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Abstract

A quantum error correction protocol consists of (1) a set of quantum states faith-
fully representing some logical information (the code), and (2) a recovery map
that is able to correct the effect of environmental noise on such states. The aim
of the work is to develop an optimisation scheme that is able to find optimally
correctable subspace codes for a known quantum noise channel, leveraging Petz
recovery maps and nonlinear optimization methods based on the Stiefel mani-
fold. In fact, in the proposed approach, given a candidate subspace to be associ-
ated to a code, we fix the recovery map as if the code was perfectly correctable.
Therefore, optimisation must only be considered over the set of valid codes, not
over the set of recovery operators. Optimisation over the codes is equivalent
to optimisation over the complex-valued Stiefel manifold of the corresponding
dimensions. In this thesis, which includes a brief mathematical introduction
to the relevant elements of quantum mechanics, quantum error correction and
Riemannian optimisation, the theoretical basis for the problem is developed and
gradient-based local optimisation algorithms are discussed and tested, as well
as two different kinds of global optimisers on the Stiefel manifold. The global
optimisation algorithms are based on simulated annealing with intermittent dif-
fusion, and a consensus based algorithm. Using these algorithms, correctable
codes are found and compared to existing ones for three qubits subjected to
bit-flip errors (single and correlated), four qubits undergoing local amplitude
damping and five qubits subjected to local depolarising channels, and general

single qubit errors.






Sommario

Un protocollo di correzione degli errori quantistici consiste in (1) un insieme di
stati quantistici che rappresentano alcune informazioni logiche (il codice) e (2)
una mappa direcupero in grado di correggere l'effetto dell interazione dell’ambiente
esterno con tali stati. Lo scopo di questo lavoro e sviluppare uno schema di ot-
timizzazione in grado di trovare codici ottimamente correggibili per un canale di
rumore quantistico noto a priori, sfruttando mappe di recupero di Petz e metodi
di ottimizzazione non lineari basati sulla varieta di Stiefel. Infatti, nell’approccio
proposto, dato un sottospazio candidato ad essere associato ad un codice, fis-
siamo la mappa di recupero come se il codice fosse perfettamente correggi-
bile. Pertanto, 'ottimizzazione deve essere considerata solo sull’insieme di cod-
ici validi, non sull’insieme di operatori di recupero. L'ottimizzazione sui codici
equivale all'ottimizzazione sulla varieta di Stiefel a valori complessi delle dimen-
sioni corrispondenti. In questa tesi, che include una breve introduzione matem-
atica agli elementi rilevanti della meccanica quantistica, alla correzione degli
errori quantistici e all’ottimizzazione riemanniana, vengono sviluppate le basi
teoriche del problema e vengono discussi e testati algoritmi di ottimizzazione
locale “gradient-based”, nonché due diversi tipi di ottimizzatori globali sulla
varieta di Stiefel. Gli algoritmi di ottimizzazione globale si basano sul simu-
lated annealing con diffusione intermittente e su un algoritmo basato sui metodi
di consenso. Utilizzando questi algoritmi, vengono trovati codici correggibili e
confrontati con quelli esistenti tramite tre qubit soggetti a errori di bit-flip (sin-
goli e correlati), quattro qubit sottoposti a smorzamento dell’ampiezza locale
e cinque qubit soggetti a canali di depolarizzazione locali ed errori generali a

singolo qubit.
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Introduction

The field of quantum science and technology is evolving at an impressive
speed. IBM’s latest quantum computer [12], Osprey, has 433 qubits. Moreover,
they have planned Kookaburra, with over 4158 qubits, on their roadmap by 2025.
That is about a tenfold increase in the amount of qubits in the span of little more
than two years, five times faster than Moore’s law. At the same time, ion-photon
interfaces capable of generating entanglement every 5ms have already been de-
veloped [31]. However, mostly due to difficulties in producing scalable solid-
state quantum processors, induced by the interaction with the environment, the
industry is still in the Noisy Intermediate-Scale Quantum (NISQ) era. In order to
overcome this era, different information protection methods are being designed.
Among them are the exploitation of noise-free codes [23], quantum dynamical
decoupling (QDD) [33] and quantum error correction (QEC) [14].

The mitigation of noise and errors in quantum systems requires innovative
solutions. Particularly, the techniques used in classical information process-
ing are not applicable to quantum systems, due to the no-cloning theorem [36].
Therefore, it not only is of vital importance to the progress of the entire field, but
it also is a topic with a challenging nature.

In this work, we aim to explore a new way in which control and optimisation
techniques can lead to better error suppression. Subspace codes are the main
type of codes used in QEC, but it is known that finding correctable codes even if
the system dynamics is perfectly known is an NP-Hard problem [4]. Nonethe-
less, relying on geometric and probabilistic intuition a numerical approach may

be pursued: a subspace can be associated to a projector, which in turn can be ex-



pressed in terms of an orthonormal k-frame. Hence, the set of subspace codes is
equal to the complex-valued Stiefel manifold. This observation opens the door to
the use of Riemannian optimisation algorithms for the search of error correcting
codes. As such, a suitable formulation of an optimisation problem equivalent to
finding correctable Quantum Error Correction (QEC) codes has been designed,
and three different algorithms performing optimisation on the Stiefel manifold,
leading to the optimal code, have been implemented.

The work is divided into the following chapters,

¢ Quantum mechanics: All the algebraic concepts necessary to understand
the mathematical structure of Quantum Mechanics (QM) are given first.
Then, a brief introduction QM is given, with the aim of introducing all the
elements necessary to understand QEC.

* Quantum error correction: The chapter starts with an introduction of the
theory of QEC, including a series of fundamental theorems, that will allow
us to determine the correctability of a code, and the most common fidelity
measures. Then, a review of the existing work on QEC via optimisation is
given. The chapter ends with the description of our proposed scheme for
code optimisation.

¢ Riemannian optimisation: First, an introduction to Riemannian optimisa-
tion is given, including the necessary concepts from topology and differen-
tial geometry. Then, three different optimisation algorithms are described.
The first is a local optimisation algorithm that is the adaptation gradient
descent to Riemannian manifolds. The other two are global optimisation
algorithms, Intermittent Diminishing Diffusion on Manifold (IDDM) and
a Consensus-based Optimisation (CBO) algorithm.

* Analysis: The previously described algorithms were tested with three dif-
terent kinds of noise channels, with the aim of recreating known correctable
codes and testing the limitations, both of our methods and of QEC in gen-
eral.

Then, the conclusions are given, together with suggestions for future work.
Finally, the computation of the gradient of the cost function and the MATLAB
code of the implemented algorithms are given in two appendixes.



Quantum mechanics

The underlying mathematical structure of quantum theories is that of C*-
algebras. In order to provide a full theoretical picture, this chapter starts by
introducing the essential algebraic concepts. The relation to matrix algebra is
given, as well as the arguments as to why finite dimensional QM can be faithfully
represented in these terms. Finally, a brief introduction to QM is given, with a
focus on the concept of quantum channels and quantum operations, which are

extensively used in the following chapters.

ALGEBRAIC PRELIMINARIES

The most basic mathematical structure on which all of the following is based
is that of vector space. For this reason, we start from this definition, and then we

specialise it progressively, building up to C*-algebras.

Definition 2.1.1. Let V be a set endowed with an addition operation + : VXV —
V, and a scalar multiplication - : F X V — V, where F is a field (e.g. R, C, etc),
such that the following properties are satisfied for any u,v,w € Vand a,p € F

¢ Commutativity of the addition: u + v = v + u.
* Associativity of the addition: (1 +v) + w = u + (v + w).

e Existence of anull element0 € V: v +0 = v.

Existence of an additive inverse —v € V: v + (—v) = 0.

Associativity of the scalar multiplication: (af)v = a(Bv).
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» Existence of the multiplicative identity 1 € F: 1v = .

* Distributivity of the scalar multiplication with addition in V: a(u + v)
au + av.

¢ Distributivity of the scalar multiplication with addition in F: (a + )u
au + pu.

Such a structure (V, +, -) is called a vector space.

Now the notions of sizes, i.e. norms, and distances, i.e. metrics are intro-

duced.

Definition 2.1.2. Given a vector space X, amap || - || : X — [0, ) is called a

norm if the following properties are satisfied forany x,y € X and o € F
o llax|l = lefllx]l.
o llx+yll < llxll + llyll-
e |lx||=0=x=0.
A vector space endowed with a norm is called a normed vector space (X, ||-]|).

Definition 2.1.3. Amap d : X X X — R is called a metric if it satisfies the
following properties for any x,y,z € X

* d(x,y)>0.

s dx,y)=0x=y.

* dy,x)=d(x, y).

° d(x,z) <d(x,y)+d(y,z).

A vector space endowed with a metric is called a metric space (X, 4).

Of course, a metric can be induced from a norm as d(x,y) = ||x — y||. The
notion of completeness is given now, which leads to the definitions of Banach

and Hilbert spaces.

Definition 2.1.4. Let (X, d) be a metric space. A sequence {x, € X} is said to be
Cauchy if given € > 0 there exists a natural number N, such that d(x,,, x,) < €
for all m,n > N.

Definition 2.1.5. A metric space (X, d) is said to be complete if every Cauchy
sequence converges in X.
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Definition 2.1.6. A complete normed vector space is called a Banach space.

Definition 2.1.7. Let H{ be a complex vector space equipped with a scalar prod-
uct (-, -) : H X H — C satistying

L {x,y) =y, x).

2. {(x+y,z)=(x,z) +(y, 2).

3. (x,x)>0,{(x,x) =0iff x = 0.

If it is complete with respect to the norm induced by the scalar product

lx||* = (x, x), it is called a Hilbert space.

This definition implies that a Hilbert space is a Banach space where the norm
induced by the scalar product.

Definition 2.1.8. Consider two Hilbert spaces J;, 3, and two scalar products
x1,y1)3, @ Hi x Hy — Cand (x2,y2)%, : Ha X Ha — C. Now consider
two operators A : H; — Hy and A* : Hy — IHy, such that (x2, Ayi)s, =
(A*x2,y1)3¢,, Vx2 € Ha, y1 € H;y, then A is said to be the Hermitian adjoint
of A.

The Hermitian conjugate satisfies the following properties,
e Involutivity: (A*)" = A.

e Anti-linearity: (A + B)* = A" + B and (cA)* = cA".

* Anti-distributivity: (AB)* = B*"A*.

At this point, an algebra can be defined.

Definition 2.1.9. An algebra A over a field F is a vector space equipped with a
multiplication, under which it is closed, which is linear on both factors, i.e. it
must satisfy
c(AB) =(cA)B=A(cB)Vc eF, A,B€ A,
AB+C)=AB+ACVA,B,C€e A,
(A+B)C=AC+BCVA,B,C e A.

The multiplication is commonly assumed to have an identity element
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1A=AVA e A

If the multiplication is associative, A is said to be an associative algebra

(AB)C = A(BC) = ABC VA, B,C € A.

If the underlying vector space is endowed with a norm || - ||, A is a normed

algebra is the following condition is satisfied

IABI| < lAI[lIBII.

Finally, if the underlying vector space is complete w.r.t. the distance induced
by this norm, A is said to be a Banach algebra.

There are certain types of maps that are particular importance, namely ho-
momorphisms, isomorphisms, automorphisms and isometries. The existence
of these between different mathematical structures leads to important relations
of equivalence and help us represent abstract objects in terms of more concrete

ones.

Definition 2.1.10. A map @ : A; — A, is called a homomorphism if for A, B €
Aiand A € Cone has that D(AA) = AD(A), PD(A+B) = P(A)+D(B) and P(AB) =
D(A)D(B). If @ is a one-to-one homomorphism, then it is called an isomorphism.
Additionally, if A = A; an isomorphism is called an automorphism, since it
maps A; to itself.

Definition 2.1.11. Given metric spaces X; and X5, anisometryisamap ® : X; —
X5 such that

dx,(P(x), P(y)) = dx, (x, y)- (2.1)
At this point, *-algebras and C*-algebras can be defined.

Definition 2.1.12. A “-algebra is an algebra A with a map * : A — A thatis
an automorphism and an involution (i.e. it is its own inverse), satisfying the

following properties of the Hermitian adjoint:

(A+B)'=A"+B,

(cA)" =TA",
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(AB)' = B'A",
(A% = A.

A" is called the adjoint of A. For a Banach *-algebra the following additional

condition is required

1A% = ALl

Definition 2.1.13. A C*-algebra is a Banach *-algebra over the field of the com-

plex numbers C, which satisfies the C*-condition, i.e.

[AA[l = JlAN[lA™].

This condition is equivalent to what historically been also called the B*-condition

IAA"|| = [|A]I*.

An element A € A is said to be self-adjoint or Hermitian if it is equal to its
adjoint A*. In this case the C*-condition implies

IAZ]] = [|A]1%. (2.2)

An element A € A is said to be normal if it commutes with its adjoint, i.e.
AA* = A*A. In this case the previous property also applies. Additionally, it is
said to be unitary if its adjoint is its inverse, i.e. AA™ = 1.

Let us now introduce the notions of states and representations of a C*-algebra.

Definition 2.1.14. A state p on a C*-algebra is a positive linear functional if it is
normalised, i.e. ||p|| = 1. The set D(A) of all states p in A is said to be its state
space.

Definition 2.1.15. Let A, B be two C*-algebras, and let ® : A — B be a ho-
momorphism, then it is called a *-homomorphism if P(A*) = P(A)*. If O is an
isomorphism satisfying the same condition, then it is a *-isomorphism. A, B are

said to be *-isomorphic if there exists a *-isomorphism mapping A onto B.

Definition 2.1.16. Let X;, X be a two vector spaces. Then B(X;, X») is the set of
linear bounded operators from X; to X, and B(X;) is the set of linear bounded
operators from X to itself.
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Definition 2.1.17. Let A be a C*-algebra. A *-representation of A is a *-homomorphism
1t of A into B(H) (3 some Hilbert space). We shall denote this *-representation
of A by {m, H}.

Finally, the concept of universal *-representations provides a way to repre-
sent the elements of A as linear bounded operators on some Hilbert space, while
preserving distances. In a probabilistic setting, this would imply the preserva-

tion of probabilities and expectation values, which is of key importance to QM.

Definition 2.1.18. Let A be a C*-algebra an let D(A) be its state space. For ar-
bitrary p € D(A), consider the *-representation {m,, H,}. Let K = €H peD(A) I,
be the direct sum of {H,}. Put U(a) = @pED(ﬂ) n,(a). Then U(a) € B(K), and
the mapping a — U(a) is a *-representation of A. This *-representation {U, K}
is called the universal *-representation of A.

