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Abstract

This thesis describes, quantifies and applies quantum information-processing resources that
go beyond observables and generalised measurements (POVMs), and must instead be defined
as monotones on the pre-order established within a resource theory. The research is divided
into two parts, examining monotones expressed in terms of generalised quantum entropies for
the resource theories of magic and asymmetry respectively. These resources display counter-
intuitive behaviour signalling the breakdown of classical descriptions for quantum computing
(in terms of statistical mechanics) and symmetry-constrained open system dynamics (in terms

of Noether’s Theorem).

Part I of the thesis concerns magic distillation. Previous work has cast universal fault-tolerant
quantum computing by magic state injection for odd-dimensional systems within a phase
space setting wherein distillable magic states acquire negative a-Rényi entropies. We extend
this statistical mechanics framework to the technologically important qubit case, from which
we derive fundamental trade-off relations on parameters governing the performance of an ele-
mentary family of protocols that project onto CSS codes. These trade-off relations are tuned to
physics specific to code projection protocols and can outperform previous monotone bounds

on protocol parameters in regimes of practical interest.

Part II of this thesis concerns symmetry-constrained open system dynamics. Recently, a com-
plete but infinite set of entropic monotones was found for the resource theory of asymmetry,
given in terms of correlations with every state on a spontaneously emergent quantum refer-
ence system. We show that one can restrict to reference frames forming any surface enclos-
ing the maximally mixed state, which implied that the possibility of state transition under
symmetry-constrained general quantum channels can be determined by a single entropic min-

imality condition at the maximally mixed state. Building on this analysis, we provide simple,
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closed conditions on the minimal depolarization needed to make a quantum state accessible
under channels covariant with symmetry groups whose multidimensional representations are

multiplicity-free.
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Chapter 1

Introduction

Historically, quantum mechanics seemed to present nothing but obstacles to information pro-
cessing. Examples include the restriction posed by the uncertainty principle on the precision
with which canonically conjugate variables may be encoded in a quantum state [1], as well as
the disconcerting discovery, expressed by the No-Cloning Theorem [2], that one cannot copy

an arbitrary unknown quantum state.

The advent of quantum computing has radically overturned this assessment. From algorithms
that solve important problems such as prime factorisation [3] nearly exponentially faster than
their classical counterparts, to protocols for fundamental cryptographic tasks such as key dis-
tribution that, for the first time, offer security on an information-theoretic basis rather than
on assumptions about the technological limitations of attackers [4], we have seen that quan-
tum mechanics in fact holds new possibilities for information processing beyond what can be

achieved within classical physics.

One particularly fruitful approach to studying and characterising how the quantum properties
of a physical system may be harnessed for information-processing tasks is the resource theory
framework [5]. The basic idea is to restrict quantum information processing to a permitted or
“free” subset of quantum channels, and thereby designate access to any channel outside of
this subset as a resource. While such restrictions frequently originate in current technological
limitations on which quantum operations are easy or even possible to perform, resource the-
ories often came to be valued for isolating the physical ingredients essential for a given task

in quantum information processing. For instance, in the first quantum resource theory ever



Chapter 1. Introduction

formulated, the resource theory of entanglement, the “free” operations are local operations
and classical communication (LOCC) [6]. Restricting to such operations not only allows us to
capture the practical reality that LOCC are far less challenging to carry out than the faithful
transmission of quantum systems across large distances, but also isolated entanglement as the
sole necessary ingredient for making such transmissions possible. Another example comes
from the resource theory of asymmetry, which has shown that superselection rules on observ-
ables conserved under a symmetry group can be lifted by sharing a quantum reference frame

for that symmetry group [7].

The set of free operations defining a quantum resource theory often also coincides with some
notion of classicality. For example, in the field of quantum computation, the stabilizer sub-
theory, which can be implemented relatively easily in a fault-tolerant way [8, 9, 10], can also
be simulated efficiently on a classical computer [11, 12, 13]. Non-stabilizer (“magic”) states
or channels can consequently be regarded as holding the resources responsible for quantum
computational speedup [14]. We therefore see that the resource theory framework is highly
versatile and lends itself both to practical questions probing the consequences of limited ex-

perimental capabilities and foundational questions on the sources of quantum advantage.

At a more technical level, resource theories provide a rigorous basis for identifying how many
different types of resources are relevant for a given information-processing task, as well as
quantifying how much of these resources are held by a given quantum state (or channel).
From an operational perspective, one state possesses at least as much of a given resource as
another state if it is possible to transform the former into the latter without bringing in more
of the resource - i.e. via the free operations of the resource theory. Convertibility under free
operations thus establishes a “ranking” — formally, a pre-order — on the set of quantum states,

which is captured by a set of resource monotones that cannot increase under free operations.

Perhaps unsurprisingly, resource monotones are often expressed in terms of entropies — classical
thermodynamics itself can be regarded as a resource theory of operations restricted by com-
pliance with the laws of thermodynamics, within which thermodynamic entropy uniquely
determines the accessibility of any equilibrium state from another (of the same energy). The
Shannon entropy [15] used for quantifying classical information was developed with thermo-
dynamic entropy as its inspiration. In recent years, many generalised quantum entropies have

been devised in place of the Shannon entropy to characterise the irreversibility of state con-
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versions within a quantum resource theory [16, 17], which typically possess far more complex

structures than classical thermodynamics.

1.1 Thesis overview: motivation and contributions

This thesis is concerned with describing, quantifying and using information-theoretic resources
of quantum systems that go beyond what can be captured via observables or generalised mea-
surements (POVMs), and must instead be defined by measures capturing the pre-order es-
tablished within a quantum resource theory. The research is divided into two parts, which
examine measures expressed in terms of generalised quantum entropies for the resource theo-
ries of magic and asymmetry respectively. These resources display counterintuitive behaviour
that signals the breakdown of classical descriptions for quantum computing (in terms of sta-
tistical mechanics) and dynamical properties induced by a symmetry constraint (in terms of
Noether’s Theorem) respectively. The two parts of this thesis demonstrate the wide scope of
the resource-theoretic framework in characterising quantum resources, as one part studies ab-
stract computational resources that may be held by any physical system in a fixed practical
application (magic distillation), whereas the other part studies resources that must be held by
specific physical systems (capable of encoding given symmetry groups) from a general foun-

dational perspective.

We begin in Chapter 2 with a review of tools from quantum information science that will be
used extensively throughout this thesis. We give particular focus to introducing the notion
of quantum resource theories, which provides the overarching framework within which the re-

search constituting this thesis takes place.

1.1.1 Part I: General entropic constraints on Calderbank-Shor-Steane (CSS) codes

within magic distillation protocols

Quantum Computing by State Injection (QCSI) has emerged as one of the most promising ap-
proaches for achieving universal fault-tolerant quantum computation, wherein so-called magic
states are resources that must be distilled by fault-tolerant stabilizer circuits in order to promote
those circuits to universality [18]. First experimentally demonstrated in December 2024 [19] af-
ter long theoretical investigation, almost all known magic distillation protocols [18, 20, 21, 22,

23] are based on a subclass of quantum error-correcting codes known as Calderbank-Shor-Steane
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(CSS) codes [24, 25]. Though significant progress has been made to reduce the overhead of such
protocols [26], magic distillation is still expected to dominate the resource cost of QCSI. Un-
derstanding what fundamental trade-offs distillation must make between reducing resource
costs and improving fidelity, especially in ways that could be tailored to the specific physics of
protocols used, is thus of vital practical interest, and may be instructive for designing protocols

with optimised parameters.

Recent work [27] developed a statistical mechanics framework for analysing magic distillation
protocols by extending tools from majorization theory to phase-space representations of magic
states. However, this framework was restricted to quantum systems of odd prime Hilbert

space dimension, and had not yet been applied to concrete protocols for magic distillation.

In Part I of this thesis, we extend the framework of Ref. [27] to the experimentally impor-
tant case of qubit systems by focussing on magic distillation in the completely CSS-preserving
subset of stabilizer circuits, which we show to be similarly capable of QCSI. By exploiting
this extended framework, we derive fundamental trade-off relations in parameters governing
the performance of an elementary family of magic distillation protocols that project onto CSS
codes. These trade-off relations yield lower bounds on code length capable of out-performing
state-of-the-art lower bounds due to magic monotones in some regimes of practical interest, as
well as a novel cut-off result implying, for fixed target error rate and acceptance probability,
that one needs only consider CSS codes below a threshold number of qubits. These constraints
are not due simply to the data-processing inequality but rely explicitly on the stochastic repre-

sentation of such protocols in phase space.

