E.18)
Uy = Ax ... ApAUYNATIATY AR, (E.19)

where (Ul/N)N = U, and then implement the sequence Ay, Uy, Ay, Us,..., Ay, Uy resulting
in UvAy ... UyAsU Ay = €U, which follows from direct substitution and Equation (E.15).
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E.3.1 XY8 sequence

The XY8 sequence [30] is an 8-unitary decoupling sequence where, following the notation
above, A1 = A3 = Ag = Ag = X and Ay = Ay = A5 = A; = Y. In the limit of perfect
control and infinitesimally short (delta) pulses, the sequence refocuses noise along any
direction that varies slower than the sequence is implemented. To implement a unitary
gate U within the sequence, we split it into 8 parts,

Uy =U; = XUsX, Uy=Us=YXUsXY,

) E.20
Uy =Us=XYXUSXYX, Uy=Us=Us, (E.20)

where we simplify the expression using XY XY = Y XY X = —1, and the fact that the
global phase of the desired unitary is irrelevant.

E.3.2 XY4 sequence

The XY4 sequence [31] is a 4-unitary decoupling sequence where, following the notation
above, Ay = A3 = X and A, = Ay = Y. Like the XY8 sequence, the XY4 sequence
refocuses noise along any direction that varies slower than the sequence is implemented,
given that the pulses are ideal and infinitesimally short. We spread a unitary gate U across
the sequence by breaking it into four parts,

Uy =XUiX, Uy,=YXUiXY,

_ 1 T (E.21)
Us=XYXUsXYX, Us=Us.

E.4 Gate Sets

Gate Set 1 (GS1) is built on Physical Model 1 using the parameters in Table E.1. This gate
set was built from an XY8 pulse sequence [30], with single-qubit gates being implemented
within this sequence according to the XY sequence gate protocol. Each pulse piece in the
sequence was found via the GRAPE algorithm [32, 33] with control constraints from Table
E.1 incorporated into the algorithm. All gates are 199.2 ns long and the discretization step
for cumulant simulations was chosen to be 0.1 ns.

Gate set 2 (GS2) is built on Physical Model 2 using the parameters in Table E.2. This
gate set was built from an XY4 pulse sequence [31], again, with single-qubit gates being
implemented within this sequence according to the XY sequence gate protocol. All pulse
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Table E.1: Parameters used for Physical Model 1, Gate Set 1.

Control Noise

Parameter Value Parameter Value
By 1.5193 x 10" Hz T 1 s
B, 1.5193 x 10"'  Hz | 4.804 Hz
Bs 120 [y, 1.519 x 10® Hz
Apax 3.798 x 10° Hz 5 1072 s
Biax 3.0385 x 10" Hz Ty 1073 s
AAax 0.7596 x 10 Hz /s 73 1074 s
ABiax 1.215 x 102 Hz /s Tg 1.519 x 10° Hz
Chuax 8.73568 x 10?2 Hz I's, 4.804 x 10° Hz
ot 10710 g I, 102> Hz

pieces are performed using hard pulses. All gates are 168 ns long and the discretization
step for cumulant simulations was chosen to be 0.25 ns'.

Gate set 3 (GS3) is also built on Physical Model 2, but uses the noise parameters in
Table E.3 to provide variety in the resultant gate errors. No refocusing pulse sequences
are used; all gates are generated from simple hard pulses. All gates are 25 ns long and the
discretization step for cumulant simulations was chosen to be 0.1 ns.

For each gate set, the two-qubit CNOT gate is implemented using the identity
(_1>%UCNOT _ eigm%eﬁgm%e%w%eigm%eig%@n_ (E.22)

For GS1 and GS2, as for single-qubit gates, the gate is broken into parts that are inter-
spersed into their respective XY sequences. In this case however, the first two single-qubit
rotations are done during the first half of the XY sequence, and the last two single-qubit
rotations are done during the second half of the XY sequence, in a way similar to the
single-qubit gates. The two-qubit coupling operation is implemented in the middle of the
XY sequence. For GS3, the CNOT gate is implemented according to the above identity,
using hard pulses.

See Appendix F.1 for details on the procedure used to simulate the gates.