Theorem 2.1.1. The universal *-representation {U, K} of A is an isometric isomor-
phism. Therefore, every C*-algebra is *-isomorphic to a uniformly closed self-adjoint
subalgebra of B(J) on some Hilbert space H

This theorem provides a link between C*-algebras and linear operators on
a Hilbert space J{. Moreover, consider finite dimensional C*-algebras and the
basis {¢;} of 3, then for every element A € A we can construct the following

matrix,

n(A) = {r(A)er|(A)ea]...|m(A)en . (2.3)
As for states, let us introduce the following theorem

Theorem 2.1.2 (Frigyes Riesz Representation Theorem). Let J( be a Hilbert space.
Then the space H* of linear continuous functionals on H can be identified with H itself
as T € " iff there exists B € H such that

T(A) = Tz(A) = (A, B), x € K. (2.4)
Moreover, ||Tg|| = ||B|.

Therefore, through the same procedure, both elements of a finite dimen-
sional C*-algebra and its states can be identified with matrices in C"*". In what
follows, we will only consider finite dimensional systems. Since we are inter-
ested in numerical methods, this is a natural assumption. At this point we are

ready to shift the focus towards the necessary notions of QM.
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QUANTUM MECHANICS

Following the description provided by [32] and [35], QM is built around ob-
servables. These are associated to Hermitian elements A of a C*-algebra A, called
observable algebra. Since we are working with finite dimensional systems, they
can be represented as Hermitian matrices of dimension n X nn. More specifically,

=1 =<7, and every

the involution * is taken to be the conjugate transposition -*
observable must satisfy A" = A.

A state in QM is a linear functional mapping observables onto their expecta-
tion values (A). In other words, a state is an element of the dual A* of A.

In order for QM to have a valid probabilistic interpretation, and accordance

with the theory of C*-algebras, the following assumptions are made,

e Normalisation: (1) = 1.
e Positiveness: VA € A : (ATA) > 0.
Take the Hilbert-Schmidt scalar product (B, A) = tr(B'A). Under this repre-

sentation, and considering theorem 2.1.2, it can be shown that states are associ-
ated to density matrices p € D(H), which are Hermitian, have unit trace and are
semi-positive definite. Then, the expectation value of and observable would be
given by its scalar product with a density matrix, i.e. (A) = tr(pA).

Animportant property of D(J), the set of all density matrices is its convexity.
In this way, any convex combination of density matrices is a density matrix as
well. This leads to the classification of states into pure and mixed states. Pure
states are the extreme points of the convex set, i.e. those that can be represented
by a rank 1 density matrix, whereas mixed states can only be written as convex
combinations of different density matrices.

Since pure states have rank 1, they can also be written in a simpler repre-
sentation, that of complex unit vectors. These unit vectors are usually written
using Dirac’s bra-ket notation, where a pure state is written as a ket |¢), and its
adjoint as a bra (i’|. Under this notation, the expectation value of an observable
would be given by (A) = (¢|A|¢). In this way we recover the “wave function”
representation of QM.

In QM composite systems are joined by a tensor product. When a composite
state cannot be factorised or written as a mixture of factorised states, it is said
to be entangled. Entangled states are separate physical objects that behave as a

single entity, even if its parts are at a distance.
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Definition 2.2.1. The tensor product of two vector spaces X;, X» is the vector
space of elements x; ® x2, where ® : (x1,x2) — x1 ® x2 is a bilinear map such
that for every bilinear map 1(x1, x2) : X; X Xo — Xj, there is a unique map
(x1 ®x2) : X1 ® X3 — X3 such that ¥(x; ® x2) = 1(x1, x2). In the case of matrix
vector spaces, X1 ® X2 is computed as

X1:X2 00 X1,X2
X1 ®x9 = : : ’ (2.5)
xlmlx2 tr xlmn x2

where x; is of dimension m X n.

The partial trace trp(pag) = 2;(1 ® (i|)pap(1l ® |i)) is used to obtain the
reduced state of a subsystem in a composite quantum system. This is analogous
to marginalisation in probability theory.

The evolution of a quantum system can be regarded either as the evolu-
tion of the observables or the evolution of the states. The first case is known
as the Heisenberg picture, in which A 35 A — T(A); whereas the latter is the
Schrodinger picture, in which p — 7*(p). These two interpretations are equiva-
lent and can be mixed into an interaction picture. Therefore, t7(pT(A)) = tr(T*(p)A)
arises as a condition for consistency, where 7 and 7" are mutually adjoint maps.

Any physically meaningful evolution T : B(H) — B(H’) in the Schrodinger
picture should satisfy the following properties

¢ Linearity:

VA,B € B(H),c € C: T(cA + B) = ¢T(A) + T(B). (2.6)
¢ Trace preservation:
VA € B(K) : tr(T(A)) = tr(A). (2.7)
¢ Complete positivity:
T®1,(ATA) > OVA € B(H) ® M, Vn € N. (2.8)

The equivalent map T* : B(H’) — B(H) in the Heisenberg picture shall also
satisfy the conditions of linearity and complete positivity. Whereas the trace
preservation translates to unitality

T(1) = 1. (2.9)

A mapping which fulfills either of these two sets of three conditions, de-

pending on the picture being used, is called a quantum channel, e.i. a quantum

10
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channel is a Completely Possitive Trace Preserving (CPTP) map. A commonly
used representation for quantum channels is the Kraus representation, which
expresses the completely positive linear map T € B(My, My ) as the following
superoperator sum

T(A) = Z K;AK?. (2.10)
=1

In this way, trace preservation is guaranteed iff }’; K;K j = 1 and unitality iff
2iK jK;.r = 1. If this last pair of conditions is relaxed and one allows }, j K;rK j<1
or ),; K jK}r < 1, T is called a quantum operation [34], and each of the operators

K; is known as a operation elements or Kraus operator. Finally, the notation

T~ {K;} (2.11)

is commonly used to denote the quantum operation T(A) = 3%, K jAK;.

Finally, after a measurement is performed, the state suffers a collapse. That
is to say, it becomes a superposition of the eigenvectors of the observable that
are compatible with the result of the measurement. Consider the eigendecom-

position of an observable A

A= Z AT, (2.12)
1

where each of the I1; is a projector, i.e. H:.r = II; and H? = II;, A; are the
possible values that can be obtained as result of a measurement. Then, after
the measurement is performed, where the value A; is obtained, the state of the
system becomes

IT;pIl;

p= tr(HipHi). (2.13)

11






Quantum error correction

QUANTUM ERROR CORRECTION

The effect of a quantum environment on a quantum system of interest, of-
ten referred to as quantum noise, can be modelled as a quantum CPTP map in
Schroedinger’s picture, i.e. it is represented as a quantum channel. The changes
it causes on the state of the system is called a quantum error. QEC aims to revert
these unwanted changes caused by the environment. However, unlike in classi-
cal information processing, redundancy cannot be used to identify the error to
be corrected. This is due to the no-cloning theorem [36], A consequence of the
fact that measurements destroy quantum information. Thus, recovery action
after a measurement process would not be possible. Another difference to clas-
sical information, is the fact quantum errors are continuous and of an infinite

variety, instead of just random bit flips [27].

For these reasons, one has to rely heavily on the knowledge of the dynamical
properties of the system at hand and the noise that affects it. Indeed, without
a proper model of the noise, it may not be possible to recover the state of the
system consistently. However, in many applications the noise is of a restricted
form. For instance, a common assumption that can be made for systems of qubits
is that the noise is independent for each qubit [14]. In other words, that each of
the operation elements K; can be factorised in a tensor product of one-qubit op-
erators. Indeed, this is the kind of systems on which a substantial part of the
present QEC theory is focused, and it does not directly lend itself to generali-

13



3.1. QUANTUM ERROR CORRECTION

sation to physical systems that are not canonically decomposable into qubits or
that are subject to non-independent (correlated) noises [15].

As an alternative to redundancy, the information of interest can be spread
over a bigger Hilbert space through an adequate encoding. That is to say, the
bigger Hilbert space is divided into equivalent subspaces, such that the noise
can only map the state into its equivalent in one of the other subspaces, leaving
the internal structure of the subspaces unaltered. This idea is the basis of what
is known as subspace codes, the most common kind of QEC strategy. More
precisely, a quantum code € is defined as a subspace of the Hilbert space H
associated to a quantum system. The notation (1, d) is used to indicate the di-
mension of the full Hilbert space (1) and that of the code (d). With some abuse
of notation, we may also call code the set of states with support on €. Finally,
a quantum error-correcting code is a pair (C, R) consisting of a subspace code €
and a recovery map R.

The following theorems give an insight at the conditions for correctability of
a quantum code. These theorems have been derived in the original perspective
of a set of errors. Later we focus on specific noise models.

Theorem 3.1.1. Let N(C, R) be the set of Kraus operators of all the noise channels that
can be corrected by the quantum code (C, R). The Kraus operator N, is in N(C, R) iff
when restricted to C, R,N, = A, for each R, € R. The family N(C, R) is linearly closed
and (C, R) is N(C, R) correcting.

Theorem 3.1.2. The code C can be extended to an N-correcting code iff for all basis
elements |ir), |ji.) (i # j) of C and operators N, Ny in N,

(iL|NINplir) = (GLININpljL), (3.1)

and

(iLININy i) = 0. (3.2)

These two conditions can be condensed into a single one as

TINSN,IT = a;1, (3.3)
where I1 is the projector onto the quantum code.

Theorem 3.1.3. The recovery R has error 0 on C, after the noise channel N, iff 1 ® (R o
N) Zilin) ® i) = A Xilin) ® lip).

14



CHAPTER 3. QUANTUM ERROR CORRECTION

Given a code that satisfies theorem 3.1.2, let

V= span({NyliL)}a)- (3.4)

Due to condition (3.2) the V' are orthogonal subspaces. Let also |vl) be an
orthonormal basis for ’. Since the subspaces are orthonormal, we have that
(Uﬂz}i) = 0, Vi # j. Thus, there exists a unitary V, such that V,|ol) = |iL).
This leads to the recovery operation being a superoperator with the following
elements {O, Ry, ..., R, ...}, where O is the projector onto the orthogonal com-
plement of ), V', and

R, =V, > [oi)(vil. (3.5)

r

In case that theorem 3.1.2 is not satisfied, the construction of a perfect re-
covery is not possible. However, a optimal recovery operation still exists and is

given by what is known as Petz recovery map.

The Petz recovery map Ry, for a quantum channel N and initial state p, as
described in [28, 1], is given by the following expression,

R,p ~ {pANTN(p) ™12} (3.6)

In this work, we intend to adapt this recovery map to quantum codes and
use it as recovery operation. Tho this end, let us show that Ry 171 is a perfect
recovery for a correctable code with projector Il. First of all, let us substitute p
in the previous expression by the projector onto the code I, i.e.

R ~ {TTV2NIN(IT) 12}, (3.7)

If N(IT) is full rank and N is trace-preserving, it is direct to show that this is
a time-reversal of the quantum operation A, since Y}; NTN; = 1. If N(IT) is not
full rank, consider the orthonormal basis {|a; )}, of its kernel,

Z(anlNiHNﬂan) = 0. (3.8)
i
This implies that N 1.*|0cn> € ker(IT). Therefore, one could write
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3.1. QUANTUM ERROR CORRECTION

1=) NiN;
i
_ t
= > NIy + T )N : (3.9)
i

= > NINADANEONID 2N, + N (e N;

in
Then, multiply on both sides by I, one obtains
1= Z TINTN(IT) ™Y 2NITN(IT) 2N, T (3.10)
i
This shows that the code is invariant under concatenation of the noise with
the recovery RoN(IT) = IT. Let us now show that the application of this recovery
corresponds to the time reversal of the states belonging to the code, i.e. the states

such that ITpIT = p. In what follows, with some abuse of notation, we use ITpI1
to implicitly state that p € C.

Definition 3.1.1. For any p, the time reversal map 7, : N - T,(N) is a map such
that

ToN) ~ {p N (N(p)) 72} (3.11)
Computing explicitly Ty (Ro,11), we have that its Kraus operators are
N(IT)2RITT = N(ID)Y2(NIT) 2N IDIT = gy NI L (3.12)

Then, for I'lpIT one has that

T (R, ) (T pI) = Z oy NI pIITIN Tl
;

. (3.13)
= > Ty NiTTpTIN; Ty,
i
However, as seen above IIN ;rl_[;(n) = 0, therefore
TN} = TIN] (T + Ty ) = TN Ty, (3.14)
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Iy (Rovn)(TTpIT) = > NATTpTINT = N(TTpIT). (3.15)

Different implementations of this map have been proposed. A discrete time
implementation is proposed in [9], and a continuous time implementation is

proposed in [20].

FIDELITY MEASURES

In order to measure how good a QEC code is, the fidelity with respect to
the initial state can be used. The fidelity is a measure of similarity between two
different states and has the following definition,

F(p1, p2) = max[{(1[ip2)|?, (3.16)

where the maximum is taken over all purifications |¢1) and |¢2) of p; and
p2, respectively. A purification is a higher-dimensional pure state |i) that has
the original state p as reduction, i.e. p = Tra(|¢)(¢|). If one of the two states in
the fidelity calculation is already a pure state, the expression reduces to

E(l1), p2) = (Y1lp2li). (3.17)
Therefore, in the context of QEC, F(p, R o N(p)) would be a quantity that one

would want to maximise. However, it has been argued that the entanglement fi-
delity is a better measure, rather than the fidelity [26]. The entanglement fidelity
measures not only how well a state is preserved after a quantum operation, but
also of how well its possible entanglement with the rest of a larger system is
preserved. This latter property is the main reason given as to why it may be a
better choice than F(p, R o N(p)). The entanglement fidelity has the following

definition,

Fe(p, N) = (QIN®@ 1)([) @ DIy), (3.18)

where |{) is again a purification of p, and (N ® 1) is the natural extension of
the original quantum operation to the space on which p has been purified.

If the quantum operation N is given in the Kraus representation, then the
entanglement fidelity has the following expression,
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F.(p,N) = Z tr(Nip)tr(NTp). (3.19)

A remarkable property of the entanglement fidelity is the following,

Fe(p,N) < F(p, N(p))- (3.20)

Meaning that when the entanglement fidelity is maximised, one is also max-
imising a lower bound of the fidelity. Additionally, for pure states one has that

Fo(I9) (@1, N) = F([9) (@ |, N([¢) @ ]). (3.21)

Which is to be expected, since pure states cannot be the reduced state of a
larger entangled state, and therefore there is no entanglement to be preserved.
Finally, it has been proved in [14] that if the fidelity is kept high for all pure states,
E(|[Y){@|, N(|¢)<{¢|)) = 1 — € V|¢), the entangled fidelity is also kept high for all
states, F.(p, N) > 1 —3e/2 Vp.