1.1.2 Part II: Infinitesimal reference frames suffice to determine the asymmetry

properties of a quantum system

Identifying constraints imposed by symmetry on the evolution of a system has broad appli-
cations throughout physics — when exact solutions to the laws of motion become too com-
plex, one can often make non-trivial inferences by appealing to symmetry principles. While
Noether’s Theorem allows us infer conserved quantities from symmetries in closed quantum
system dynamics [28], this inference is no longer valid in open quantum system dynamics [29,
30]. How symmetry principles constrain the general evolution of a quantum system via quan-

tum channels therefore became a crucial question. In response, the resource theory of asym-
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metry was developed [30] with the aim of understanding which states can be converted into
which under channels that are covariant with respect to a symmetry group GG. Most works
have addressed this question by identifying asymmetry monotones [30, 31, 32, 33, 34, 35] that
allows us to quantify the degree to which a quantum system encodes coordinates of a sym-
metry group; such monotones must decrease under G-covariant channels and thereby provide

necessary conditions on general state evolution under a symmetry principle.

Recent work [36] identified the first complete set of asymmetry monotones in terms of cor-
relations relative to quantum reference frames assessed by the single-shot conditional min-
entropy. However, because these monotones must be evaluated at infinitely many reference

frames, they are difficult to use in practice and their physical implications unclear.

In Part II of this thesis, we show that the set of asymmetry monotones identified in Ref. [36]
has extensive redundancy, and that one can restrict to reference frames forming any closed
surface that encloses the maximally mixed state. This result enables us to obtain a single nec-
essary and sufficient entropic condition at the maximally mixed state for G-covariant state
conversion. Though evaluating this condition in its current form poses signficant technical
difficulties, it can still be interpretationally interesting because it shows that one does not need
reference frames that perfectly encode a symmetry group to characterise the asymmetry prop-
erties of a quantum system — in fact, reference frames that are nearly completely degraded
suffice. Building on this analysis, we provide simple, closed conditions to estimate the mini-
mal depolarisation needed to make a given quantum state accessible under channels covariant

with an arbitrary symmetry group.



Chapter 2

Quantum Resource Theories (QRTs)

2.1 Quantum information preliminaries

In this section, we rapidly review some basic concepts from quantum information theory that
are relevant to quantum resource theories, and introduce notation that will be used throughout
the rest of this thesis. Classic exposition of this introductory material can be found in e.g.

Ref. [1] or Ref. [37]. Throughout this thesis, we work in units of 7 = 1 for convenience.

A quantum system is any collection of physical degrees of freedom whose behaviour allow for a
closed and consistent description using quantum theory [38]. Every quantum system S is asso-
ciated to a Hilbert space Hs, and we will denote the Hilbert space of a d-dimensional quantum
system, that is, a quantum system in which at most d states are simultaneously distinguishable,
by H,4. Furthermore, we will denote the set of bounded operators on Hg by B(.S); in the special
case where S is a system of n qubits, this notation will be adapted to B(n). The quantum states
(i.e. density matrices) for system S form the subset in B(S) of positive-semidefinite matrices

with trace 1, which we denote by D(S).

Any physically possible evolution of a quantum system must take density matrices to density
matrices in a way that respects statistical mixing, even when only acting on a subsystem of
some larger system. The most general evolution of system S to system S’ is therefore given by
the set of quantum channels from S to S’, which are defined as linear maps from B(S) to B(S")
that are completely positive and trace-preserving (CPTP). We will denote the identity or “do

nothing” channel on quantum system S by idg.
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It is worth noting at this juncture that quantum states (or, speaking more precisely, prepara-
tions of quantum states) can also be represented as quantum channels if one introduces the
complex numbers C as the Hilbert space of the unique 0-dimensional quantum system, whose
sole “state” is the number 1. The state pg of system S can then be represented as the quantum
channel ® : C — B(S) such that (1) = pg; all channels of the form ® are therefore referred to

as state preparation channels.

2.1.1 Three representations of quantum channels

We now review three ways of representing any quantum channel that are frequently used
across quantum information science. The existence of any of these representations is necessary

and sufficient for a map to be CPTP, and thus constitute a valid quantum channel.

2.1.1.1 The Stinespring dilation

Possibly the most intuitive way of representing a quantum channel is the Stinespring dilation.
Given any quantum channel ¢ 4_, g from an input system A to an output system B, the Stine-
spring theorem [39] states that there always exists some ancillary system E and unitary oper-

ation U g on the input and ancillary system such that

®455(pa) = Trpr (Uap(pa @ [0)0]5)U 5|, (2.1)

where we highlight that the discarded system E’ need not be the same as the initial ancillary
system F, and that the choice of U4g is in general not unique. The Stinespring dilation can
be interpreted as saying that every possible evolution of a quantum system is equivalent to a
unitary evolution of the system and its environment, where some degrees of freedom in the

joint system subsequently become inaccessible.

2.1.1.2 The Kraus representation

Probably most widely encountered method of representing a quantum channel ®5_,s from

input system S to output system S’ is the Kraus representation, which decomposes @ into a set
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of linear operators { K : Hg — Hg } satisfying 3, KJK j = 14 such that
P55 (ps) =Y K;(ps)K]. (2.2)
J

As is the case with U4 in the Stinespring dilation, the choice of { K} is also not unique and is
only defined up to unitary mixing [1].
2.1.1.3 The Choi-Jamiolkowski representation

This representation expresses the Choi-Jamiolkowski isomorphism [40, 41] between quantum
states and channels. Let us define the maximally entangled state between two copies of an input

system S with Hilbert space dimension dg in an orthonormal basis {|i)¢} as

ds
|¢+>55 = \/16575 Z i) li) s - (2.3)
i=1

Given any quantum channel ®g_, ¢ from S to an output system S’, we can construct the as-
sociated Choi state J(®s_,s/) € B(SS’) representing the channel as the following state on the

bipartite system S5,

TJ(Pgg) =idg @ Pg_yg(

A Cad P (2.4)

which further has the property of being maximally mixed on the input system, i.e.

I
Tro [T (®sr5)] = —

- (2.5)

The Choi-Jamiolkowski isomorphism states that J constitutes a bijection between CPTP maps
from S to S’ and states on S5’ that are maximally mixed on S. Concretely, given any bipartite
state Jgg € B(SS’) on the joint system S5 satisfying Eq. (2.5), one can construct a quantum

channel J!(Jsg) from S to S’ that acts on a state pg of S as

T HJss)lps] = ds Trs(Jss[ps]” @ Isr), (2.6)

where transposition is performed relative to the basis {|7) ¢}
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2.1.2 Inner products, norms and distance measures between quantum states

The set of bounded linear operators B(7{) on a finite-dimensional Hilbert space # can consti-
tute a (complex) linear vector space, and can itself be turned into a Hilbert space upon being

equipped with the Hilbert-Schmidt inner product, which is defined as
(A,B) == Tr [ATB] 2.7)

The norm induced by the Hilbert-Schmidt inner product on B(#) is also known as the trace
norm or Schatten-1 norm, which has been extended into a whole family of operator norms used

extensively throughout this thesis: the Schatten-p norms defined as

M|
3=

11, = [Tr (XTx> ] (2.8)

for p € [1, 00| and bounded operator X. The Schatten-2 norm is also known as the Frobenius
norm. Given a Hermitian input, the Schatten-oo norm returns the largest absolute value of its

eigenvalues.

We can construct distance measures between two quantum states p and o of the same system
to quantify how far they are from being identical. This thesis uses two of the most important

distance measures in quantum information science, the trace distance

Dpllo) = gllp ol 29)

and the infidelity,

1— F(p,0) where F(p,0) := H\/ﬁﬁHf (2.10)

When o is a pure state given by [¢)(¢], its fidelity with respect to p becomes simplified to
F(p, |[v)v|) = (¢| p|p). In accordance with the definition of distance measures, both the trace

distance the infidelity becomes 0 if and only if p = o.

2.1.3 Universal quantum computation

A quantum computer on qudits of the same dimension d is universal when it is able to exe-

cute any quantum channel between such qudits with arbitrary precision. From the Stinespring

10
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dilation of quantum channels, we see that universality can be reduced to the ability to dis-
card any qudit, to initialise any qudit in a computational basis state that is the eigenstate of the
Pauli Z operator, and to perform any unitary operation on qudits with arbitrary precision. In
quantum information, unitary operations are usually referred to as gates following terminol-
ogy from classical computer science. Universal quantum computation is then typically defined
as the ability to approximate any unitary channel using a number of elementary gates (drawn
from a finite set) that scales polynomially with the desired accuracy [1]. A classic example of
a universal gateset for qubits is the CNOT-gate, the Hadamard gate H, the phase-gate S and

the T-gate, which are reviewed in section 3.2.3 of Chapter 3.