!As GS2 uses hard pulses, the cumulant simulation can be discretized more coarsely, as the pulse
amplitudes and phases remain constant for longer periods of time. The same can be said for GS3, though
given that the gates are so short, a smaller time step was used anyway.
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Table E.2: Parameters used for Physical Model 2, Gate Set 2

Control Noise

Parameter Value Parameter Value

A nax 27 x 108 Hz T, 1074 s

Brnax 2r x 10° Hz T, 3 x 10* Hz

Clyax 2m x 108 Hz T, 3 x 10* Hz

ot 1077 s T, 10%/27  Hz
AY 1/2r Hz
ALY 10° Hz
Agl) 1/2r  Hz
AYY 10° Hz
A(BlQ) 1/27 Hz
A 10° Hz
I, 1.2 x 103/2r  Hz
Agl) 1/2r Hz
AW 10 Hz
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Table E.3: Parameters used for Physical Model 2, Gate Set 3

Control Noise

Parameter Value Parameter Value

A nax 27 x 108 Hz T, 1075 s

Briax 2 x 10° Hz T, 0 Hz

Clyax 2m x 108 Hz T, 10* Hz

ot 107 s I's, 10* Hz
AY 1/2r Hz
ALY 10° Hz
Agl) 1/2r  Hz
AYY 10° Hz
A(BlQ) 1/27 Hz
A 10° Hz
I, 1.2 x 103/2r  Hz
Agl) 1/2r Hz
AW 10 Hz
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Appendix F

Methods

Note, the content of this Appendix is reproduced from Appendix A of [12]. It should be
considered technically separate from this thesis, and is only included for completeness.

F.1 Cumulant Simulation

To simulate quantum logic gates using our noise models, a method for the simulation
of stochastic quantum evolution is required. This has been considered in the context of
analyzing the fidelity with which decoherence-free subsystems can be implemented [15]. In
that case, the cumulant expansion [19, 50, 51] was applied to model the effects of stochastic
dynamics on a quantum system.

Following that approach, we will consider that, conditioned on a particular realization
of noise, our system evolves according to the Liouville-von Neumann equation

9 plt) = ~ilH (1), p(t)] + Dlp(t)], (F.1)

where p(t) is the density operator describing our system at time ¢, H is the Hamiltonian
of the system, and where D € T(#) is a linear transformation describing the decoherence
of the system. We assume that H(t) can be decomposed into deterministic and stochastic

parts,
H(t) = Hos(t) + Ha(2). (F.2)
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We then further decompose Hg(t) such that all of the stochasticity is encapsulated in a
set of scalar-valued functions {ws(t),...,wk(t)}. Thus,

Hy(t) = Zwi(t)Ai(t) (F.3)

for some set of deterministic operator-valued functions {A;(¢)}.

To analyze the dissipation transformation D, we assume that it can be written in
Lindblad form,

Dlp(t)) = 3 Liplt) L] = S{LI L, plt)}, (F.4)

where {L;} are called the Lindblad operators of the system.

Both the Liouvillian operator L[p(t)] = [H, p(t)] and the dissipation operator D act
linearly on density operators, and thus may be represented by superoperators ﬁ,D €
L(L(H)), where L(H) marks the set of all linear operators acting on Hilbert space H.
Using the isomorphism that L(H) = H ® H, we shall use the column-stacking basis for
H ® H, such that ||7) (j])) = |j) ® |i). Therefore one can rewrite Equation (F.1) as

9 1o0)) = (~illaalt) + L8] + D) lol1)). (F.5)

Now we go to the rotating frame of the deterministic superoperator ﬁdet(t), i.e. we define
a unitary U(t) = Texp <—z' fg ﬁdet(t/)dt’> such that

91000 = (—i Ut LU +UTODUD) [5(0)) (F.6)

where [5(t))) = U'(t) |p(t))).
The formal solution to Equation (F.6), then, for a single realization of the trajectories
{w(t)} is given by

|A(t))) = Texp (—2' /Ot@(t’)dt’) 1£(0))), (F.7)

with G(t) = UM ()L (OUE) + i U () DU(1).

For our purposes, we are interested in the average evolution S over the ensemble of

control trajectories,
t
S(t) = <Texp (—i / (;(t’)dt')>. (F.8)
0
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The cumulant expansion gives us that S(¢) = exp(K (t)), where

K(t) = i <_”)nKn = —itK, — gfg TR (F.9)
K= %/ dt, <G’(t1)>, (F.10)

_ 1 /dtl/ dt2 G(t)G )> k2. (F.11)

To simplify this, we assume that each control parameter w;(t) is a trajectory of a stationary
zero-mean process (The zero-mean assumption technically isn’t an assumption; the mean
of each random process can be absorbed into the deterministic part of the Hamiltonian.)