However, these measures are dependent on the input state, and therefore not
ideal to benchmark QEC operations in general. To overcome this limitation, the
minimal or the average fidelity may be used. In fact, this question is explored
in [8] with the aim of comparing different quantum processes in a more gen-
eral way. In the context of QEC, it suffices to compare the noise and recovery
operation with the identity operation. Thus, the definition of the average and

minimal fidelity are the following, respectively

Frog N, €) = / dpF(N(p), £(p)), (3.22)
p

Fnin(N, €) = min F(N(p), & (p). (3.23)

Then, if € = 1, which is the case of interest for QEC, and N is given in the

Kraus representation, one has

FaugN, 1) 3= = > Jtr(Np), 329
k
i = min 2, .
Fuin(N, 1) i= i zk]ur(Nkp)l (3.25)
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CHAPTER 3. QUANTUM ERROR CORRECTION

QUANTUM ERROR CORRECTION VIA OPTIMISATION

It is known that finding perfectly correctable codes, even if the system dy-
namics are perfectly known, is an NP-Hard problem [4]. Nonetheless, a different
approach can be taken. One could instead try searching for approximate codes
using optimisation algorithms. In fact, work has already been done in this di-
rection and it may lead to better codes when the implementation details, such
as the required amount of qubits, are taken into account [22].

In [29], it has been proposed an adapted version of the power method eigen-
value algorithm to maximise what they call channel fidelity, which is a spe-
cial case of the entanglement fidelity with the maximally entangled state [Q)) =
Srlkky/ Vd as initial state. Then, a line of work focused on the use of Semidefinite
Programming (SDP) to optimise the recovery operation can be traced back to
[37], in which they assume fixed encodings and aim to maximise the minimum
fidelity. A similar scheme is proposed in [7], where they use SDP to find the op-
timum recovery operation, given a certain quantum code. Their objective func-
tion is the entanglement fidelity between the initial state and the recovered state
after the noise. This work is then complemented by [6], in which they focus on
the code, rather than the recovery.

In [19] they account for uncertainties in the model of the noise. They solve
the optimisation problem by convexifying the constraint C'C = 1, and solve
the problem with C'C < 1, instead. In this way, they are able to use SDP find
codes that maximise the average fidelity. Then, they take replace the solution of
the relaxed problem with its singular values, thus recovering the orthonormal-
ity constraint. Then, for the recovery, they use an approximation to the optimal
recovery that can be calculated directly, thus skipping this part of the optimisa-
tion problem. Then, in [18] they include a step to optimise the recovery, using
SDP as well. The solution to both problems is computed using Lagrange dual-
ity. Finally, in [17] a quantum process tomography (QPT) is added to eliminate
the need for a previously known model of the noise that affects the system.

Another work that tries to eliminate the need for a known noise model is [25],
where a reinforcement learning scheme is proposed to find optimum codes. The
noise is then assumed to be a black box, together with the recovery operation.
Finally, in [42] instead of relying on classical optimisation algorithms, they use
a variational quantum algorithm to find the optimal code and recovery. How-

ever, the proposed algorithm requires the specification an initial state, like in [7].
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On the other hand, this algorithm has the advantage that it would directly pro-
vide an implementation of these operations, since it can be run on the quantum

hardware itself.

OUR FRAMEWORK FOR CODE OPTIMISATION

In this section we derive intuitively the cost function and the specific problem
we shall solve numerically. The problem derived in this section has the advan-
tage that it is independent of the initial state of the system, since it is based only
to the subspace code and the noise model.

Let N be a known noise channel defined as

m
N(p) = ) NipNj, (3.26)
k=1
where )7, N;Nk =1,.
Consider the Petz recovery map for the code identified by I1

m
Ron(p) = Y RipR}, (3.27)
I=1

for p € D(H). Recall that the Petz recovery map is a perfect recovery if I1
corrects N. However, we do not know the best I1.

Therefore, the problem is how to find an appropriate projection matrix I,
such that Ry 7 acts as the reversal of N. Precisely, what we want is that the
composition of the noise and the recovery A = RrjoN(p) is as close to the identity
map as possible, when restricted to the subspace of the code.

An(p) = Z TINN(IT)™/2N; pN].+ N(IT) /2N IL. (3.28)
jk=1

Ajk

In order to restrict the map to the code, consider only input states such that
p = IIpIl It is convenient to introduce the following map,

m
Ap = Z TININ(IT) ™ /2N TT pTINTN(IT) ™2 N T (3.29)
j k=1

Ajk
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Notice that A being the composition of IT - IT with Ay, it is a trace non-

increasing map.

Proposition 3.4.1. Conjugate transposition of the operation elements A jk corresponds
to a swapping of its indexes, which then implies that the map Ay is self-adjoint.

Al = Ay = Ay = An. (3.30)

v v
Proof. It can be directly seen that A;; = Aygj. Then, the operator sum can be

written as

v v vt v vt v vt v vt vt v
Anlp] = ZAjkijk = Z(Ajkijk + AgjpAyg)) = Z(A]'kPAjk + AjpAjk)-
ik j<k j<k
(3.31)

O

Next, in order to better exploit the linear structure of the maps, we consider

the vectorised representation.

Definition 3.4.1. Given a matrix

X111 ... Xin

xlm . e xmn

its vectorisation is defined as the vertical stacking of its columns, i.e.

X11

X1n
vee(X)=1] + |. (3.32)

X1m

Xmn

The vectorisation vec(A X B) satisfies the property vec(AXB) = (BT®A)vec(X).

Then, A can be rewritten as
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. .« vt ~— .
vec(Am(p)) = VeC(Z Ajkijk) = ZA]'k ® Ajk vec(p),
jk ik

—_———

A

An

where

m
Ap = Z NN TN © TINGN(IT) /2N,

j k=1

Proposition 3.4.2. The operator Ayy is Hermitian

AH = ZA]k ®A]‘k,

jk
~ ~

vt . .
Proof. Using the fact that Aj; = Ay}, one can write

A= Z(A]’k ® Aj + AxjpAyj) = Z(A]‘k ® Aji + (AjkpAjn)")
i<k i<k

=2 Z Sym(A]'k ® Ajk)
i<k

(3.33)

(3.34)

(3.35)

(3.36)

(3.37)

O

Let us now define the set of vectorised code words as v and study the struc-

ture that Ar; would have in this space.

Definition 3.4.2. The set of vectorised code words is v[7 defined as the set of the

vectorised representations of the states in the support of the projector to the code

I, ie.

vt := {vec(p)|I1pIl = p}.

(3.38)

Proposition 3.4.3. Considering the set of code words vy and decomposing the under-

lying space of the system as C'™" = v ® v, there exists a unitary operator T such that
ymng sp Y I yop

for every state p € C,
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TpTt = | -P ; |- (3.39)
Under the same operator T, after vectorisation the operator Ary would be
TeTAKT @ T)t = %‘% , (3.40)
where Api is Hermitian
Ap = AL (3.41)

Proof. Since IT = [T, it is unitarily diagonalisable, i.e. there exists some T, such

that TTT = 1 and
110
ﬂ?] . (3.42)

Under this transformation and since I1pIl is in the support of I1, we have

that
pr | O
. 3.43
e 0] 69

Similarly, for the operator A and since the tensor product preserves the

TIITt =

THpIT" = TOTY(TpTHTIT' =

block structure of the left term, we have that

TeTAT ©T" = (TART) ® (TART")

jk
= Z (TTINN-12(IT)N,IITY) ® (TTIN;N~2(I)N,IIT")
jk
_ AH 0 AH 0
010 010
| An]o
1 o |o

(3.44)
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Finally, Hermitianity of A is a direct consequence of the Hermitianity of Apy
and the block structure of (T ® T)Ar(T ® T)*. O

Theorem 3.4.4. Let d = rank(IT), then

1. The product of Any by its conjugate transpose is bounded by the identity, AI—[AH <
1.

2. @ ~ Il is a correctable code iff Arp = 1.

Proof. From the trace non-increase condition one has that

> Ay < 1. (3.45)
jk

vt o s . .. .
Each of the terms Aj; Aj; is positive semi-definite. Therefore, all of their
eigenvalues are non-negative. At the same time, to comply with the previous

condition, it must also be the case that

@I AL Al < 1. (3.46)
ik

Putting this together with the non-negativity of the eigenvalues, one can con-
clude that

0 < WIARADIY) <1, (3.47)

and putting the last two expressions together, one has that

0< @I Ardply) < 1. (3.48)
jk

Since this is true V|¢), vectorising and using the same transformation T from

the previous proposition, it is easy to see that

ATA <1p. (3.49)

To prove the second part, it is easy to see that rk(Ar7) < d? due to the projector
I'T, which has rk(IT) = d and the fact that rk(A ® B) = rk(A)rk(B). This means
that at least 7% — d2 of the eigenvalues of Ay are zero.
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For the study of the rest of the eigenvalues, consider {|(x) } such that [x) (Y| €
C. Then [,) ® |¢p) ¢ ker(IT® IT) and span({[,) ® [¢p)}) 2 Im(Ap).
If the code is correctable, one has that A([,){14]) = [Wa){Yal,

=100 ® lPa) = (O Ajx ® Aj)[a) ® [a). (3.50)
jk

Therefore, there are d eigenstates with eigenvalue 1.

Now consider the following two states

p = (lallya)Wal + 1B 1Ws){Ws)),
o = (ala) + Blyp))@(Wal + B(Ws)),

with a, € C, |a|® + |B]> = 1. Tt is easy to see that 0 = p + (af|w.){(V¥y| +
Tls) () v A

By linearity, one gets that A(p) = p and thus Apvec(p) = vec(p).

Then A(0) = p + A(@Bla)(@sl + @BlYs)(Yal) and Arrvec(o) = vec(p) +
Arrvec(aBlipa) (Pu] + TBIYs) (Pal) = vee(p) + An(aBlys) ® o) + TBlia) ® [¢n)).

Hence, for C to be a correctable code, one would also need that Ar|y,) ®
[Va) = II,D_b)® |44, Since it must be true for any 4, b, it results in d% — d eigenstates
having eigenvalue equal to 1.

Putting everything together, one sees that A has all of its eigenvalues equal to
1, and being Hermitian, this also implies that it is equal to the identity. Proving
the other direction of the implication is automatic, since if A =1, for any state
in the code one would have that A(p) = p, due to the previous proposition. O

In the light of this theorem, it is natural to consider the following as a quality
index for the correctability of I,

J(IT) = tr(Ap) = Z eigs(Ag). (3.51)

k

The following proposition clarifies the optimality of a code, as measured by

J(ID).

Proposition 3.4.5. The cost function J(I1) is non-negative and upper-bounded by the
square of the rank of the projector 11,

0 < J(IT) < d°. (3.52)
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Furthermore, the code C ~ T is a correctable code iff J(IT) = d?.

Proof. The J(IT) < d? part is a direct consequence of the first item of the previous
theorem, together with the fact that A is Hermitian. The following proves the
J(IT) > 0 part,

tr(Np) = Z tr(TTT N N(IT)™T/2N) )t (TINFN(IT) ™2 Ny)
ki

= Z tr(TINTN(IT) /2N IT)? = tr((z NIDYNIT) /2 (Z NiIT))?
ki [ k :

On
= tr(OnOf N(IT)™%) > 0
(3.53)

Finally, using the results of the previous theorem, J(IT) = d? iff all the eigen-
values of A are equal to 1. m]

If we were to fix the rank of IT and consider it as a parameter of the cost
function, i.e. J;(IT), the following relation to the average fidelity is found.

Proposition 3.4.6. The cost function J4(I1) with d fixed is proportional to the average
fidelity of the operation N ~ {A},

Ja(IT) = d*Faug(N, 1). (3.54)
Proof. By direct calculation,
~ ~ 1 ~
Ja(ID) = tr(A) = |tr(A)| = dzlﬁtr(A)l = d*Fa0g(N, 1). (3.55)
O

If a correctable code for a certain error is unknown, consider the following
optimisation problem with fixed d = rank(I1),

I1c = argmax/(IT). (3.56)
IT

Since d is fixed, one could also decompose the projector onto the code as
IT = UU*, where U € C™ and U'U = 1,. This decomposition leads one
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to perform optimisation on the complex valued Stiefel manifold V;(C"), since
U € V4(C"), and the optimisation problem would be the following,

[Ty = argmax/(IT). (3.57)
UeV,(Cn)

In the following chapter the Stiefel manifold V;(C") will be defined and meth-
ods to solve this optimisation problem will be introduced.
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Riemannian optimisation

Since the optimisation parameter is a complex matrix U € C™ with the
constrained UTU = 1, commonly used steepest descent or Newton method
should be modified. Let us introduce some basics of the complex Stiefel mani-
fold V4 (C").

Relying on geometric and probabilistic intuition a numerical approach may
be pursued: a subspace can be associated to a projector, which in turn can be ex-
pressed in terms of an orthonormal k-frame. Hence, the set of subspace codes is
equal to the complex-valued Stiefel manifold. This observation opens the door
to the use of optimisation algorithms for the search of error correcting codes.
The Stiefel manifold is a Riemannian manifold, therefore, instead of performing
constraint Eucledian optimisation on C"*, one can perform Riemannian opti-
misation without constraints to solve this problem.

This chapter starts with an introduction of the necessary concepts to under-
stand the theory behind Riemannian optimisation. Then the focus shifts towards
Stiefel manifolds, which can model quantum codes. Finally, a series of local and
global optimisation algorithms on the Stiefel manifold are introduced.

MANIFOLD PREREQUISITES

Manifolds are a generalisation of surfaces on Eucledian space. As such, they
are built on top of topological spaces, which are a more general kind of structure
than vector spaces.
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Definition 4.1.1. Given a set X, a collection 7 of open subsets of X is called a

topology on X if the following conditions are satisfied:

* The empty set and X itself belong to 7,i.e. , X € 7.

N
¢ 7 is closed w.r.t. finite and infinite unions, i.e. given7; € 7, J 1; € T,
i=1

INE:

Ti €T.

N
¢ 7is closed w.r.t. finite intersections, i.e. given 7; € 7, () T; € 7.
i=1

Additionally, X is called a topological space and its elements are called points.

However, some additional structure is necessary. The following definitions
give the necessary notions of separability and distinguishability, as well as the

relation to Eucledian space.

Definition 4.1.2. A neighbourhood W of a point U in a topological space X is a
subset V of X that includes an open set containing U,i.e. U € V C W C X.

Definition 4.1.3. A second countable space X is a topological space whose topol-
ogy has a countable base, i.e. there exists some collection V = {V;}, of open
subsets of X such that any open subset of X can be written as the union of ele-
ments of V.