2.2 The QRT framework

In this section, we briefly review the QRT framework. Despite its name, a quantum resource
theory is not a scientific theory in the sense of falsifiability, but rather a framework for casting
physical properties as “resources” relative to a set of quantum channels. This framework al-
lowed researchers a method to precisely quantify fundamental quantum properties that could
not be expressed as Hermitian observables or even POVMs, such as entanglement [42, 6], co-
herence [43, 33, 44, 45], thermodynamics [46, 47, 48], non-Gaussianity [49, 50], magic [14, 51]
and many more [5]. Outstanding and much more thorough exposition of the QRT formalism

can be found at e.g. Ref. [52].

Consider a quantum system given to an agent or distributed amongst a group of agents. A
QRT essentially models what the parties can physically accomplish using this system given
restrictions imposed by technological or experimental limitations, the rules of some game, or
even the laws of physics [5]. What operations the agents can still perform is then described by
a (typically much smaller) subset R of all the quantum channels by which this system could

evolve, which forms the basis for defining a QRT.

Definition 1 (Quantum Resource Theory). A quantum resource theory is defined by a subset
R of quantum channels, called free or permitted, with the following properties:

(R1) contains all identity channels, i.e. given any quantum system A, idy € R.

(R2) is closed under composition, i.e. given any three quantum systems A, B and C, if ® 4,

is a quantum channel from A to B and ®p_,c is a quantum channel from B to C such

11
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that ®4 g € Rand ®p_,c € R, then ®4_,go bp_,c € R.

The free states of a QRT are the subset F of quantum states produced by state preparation
channels in R, i.e. given any quantum state p4 of system A, we have p4 € F if and only if
there exists a quantum channel ®4 : C — B(A) such that 4 € F and ®4(1) = p4. Any state

or channel that is not free is called a resource state or channel.

It is worth taking a few moments to unpack the physical interpretation and consequences of
Definition 1. Property (R1) simply says that doing nothing is always permitted. Property
(R2) then formalises what it means for quantum channels to be permitted: that they can be
performed in whatever order one wishes and as often as one wishes. The major consequence

of Property (R2) is

The Golden Rule of QRTs

Free operations cannot convert free states to resource states.

More formally, if p4 is a free state of quantum system A prepared by some state preparation
channel ¢4 € R, then given any channel ®4_,p € R from system A to system B, Property
(R2) implies that ® 4,5 0 ®4 € R, which is equivalent to ®4_,5(p4) € F. Therefore, in the
absence of any resource states or channels, a QRT leaves agents “stuck” in a subtheory — i.e.

closed subset of channels — of quantum theory that consists exclusively of its free operations.

Given a set of free operations R alongside the free states F it induces, we will use R(A — B)
to denote the set of free operations from input system A to output system B, and use F4 to

denote the set of free states on system A.

2.2.1 Resource Monotone

The golden rule of QRTs does not mean that resource states are totally excluded. On the con-
trary, if the quantum system originally given to the parties happens to be a resource state,
it could potentially be used to lift the restrictions on the allowed operations. More formally,
given any two physical systems A and B, access to a resource state px on system X allows one to
perform channels from A to B of the form ®4_,5(-) = Paxp5((-)a ® px) where ®4x_p € R,
which may not necessarily also lie in R. The most celebrated example of using a resource state

to circumvent operational restrictions come from the QRT of entanglement, where the free op-

12
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erations are restricted to local operations and classical communication (LOCC), yet sharing a

Bell state allows one agent to transmit a qubit perfectly to another.

However, the Bell state is “used up” by the perfect transmission of a qubit, in the sense that
after the transmission, the Bell state is degraded to a separable state [6]. One basic question
that QRTs were developed to answer is therefore: how quickly must a resource state be used
up, i.e. what free operations can it go through before ending up as a free state? Addressing

this question naturally leads us to explore the structure of state conversion within a QRT.

Given some quantum states p and o, if there exists a free operation ® € R that can convert o
to p as ®(0) = p, then we write p = 0. Generally, the relation > is only a pre-order, because
there can exist p and o such that neither state can be converted to the other via free operations,
i.e. we have p /% 0 and 0 /% 0, and moreover p >~ o and o >x p does not necessarily imply

p = o. This pre-order is captured by resource monotone:

Definition 2 (Resource monotone). Given a resource theory with free operations R, a resource
monotone M : UsD(S) — R is a function that assigns a non-negative real number to every

state of every quantum system S that cannot be increased by free operations, i.e.

p-ro = M(p) > M(o). (2.11)

Informally, resource monotones allow us to quantify “how much” of a resource a state pos-
sesses, as well as how many different “flavours” of resource are required by a particular
information-processing task. Though this is not the case with the monotones studied in this
thesis, we note that typically resource monotones are also expected to be faithful, i.e. to vanish

on free states.
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Chapter 3

A Statistical Mechanics Framework for

Qubit Magic Distillation

3.1 Introduction

3.1.1 Quantum computation by state injection (QCSI)

The components of any real quantum computer are invariably noisy. To prevent errors in-
troduced by noise from multiplying and spreading until computation becomes unreliable, a
practical quantum computer must have a fault-tolerant architecture, which rests upon two ingre-
dients. First and foremost, the quantum computer must be able to protect information stored
in its memory using quantum error-correcting codes (QECCs) [53]. Similar to its classical counter-
part, a QECC typically encodes any state on a single qubit redundantly across a block of several
qubits, which allows the original state to be reconstructed even after a few qubits in the block
are disturbed by noise [54]. To maintain this protection as information is processed, the quan-
tum computer then encodes a universal set of channels to operate directly on encoded states
so they need never be decoded, and periodically performs error correction on each encoded
block of qubits [54]. In August 2024, Google provided the first experimental demonstration of
below-threshold quantum error correction using surface code constructions [9, 10, 55], which

exponentially suppressed the logical relative to the physical error rate by a factor 2 [56].

However, error correction alone is insufficient for fault tolerance, because encoded operations

can cause errors to propagate from one encoded block to another, and the correction procedure
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may itself introduce errors as it is carried out using the same noisy components as the rest of
the computer. The second ingredient of fault-tolerant architecture is designing each encoded
operation such that a failure anywhere in the procedure only propagates to a small number of
qubits in each encoded block, so error-correction can remain effective at removing them [1]. To
this end, it is highly desirable if encoded operations can be transversal, i.e. act on each qubit in
an encoded block independently!, as this ensures a failure can produce at most one qubit error
per encoded block [54]. Unfortunately, hopes that transversal encoding can directly provide
universal fault-tolerant quantum computing were dashed by the Eastin-Knill Theorem [57],

which proved that no universal gateset can be transversally encoded.

Quantum Computation by State Injection (QCSI) has emerged as one of the most promising
frameworks for circumventing the Eastin-Knill Theorem. Its basic idea is restricting compu-
tation to a subtheory that can be encoded transversally at the expense of only offering classical
computational power, and then promoting this subtheory to universal quantum computation
by injecting special, pre-prepared ancillary states known as magic states. In the first and still
most popular concrete scheme for QCSI, the Bravyi-Kitaev model, computation is restricted to
stabilizer circuits, which can be transversally encoded via surface code constructions but were
shown in the Gottesman-Knill theorem to be efficiently simulable on a classical probabilis-
tic computer [12, 13]. Stabilizer circuits can be promoted to universal quantum computa-
tion through the injection of any pure state that they cannot prepare [58, 59]. We see that a
QCSI scheme is naturally structured as a resource theory of magic, wherein the transversally-
encoded subtheory constitutes the free operations, while states (and channels) outside this
subtheory are defined as magic and contain the resources necessary for quantum computa-
tion. The split between free and resourceful operations in a QCSI scheme approximates® the

classical-quantum boundary in computational power.

Because magic states are prepared outside the fault-tolerant subtheory to which QCSI compu-
tation is restricted, they suffer error rates that are too high for them to be used directly. QCSI

therefore requires an initial stage of magic state distillation, which converts many noisy copies

!Formally, a quantum operation ® on m blocks of n qubits is transversal if there exists a set of m-qubit operations
{(Di}izlymn such that ® = ®?:1 ;.