That is, that & ~ GP(0 ¢) where ¢ is the matrix-valued autocorrelation function for &(t),
such that ¢i,j(t1 — tg) = (wl(tl)wj (t2)>

Then K; becomes simply

.t
Ry=1 / dt, Ut (6) DU(t), (F.12)

0

whereas we can then rewrite K5 in terms of the autocorrelation function,

=5 / dt, / dt, Z ity — to)UT (#) A (E U UT (82) A (t)U (1) (F.13)

1,j=1

2 : ) , .
- t_2/ dtl/ dty UT(t)) DU (t)UT (t) DU(t,) — K2, (F.14)
0 0

where A;(t) = —A*(t) ® 1 + 1 ® A;(t). In this way, we note that the cumulant expansion
generalizes the Magnus expansion so as to account for stochastically-varying fields. The
motivation for using cumulants instead of expanding the time-ordered exponential in terms
of moments of the stochastic process stems from the fact that cumulant averages enter in
the exponential, reducing the risk of truncation artefacts.

To numerically simulate the gate action, we discretize ﬁdet(t’ ) along our gate length ¢ at
N points, with equal time intervals At between these points, i.e. we evaluate {Lge(mAt)},
with m = 1,..., N while ¢ = NAt. Next we approximate U(nA) by

U(nA) =~ exp (—iﬁdet(nAt)At) .. €XD (—iﬁdet(At)At> exp (—iﬁdet(O)At> . (F.15)
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Finally, we turn turn the integral in line (F.12) into a sum
;N
Ky~ o nzzo U (nAt) DU (nAt), (F.16)

and the double integral in line (F.13) into a double sum

N— k
Ni Z Z (YU (nAL) A; (nAOU(RADUT (nAL) A, (nAHU(RAL)
n=0 i,j=1
N—1n—-1 k& . .
F Z m) AU (nAL) A;(nAOU(RAOUT (mAL) A;(mALU(mAL)
n=1 m=01,5=1
1 N-1 . .
- Ut (nAL) DU nAOUT (nAt) DU (nAt)
n=0
9 N—-1n—1 A . .
~ 3 UT(nAL) DUADUT (mAL) DU(mAEL) — K7
n=1 m=0

(F.17)

To simulate the gates, we truncated K (t) in Equation (F.9) at second order, which can
be partially justified with the following. If we have no dissipator term in Equation (F.1),
then due to statistical independence, the mth order cumulant disappears if, for a set of
times {t1, ta, ..., t, }, any of the time gaps [t; —ta|, |t2 — 3], ...,|tn_1 — t,| are larger than the
correlation time 7. of the stochastic process [19]. Since cumulants at every order vanish
once the gap between the set of time points exceeds 7., then if t > 7., the mth order
cumulant K, is effectively an integral over an (m — 1) dimensional sphere with radius
T., integrated over t. Therefore, K,, scales roughly as 7""1 A™t, where A is the maximum
norm of Az(t) Comparing the second- and fourth-order cumulants, Ky and K. 4, reveals that
:djj: = 72A% meaning that if 7.A < 1 and t > 7., we have a justification for truncating
the cumulant expansion at second order. For the physical models considered in this work,
the dissipator terms in the Liouville-von Neumann equation were considerably smaller in
their norm than the noise Hamiltonian terms, so we assume that the arguments above are
still applicable.
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F.2 Circuit Simulation

Each gate in the gate set acts on either one or two qubits, subjecting the rest to identical,
uncorrelated noise (the noisy identity gate). The action of a noisy process on a quantum
register can be calculated in the Kraus representation,

471
Ap) = AjpAl. (F.18)
j=1

For a generic noisy process, using naive matrix multiplication, this calculation involves
~ 25" operations and requires the storage of ~ 2" complex parameters. These costs can
be reduced dramatically by exploiting the fact that the noise is independent and that the
gate set acts identically on different qubits. Noise maps that act independently commute,
and can be applied in sequence as a result:

AT = A Ol () (F.19)

Thus, the amount of storage is reduced to that required to store the gate set and the
current state, ~ 22" complex parameters, and the number of operations required now
scales as n2%". This can be further reduced by noting that each channel ); is equivalent
to the perfect identity on n — 1 qubits, and its effect can be pre-calculated to reduce the
total number of operations to n2?". The extension to two-qubit gates is straightforward;
for further information, see [52].
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