Definition 4.1.4. A Hausdorff space X is a topological space where for every
pair points there exist neighbourhoods of each that are mutually disjoint, i.e.
given points Uy, Uz € X, 3W;, Wy such that U; € Wy, Uy € Woand Wi N Wo =0

Definition 4.1.5. A map @ : X; — X is called a homeomorphism if it satisfies:

e Bijectivity, i.e. YU € X;3D(U) € Xy and VU, U, € X1, D(U,) = O(U,) iff
U, = U,.

¢ Continuity, i.e. for any neighbourhood W, of ®(U) there exists some neigh-
bourhood W; of U such that ®(W;) C Ws.

* Continuity of the inverse, i.e. ®~! is continuous.

Two topological spaces are said to be homeomorphic if there exists such a
map P between them.
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Definition 4.1.6. Two topological spaces X, X are locally homeomorphic if for
every U € X; there exists an open set V| 3 U with a homeomorphism @ : V; —
Vs, where V5 € Xs.

At this point, we have the necessary ingredients to define a manifold.

Definition 4.1.7. A manifold M is a second countable Hausdorff space that is

locally homeomorphic to a Eucledian space F" (e.g. R", C", etc.)

Similarly to optimisation in Eucledian space, optimisation algorithms on man-
ifolds are usually based on the gradient. Therefore, we also need to introduce

the notion of differentiability in a manifold.

Definition 4.1.8. A chart (V, @) is a homeomorphism ® between an open set V
in a topological space X and an open set in a Eucledian space.

Definition 4.1.9. An atlas is a collection of charts {(V;, ®;)}; such that they cover
the entirety of the topological space X, i.e. | J; Vi = X. Additionally, if for V,, V},
such that V, NV}, #, one has that ®, o ®, : ®(U, N U) — Dp(U, N Up) is C”
differentiable, then the atlas is said to be a C" atlas.

Definition 4.1.10. A C" differentiable manifold is a manifold M with a C” atlas.

If r = o0, then M is said to be a smooth manifold.

Just as how points on surfaces in Eucledian space have tangent planes, points
on differentiable manifolds have tangent spaces. The definition of derivative on
a manifold is also given here, which is a generalisation of the directional deriva-

tive in multivariable calculus.

Definition 4.1.11. Given a point U € M and a curve y(t) : [to =T, to +T] = M
such that y(to) = U, the vector X;, = %y(t)lto is said to be a tangent vector at U.
The tangent space T, M of M at U is the set all tangent vectors at U. The disjoint
union of all tangent spaces | |;;ent TuM = Uyene{U} X TuM is known called the
tangent bundle TM.

Definition 4.1.12. Given two manifolds M;, Mg, a map @ : M; — M and a

curve y : [to —T,to + T| — M, such that y(tp) = U, the derivative DO(U) :

TuMy — TpyMs is defined through y on M; and y¢ = ® o y on My, as
DoU)[y(to)] = 7o(to)- (4.1)
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At this point we are finally ready to define a Riemannian manifold, which is

the kind of manifold on which we intend to perform optimisation.

Definition 4.1.13. Given a tangent bundle TM, if an inner product gy (-, -) is de-
fined in each of the Ty M tangent spaces, then the collection of these inner prod-
ucts is called Riemannian metric g. A smooth manifold together with a Rieman-

nian metric is called a Riemannian manifold (M, g).
Theorem 4.1.1. For any smooth manifold, there exists a Riemannian metric.

Definition 4.1.14. Given a Riemannian manifold (M, g), the gradient of a map
® : M — R is defined as the unique tangent vector grad®(U) that satisfies

DO(U)[E] = gu(grad®(U), &), & € TuM. (4.2)

The fact that grad®(U) is unique can be checked by considering two tangent
vectors 17, C € TyyM, such that DO(U)[&] = gu(n, &) = gu(C, &), V& € TyM. Then,
by linearity of the inner product: gu(n —C, &) = 0, where n — C € TyyM. Since &
is arbitrary, we have that n = C.

Proposition 4.1.2. Given a Riemannian manifold (M, §), its Riemannian submani-
fold (M, g) and the orthogonal projection TTy : TyM — TyM. Then the Riemannian
gradients of & on M and @, its restriction to M, satisfy

grad®(U) = Iy (gradd(U)). (4.3)

An important difference between Eucledian and Riemannian optimisation
is the fact that the update rule must keep the iteration inside the manifold. It
is not sufficient to linearly displace the estimate in the opposite direction of the
gradient, since manifolds are not linear nor convex in general. Instead, this dis-
placement is done through retractions on the manifold. That is how the same
optimisation problem can be solved in an unconstrained manner, or with a sim-

pler set of constraints.

Definition 4.1.15. A retraction is a smooth map R : TM — M such that its
restriction Ry to TyyM satisfies the following conditions:

* Ry(Oy) =U.
4 DRu(Ou) = ]1Tujv[.
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We now have the necessary ingredients to talk about Riemannian optimisa-

tion problems,

U = argmin®(U). (4.4)
UeM

Theorem 4.1.3. Given ® of class C*, if U, € M is a local optimal solution to the problem
(4.4), then grad®(U) = 0.

However, in this work we are interested in performing optimisation only on

a particular kind of Riemannian manifold, which is the Stiefel manifold.

Definition 4.1.16. The set V4(F") = {U € F™4|U'U = 14}, as a submanifold of
Fxd where F (e.g. R, C, etc.) and n > d, is called Stiefel manifold.

In particular, as mentioned above, we are interested in the complex valued

Stiefel manifold. Therefore, in what follows we will consider F = C,
Proposition 4.1.4. Given U € V,4(C"), T1 = UU" is a projector.

Proof. In order for I to be a projector it needs to be Hermitian and idempotent,

i.e.

I =wuhHt =uu' =11, (4.5)
I = uuhHywuuh) =urut =uut =11. (4.6)
O

Since any U, V € V;(C"), there exists a smooth function X : [0.1] — V,4(C")
such that X(0) = U and X(1) = V. From the constraint, X(t)"X(t) = 14 and
therefore,

d _dXx(t)t dxX(t) _
EX(t)* X(t) = TX(t) + X1 — = Odd- (4.7

The above condition defines the tangent vector space at U € V;(C"),

TuVa(C") = {X e C™XTU + UTX = 04 4}. (4.8)

Clearly, T;;V1(C") is a set of orthogonal vectors (with respect to the Euclidean
inner product) of U. Consider the following maps,
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nu(X) = USkew(UX) + (1, - UUNX, (4.9)
n(X) = USym(U'X), (4.10)
for X € C™ where Sym(Z) = (Z + Z")/2 and Skew(Z) = (Z — Z")/2 for

Z € C™d  From the definition, X = my(X) + n;(X) for any X € C™d and
niu(U) = 0y,4. Ty is a projection onto J;V4(C") and we have

gu(nu(X), m5(X)) = OVX € €™,

where gy is an inner product at U € V;(C") defined as

qu(X,Y) = tr(X*(1, - %uu*)y), (4.11)

for X,Y e C4, gu is called the canonical inner product in the field of Rie-
mannian geometry. See Section 2.4 of [5] for the reason why this definition is
commonly used. Note that U € V4(C") and X € TyVy(C") are orthogonal
with respect to the canonical inner product (4.11), but it does not imply that
UtX =044 in general.

The main retractions on the Stiefel manifold are the following [24]:

Exponential mapping

Retr];Xp(é) =[Z QJexp ([_ZRTE _IST]) []lod] / (4.12)
where
QR=-(1;-2ZZ")é. (4.13)
¢ Polar decomposition
Retrb? (&) = (Z + E)(1 + £TE)7V2 (4.14)
* QR decomposition
Retry (&) = QR(Z + &). (4.15)
¢ Cayley transformation
RenG'() = (1, - sW(E) (I 4 5WENZ,  (416)
where
W(E)=(1-ZZ"[2)ZT —=ZET (1 - ZZT)2). (4.17)
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OPTIMISATION ALGORITHMS

In this section three different kinds of optimisation algorithms are intro-
duced. First, gradient-based algorithms that result in local optimisers, and then,
diffusion-based and consensus-based algorithms that approximate global opti-

misers.

GRADIENT-BASED OPTIMISATION ALGORITHMS

From the previous subsection, we obtain the Euclidean gradient of the cost
function J;(U) at U € V4(C"). Remember that since IT;; = UUT = URRTU'
for any unitary R € C%™, the optimal solution is not unique U if it exists. If
U changes but I1;; remains a certain matrix, it means that we may find a local
optimum. Since we do not know whether the cost function J; has a unique opti-
mum on V;(C"), we run one of the algorithms below with several initial values
(multi-start optimisation).

Remember that the gradient of J; at U € V;(C") is given by (A.2), i.e.,

grad]s(U) = VuJa(U) - U(Vy]aU))TU. (4.18)

Therefore, the solution of the ordinary differential equation

LUt = gradiuue)), (4.19)

with U(0) € V4(C") always lies on V;(C") and if there exists the steady state
solution, it is a local optimum of J;. As I mentioned above, a local optimal so-
lution is not unique, but Piy; = uut converges to the local optimum. [11] gives
more details on gradient flow.

Note that numerical calculation does not make the flow {U () }+>¢ lie on V;(C").
Usually the QR decomposition is employed to correct the error. QR decompo-
sition of X € C"™¥ is X = QR, where Q € V;(C") and R is an upper triangular
matrix. Therefore, calculate QR decomposition of (U(t) + dU), take the Q part
of it, and update as U(t + dt) = Q. Another normalisation for a given X € Ccrxd
is to use U = X(X*X)~1/2 if the inverse exists.

To describe the dynamics of the Stiefel manifold, it is useful to use a so-called
exponential map explicitly. The exponential map on V,;(C") with respect to the
canonical inner product (4.11) defined as follows.
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Definition 4.2.1 (Exponential map). A map

expyr : TuVa(C") — V4(C") (4.20)
is called an exponential map with respect to the canonical inner product

(4.11) if

expy(0y,4) = U and %expu(tX)h:o =X, (4.21)

for U € V4(C")and X € Ty V4(C").

In order to obtain the exponential map, we start with the following exponen-

tial matrix. Let us consider the

Exp)(X) = exp(XU" - UX"), U € V4(C"), X € C™, (4.22)

Since Exp),(X)" = Exp},(-X) = Exp},(X)™" (i.e., Exp},(X) is unitary),

Expl,(tX)U € V4(C")Vt € R. (4.23)

Furthermore, for any X € C"*4,

%Exp’u(tX)Uh:o = X - UX'U e Ty Vy(CH).
If X € TyV4(C") (ie., UTX = —=XtU), then we have
d_ s
EExpu(tX)Uh:g = (1, + UUMX.

It is easy to check that (1, + UUT)X € Ty V4(C") for any X € Ty Vy(CH).
Therefore, for any X € Ty V4(C"), there exists Y € T1V4(C") such that X =
(1, + UUY)7LY. The matrix inversion lemma (the Woodbury matrix identity)
gives (1, + UUN) ' =1, - %UU*. Therefore, the following exponential matrix,

Expu(X) = Expl,((1, - %uu*)X), U € V4(C"), X € TuVy(Ch), (4.24)

defines the exponential map with respect to the canonical inner product (4.11)

expy(X) = Expu(X)U. (4.25)
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If n is large, it takes a long time to compute the exponential matrix. To re-
duce the computational burden, some efficient calculation methods have been

proposed (see, e.g., [40, 41]). The following is one of them.

Lemma 4.2.1 ([40]). For a given U € V4(C"), consider X € TyV4(C"). Define A =
UtX e C™ and consider the QR decomposition QR = (1, — UUY)X, where Q €
V4(C") and R € C™4 is upper triangular (X = UUX + (1, —UUNX = UA + QR).
Then, the following map is an exponential map with respect to the inner product (4.11).

Ia

e Vy(Ch), (4.26)
04,4

A —R*)

expp,(X) = [U Q] exp R 0
d,d

where exp represents the matrix exponential function.

Since the exponential map is uniquely determined [41], exp},(X) = expy(X)
for all X € Ty V4(C"). For t € R, we interpret tX = U(tA) + Q(fR) so that

|

A —R*
R 044

Iy
Od,d

expy(tX) = [U Q] exp |t e V4(C"). (4.27)

Algorithm 1 Gradient descent

Require: Uy € V;(C")
Ensure: b
1: while not Stopping conditions do
do « grad];(Uop)
3. @(t) « Ja(Expu,(tdi)Ux)
4t argmaxie(p,eo)P(t)
5. Uy = Expuk(tkdk)ukz g1 = g”ad]d(ukﬂ)
6: end while

As described above, numerical computation of an exponential matrix is some-
times hard. To avoid it, other algorithms have been proposed so far. Roughly
speaking, these methods allow to leave from V,;(C") once, and using a pullback
onto V;(C") again. The pullback is called retraction and QR decomposition is
usually employed for the retraction. QR decomposition of X € C"™¥is X = QR,
where Q € V;(C") and R is an upper triangular matrix. We need the Q part, and
let Q : C™4 — V,4(C") be the operation to give the Q part.

These algorithms, however, include the following optimisation problem ¢ «
argmaxie(o,)P(t). The variable ty is interpreted as a step length, and the objec-
tive is to use the step length that brings the estimate to the minimum of the curve

37



4.2. OPTIMISATION ALGORITHMS

Algorithm 2 Retraction-based gradient method

Require: Uy € V4(C"), dy = grad];(Up)
Ensure: b
1: while not Stopping conditions do
O(t)  Ja(QAUy + tdy))
30 tg ¢ aArgmaxie(p,eo)P(t)
4 Upyr < QUi + tredy) € Vy(CH),
5 dgy1 — grad]a(Ugs1) € Tuy,, Va(C")
6: end while

®(t), which follows the descent direction. This condition can be relaxed to the

following,

D(Ry (tnk)) < D(Uy) + c1tr(grad®(Ux), ni)uy, (4.28)

which is know as Armijo condition. This condition only requires the estimate
update to be good enough, where “good enough” is regulated by the parameter
0 < ¢; < 1. An additional conditional that is commonly used, together with
Armijo condition is the following,

(grad®@(Ruy (tkn)), DRy (Eeni) [k Dry, (Bkne) 2 cograd®@(Ug), niju,- (4.29)

This is known as Wolfe condition, and 0 < c¢; < ¢ < 1. A stronger version of

this, known as strong Wolfe condition, is the following,

|[(grad®(Rug, (£x1k)), DRuy (ki) [k DRy, (5ino | < c2l<grad®@(Uk), niu |- (4.30)

In order to find a step size that satisfies the Armijo condition the backtracking
algorithm is used. Additionally, the two-point method developed in [2] can be
used to speed up the calculation of the step size by substituting the fixed initial
estimate of the backtracking algorithm by the one given by this method.