*Whether a subtheory can be transversally encoded is not straightforwardly related to whether it only provides
classical computational power. Taking the Bravyi-Kitaev model as an example, the subtheory of operations with a
non-negative Gross’s Wigner representation (reviewed in the next section) is strictly larger than stabilizer circuits,
but can still be efficiently simulated by a classical probabilistic computer [60]. Resource theories of magic with a
more foundational outlook than those reformulating QCSI schemes have been constructed by taking such larger
sets of free operations [14, 61].
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of a desired magic state into fewer copies at higher fidelity using only operations from the
fault-tolerant subtheory. Magic distillation was experimentally demonstrated for the first time

in December 2024 [19].

3.1.2 Phase-space formulations of QCSI

On qudits of odd prime dimension, the Bravyi-Kitaev model has a beautiful phase-space for-
mulation that has powerful applications for resource theories of magic and other sorts of non-
classicality. Invented by David Gross [60] as an extension of a similar representation for con-
tinuous variable systems in quantum optics by Eugene Wigner [62], this formalism provides
the closest quantum analogue to the classical conception of dynamical systems as probability
distributions evolving over phase space, with the exception that some quantum states are rep-
resented by quasiprobability distributions that have negative values. Nevertheless, under Gross’s
Wigner representation, every state that can be prepared by a stabilizer circuit becomes a legiti-
mate probability distribution over phase space; more generally, every stabilizer circuit becomes
a stochastic map between phase spaces. By contrast, distillable magic states are represented
by quasiprobability distributions that always contain negative entries [63]. Negativity under
Gross’s Wigner representation thus emerges as a necessary (and, for pure states, sufficient)

resource for quantum computational speedup.

Gross’s Wigner representation can serve as a realist model for stabilizer circuits in odd prime
dimension, i.e. we can interpret points in the phase space of a single qudit as the “true” states
of that qudit, such that preparing a stabilizer state would, “in reality”, place each qubit in one
of these states, which then evolve under stabilizer operations that, “in reality”, sends these
states to others. This is partly because Gross’s Wigner representation becomes stochastic for
stabilizer circuits, but also because it respects the sequential and parallel composition of pro-
cesses — that is, if a channel ®; operates after, or on a separate system from, another channel
9, Gross’s Wigner representation W of ®; also acts after, or on a separate phase space from,

the representation of ®»,i.e. W, g0, = Wo, ® Wo, and We,o0, = Wo, 0 Wa,.

Gross’s Wigner representation goes further by being a realist model for stabilizer circuits that
satisfies a form of classicality known as generalised noncontextuality [64] — it explains operational
equivalence between stabilizer circuits as due to these procedures being identical on the “true”

states of systems (e.g. no matter which mixtures were used to prepare a maximally mixed state,
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the probability distribution over phase space is the same). In fact, it is impossible to construct
a generalised noncontextual model incorporating both stabilizer circuits and any distillable
magic state [65], making negativity in Gross’s Wigner representation a resource under this
more philosophical notion of nonclassicality, and forms a pleasing connection with the more

practical notion of nonclassicality from computational speedup.

3.1.3 Finding statistical mechanics constraints on magic distillation

Recent work [27] has developed a statistical mechanics framework for analysing magic distilla-
tion in qudits of odd prime dimension by taking key insights from a rich literature of majoriza-
tion theory and applying them to Gross’s Wigner representation. The Bravyi-Kitaev model is
transformed by Gross’s Wigner representation into the stochastic updating of quasiprobabil-
ity distributions, but when computation is restricted to stabilizer circuits, the resultant classical
stochastic model can be studied using entropic theory and in particular relative majorization [66,
47,67, 68, 69]. Ref. [27] extended majorization to the quasiprobability distributions represent-
ing magic states, and found that a dense subset of a-Rényi entropies H, defined on phase
space remains capable of characterising their pre-order under stochastic processing, leading to
fundamental constraints on magic distillation protocols that can be tailored to their particular

physics®.

Since most quantum algorithms are formulated for systems of qubits, we would like to extend
this framework to qubits with the aim of identifying trade-off relations between physical pa-
rameters characterising distillation protocols. There are, however, many well-known obstacles
in constructing valid Wigner representations for qubits (related to the fact that 27! does not
exist modulo 2 [71]) — in particular, a recent no-go theorem has shown that it is impossible
to construct a quasiprobability representation of the qubit Bravyi-Kitaev model that respects
the sequential and parallel composition of processes while representing all stabilizer circuits
stochastically [65]. As we will see, relaxing the former property significantly complicates the
extraction of trade-off relations, so we instead make progress by identifying subsets of qubit
stabilizer operations that can be represented stochastically, while nevertheless remaining ca-

pable of universal quantum computation via magic state injection.

3As a point of clarification, these a-Rényi entropies are distinguished from the stabilizer Rényi entropies intro-
duced in Ref. [70] by the fact that they are defined on Gross’s Wigner representations of a quantum state, rather
than on the quantum state itself.
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3.1.4 Chapter summary

The rest of this chapter proceeds as follows. We begin with a review of stabilizer circuits in
section 3.2, which forms the main technical background for this chapter. In sections 3.3 and 3.4,
we develop the properties of a qubit Wigner representation introduced by Ref. [72] and extend
it to arbitrary quantum channels, which we verify as respecting the parallel and sequential
composition of processes. Drawing on results from Ref. [73], we show in Section 3.4 that a
stabilizer circuit is stochastically represented by our chosen qubit Wigner representation if it is
completely CSS-preserving (that is, preserves a subset of stabilizer states known as CSS states
even when acting on a subsystem), and that such circuits are capable of QCSI. In section 3.5,
we extend the statistical mechanics framework for universal quantum computing developed
in Ref. [27] from qudits of odd prime dimension to qubits in the completely CSS-preserving
setting, and show how this constitutes a pleasing physical picture of universal qubit quantum
computing as statistical mechanics with negative entropies. All arithmetic is modulo 2 unless

stated otherwise.

3.2 Technical background: stabilizer circuits

We first provide a brief review of stabilizer circuits. While the core presentation will focus
on qubits, we will also sketch how the subtheory is to be extended to qudits of odd prime
dimension d. Brilliant and much more comprehensive exposition of the stabilizer formalism

by its inventor, Daniel Gottesman, can be found at Ref. [54].

3.2.1 The Pauli group and its stabilizer subgroups

The formalism of qubit stabilizer circuits is constructed around Pauli groups. Formally, the
n-qubit Pauli group P,, consists of all n-fold tensor products of Pauli matrices with phases of +1

or =+i,

P, = {i"{1,X,Y, Z}*"|k € Z4}, (3.1)
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where X, Y and Z are Pauli matrices represented in the computational basis as
X = , Y = , 4= . (3.2)

It is immediately apparent that the n-qubit Pauli group is simply the n-fold tensor product
of the single-qubit Pauli group — formally, P,, = @)."_; P1. We further highlight the following
properties of Pauli operators, which arise because X,Y and Z are unitary, have eigenvalues

41 and anti-commute with each other.

Lemma 3. A Pauli operator is unitary and either has eigenvalues +1, in which case it constitutes

a valid observable, or eigenvalues +i. Two Pauli operators either commute or anti-commute.

A state vector [)) in the Hilbert space H3 = H3™ of n qubits is said to be stabilized by an

n-qubit Pauli operator P if |¢) is an eigenstate of P of eigenvalue 1, i.e.

Ply) = ¢) (3.3)

Evidently, only Pauli operators that are also observables, which we henceforth refer to as Pauli
observables, can stabilize a non-zero state vector. This notion can be used to pick out a special

class of Pauli subgroups known as stabilizer groups.

Definition 4 (Stabilizer group). Given any subgroup S of the n-qubit Pauli group P,,, the
vectors in ‘Hy stabilized by every element of S form a Hilbert subspace in ‘Hz, referred to as the

stabilized subspace Hs. Then S is called a stabilizer group when Hs is not empty.

The abstract definition of stabilizer groups conceals the fact that their structure is in fact highly
restrictive, as revealed in the following theorem (for completeness, a proof is provided in Ap-

pendix A.1).

Theorem 5. A subgroup S of the n-qubit Pauli group P, is a stabilizer group if and only if it
is an Abelian group generated by a set of n > m > 0 commuting, independent and non-trivial
Pauli observables such that —I ¢ S (with m = 0 corresponding to S being the trivial group).

The stabilized subspace Hs of S then has dimension dim(Hs) = 2.
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3.2.2 Stabilizer states

We are now in a position to present the states that can be prepared by stabilizer circuits. By The-
orem 5, we see that the stabilizer spaces of the largest stabilizer groups on n qubits — those gen-
erated by n commuting, independent and non-trivial Pauli observables — are 1-dimensional,

and therefore spanned by a single unique pure state.

Definition 6 (Stabilizer state). An n-qubit stabilizer state is the unique pure state stabilized
by a stabilizer group generated from n independent and non-trivial Pauli observables, or any

statistical mixture of such pure states.

As a simple example, we now identify all the stabilizer states of a single qubit. To do so,
we first need to identify all the single-qubit stabilizer groups generated by a single non-trivial

Pauli observable. These are evidently groups generated by +X, +Y and +Z, so the pure single-

qubit stabilizer states are the eigenstates of X,Y and Z.

10)

stabilizer group stabilizer state
(x) ) = L(0) +]1))
(~X) =) = 55(0) ~ 1))
() i) = 2(10) +i 1))
(=Y) |—i) = 55(10) =i [1))
(2) 10)
(~2) 1)

Figure 3.1: The stabilizer states of a single qubit (blue octahedron).

As shown in Fig. 3.1, the stabilizer states of a single qubit therefore form an octahedron in the

Bloch sphere, with vertices given by the eigenstates of X,Y and Z.

3.2.3 Unitary operations and measurements in stabilizer circuits

Unitary operations in stabilizer circuits are restricted to those executed using members of the
Clifford group. Roughly speaking, these are unitaries that map Pauli operators to Pauli opera-
tors under conjugation.

Definition 7 (Clifford group). The Clifford group C,, for n qubits is the normalizer of P, in the
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unitary group U(2"), that is*

C, ={UcU2"|UPU € P, VP € P,,}/{e?I|6 € [0,2n)}. (3.4)

The Clifford group is more conveniently characterised by a standard set of generators. To do
so, we must first define the Hadamard gate H and phase gate S on a single qubit, which are

represented in the computational basis as

H=—— S = : (3.5)

as well as the CNOT-gate with control qubit ¢ and target qubit j as

CNOT(4, j) = |0X0], ® L, + |1)(1], ® X;. (3.6)

Theorem 8 (Generators of the Clifford Group). The Clifford group on n qubits, C,,, can be
generated from all Hadamard, phase and CNOT gates on n qubits, i.e.

Cpn = (Hj, S5, CNOT; 5)gj=1,... n i) (3.7)

The Clifford group can be promoted by a universal gateset through the addition of any gate
outside it [58, 59], with a typical choice being the T-gate v/Z.

Measurements in stabilizer circuits are restricted to projective measurements in the eigenbasis
of Pauli observables. In general, a stabilizer circuit is any sequence of preparing stabilizer
states, performing Clifford unitaries, measuring Pauli observables, adaptive decision making
conditioned on outcomes, and classical randomness, as well as statistical mixtures amongst

such sequences.

3.2.4 Stabilizer circuits in higher prime dimensions

The formalism for stabilizer circuits in a higher prime dimension d is constructed analogously

around the Heisenberg-Weyl group as the formalism for qubit stabilizer circuits are constructed

*Modding out by unitaries of the form €' is necessary as otherwise C,, would become infinite for the trivial
reason that if U € C,, then ¢’U € C,, for any phase 6.
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around the Pauli group. Let us first define the following generalisations of qubit X and Z

operators to qudits of odd prime dimension d,

d-1 d—1
Xq=Y _|k+1)k|, Zg:=> " |k)k|, (3.8)
k=0 k=0
wherein {|0), ..., |d — 1)} is the computational basis, w := exp(25*) is the dth root of unity and

addition should be interpreted modulo d. The n-qudit Heisenberg-Weyl group is then simply
HWg,, = {(X4, Zq)®"}. While there is also a Heisenberg-Weyl group defined for a qubit, it
differs from the single-qubit Pauli group in only containing +:Y" and not £Y as well (and
therefore also does not contain +i1). The allowed unitary operations in stabilizer circuits for
qudits of odd prime dimension d are members of the normalizer for HW ,, up to a global phase,
while allowed measurements are projective measurements in the eigenbasis of any element

drawn from HW ,,.

3.3 A Qubit Wigner Representation Respecting Parallel and Sequen-

tial Process Composition

In this section, we review the Wigner representation of qubit states W, introduced in Ref. [72].
We then expand upon its properties and extend it to the representation of channels. In the
process, we confirm that the channel representation we have produced respects the sequen-
tial and parallel composition of processes, the former crucially giving rise to an input-output
relation Wg(,) = W W, in phase space mirroring how the channel ® acts on p in state space,
which justifies Wg as a meaningful phase-space representation of the channel ®. Moreover, re-
spect for the parallel composition of processes implies that the representation of product states
factorizes over subsystems, a property which will prove computationally advantageous given

that inputs to magic distillation protocols typically take on the form p®™.

3.3.1 Wigner representation of qubit states

We first establish some convenient notation. Let u := (uy, ..., uy) € Z4 denote a binary vector.

Furthermore, given any single qubit operator O, let us define the following abbreviation
Ou) =0"®---®@0". 3.9)
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We can now present the phase space of our chosen qubit Wigner representation.

Definition 9 (Phase space). Consider an n-qubit quantum system with total Hilbert space Hs .
We associate to this system a phase space Py, := Zy x Zz, where Py, consists of all pairs of n-bit

strings (ug, w,), and has a symplectic inner product [u, v] defined as

[u,v] =u, - v, — v, Uy = Uy -V, VU, Uy (3.10)

We note that the equivalence between the two forms of the symplectic inner product presented

in this definition originates from the fact that we are working in modulo 2 arithmetic.

Because each point in the phase space of a single qubit is a pair of bits (u,,u.), it is often
visualised as a 2 x 2 square grid, as shown in Fig. 3.2(a). Because P,, = P;"" = (Z2 x Z3)*",
P, simply consists of all n-fold Cartesian products of points in a single-qubit phase space.
Concretely, representing a phase-space point u € P,, as the pair of n-bit strings v = (u,,u.),
we can regard ((uz)q, (u-);) as the phase-space co-ordinates of the ith qubit, as seen for two
qubits in Fig. 3.2(b).

((uz)1; (uz)2)

N
11
10
Uy
1 01
0 00
0 1 00 01 10 11
—_— Uy —> <(u17)17 (11’»'1')2)

(a) (b)
Figure 3.2: Phase spaces for (a) a single qubit and (b) two qubits.

We are now in a position to present our chosen representation over P,,.

Definition 10 (Displacement Operators). The displacement operators of the n-qubit phase

space P, are the set of operators { Dy, }uep, where Dy, is defined for u = (ug, u) € Py as

Dy = Z(u,) X (uy). (3.11)

We can now construct the qubit Wigner representation used throughout this chapter as follows.
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Definition 11 (Chosen qubit Wigner representation). Given any n-qubit state p, we define

its Wigner representation as

Wp(u) : !

= o (Au, ), (3.12)

where { Ay} are the set of 22" phase-point operators on n-qubits, which are defined as

1
Ao = o ; Dy, Ay = DyAeD},. (3.13)
v n

To gain some visual intuition for how our chosen Wigner representation works, Fig. 3.3 pro-

vides several examples showing the Wigner representations of commonly-encountered states.

|6%) = —5(/00) + [11))

1
1
|0) |H) = cos(§)|0) + sin(%)[1) s
1 L [1=v2 1
2 4 1 1
1 12| 1 1
2 1 1 1
(a) (b) (c)

Figure 3.3: Three examples for Wigner representations of qubit states. (a) the computational
basis state |0). (b) the Hadamard state (+1 eigenstate of the Hadamard gate), a typical magic
state chosen for the Bravyi-Kitaev model, and so unsurprisingly represented with negative
components (c) The ¢ Bell state on two qubits.

As an aside, we can now motivate the naming of { Dy, }4ep, as displacement operators. Con-

sider the Wigner representation of D,, pDI, for an arbitrary phase space displacement v,

1
A, DypD}) = o Tr [ALDvaI,}

1
WDvaI, (u) = 2—”<

1
= Ir [DI,ALDv p}

= 2% Ty [Z (—1)[u’a](DaDv)JrDvp]

acP,
— 2% Tr ( Z (_1)[u+v,a]Dl> p] = W,(u+v), (3.14)
acP,

25



3.3. Wigner rep. of qubit QCSI Chapter 3. Statistical mechanics for qubit magic

from which we see that the unitary channel executed by D, has the effect of displacing the

Wigner representation of p in phase space by —v (equivalent to v modulo 2).