Given the current and previous estimates of the optimisation algorithm, Uy,
Uj-1, the two-point method provides the following initial estimate for the step
size t. Let AUy = Uy — Uk_1 be the difference between the last two iterations,
and AGy = Gg — Gy the difference between their gradients, then the two-point
step size is

38



CHAPTER 4. RIEMANNIAN OPTIMISATION

Algorithm 3 Backtracking

Require: X € V4(F"), T, h
t «— tg
while O(Ry, (fx1k)) > O(Uy) + c1tx(grad®(Ux), Nk )u, do
t— Tty
end while
tp <t

_ (AU, AGy)
~ (AGk, AGy)

Finally, the following theorem establishes the convergence of this kind of op-

tk (4.31)

timisation algorithm.

Theorem 4.2.2 (Zoutendijk’s theorem for convergence). Let O be the angle between
the search direction ny and the steepest descent direction —grad®(Uy), i.e.,

(grad®(Ux), ni)u,
llgrad®(Uid)llu Inkllu,

Given a step length ti that satisfies the Armijo-Wolfe conditions for every integer
k > 0, if the objective function @ is bounded below and is of class C', and if there exists

a constant L > 0 such that

cos(Oy) = — (4.32)

ID(® o Ru)(tn)[n] = D(@ o Ru)(0)[n] < Lt, (4.33)

where n € TyM with ||n|lu = 1, U € M, t < 0. Then, for Oy the following series
converges,

(0]

Z cos?(0x)|gradd(U) ||, < oo. (4.34)
k=0

DIFFUSION-BASED ALGORITHMS

The following global optimisation algorithms rely heavily on the dynamics
of diffusion processes. Imagine to have a particle ensemble inside a volume.
A diffusion process is the evolution of the concentration of these particles, due
to the density gradient within the volume. In general, diffusion dynamics are
governed by the following equation,
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dip(x,t) =V - (D(x,t)Vp(x,t)). (4.35)

If the density is normalised, a diffusion process can also be understood as
the random walk of a single particle within a volume with initial probability
distribution w(x, tg) = p(x,tg). If the function D(x,t) is a constant diffusion
coefficient D, then the diffusion equation has the following solution,

w(x, t) = / AW (x, £, to)o(xo, to), (4.36)
where
1 _(x—xo)2
W, Hwo, o) = —— "0, (4.37)

\/47ZD(t - t())

and w(xg, tg) is the initial condition.
Under the action of an external force, one would get stochastic processes de-

scribed by the Fokker-Planck equation,
8tu](x/ t) =V. [_f(xl t)w(xl t) + V[D(x/ t)w(x/ t)]]/ (438)

where f(x(t),t) = Fext(x(t), t)/y is the drift velocity, y is the viscous friction
coefficient of the medium, and F,,;(x(t), t) is the external force. In what follows,
let us assume y = 1.

Proposition 4.2.3. If the external force is conservative, i.e. there exists a potential V (x)
such that f(x) = —VV(x), and assuming a constant diffusion coefficient D(x,t) = D,
the stationary solution of the Fokker-Planck equation is

1
W.(x) = Ze—V“f)/D, (4.39)

which is known as Boltzmann distribution.

Proof. Multiply both sides of the Fokker-Planck equation by eV ¥)/P) and define
W(x,t) = eV®/CD)(x ) and V(x) = V(x)/(2D),

2ii(x,t) = "™V . 2DV (x)w(x, t) + DVw(x, t)). (4.40)

Now apply the rule e /O(V-e/®G(x)) = (V+Vf(x))-G(x) with f(x) = V(x)
and G(x) = 2DVV (x)w(x, t) + DVw(x, t),
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2yt (x, t) =eV OV . G(x)
:ev(x)e"mx)(v . ev(x)G(x)) — ev(x)V\A/(x) - G(x)
=V e"®G(x) - VI (x) - " @G (x)
—(V = V) - @DVV(x)@(x, t) + De"®Vaw(x, 1))

(4.41)

Now apply the rule e‘f(x)(Vef(x)g(x)) = (V+ Vf(x))g(x) with f(x) = V(x)
and g(x) = w(x, t),

ow(x,t) =(V —VV)- 2DVV(x)(x,t) + DV@(x,t) — DVV(x)@(x, 1))
=(V = VV) - (DVV(x)d(x, t) + DV@(x,t)) . (442)
=D(V-VV)-(V+VV)d(x,t)

Definenow A = VV+Vand A = (VV—V)T, then the Fokker-Planck equation

can be written as

oyv(x,t) = -DATAw. (4.43)

Notice that

[atvomatase = [atxiaow' o) = [ axiaswi? >0, @
X X X

where the equality holds iff Ap(x) = 0, that is @(x,t) e=V. Thus, the
stationary solution of the Fokker-Planck equation under a conservative force is
W, =eV/P/7, where Z = /x d?xe~Y/D is the normalisation constant. O

For the purposes of simulations, an approach based on Brownian motion
can also be pursued. In particular, one would be interested in implementing the

following discrete time Langevin equation,

Ax(t) = f(x(t), t)At + V2DAB(t), (4.45)

where

41



4.2. OPTIMISATION ALGORITHMS

AB(t) ~ N(0, At). (4.46)

The Langevin equation is a Stochastic differential equation (SDE). As such,
the sampling time of dB(t) is important, since different sampling times within
each integration interval leads to different results. There are two standard frame-
works, known as It6 an Stratonovich prescriptions. Take 7y = Aty + (1 — A)tx_y,
with 0 < A < 1. If the samples dB(ty) are taken with A = 0, then it the It6 pre-
scription, and if A = 1/2, then it is the Stratonovich prescription. When one of

these two prescriptions is used, the following notations are used,

B*(t) = B*(to) _t—to
2 2 7

t
Siio = f B(2)dB() =

to

(4.47)

B2(t) — B(to)

t
SStratonovich = / B(T) (e} dB(’Zf) = 5

to

(4.48)

i.e. the Stratonovich is denoted by an empty circle product sign and the It6
prescription is denoted by no product sign. If a general prescription is used, also
called A-prescription, the following notation is used

B%(t) — B2(t) (- to)zA - 1'

t
5, = / B(0)dB(1)),=

to
Additionally, equations (4.47,4.48,4.49) show the results of the integral of the
identity function under the different prescriptions, i.e. the equivalent of the in-
tegral /tg f(r)df(t) = (f3(t) — £2(0))/2 in non-stochastic calculus. The It6 pre-
scription has the advantage that it preserves causality, since the noise acts be-

(4.49)

fore the state update. But the Stratonovich prescription has the advantage that
it reproduces the results from non-stochastic calculus and it is invariant under
time reversal.

As such, the continuous time Langevin equation under the Itd prescription
would be

dx(t) = f(x(t), t)dt + V2DdB(t). (4.50)

Notice how in the absence of noise, i.e. D = 0, and under conservative forces
only, i.e. f(x(t),t) = =VV(x(t)), simulating this equation is equivalent to per-
forming the steepest descent method (with fixed step size) if we use the objective
function as the potential V (x).
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We introduce now an algorithm that is based on these processes. It uses the
cost function as a potential on which the walk of a single particle is simulated. It
is called IDDM and was first introduced in [38], for the real-valued Stiefel man-
ifold. Here it has been adapted to the problem at hand. Namely, the algorithm
has been adapted to run over the complex-valued Stiefel manifold, instead of the
real-valued one.

At its core, this algorithm is a version of simulated annealing, with a noise
term that not only is diminishing but also intermittent. Another way to interpret
it is as an alternation between simulated annealing and gradient descent.

The usual gradient descent method, when used for solving non-convex prob-
lems, may converge to local stationary points. Therefore, finding the global min-
imum of a function is not guaranteed by the algorithms mentioned up to this

point. To overcome this obstacle, a noise term may be added, resulting in the
following SDE,

dU(t) = —gradJy(U(t))dt + o(t) o dBy,cn)(t), (4.51)

where By, c»)(t) is an n-dimensional Brownian motion on the Stiefel man-
ifold, and o indicates the Stratonovich prescription. The diffusion coefficient
o(t), if chosen with and appropiate decreasing profile, and given certain regu-
larity conditions on J;(U), guarantees the convergence of the optimiser to the
global minimum of the function. This method is called Simulated Annealing, or
Continuous Diminishing Diffusion.

If the diffusion coefficient is chosen with a piecewise constant profile of the
formo(t) = Zfi 1 0il[s, s,+7,1(t), the method is called Intermittent Diffusion. This
profile has value o; in the interval [S;, S; + T;] and zero in the interval (S; +
Ti, Si+1). The proposed algorithm is a combination of Simulated Annealing and
Intermittent Diffusion on the Stiefel manifold. Therefore, it is called Intermittent
Diminishing Diffusion on Manifold (IDDM).

However, to make use of (4.51) in numerical optimisation, an extrinsic pre-
sentation is necessary. One using the embedding coordinates of V;(C") into
C™ js proposed.

n d

dU(t) = —grad (U ()dt +0(t) D " Pua(U(F)) 0 dBuo(t), (4.52)

u=1 ov=1

where {B,,(t)} is a series of independent standard Brownian motions and
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P, is the projection of the one-entry matrices E,;, onto the tangent space at U (t).
The equivalent Itd6 SDE is

n

-1
dU(t) = (—grad]d(ll(t)) -2 aQ(t)U(t)) dt + o(t)Py(dB(b)), (4.53)
where Pu(dB(t)) = 3y Bo=1 Puo(U(£)dBuo(b)
In order to solve the SDE numerically, first project the random noise in the
ambient space onto the tangent space of the Stiefel manifold. After that, apply
the Cayley transformation. The following update rule is proposed,

Zi = —=6kGy + ok (L — BYi Y )OBy, (4.54)
Wi = ZY,] - YW Z], (4.55)

Wi _ W
Yoo = (1= =57 (@ + 5%, (4.56)

where G is the Eucledian gradient and 6y is the time difference at time k.

Algorithm 4 Numerical scheme for the diffusion process

Require: o(t), to=t9<T1<..<tx =T, Yo=Ul(ty)
Ok < Tk+1 — Tk
ok < o(tx)
Gr < VeJa(Yr)
{6Bx}—y ~ N(0, 6¢)
fork=0:K-1do
Zi — =6¢kGy + ox(1, — BYY,) 6B
Wi — ZiY[] -z}
Yier (1= 55711 + 55X,
end for
U(tg) < Yk

Instead of the exponential map, an implicit mid-point update scheme is used

to compute the next estimate,

(4.57)

Y(r)=U-tW (U+TY(T)),

where —gradJ;(U) = —WU. This update scheme is equivalent to the follow-

ing Cayley transformation,
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Y(r) = (1 + gW)‘l(]l - gW)U. (4.58)

Hence, as shown in the previous section, this is a retraction in the Stiefel
manifold and orthonormality is guaranteed at each iteration.
Under certain conditions the Frobenius norm of the gradient converges to

zero. These conditions are the following.

e W is continuous in U.

(Y .
], (Y(0) < —a||[W||2, where I = W|T=o = —3|[W[and o > 0is
constant.

Algorithm 5 Intermittent Diminishing Diffusion on the Stiefel Manifold (IDDM)

Require: N, o, 1T,, U
while Terminal conditions not satisfied do
if kK > N then
break
end if
Use Alg. 4 to solve (4.52)
Use Alg. 2 until convergence to local minimum
if f(uk+1) < f(uopt) then
uopt — Ugy1;
end if
k—k+1
end while

CONSENSUS METHOD

The last algorithm to be considered is a CBO algorithm, developed in [13].
Here, the algorithm is adapted to the complex-valued Stiefel manifold. This
algorithm is similar to the previous one in the sense that it also simulates random
walks and relies of the solution of a SDE. However, in this case many many
interacting particles are simulated and the gradient of the cost function is not
necessary. This interaction is weighted by the cost function, in a way such that
the particle with the lowest cost exerts a greater attraction.

The CBO model is given by a stochastic interacting particle system for N
agents xz eRY,

dxt = —A(x! = )dt + o|xi - %}|dw!, (4.59)
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wherei = 1,...,N, w; is the standard Wiener process on RY, representing
a Brownian motion, o is the noise strength for exploration and A represents the
strength of the consensus dynamics. N is the number of particles. A larger num-
ber of particles provides a better approximation of global minimisers. Finally,
X7 is the weighted average of the particle positions, according to the Boltzmann

distribution, i.e.

S A (4.60)

and
wh(s) = exp(=f(x)), (4.61)

where f is the inverse temperature. A larger inverse temperature provides a
better approximation.

Over the complex-valued Stiefel manifold, the previous model would be

. . — of|Uf - Uy
du’ = —/\Pu;(utl — U,)dt + olU] - utIPu;(th) - Cpg————

5 Uidt, (4.62)

where i = 1,..., N and {W;} is the standard Wiener process on C™*d which
is defined by Itd’s sense, and

2n —d —1
LN k)

However, since Put,»(u;') = (), the stochastic system can be reduced to

H — %

duy; = (/\Pu;‘(l—l:) - Cua 5

Updt +o|Uf = U Pys(dWy).  (4.65)
Following the Euler-Maruyama method, the SDE is discretised as
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o*|U;, — U,
2

Uy = U, + (AP (U,,) = Cua U,)At +o|U] — U, |Pyr (AW, ),
(4.66)

where At is the time step size and AW! | denotes an 1 x d matrix with i.i.d.

+1
N(0, At) components.

However, this update rule does not preserve orthogonality. Therefore, a pro-
jection step is added, so that U = WXV is mapped to IT(U) = W1, 4V,

211777712 .
The term —Cn,dwlﬂ dt keeps the points inside the manifold.

Algorithm 6 Consensus method

Require: Ué e VyuF", T, h
04 «— Tg+1 — Td
while nh < T do
AW! | ~N(0, At) I
u;@ — U}, + (AP (U) = Cp g P L Ui AL + o|UT = T, |Pyn (AW, )
Uy < T, )

n+1
end while
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Numerical tests and applications

The cases that have been chosen for study are the following:

* Bit-flip channel: This is a simple noise channel that can be corrected with
as few as three qubits. This made an ideal candidate for testing the cor-
rectness of the algorithms and other tests.

Bit-flip channel with correlated term: A modified version of the previous
channel was designed in order to test a case that is not considered in the
standard QEC theory. This also served as a benchmark of the robustness
of the known and the optimised codes.

Amplitude damping channel: This is another commonly studied noise
channel, which represents the effect of energy loss to the environment.