If we were to change X — X4, Z — Zgand Py, = (Zqx Zq)*" for some odd prime d, we would
find that the construction of W), has exactly copied that of Gross’s Wigner representation except
in one detail - every displacement operator in Gross’s Wigner representation, DY) for some

u = (Uz,u;) € Zgq X Zg, is multiplied by an additional phase factor to ensure that they are

Hermitian as follows
D) = 2 wewe) 7y ) X g (), (3.15)

where w? ' denotes the unique dth root of unity that, when squared, produce w [60]. The
absence of a similar phase factor in Eq. (3.11) means the displacement operators of our chosen
qubit Wigner representation, such as D;; = 7Y, are not Hermitian. We will shortly see that

this produces some startling consequences.

3.3.2 Properties of the Wigner representation of qubit states

The Wigner representation we have chosen for qubit states behave very similarly to Gross’s
Wigner representation for the states of qudits with arbitrary odd prime dimension, which is
unsurprising given their nearly identical construction. To begin with, we can show (see Ap-
pendix A.2.1) that the phase point operators defining W/, have the following properties, which

are shared by phase-point operators defining Gross’s Wigner representation [60].

Lemma 12. The phase point operators { Ay }uecp, have the following properties:

(A1) Factorizability: Awyauy, = Auyx @ Au, on a bipartite system XY, where ux and uy are
respectively points in the phase spaces of subsystems X and Y.

(A2) Orthogonality: (Ay, Av) = 2"0u.v,

(A3) Unit trace: Tr[Ay] =1,

(A4) Completeness: ), cp Au =2"1.

As proved in Appendix A.2.2, these properties further ensure that our chosen Wigner repre-

sentation for qubit states shares the following properties with Gross’s Wigner representation.
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Lemma 13. The Wigner representation W, for qubit states has the following properties

(W1) Informational completeness: Given any qubit state p, one can decompose it uniquely as
P = uep, Wp(u)Ay because { Ay fuep, form a complete orthogonal basis for B(n) un-
der the Hilbert-Schmidt inner product.

(W2) Normalization: the function representing any qubit state p sums to 1 over phase-space, i.e.

ZuePn W,(u) = 1.

The lack of phase factors ensuring the Hermiticity of displacement operators means that the
phase-point operators of our qubit Wigner representation, unlike those of Gross’s Wigner rep-
resentation, are not Hermitian. For instance, the single-qubit phase-point operator at the origin
is App = i(]l + X + Z + 1Y), which is evidently not Hermitian. Therefore, W, is generally
complex, and not guaranteed to be real on all states the way Gross’s Wigner representation is.

As a simple example, the +1 eigenstate of Y, |i) : (|0)+1i 1)), appears in our chosen Wigner

1

- 1
V2
representation as Wy, = (1 44,1 —i,1 —i,1+1).

Nevertheless, even though the qubit displacement operators we have chosen are not Hermi-
tian, they are constructed by Eq. (3.11) to always be real in the computational basis, which
implies by Eq. (A.12) that qubit phase-point operators are real as well. This fact leads a direct
correspondence between the real /imaginary parts of a state’s Wigner representation and those
of its density matrix in the computational basis (a proof is given in Appendix A.2.3).

Lemma 14. Given any n-qubit quantum state p,

Re[W)(u)] = Ware(p) (u) (3.16)

jm[WP(u)} = Wﬁm(p) (u) (3.17)

for all w € P, where Re(p) and Im(p) are respectively the real and imaginary parts of the density

matrix of p in the computational basis.
We therefore obtain the following corollary.

Corollary 1. The Wigner representation W, of an n-qubit state p is real if and only if p is an

n-rebit state, i.e., the density matrix p is real in the computational basis.
In the next section, we extend our chosen qubit representation to quantum channels and verify
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that the result respects the sequential and parallel compositions of processes.

3.3.3 Wigner representation of qubit channels

Denoting the set of bounded operators on the Hilbert space of n qubits by B(n) for the rest
of this chapter, we can extend the qubit state Wigner representation defined in Eq. (3.12) to

quantum channels between qubits.

Definition 15 (Wigner representation of qubit channels). The Wigner representation W of
a quantum channel ® : B(n) — B(m) from n to m qubits is defined as the following linear map

Wo : Pr, — P, from the phase space of n qubits to that of m qubits
Wa(v|u) = 22"WJ(¢) (u®v), (3.18)
where J (®) is the state on n+ m qubits constituting the Choi-Jamiolkowski representation of .

This construction copies the extension of Gross’s Wigner representation for qudits of odd
prime dimension d from states to channels in Ref. [61] except for the substitution of 22" in place
of the original a2, Unsurprisingly given their extremely similar construction, the Wigner rep-
resentation for channels between qubits that we constructed share the following properties

(proof in Appendix A.3) with the extension of Gross’s Wigner representation to channels [61].

Lemma 16. The Wigner representation We of a quantum channel ® : B(n) — B(m) from n to

m qubits has the following properties:

(W3) (Input-Output Relation). If o = ®(p), then Wy (v) = >, cp Wa(v|u)W,(u).

(W4) (Respects the sequential composition of channels). Given a channel A : B(n') — B(n)
from n’ to n qubits, we have that Weon = WeWy.

(W5) (Respects the parallel composition of channels). Given a channel A : B(n') — B(m') from
n' to m’ qubits, we have that Wegpy = We @ Wi.

(W6) (Preserves normalization). Each column of We sums to1,i.e. ), cp Wo(v|u)=1.

It is worth spending a few moments unpacking the channel representation properties listed in
the Lemma above. Property (W3) reveals that W3 turns every channel into a matrix mapping
the phase-space representation of an input state to the channel onto the phase-space represen-

tation of the resultant output state from that channel, which justifies accepting Ws as a mean-
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ingful phase-space representation of quantum channels. By taking A to be the state preparation
channel for p, we can see that Property (W3) is a special case of the respect for the sequential

composition of channels given in Property (W4).

One useful implication of the respect for parallel composition guaranteed by Property (W5) is

that, by taking ® and A to be preparation channels for states p and o, we obtain
Wp@a = Wp ® Wo'7 (319)

so our chosen qubit state representation factorizes over subsystems for product states.

Finally, Property (W6) is so called because it guarantees that the action of Wg will preserves the
sum over phase space of any complex Wigner distribution over phase space W(u) : P,, — C,

as it can be used to show

> WeW](v) = > (Z %(vru)W(u))

vEPm, vEPm \ueP,
= Z <Z W(p(v]u)) W(u) = Z W (u). (3.20)
ueEP, \vEPn, u€Pn

We can interpret Property (W6) as the phase-space equivalent of ® being trace-preserving —

indeed, this property would not hold were ® not trace-preserving.

Property (W6) further implies that a quantum channel ® from n qubits to m qubits is repre-
sented by a stochastic matrix if and only if Wg(v|u) > 0 for all w € P, and v € Pp,. By
Eq. (3.18), we equivalently have that ® is stochastically represented if and only if its Choi-
Jamiolkowski state 7 (®) on n 4 m qubits is represented by a genuine probability distribution
on the phase space P, {,,. In the next section, we will show that ® is stochastically represented

if 7(®) belongs to an important subset of stabilizer states known as CSS states.

3.4 Stochastic representation of CSS circuits

Because our qubit Wigner representation respects the sequential and parallel composition

of processes, a recent no-go theorem [65] prohibits it from representing all stabilizer circuits
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stochastically. As an example, the Hadamard gate is represented with negative entries as

(3.21)

Nevertheless, we can identify a smaller subtheory that arises naturally in fault-tolerant quan-
tum computing, is sufficiently large to enable universal quantum computation, and admits a
stochastic representation. In particular, we show that a channel is stochastically represented
if its Choi-Jamiolkowski state is CSS. Building on this result, we construct a stochastically-
represented subset of stabilizer circuits wherein, roughly speaking, CSS states play the role
of stabilizer states, and quickly review QCSI schemes built around such circuits wherein they
act as the fault-tolerant but computationally classical subtheory that is promoted to universal

quantum computing by the injection of magic states.

3.4.1 CSS states

We begin by clarifying what makes a stabilizer state CSS.

Definition 17 (CSS state). A CSS state on n qubits is a pure stabilizer state whose stabilizer
group can be generated by Pauli observables that are individually a tensor product of X or Z

only, or a statistical mixture of such states.
As a simple example, the Bell state |¢T) == %(|00> + |11)) has the stabilizer group
S(|o™)) = (X1 Xy, Z1 Z3), (3.22)
and is therefore CSS. By contrast, |¢) := 1 ® H |¢™) is stabilized by
S(lv)) = (X122, Z1 X)), (3.23)

and is not CSS because its stabilizer generators necessarily mix X and Z. As they are generators
of stabilizer groups defining CSS states, we group X- and Z-type Pauli observables together

under the name CSS observables.
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It is worth noting at this juncture that all CSS states are rebit states. It can be shown (see
Lemma 74) that every pure CSS state can be generated from a tensor product of |+) and |0)
states by some sequence of CNOT, X and Z gates. As |+) and |0) have real density matrices in
the computational basis, and unitary matrices representing CNOT, X and Z in the computa-
tional basis are also real, we can conclude that all pure CSS states, and therefore any statistical

combination of them, have density matrices that are real in the computational basis.

3.4.2 Probabilistic representation of CSS states

The Discrete Hudson’s Theorem for Gross’s Wigner representation proved that a pure state
on qudits of odd prime dimension is represented as a genuine probability distribution if and
only if it is a stabilizer state [60]. Ref. [73] introduced a Wigner representation for rebits alone
wherein a Discrete Hudson’s Theorem could be recovered — every pure state on rebits is rep-
resented as a genuine probability distribution if and only if it is CSS. This representation co-
incides with W, on all rebit states [74] (an original proof is provided in Appendix A.2.3 for
completeness). We can therefore carry over the recovery of the Discrete Hudson’s Theorem for

rebits in Ref. [73] and conclude that W, represents all CSS states as probability distributions.

3.4.3 Stochastic representation of completely CSS-preserving channels

Since we saw at the end of section 3.3.3 that a qubit channel @ is stochastically represented if

and only if 7 (®) is probabilistically represented, we arrive at the following theorem.

Theorem 18. A channel ® between qubits is stochastically represented if J(®) is a CSS state.

Theorem 18 can be leveraged to identify stochastically-represented qubit stabilizer operations
in a systematic way. A channel ® from a system of qubits B is CSS-preserving if ®(p) is always
CSS whenever p is, and completely CSS-preserving if, given any CSS state psp on another

system of qubits A as well as B, idy ® ®p(pap) is always CSS.

We now note that the canonical maximally entangled state |¢;') over two sets of n qubits, which
is defined as |¢;}) = ﬁ <Zkge{0’1}n k) ® |k>>, is CSS because one can verify that is stabilized
by the group

5(’¢:§>) = (ZiZnyis XiXnii)i=1,..n- (3.24)
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Therefore, if ¢ is completely CSS-preserving, J(®) must be CSS, and so by Theorem 18, we

conclude that

Corollary 2. A completely CSS-preserving channel between qubits is stochastically represented.

This corollary is the qubit equivalent of a similar result for qudits of odd prime dimension.
Under Gross’s Wigner representation, stabilizer states on such qudits are represented as valid
probability distributions over phase space [60]. Therefore, if a channel between qudits of the
same odd prime dimension is completely stabilizer-preserving, that channel will be stochasti-

cally represented under the extension of Gross’s Wigner representation to channels [61].

3.4.4 QCSI with completely CSS-preserving channels

Completely CSS-preserving channels turn out to also be capable of QCSI. To motivate this, we
tirst highlight (proof in Appendix A .4.3) that such channels must at least include the following

subset of stabilizer circuits.

Lemma 19 (CSS circuits). Any sequence of the following operations:
1. introducing a CSS state on any number of qubits,
2. performing a completely CSS-preserving gate on any number n of qubits, i.e., any gate
drawn from the group G(n) = (CNOT(4, j), Zi, Xi)i j=1,. n,itj-
3. projectively measuring a CSS observable (with the possibility of classical control condi-
tioned on outcome),
4. discarding any number of qubits,

as well as statistical mixtures of such sequences, is completely CSS-preserving.

By using CSS-preserving rather than completely CSS-preserving gates, channels covered by
Lemma 19 can be promoted to the subset of stabilizer operations wherein CSS states play
the role of stabilizer states. However, both groups of gates are equally powerful for magic
distillation (see discussion in Appendix A.4.3.1). Thus we directly refer to the set of channels
covered by Lemma 19 as CSS circuits, and conclude that every operation within this subtheory

is stochastically represented.

CSS circuits are capable of universal quantum computation [73, 74], and we direct interested

readers to a summary of the QCSI scheme presented in Ref. [73] at Appendix A.5. In fact, we
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will see in the next chapter that CSS circuits form the basis of many existing magic distillation

protocols constructed around a family of QECCs known as CSS codes.

3.5 Entropic constraints on qubit magic distillation

We now generalise the statistical mechanics framework of magic distillation introduced by
Ref. [27] from the Bravyi-Kitaev model for qudits of odd prime dimensions to completely CSS-
preserving QCSI on rebits. The framework considers how a class of magic distillation protocols
transforms the Wigner representations for a pair of quantum states — one a noisy magic state,
the other a non-magic state singled out by the characteristic physics of those protocol — and
identifies a family of relative entropies to characterise which transformations are ruled out. In
this section, we briefly review the approach taken in Ref. [27] to extend relative majorization
to quasiprobability distributions, and how that leads to the extension of a dense subset of a-
Rényi divergences from classical statistical mechanics to quantify the non-classical order in
magic states under distillation. We then adapt this work for rebit magic state distillation using

completely CSS-preserving circuits.

3.5.1 Majorization of Wigner representations

Standard majorization [68, 67] is a tool for capturing a notion of stochastic ordering amongst
probability distributions that regards the uniform probability distribution as the “most disor-
dered”. This kind of stochastic ordering underpins classical statistical mechanics, wherein the
macrostate of an isolated system tends towards a uniform distribution over its microstates as

time goes by, corresponding to an increase in the system’s Gibbs entropy.

Definition 20 ((Standard) majorization [75]). Let p and p’ be probability distributions over
the sample space ) respectively. We say that p majorizes p’, denoted p - p’, when there exists
a stochastic map M on Q that transforms p into p’ while preserving the uniform probability

distribution p over ), i.e.

M(p) =p (3.25)

M(p) = . (3.26)

Necessary conditions on majorization are provided by the family of a-Rényi entropies, which

33



3.5. Entropic distillation constraints Chapter 3. Statistical mechanics for qubit magic

becomes the Shannon entropy constructed on the basis of the Gibbs entropy at a = 1.
Definition 21 ((Classical) a-Rényi entropies). The (classical) a-Rényi divergence D,, for a
probability distribution p at o € (0, 00| is

(

ﬁ log> ,p¢ fora € (0,00) U(1,00)
Hu(p) = — Y pilogp, fora=1 (3.27)

—logmax;p; fora = o0

\

Each a-Rényi entropy has the crucial property that it cannot be decreased by any classical
channel, which at its most generic is simply a stochastic mixing of states, that preserves the
uniform probability distribution. We consequently obtain the following necessary conditions

on majorization [76]:

p=p = Vaec (0,00]: Hy(p) < Ho(p)). (3.28)

In the next section, we will see that H, monotonically decreases in a measure of statistical dis-
tance between a given probability distribution and the uniform probability distribution over
the same sample space. We therefore see that majorization describes stochastic processing that

brings probability distributions closer to the uniform probability distribution.

Ref. [27] made the highly non-trivial discovery that the majorization relations of Eq. (3.28) can
in fact be extended from probability distributions to quasiprobability distributions for a dense
subset of a-Rényi entropies.

Theorem 22 ([27]). Let w = (wy, ..., w,) and w' = (w}, ..., w}) be two quasiprobability distribu-

tions. If w = w’ then

2a
2b—1

Vae A= { :a,beNT a> b} : Ho(w) > Hy(w'), (3.29)

foralla € A= {3 i a,b€NFa > b},

The rigorous framework established in Eq. (3.28) for describing stochastic order in classical sta-
tistical mechanics therefore extends to QCSI via stochastically-represented quantum channels

that preserves the uniform distribution over phase space, even though the & = 1 case (Shannon
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entropy) is no longer well-defined on quasiprobability distributions. Under the qubit Wigner
representation we chose (or Gross’s Wigner representation for qudits of odd prime dimension),
this restricts us to stochastically-represented unital quantum channels, as the maximally mixed

state is uniquely represented as a uniform distribution over phase space.

We highlight that the entropies used within this framework are not Hermitian observables
or even POVMs, but resource monotones characterising a pre-order defined by which states
are accessible from which other states via unital stochastic processing of their phase-space
representations. These entropies thereby furnish examples of physical properties isolated by
the QRT formalism that cannot be captured by more traditional notions focussed on what can

be directly measured.

Furthermore, under the qubit Wigner representation we chose, there always exists a € A such
that H,(W,) < 0 when p is a (distillable) rebit magic state for completely CSS-preserving
QCSI (see Appendix A.6.3). Thus this chapter paints a conceptual picture of universal qubit
computing as classical statistical mechanics where one gains access to resources with non-

classically low —i.e. negative — entropies, which “fuel” its computational advantage.