Depolarising channel: This is the most general noise channel. Finding a
code able to correct this channel would be equivalent to finding a code
able to correct any non-correlated qubit noise. The smallest code able to
correct it has a size of five qubits.

BIT-FLIP

In a system of qubits, the bit-flip noise is a quantum channel that rotates the

state of a random qubit around the X axis of the Bloch sphere, with probability

p. This rotation is represented by the first Pauli matrix

0 1
Oy = [1 O] , (5.1)
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5.1. BIT-FLIP

which maps |0) +— |1) and |1) > |0). That is why it is called bit-flip.

The codes considered in this section are three-qubit codes. As such, the
Kraus operators for the noise channel are the following,

N~ {{/1-p1%3,

\/gax@)]l@]l,

§]1®ax®]l,

g]l®]l®ax}

(5.2)

As benchmark, the Shor code [27] for bit-flip errors is used in this section.
The basis for this code is the following,

{l0z), 112y} = {]000), |111)}. (5.3)

This code belongs to a family of subspace codes known as stabiliser codes.
These codes are described by a set of operators called generators, and the code’s
subspace is given by the intersection of the +1 eigenspaces of these generators. It
is easy to confirm that indeed the basis elements given above are +1 eigenvectors
of the generators given in table5.1.

g |Z Z 1
@1 Z Z

Table 5.1: Generators of the known (23, 21) bit-flip code

In order to obtain a code for this channel, the gradient descent algorithm was
used. After several runs of the algorithm, it has been concluded that the optima
of the cost function J3(U), under this noise channel, has multiple local optima.
But they are all equal to the global optimum. Figures 5.1, 5.2 show a comparison
of the performance of the optimised code with the Shor code and a case without
any recovery action. The basis of the optimised code is the following,
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{101, 1)} = {(—0.4478 + 0.53847)|000) + (—0.0645 + 0.14737)|001)+
(—0.2461 — 0.23961)[010) + (0.0465 + 0.24867)|011)+
(—0.0890 + 0.10127)|100) + (—0.1945 — 0.20707)|101)+
(0.0048 + 0.21007)|110) + (0.3616 — 0.1678i)|111),
(0.2566 + 0.11497)[000) + (—=0.1515 + 0.19367)[001)+
(—0.0486 — 0.35941)|010) + (=0.1573 + 0.07847)[011)+
(—0.1387 + 0.23971)|100) + (—=0.0669 — 0.40547)|101)+
(—0.1670 + 0.11947)|110) + (—0.6112 + 0.19217)|111)}

(5.4)

This basis spans a space that is different to that of the Shor code. It is also
easy to verify that these basis elements are not eigenvectors of the generators
5.1. For illustration of the performance of the obtained code, the fidelity of the
output of the noise and recovery with respect to the original state |0 ) is shown
in 5.1. However, considering theorem 3.1.3, the actual fidelity of importance to
understand the correctability of the code is that between the output of 1 ® A and
the input state (|0L) ®[0L) +|11)®[1.))({0L|® (0| +(1L|®(1L|), where A = RjoN.
This latter case is shown in 5.2.

The Shor code does not protect against correlated errors. In order to test the
possibilities of our optimisation scheme, let us consider the following modifica-
tion to the bit-flip channel,

N~ {{/1 - p1%3,
p(1-q)
3
p(1-q)
3
p(1-q)
3

VPIl ® ox ® 0x}

0,11,

1®0,®1, (5.5)

1®1Q oy,

Here a correlated term o, ® 0, has been introduced, such that a simultaneous
bit-flip can occur in the second and third qubits. After running the gradient
descent algorithm with multiple initial points, with and without the correlated
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Figure 5.1: Fidelity of A(|0.)(0.|) under the (23, 2!) bit-flip codes
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Figure 5.2: Fidelity of 1 ® A((|0L) ® |0L) + [11) ® [12))({0L] ® (O] + (1.| ® (1L]))
under the (23, 2!) bit-flip codes
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term, it has been concluded that the addition of this term does not alter the
structure of the optima of the cost function. Instead, it only lowers the optimal
value. This effect can be seen in figure 5.3.

-3.7

-3.8 1

Optimal value

-39 - b

-3.95 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
q

Figure 5.3: Optimal value for different correlation strengths

Figures 5.4, 5.5 show the performance when the channel is modified with a

correlation term g = 0.1. The basis of the optimised code for this case is

{10L), |11)} = {(—0.1058 — 0.28617)[000) + (0.3977 — 0.12871)[001)+
(0.3040 — 0.51917)[010) + (0.0861 + 0.2100)[011)+
(0.1457 + 0.32087)100) + (—=0.1082 + 0.13897)|101)+
(0.0756 — 0.35571)|110) + (—0.0347 — 0.17417)|111),
(—0.1174 — 0.00947)[000) + (=0.3317 — 0.0562i)[001)+
(0.2150 + 0.22007)[010) + (0.3028 — 0.07477)[011)+
(0.1545 — 0.02837)|100) + (—0.4871 — 0.43381)|101)+
(0.0191 — 0.39407)|110) + (—0.2698 + 0.05077)|111)}

(5.6)
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Figure 5.4: Fidelity of A(|0.)(0L]) under the (23, 2') codes and a correlated bit-
flip channel
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Figure 5.5: Fidelity of 1 ® A((|0L) ® [0L) + |11) ® [1.))({0] ® (OL| + {1L| ® (1.]))
under the (23, 2!) codes and a correlated bit-flip channel
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AMPLITUDE DAMPING

The amplitude damping channel models the energy loss of the quantum sys-
tem to its environment, for instance through spontaneous emission. Its Kraus

operators are based on the following two operators,

1 0

EO_ 0 m]/ (57)
_ |0 VP
=l ol (5.8)

E; corresponds to an energy decay with probability p, whereas Ej ensures
trace preservation. In the case of four qubits, the following would be the Kraus

representation of the noise channel,

N~{\ﬁn®4,
\/7E ® 193, \/7E ®1%3,
1
\/;]1®E ®1%2, \/;]1®E1®]1®2- (5.9)
1 ®2 1 ®2
]l ®Ey®1, ]l ®E, ®1,
\[11@93@15 \[11®3®E1}

An approximate four qubit code is known for this channel [22]. It has the
following basis,

{Iop), 1)} = {%(lOOOO) +[1111)), %(|0011> +(1100))}. (5.10)

The amplitude damping channel is an interesting study case, because its op-
tima are not unique as in the previous case. As such, it is good to study the
performance of the two global optimisation algorithms. Figure 5.6 shows the
value of the cost function for the state returned by each algorithm at different
damping rates. It is interesting to notice that the local algorithm with 100 ini-
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5.2. AMPLITUDE DAMPING

tialisations performed better than IDDM and the CBO algorithm, and that the
known code performs better than the ones obtained by optimisation.

3.95
39
3.85
@
o)
(@)
3.8
3.75
“‘\
3.7 Multiple initialisations
|IDDM
Consensus method
Known code
365 | | | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.8
Noise strength

0.9

Figure 5.6: Comparison of the (24, 2!) codes obtained from different algorithms

Then, figures 5.7, 5.8 show the performance of the best code obtained by
multiple initialisations. The base of this code is the following,

56



CHAPTER 5. NUMERICAL TESTS AND APPLICATIONS

{100), 1110} = {(—0.0627 + 0.62731)[0000) + (—0.0599 + 0.08517)|0001)+
(0.0554 — 0.08281)[0010) + (0.0210 + 0.00107)[0011)+
(—0.0675 + 0.07021)|0100) + (0.0179 — 0.13807)|0101)+
(—0.1659 — 0.08457)[0110) + (~0.0940 — 0.05874)]0111)+
(—0.0588 + 0.09177)|1000) + (0.1784 + 0.01317)|1001)+
(0.0006 + 0.14717)|1010) + (—0.1024 — 0.03087)|1011)+
(=0.0178 + 0.00637)|1100) + (0.0800 + 0.06377)|1101)+
(—0.0928 — 0.07707)|1110) + (0.1401 + 0.61947)|1111),
(0.2668 — 0.03167)]0000) + (—0.0455 — 0.01037)|0001)+
(0.0531 + 0.01621)[0010) + (0.0040 — 0.01774)[0011)+
(—0.0577 — 0.01257)|0100) + (0.3753 + 0.01637)|0101)+
(0.0963 — 0.50967)[0110) + (0.0065 — 0.06497)[0111)+
(—0.0587 — 0.01417)|1000) + (0.0725 + 0.52107)|1001)+
(—0.3699 — 0.01441)|1010) + (=0.0127 — 0.06271)]1011)+
(0.0019 + 0.01357)|1100) + (0.0118 + 0.06007)]1101)+
(0.0041 — 0.06774)|1110) + (0.2469 — 0.11597)|1111)}

(5.11)

DEPOLARISING CHANNEL

The depolarising channel models the full erasure of the information con-
tained in a qubit. It involves flips around all three axes of the Bloch sphere, i.e.
bit-flip, phase-flip and bit-phase-flip. As mentioned before, the bit-flip is rep-

resented by the first Pauli matrix oy. Let us now introduce the other two Pauli

matrices,
0 —i
oy = , 5.12
Ul PR (6.12)
1 0]
0, = . 5.13
=y (5.13)

It is easy to see that the third Pauli matrix generates a phase-flip, since it maps
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Fidelity after noise and recovery
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Figure 5.7: Fidelity of A(|0.)(0r|) under the (2%,2!) codes and the amplitude
damping channel, optimised with the steepest descent algorithm and 100 start-
ing points

|0) = ]0) and |1) +— —|1), i.e. if one has as initial state [i)) = «a|0) + |1), the
final state would have an additional phase of 7= between [0) and |1), as 0;|¢) =
al0) +e™B|1). As for oy, itinduces a bit-phase-flip, since it maps |0) + i|1), and
|1) — —i|0). The global phase of i does not have any effect, since it is cancelled
by the adjoint in any probability or expectation computation (—ii = 1).

For a single qubit this channel has the following Kraus representation,

N~ {y1-p1,
. (5.14)
\/Eaxz \/EG]// \/EUZ}
3 3 3

As example, consider p = 3/4 and a general qubit pure state p = |«|?|0)(0] +
aBlOy (1] +ap|1)0] + |BI|1)(1], then,
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Figure 5.8: Fidelity of 1 ® A((|0L) ® [01) + [11) ® [11))((0L] ® (0| + (1| ® (1L]))
under the (24, 2') code and the amplitude damping channel, optimised with the
steepest descent algorithm using 100 initial points

©
[
T

N(p) =7 (1100l + aBl0)(1] + GHI10] + BRI (1])+

TaP11)1]+ aBI10] +TBI0) (1] + IBRI0) O]+

i(lal2|1><1| — aBl1)(0] = aplo)(L| + [BI*|0) 0D+ - (5.15)

i(la|2|0><0| — aplo) (L] = apl1)(0] + [BI*|1)(1]) =

1 1
=001 + 1)1 = 51

Therefore, under this setting, the depolarising channel maps every initial
pure state onto the fully mixed state 1/2, removing entirely any information
stored in the initial state. Another representation of this channel is

N(p)=(1-qg)p+ g]l, (5.16)

where it has been made explicit the fact that it mixes the input state with the
fully mixed state.
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5.3. DEPOLARISING CHANNEL

For a system of five qubits, the following Kraus representation is used,

N ~ {,/1 —p1%,

®3 P ®3 P @3
1/15]1<§z>ax®11 1/15]1@z>ay<§z>]1 180 1%,

P o2 ®2 P ;o2 ®2 P o2 ®2
1—5]1® ®0x®1%, (|17 0, ®1%, ([ Z1¥ @0 0 1%,

,/p]1®3®ox®]1 1/p]1®3®0y®]l w/1;1,)]1@3@902®11
1/ ]l®4®ax,,/ ]l®4®oy,w/ 1L®4®oz}

The expression for five qubits is given, because a perfect five qubit code is
known for this noise [3, 21]. This code has the following basis,

(5.17)

1
{101, 111)} = {7(100000) ~ [00011) + [00101) — [00110) + [01001) + [01010)

—|01100) — [01111) — [10001) + |10010) + |10100) — |10111)
— [11000) — |11011) — [11101) — |11110)),

. .
7(=100001) ~ [00010) ~ [00100) ~ 00111) ~ 01000) + |01011)

+(01101) — |01110) — [10000) — |10011) + |10101) + |10110)
—|11001) + |11010) — |11100) + |11111))}
(5.18)

This code is another stabiliser code and its generators are given in table 5.2.

g |Y Y Z 1 Z
@2 X 1 X Z Z
X Z Z X 1
@Y Z 1 Z Y

Table 5.2: Generators of the known (2°,2!) perfect code

Figures 5.9, 5.10 show the performance of the optimised code, compared to
the known five qubit code and to a case without recovery. The basis elements of
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the optimised code is

02) =(=0.1456 + 0.17497)|00000) + (—0.1717 — 0.08121)|00001 )+
(0.0905 — 0.03521)[00010) + (—0.0320 + 0.03507)|00011)+
(0.1609 + 0.17287)[00100) + (0.1309 — 0.09321)[00101)+
(0.0074 + 0.03807)[00110) + (—0.2595 + 0.0072)|00111)+
(—0.2086 — 0.06721)|01000) + (=0.0204 + 0.06297)[01001)+
(0.0128 — 0.12441)[01010) + (—0.2869 + 0.00941)|01011)+
(0.0656 — 0.05167)[01100) + (—0.0137 + 0.1449)|01101) +
(0.2145 — 0.12207)[01110) + (0.0615 + 0.08207)[01111)+
(0.1521 — 0.06851)|10000) + (=0.1711 + 0.0146)|10001)+
(—=0.0735 — 0.10117)|10010) + (—0.2424 — 0.13707)|10011)+
(=0.0725 + 0.084917)|10100) + (0.0572 — 0.08671)|10101) +
(—0.2394 — 0.13547)|10110) + (0.0212 — 0.01444)|10111)+
(—0.1053 — 0.15967)|11000) + (0.1026 — 0.07297)|11001)+
(—=0.0254 + 0.21087)|11010) + (—0.0242 — 0.03787)|11011)+
(0.0646 — 0.08017)|11100) + (0.0749 — 0.31757)|11101)+
(0.0341 — 0.15827)[11110) + (—0.0145 + 0.08397)|11111)

(5.19)
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112)} =(=0.0833 — 0.01777)|00000) + (=0.1596 — 0.02707)|00001 )+
(—0.3227 — 0.04817)|00010) + (0.0984 — 0.03037)[00011)+
(—0.0261 — 0.03651)[00100) + (—0.2052 — 0.05451)|00101)+
(0.1058 — 0.06837)[00110) + (—0.1092 — 0.15707)[00111)+
(—0.0213 + 0.01441)[01000) + (0.0370 + 0.2725)[01001)+
(0.1017 — 0.02097)[01010) + (0.1058 — 0.03594)[01011)+
(0.0374 + 0.27597)|01100) + (=0.0667 — 0.1057)[01101)+
(0.0769 — 0.15357)|01110) + (0.1200 — 0.11587)|01111)+
(0.0534 + 0.0875:)[10000) + (0.1928 — 0.15407)[10001)+
(—0.1396 — 0.04107)|10010) + (—=0.0722 + 0.04187)[10011)+
(—0.1151 + 0.26307)|10100) + (—0.1203 — 0.03437)[10101)+
(0.0660 + 0.00437)|10110) + (=0.0150 + 0.21874)[10111)+
(—0.1029 + 0.23831)|11000) + (0.0326 + 0.02097)|11001)+
(—0.1351 + 0.08707)|11010) + (=0.1009 — 0.21357)[11011)+
(0.0444 — 0.01687)|11100) + (0.0662 — 0.07107)|11101)+
(0.0118 + 0.18967)|11110) + (0.2164 — 0.07044)|11111)

(5.20)

Let us now consider theorem 3.1.1. This theorem states that if a code € can
correct a noise N with Kraus operators {N;}, then it can correct any noise N’
with Kraus operators {3, jAiN j}. Since the Pauli matrices, together with the
identity form a bases of C**?, this means that a code able to correct the depolar-
ising channel is also able to correct any other single qubit noise. In order to test
this claim, let us consider the five qubit amplitude damping channel with the

following representation,
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Figure 5.9: Fidelity of A(|0.)(0.]) under the (2°,2') code and the depolarising
channel
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Figure 5.10: Fidelity of 1 ® A((|0L) ® |0L) + [11) ® |1.))({0L] ® (Or| + (11| ® (1L]))
under the (2°,2') code and the depolarising channel
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N ~ {\/;1@5,
1 1
—E,® 1%, \/iE ® 1%,
\ﬁ 0 51
1
\/;]1 ® Ey ® 1%3, \/;]1 ®E; ®1%3,
1 1 '
\/;]1®2 ® Ep ® 1%2, \/;11@’2 ® E; ® 1%2,
1 ®3 1 ®3
g]l ®E0®1, g]]. ®E1®]l,
1 1
\/;]1®4 ® Ey, \/;]18)4 ® El}

Figures 5.11, 5.12 show the performance of the same two codes under the

—_

(5.21)

amplitude damping channel. As it can be seen, it indeed perfectly corrects this

noise channel as well.
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Figure 5.11: Fidelity of A(|0.){0.|) under the (2°,2!) code and the amplitude
damping channel
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0.5 B

Fidelity after noise and recovery
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Figure 5.12: Fidelity of 1 ® A((|01) ® [01) + |1r) ® |1£))({0| ® (Or| + (1| ® (1L]))
under the (2°,2!) code and the amplitude damping channel
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Conclusions and Future Works

As shown in the previous chapter, when a perfectly correctable codes exist,
the implemented algorithms are able to find them. On the other hand, when
only approximate codes exist, the algorithms are still able to find codes with
performance similar to that of the codes known in the literature. Furthermore
the cost function [;(IT) can be used to benchmark different codes, and aid in the
design process of an engineered quantum system.

Even though the codes obtained with these algorithms do not necessarily
have the kind of symmetries that would be desired for a physical implementa-
tion, they could be approximated by means of the Schmidt operator decompo-
sition. An interesting line of research for future work would be exploring how
the performance of the codes would be affected by such an approximation.

The methods developed in this work can also be applied to theoretical mod-
els. They can also be used to empirically explore the properties of different QEC
protocols or different noise channels. For instance, to study the degeneracy of
optimal codes, or how perturbations of a noise model affect the correctability,
as done in the previous chapter.

Extension of the implemented algorithms for finding codes are possible. For
instance, the implementation of conjugate descent methods [30, 39] or the relax-
ation to convex versions, using a combination of duality theory, barrier func-
tions and geometric reformulation of the problem, in the effort of producing
faster and more accurate algorithms.

Finally, since all of the above assumes knowledge of a model of the system
and the noise, a possible line of research would be through the study of system
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identification theory, in order to develop model learning algorithms for quan-
tum systems and for the noises present in the system. That is to include sys-
tem identification procedures within the control strategies and to integrate them
with the present work in a sort of data-driven information-protection design.
Having such a design pipeline may prove to be crucial as engineered quantum
systems continue to scale up in size and complexity.
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Gradient computation

In order to use gradient methods to obtain a local optima of our optimisation
problem, we need to compute the gradient of the cost function. First, let us
define the gradient of [;(U) over V;(C"). Since we consider a complex function
Ja : €™ 5 V,4(C") — [0, o), the Eucledian gradient of J; becomes

d d

. nxd
T, Ja(U) + Z8U1m Ja(U) € C*, (A.1)

Vula(U) =

where Ug, = (U + U)/2 and Uy, := (U — U)/(2i) are the real and imaginary
matrices of U, respectively. The gradient at U € V;(C") is calculated as

grad]y(U) = Vua(U) - U(Vua(U))U. (A.2)

It is easy to verify that grad],(U) € Ty Vi (C").

Remark. For complex cost functions, the complex derivative does not make sense
in general. For example, let us consider J(z) := |z —a|? where a € C. In this case,
the complex derivative does not exist. However, for z = x + iy, the derivative
over the real and imaginary axes exist and are calculated as

(z) _
ox

2(x — Re(w)), aé(;) = 2(y — Re(a)).

Then,

V](z) = 2(z - a),
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A.l. USEFUL GRADIENTS

and this is the natural gradient for the cost function.

Since tr(A ® B) = tr(A)tr(B) and tr(A) = tr(AT) for any square complex
matrices A and B, the cost function (3.51)

M§

W) =Y tr (07 @ Ty)NTN(T,) 7/2N; @ N N(Hu)‘l/QNk)

P\“

,

I
—_

tr

M= 3

I N7 :N(Hu)—T/Z’ﬁl) tr (HuNfN(Hu)—l/ZNk)

(
(
. (A3)
(
(

=
—
Il

—_

M=

tr N*N(Hu)—1/2NkHu) tr (HUNI*N(HU)—l/?Nk)

=
~
Il

—_

2
tr HUN;N(HU)—l/QNk)

M=

=

=1

Now we need to obtain the Eucledian gradient of J; at any Uy € V;(C").

USEFUL GRADIENTS

The following are gradients that are going to appear due to the chain rule,
when computing the gradient of the cost function,

Vutr(Cy (T, )Ty u=u, and Vitr(Co(TTu, N(TT) ™2) uu,, (A.4)
where C;(Up) = Ci(Up)*.

Lemma A.1.1. Let A € C"™" be a given Hermitian matrix. then,

VutT(AHu) = 2AU. (A5)
Proof. Since U = Ug, + iUy,

tr(Ally) = tr(UTAU)
= tr((Ugre — iulm)TA(uRe + ilpm))
= tr(ugeAuRe) — itr(UITmAURE) + itr(ugeAUIm) + tr(UITmAUIm)
(A.6)
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Therefore,
? tr(Ally) = (A + ANUge +i(A - AUy, € R4 (A7)
auRe
? tr(Ally) = (A+ AU, —i(A— AT)Uge € R4 (A.8)
aulm
and
Vutr(Ally) = Tn tr(Ally) + iaul tr(Ally) = 2AU. (A9)
e m
O

Lemma A.1.2. Let A € C"" be a given Hermitian matrix. Then,

Vutr(AN(IIy)"Y?) 2&5}1\1 vee H(E vee(C)t N)U, (A.10)
j=1 i=1
where
C1 = =N(ITy, ) 2AN(ITy,) V2, (A.11)
Cy = N(Iu,) " AT, — N(Ty,) ™ 2N (TT,)'2), (A12)
C3 = (1 = N(ITyy) ™ /*N(ITy,) ) AN(Tyg, )~ (A13)
C=NIIy)?®1, + 1, @ NIIy)"2 (A.14)

Proof. For any non-zero matrix X = (X;;) € C"™" and A € C"*", derivative of the
Moore-Penrose pseudo inverse is given as

d dX
—Xl X1 = X 1, X1X X”X X HxHt =

oxt

1
X (1,-XXD),

(A.15)
where the derivative is the Eucledian derivative [10, 16]. Therefore, we only

consider the derivative of the underlined parts of the following equation,

Vutr(ANIT) ™) u=u,

= — Vit r(AN(TTy, )~ Y2N () V2N (T, ) ™)
+ Vutr(A(L, — N(Ty,) ™ 2N (T, ) 2N ) NIy, Dlu=u,
+ Vutr(AN(TTy,) " "N(ITy) VY21, = N(Ty,) ™2 NTTg,) YD) lu=u,

(A.16)
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Note that if N(ITy;) is invertible, i.e., positive definite, the above equation be-

comes

Vutr(ANIT) ) uzu, = =Vutr(ANTTy,) ™ 2Ny ) 2N Tu) ™) uzu, -
(A.17)

Next, we establish the derivative of N(ITy;)'/? in A.16. Since N(ITy;) = N(ITy) /2 N(ITy)'?,
we have the following Sylvester equation,

N(IIy) = ————————N(I1 N(IT ) A.18
1 (M) = =5 = NT) 2+ N 255 (A18)
By using vectorisation,
1/2
vec( ? N({IIy) = NII)? @1, +1, ® N(Hu)l/Q)vec(M), (A.19)
aU,’]’ 8Ui]'

C=NIIy)™"?e1, +1, ® N(IIy) "2

For C € C"" and b € C", the general solution of Cx = b is given by x =
C~'b + (1, — C1C)d if the solution exists, where d € C" is an arbitrary vector
(we consider the Moore-Penrose pseudo-inverse if det(C) = 0). Hence,

1/2 .
—aN(HU) :Vec_l(C 1Vec( 0

a=ln 5
oU;; oU;; N + (Lyz = € C)zij), 25 € C7, - (A20)

where z;; € c" is arbitrarily chosen, Now we analyze the effect of z;;. Note
that since N(ITy,) is Hermitian and non-negative, there exists a unitary matrix
V e C"™" such that

A
N({IIy,) =V v,

Op

where A € RU"=PX("p) i5 a diagonal matrix with strictly positive diagonal ele-
mentand 1 < p < n is the rank of the kernel of N(ITy;,) (here, we do not consider
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p = 0 or p = n). Hence, we have

. A A
C=V'QV VA L, +1,® VA ViVt (A.21)
p p
and
—On(n—p)
On—p
A=l IP T +
L.—C C=V'®@V ViV
On—p
IP-
=V'QV On-p On-p Vie V.
IP IP

From (A.20), N(ITy)~ /2 is multiplied from, at least, one of the both sides of the

1/2

derivative of N™"/#, so for any X € C"*",

NIT) 2 @ X)(I2 = C'6) = (X ® N(TIy) 21> = €' C) = 0.

Therefore, without loss of generality, we can put z;; = 0.

For C = C' € C"™", by using tr(A'B) = vec(A)'vec(B) and the fact that
~t ~
C =¢C,

Vit r(CNITI)Y2) = Vigvee(C)H(E ™ veeN(TTY)))
= Vi (C ™ vee(C)) vee(N(TTy )

= Vutr(vec_l(é_lvec(C))+N(Hu))

n - . (A.22)
=Vy Z tr(Ngvec_l(C l\/’eC(C))JrNkl_[u)
k=1

n
=2 Zszec_l(é_lvec(C))JrNk u
k=1

From (A.16) and (A.22), we obtain the Eucledian gradient of t7(AN(ITy;))~'/2.
O
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A.2. GRADIENT OF THE COST FUNCTION

GRADIENT OF THE COST FUNCTION

We can now proceed to compute the Eucledian gradient of the cost function

m

2
Vula(Wlu=u, =Vu Z tr (HuNfN(Hu)_l/QNk) lu=u,
k=1

= 3 (2t (M NINOT ) 2N (A23)
k,I1=1

(Vutr (NN(T,) ™ 2Ny lu=u, +

Vutr (NkHuoNfN(Hu)_l/z) |u:uo))

By applying lemma A.1.1

m
VulaW)|u=u, = Z (2tr (HUON;LN(HUO)—l/QNk)
kI=1

A24
(2N N(ITy,) 2N U+ (A-24)
Vutr (NkHuoN;rN(Hu)_l/Q) |u=uo))
Finally, by applying lemma A.1.2
VuJa(W)lu=u, =4 Z (fr (HuoNfN(Huo)_l/sz)
JHI=t . . (A25)
(NFN(Iy ) 2N+ (N vee ™} (C ™ vee(CH)TN)U)
i=1
where
Cy = =N(ITy,) ™ /2NeI Ty, N/ N(ITy,) ™2, (A.26)
Ca = N(ITy,) ™ NiTTyy NJ (1 = N([T, )™ /AN (T, 2, (A.27)
Cs = (1 — N(TTuz,) /2N (T, ) /) NIy, NN (T, ) (A.28)
C=NIIy)"? @1, + 1, ® NIIy)"2. (A.29)
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MATLAB code

function res = armijo(U, X, N, grad, norm_grad, cost_U, d, t, cl)

% This function returns a boolean indicating whether Armijo's
condition

% is satisfied or not

res = cost_function(ret_exp(U, X, t), N) > cost_U - cl * t *
norm_grad~2;

end

Code B.1: Armijo condition

function t = backtracking(U, X, N, grad, norm_grad, cost_U, d, tO, cil
, tau, min_bt)
% This function performs the backtracking algorithm for step-size
% computation, used in line search based optimisation algorithms
t = t0;
% grad = grad_cost_function(U, N);
while armijo(U, X, N, grad, norm_grad, cost_U, d, t, cl)
t =t x tau;
if t < min_bt
disp('Armijo not satisfied')
break
end

end

end

Code B.2: Backtracking
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function res = boltz_weight(U, N, d, beta)

% This function computes the Boltzmann weight used in the consensus
method

res = exp(-beta * (cost_function(U, N) + d72));

end

Code B.3: Boltzmann weight

function res = canon_inner (U, X, Y)

% Canonincal Riemannian inner product in the complex valued Stifel
manifold

n = size(U, 1);

res = trace(X' * (eye(m) - UxU'/2) * Y);

end

Code B.4: Canonical inner product

function res = consensus(UO_cell, N, h, T, beta, lambda, sigma)
% Consensus method for global optimisation in the complex valued
% Stiefel manifold

U_cell = UO_cell;

size(U_cell{1}, 1);

d = size(U_cell{1}, 2);

1 = length(U_cell);

m = floor(T/h);

n

C (2*n - d - 1)/2;
omega_array = zeros(l, 1);
DW = cell(1,1);

for i = 1:m
% parfor j = 1:1
for j = 1:1
omega_array(j) = boltz_weight(U_cell{j}, N, d, beta);

end

omega_sum = sum(omega_array) ;
omega_max = max (omega_array) ;
U_bar = zeros(n,d);

for j = 1:1

U_bar = U_bar + ((U_cell{j} * omega_array(j) * omega_max) / (

omega_sum * omega_max));

end
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APPENDIX B. MATLAB CODE

for j = 1:1
DW{j} randn(n,d) *sqrt(h/2) + li*randn(n,d)*sqrt(h/2);
DW{j} = tang_proj(U_cell{j}, DW{j});

U_cell{j} = U_cell{j} + (lambda * tang_proj(U_cell{j}, U_bar)
- C * sigma~2 * trace((U_cell{j} - U_bar)' * (U_cell{j} - U_bar))
* U_cell{j} / 2) * h + sigma * sqrt(trace((U_cell{j} - U_bar)' =*
(U_cell{j} - U_bar))) * DW{j};

[U, ~, VI = svd(U_cell{j});

U_cell{j} = U * eye(n,d) * V';
end

disp(['Iteration ', num2str(i), '

finished. ', 'Min cost: ',

num2str (-log(min (omega_array))/beta)])

end
res = U_cell;
end
Code B.5: Consensus method
function res = cost_function(U, N)

% Cost function to optimise quantum codes

P=UxT"';
res = real(-trace(vec_proj_noise_recovery(P, N)));
end
Code B.6: Cost function
function res = egrad2grad(U,egrad)

% This function converts the Eucledian gradient into the Riemannian
% gradient in the complex valued Stiefel manifold
res = egrad - U * egrad' * U;

end

Code B.7: Eucledian gradient to Riemannian gradient

function res = egrad_cost_function (U, N)
% Eucledian gradient of the cost function for quantum code

optimisation

P=U=xTU';

scrN_sqrt = noise(N, P)~(1/2);
scrN_inv = pinv(noise(N, P));
scrN_invsqrt = scrN_inv~(1/2);

77



14

15

16

19

20

21

22

23

24

25

26

27

A_hat_invT = pinv(kron(transpose(scrN_sqrt), eye(size(P,1))) +
kron(eye(size(P,1)), scrN_sqrt));

res = zeros(size(U));
for i = 1:length(N)
for j = 1:length(N)
for k = 1:length(N)
for 1 = 1:length(N)
A0 = N{i}' * scrN_invsqrt * N{j} * P;

A1 = N{i}' * scrN_invsqrt * N{j};
A2 = N{j} * P * N{i}';
res = res + 2 * trace(A0) * (

gradAux3 (U, A1) +
gradAux2 (U, N, A2, scrN_inv, scrN_sqrt,
scrN_invsqrt, A_hat_invT));
end
end
end
end
res = -res;

end

Code B.8: Eucledian gradient of the cost function

function res = gradAux1(U, N, C, A_hat_invT)

% Auxiliary function to compute the gradient of the cost function
res = zeros(size(N{1}));
for i = 1:length(N)

res = res + N{i}' * unvec(A_hat_invT * vec(C))' * N{il};
end
res = 2 * res * U;
end
Code B.9: Auxilary gradient 1
function res = gradAux2(U, N, Ag, scrN_inv, scrN_sqrt, scrN_invsqrt,

A_hat_invT)

% Auxiliary function to compute the gradient of the cost function
res = - gradAux1(U, N, scrN_invsqrt * Ag * scrN_invsqrt,
A_hat_invT);
res = res + gradAux1(U, N, scrN_inv * Ag * (eye(size(Ag,1)) -
scrN_invsqrt * scrN_sqrt), A_hat_invT);
res = res + gradAux1(U, N, (eye(size(Ag,1)) - scrN_sqrt *

scrN_invsqrt) * Ag * scrN_inv, A_hat_invT);
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end

Code B.10: Auxilary gradient 2

function res = gradAux3(U, Ag)
% Auxiliary function to compute the gradient of the cost function
res = 2 x Ag *x U;

end

Code B.11: Auxilary gradient 3

function res = grad_cost_function(U, N)

% Riemannian gradient of the cost function for quantum code
optimisation

egrad = egrad_cost_function(U, N);

res = egrad2grad(U,egrad);

end

Code B.12: Riemannian gradient of the cost function

function [U, costs, steps] = grad_descent(U0O, tO, N, cl, tau,
max_iter, min_step, min_bt, min_grad)

% Steepest descent algorithm on the complex valued Stiefel manifold

U = UO0;

cost_U = cost_function(U, N);
grad = grad_cost_function(U,N);
[n, d] = size(U);

costs = zeros(l,max_iter);
steps = zeros(l,max_iter);
for k = 1:max_iter
norm_grad = sqrt(real(canon_inner (U, grad, grad)));

if norm_grad < min_grad
break

end

t = backtracking(U, -grad, N, grad, norm_grad, cost_U, d, t0, ci,

tau, min_bt);

if t < min_step
break

else
U

ret_exp(U, -grad, t);

(=]
]

U / sqrtm(U'*U);
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[Q, ~1 = qr(u);
U=Q(C:n, 1:4);
grad = grad_cost_function(U,N);
cost_U = cost_function(U, N);
costs(k) = cost_U;
steps(k) = t;
disp ([num2str(k), ' ', num2str(cost_U)])
end
if k == max_iter
disp("Max iter reached")
end
end
costs(k) = cost_function(U, N);
steps(k) = t;
costs = costs(1,1:k);
steps = steps(1,1:k);
end

function [U_opt
min_change,

, min_bt)

Code B.13: Steepest descent algorithm

, costs] = iddm(UO, t, tO, N, c, rhol, tau, eta,

min_grad, max_iter, max_iter_local,

min_step,

% IDDM algorithm on the complex valued Stiefel manifold

U = UO0;

[n, d] = size(U
costs = zeros(1
U_prev = zeros(
U_opt = U;
cost_U = cost_1£
cost_opt = cost
for k = 1:max_i

if norm(U_p
break
else
sigma =
U = sde
U = loc

) 8
,max_iter) ;
n,d);

unction (U, N);

_U;
ter

rev - U) < min_change

c / (C (kxt(end))~(1/(2x(n-1))) );
_solver(U,N,t,sigma);
al_solver (U, tO, N, rhol, tau, eta,
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max_iter_local, min_step, max_step, min_bt);

1
B

end

if k

end

end

cost_U = cost_function(U, N);
if cost_U < cost_opt
U_opt = U;
cost_opt = cost_U;
end
costs(k) = cost_U;
save ('sanitycheck.mat', 'k', 'U_opt', 'cost_opt')

disp(['Iteration ', num2str(k), ', cost: ', num2str(costs(k))
Time: ' datestr(datetime)])
== max_iter

disp("Max iter reached")

if k < max_iter

cost
cost

end

end

function
% Functi
res

for

end

end

function

s(k) = cost_function(U, N);
s = costs(1,1:k);

Code B.14: IDDM algorithm

res = kraus_check (N)
on to check the correctness of a set of Kraus operators
= zeros(size(N{1}));

i = 1:length(N)

res = res + N{i}' * N{i};

Code B.15: Kraus operators correctness check

res = local_solver (U0, tO, N, rhol, tau, eta, min_grad,

max_iter, min_step, max_step, min_bt)

% Local

U = U0;
egrad =
[n, d] =

solver of the IDDM algorithm

egrad_cost_function(U,N);

size (U);
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s Q = 1;

9 C = cost_function(U, N);

10t = t0;

11 %hcosts = zeros(1l,max_iter);

12 for k = 1l:max_iter

13 grad = egrad2grad(U,egrad);

14 norm2_grad = real(canon_inner (U, grad, grad));

15 if sqrt(norm2_grad) <= min_grad

16 %disp ("Minimum gradient reached")

17 break

18 end

19

20 A = egrad * U' - U * egrad';

21 %norm2 A = trace(A *x A');

2 % disp(sqrt(norm2_grad))

23

24 Y = pinv(eye(n) + t*A/2) * (eye(n) - t*A/2) * U;

25 %Y = ret_exp(U, -grad, t);

26

27 while cost_function(Y, N) >= C - rhol * t * norm2_grad

28 %disp([cost_function(Y, N), C - rhol * t * norm2_gradl])

29 t = tauxt;

30 Y = pinv(eye(n) + t*A/2) * (eye(n) - t*xA/2) * U;

31 %Y = ret_exp(U, -grad, t);

32 if t < min_bt

33 disp("Armijo-Wolf not satisfied. Returning")

34 res = U;

35 return

36 end

37 end

38

39 %0 = U / sqrtm(U'*0U);

40 %[Qnorm, ~]1 = qr(Y);

41 %U_next = Qnorm(1l:n, 1:d4);

42 U_next = Y;

43 egrad_next = egrad_cost_function(U_next,N);

44 Q_next = etax*Q + 1;

45 C_next = (eta * Q * C + cost_function(U_next, N)) / Q_next;

46 t_next = max(min(twopoint(U_next, U, egrad_next, egrad), max_step
), min_step);

47

48 if t_next == max_step
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disp("max step used in local solver")
elseif t_next == min_step

disp("min step used in local solver")
end
Y%costs(k) = cost_function(U, N);

U = U_next;

egrad = egrad_next;
Q = Q_next;

C = C_next;

t = t_next;

if k == max_iter

disp("Max iter reached in local solver")
end
end
%costs(k) = cost_function(U, N);
%plot (costs)

res = U;
end

Code B.16: Local solver of the IDDM algorithm
function res = noise (N, rho)

% This function applies a noise channel to a quantum state
res = zeros(size(N{1}));
for i = 1:length(N)
res = res + N{i} * rho * N{il}';
end

end

Code B.17: Noise channel

function res = noise_recovery(P, N, rho)
% This function applies the composition of noise and Petz recovery to
a

% quantum state

res = recovery(P, N, noise(N, rho));
end
Code B.18: Noise and recovery composed operation
function res = noise_recovery_ops(P, N)

% This function returns the Kraus operators of the composition of
% noise and Petz recovery
res = cell(size(N{1}));
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for j = 1:length(N)
for k = 1:length(N)
res{j,k} = P *x N{j}' * pinv(noise(N,P))~(1/2) x N{k};
end
end

end

Code B.19: Noise and recovery composed operators

function res = proj_noise_recovery(P, N, rho)
% This function applies the composition of projection onto the code,
noise

% and Petz recovery

res = recovery(P, N, noise(N, P * rho * P));
end
Code B.20: Projection noise recovery operation
function res = proj_noise_recovery_ops (P, N)

% This function returns the Kraus operators of the composition of
% projection onto the code, noise and Petz recovery
res = cell(size(N));
for j = 1:length(N)
for k = 1:length(N)
res{j,k} = P x N{j}' * pinv(noise(N,P))~(1/2) =* N{k} * P;
end
end

end

Code B.21: Projection noise recovery operators

function res = recovery(P, N, rho)
% This function applies the Petz recovery channel
res = zeros(size(N{1}));
for i = 1:length(N)
res = res + P * N{i}' * pinv(noise(N, P))~(1/2) * rho * pinv(
noise(N, P))~(1/2) * N{i} * P;
end

end

Code B.22: Petz recovery

function res = ret_exp(U, X, t)
% This function performs an exponential retraction on the complex

valued

84



APPENDIX B. MATLAB CODE

% Stiefel manifold

[n, d] = size(U);
A =TU' x X;
[Q, R] = gr((eye(n) - UxU') * X);

R = R(1:4, 1:4);
Q = Q(l:n, 1:4);
0 = zeros(d,d);

res = [U Q] * expm(t * [A -R'; R 0]) * [eye(d); 0];
[Q, ~1 = gr(res);
res = Q(1:n, 1:4);

5 end

Code B.23: Exponential retraction

function res = sde_solver (U0, N, t, sigma)

% This function simulates the Stochastic process of the IDDM

algorithm
beta = 1 - sqrt(2)/2;
U = UO;
n = size(U, 1);

d = size(U, 2);

k = 1;

for delta = t(2:end) - t(l:end-1)

egrad_cost_function(U, N);

B = randn(n,d)*sqrt(delta/2) + lixrandn(n,d)*sqrt(delta/2);
Z = -delta * G + sigma * (eye(n) - beta * (U * U')) * B;
A =72 x*xTU' -U=x%x Z"',;
U = pinv(eye(n) - A/2) * (eye(n) + A/2) * U;
k = k+1;
end
res = U;
end
Code B.24: SDE solver of the IDDM algorithm
function res = skew(Z)

% This function returns the anti-Hermitian part of a matrix
res = (Z - Z2')/2;
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4 end

Code B.25: Anti-Hermitian part

function res = sym(Z)
% This function returns the Hermitian part of a matrix
res = (Z + Z')/2;

4+ end

Code B.26: Hermitian part

function res = tang_proj (U, X)

% This function performs a projection onto the tangent space of a
point of

3 % the complex valued Stiefel manifold

s+ n = size(U, 1);

res = U *x skew(U' * X) + (eye(n) - U *x U') x X;

end

Code B.27: Projection onto tangent space

function res = tang_proj_perp(U, X)
% This function perform a projection onto the orthogonal space of the
% tangent space of a point in the complex valued Stiefel manifold

res = U * sym(U' * X);

5 end

Code B.28: Projection onto space perpendicular to the tangent

function t = twopoint(U, U_prev, grad, grad_prev)

% This function performs the two-point algorithm to compute the step-
size

% used in line-search based algorithms

+ DU = U - U_prev;

5 Dgrad = grad - grad_prev;

t = abs(trace(DU' * Dgrad)) / trace(Dgrad' * Dgrad);

end

Code B.29: Two-point step size

function res = unvec(X)
% This function performs the inverse of the vectorisation operation
res = reshape(X, sqrt(size(X,1)), sqrt(size(X,1)));

end

Code B.30: De-vectorisation
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function res = vec(X)
% This function performs the vectorisation operation
res = reshape(X, size(X,1)*size(X,2), 1);

end

Code B.31: Vectorisation

function res = vec_proj_noise_recovery(P, N)

% This function returns the matrix that applies the composition of

% projection onto the code, noise and Petz recovery to a vectorised

density

% matrix
Ac = proj_noise_recovery_ops(P,N);
res = zeros(size(Ac{1,1}).72);

for j 1:1length (Ac)
for k = 1:length(Ac)
res = res + kron(conj(Ac{j,k}), Ac{j.k});
end
end

end

Code B.32: Vectorised projection, noise and recovery
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