3.5.2 Relative majorization of Wigner representations

Standard relative majorization [68, 67] allows us to further capture the stochastic ordering

amongst pairs of probability distributions.

Definition 23 ((Standard) relative majorization). Let (p,r) and (p’, r') be pairs of probabil-
ity distributions over sample spaces Q and ' respectively. We say that (p, r) relatively majorizes
(p', "), which we denote by (p,r) > (p', '), when there exists a stochastic map M : Q —

that transforms the first pair of distributions into the second, i.e.

M(p)=p (3:30)

M(r) ="' (3.31)

Similar to the case of standard majorization, a family of measures for statistical distance based
on the a-Rényi entropies, known as the a-Rényi divergences, provide necessary conditions for

relative majorization.
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Definition 24 ((Classical) a-Rényi divergence). The (classical) a-Rényi divergence D, for

an input probability distribution p and a reference probability distribution r at o € (0, 00| is

(

arylog X pfri ™ fora € (0,1) U (1,00)

Da(pllr) = 3. pilog (%) fora=1 (3.32)

log max; (%) for o = 00
\ T

For o > 1, we read p&r; ® as pf‘/rga_l), and adopt the conventions 0/0 := 0 and z/0 = oo
for x > 0 to accommodate points at which probability distributions are 0. We note that the
a-Rényi entropy for a probability distribution p on a sample space (2 is related to the a-Rényi

divergence of p relative to the uniform probability distribution p over 2 as

Ha(p) = log[dim(€)] — Da(pl|p)- (3.33)

The distance between two probability distributions as measured by an a-Rényi entropy cannot
be increased by any classical channel. Formally, given any stochastic map M : Q — €, it has

been shown [76] that
Vo € (0,00] : Da(pllr) = Do(M(p)|[M (7)) (3.34)

from which we obtain the following necessary conditions on when one pair of probability

distributions relatively majorize another:

(p,7) = (p',r") = Va € (0,00] : Do(p||7) > Do(p'||7"). (3.35)

Ref. [27] also discovered that the relative majorization relations of Eq. (3.35) can be extended
to input quasiprobability distributions for the same dense subset of a-Rényi entropies identi-
fied in Theorem 22, provided that the reference distributions are strictly positive probability

distributions. In fact, this requirement can be relaxed as follows (see proof in Appendix A.6).
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Theorem 25. Let w = (wy, ..., wy) and w' = (w), ..., w),) be any two quasiprobability dis-
tributions and let v = (rq,...,rn) and v’ = (r}, ..., 7\, be any two probability distributions.

If (w,r) = (w',r") such that supp(w) & supp(r) and therefore supp(w'’) < supp(r’), then

Dq(wl|r) > Do(w'||r'), (3.36)

oralla € A = {2§f1 : a,bEN“‘,aZb}.

We note that since the set A is dense in « € (1, 00), one could extend the definition of D, (w||r)
to all @ € (1, 00] by continuity. We therefore speculate that it may be possible to extend all

results in this part of the thesis from o € Atoall a € (1, o0].

We now apply the generalised relative majorization relations in Theorem 25 to the Wigner
representations of magic states. To do so, we first introduce the following definition to pull
together the shared ingredients of Gross’s Wigner representation and the qubit representation
developed in this chapter that enable us to effectively draw on the results of Ref [27].
Definition 26 (Generalised Gross’s Wigner representation). Let R be a quantum subtheory for
d-dimensional qudits, and let M be a set of magic states that can promote R to universal quantum
computation such that F U M is closed under R, where F are the free states in R (though M need not
be the full set of resource states in the QRT defined by R). We then call W a generalised Gross’s Wigner
representation with respect to the QCSI scheme (R, F, M) if

1. each free state ps € Fgs of a system S is represented as a unique probability distribution W, over

a phase space Pg associated to S,

2. each magic state o5 € M of a system S is represented as a unique quasiprobability distribution

W, over Pg,

3. each free channel ®g_, g € R from S to S’ is represented as a unique stochastic map Wg from

Pg to Pgr,
4. W respects the sequential and parallel composition of processes.

We then have the following Lemma (see proof in Appendix A.6.1), which generalises Theo-

rem 11 of Ref. [27] to qubits with the slight upgrade suggested by Theorem 25.
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Lemma 27. Let W be a generalised Gross’s Wigner representation for d-dimensional qudits
with respect to the QCSI scheme (R, F, M). Consider states p € F UM, 7 € F such that
supp(W,) & supp(W;), and a stochastically-represented channel ® € R. Then the a-Rényi
divergence D, (-||-) is well-defined and satisfies the following properties for o € A:

(D1) Non-negativity: Do (W),||W,) > 0.

(D2) Additivity: Do(Wyen||[Wren) = nDo(W,||W) for alln € N*.

(D3) Data-Processing Inequality: Do(W,||W7) > Do(Wa () ||We(r)), where by Lemma 70 we

also have that supp(Wg(,)) & supp(Wa(r))-

3.5.3 Using relative majorization to generate magic monotones

The standard approach to obtaining constraints on magic distillation is tracking a magic mono-
tone [14, 51, 77, 78, 79], which is any property of a quantum system that cannot be increased
under some class of magic non-generating operations (e.g. stabilizer operations). The paradig-
matic example of a magic monotone is mana [14], the total negativity in Gross’s Wigner repre-

sentation W (%) of a state p on qudits of odd prime dimension:

M(p) =log 3 ’Wp@ () ‘ (3.37)

uePn

We can leverage Lemma 27 to systematically identify the following family of magic monotones
for any QCSI scheme by using 7 as a variational parameter to optimise over non-magic states (see

proof in Appendix A.6.2).

Theorem 28. Let W be a generalised Gross’'s Wigner representation for the QCSI scheme
(R, F, M). We then have that

Ma(p) = Tei]I-'lfs.t. Da(WpHWT)a (3.38)
supp(W),)Ssupp(Wr)

is a magic monotone for any o € A. Furthermore, M, can be used to lower-bound the overhead

n of a magic distillation process p®™ — o within this QCSI scheme as

M, (o)
YVaoe A:n > .
“ "= Ma(p)

(3.39)
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In fact, in the limit of @« — 1, these magic monotones tend towards a generalisation of mana

for an arbitrary generalised Gross’s Wigner representation IV (see proof in Appendix A.6.2).

Lemma 29. Let W be a generalised Gross’s Wigner representation for a QCSI scheme

(R, F, M). Then given any state p € F U M covered by the QCSI scheme, we have that

lim (o — 1) Ma(p) = Mw (p) =1log Y _ |[W,(u)] (3.40)

a—1t

where the limit is taken through a sequence of rational values drawn from A.

3.5.4 Entropic conditions on completely CSS-preserving magic distillation

We can exploit the relative majorization of Wigner representations to obtain more targeted
constraints on magic distillation than the magic monotone approach described in the previous
section. Alongside the magic distillation process p®™ — o/, we can identify a reference process
7@ — 7/ between non-magic states 7 and 7’ that singles out a particular class of distillation
protocols — that is, while protocols within this class will always perform 7" — 7/, protocols
outside this class may not. We now apply Lemma 27 to completely CSS-preserving magic
distillation on rebits to demonstrate how it can generate entropic constraints specialised for

what protocols singled out by such a reference process can achieve.

Theorem 30. Let p be a noisy multirebit magic state and T be a CSS state where we have that
supp(W,) & supp(W;). If there exists a completely CSS-preserving magic distillation protocol
® such that ®(p®™) = p' and 7' == ®(7%"), then

ADa = nDa<WﬂHWT) - Da(Wp’HWT’) >0 (341)
for the qubit Wigner representation of Eq. (3.18) and all o« € A := {52%,]a,b € N*,a > b}.

In the next chapter, we will show how to the reference process may be chosen to produce
entropic constraints specialised to a family of protocols based on CSS codes. For now, we note
that the reference process 7" — 7/ can also be used to take into account limitations in the
hardware carrying out magic distillation. For instance, Ref. [27] uses the reference process to

preserve the state at equilibrium with a heat bath in order to encode a background temperature
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or free energy production in the distillation hardware.

Theorems 28 and 30 motivate why we demanded a Wigner representation for qubits that re-
spected the parallel composition of processes. One of the key aims of the present work is to
identify fundamental limitations on the overhead of magic distillation, and we can straight-
forwardly extract a lower bound on such an overhead in Eq. (3.41) and Eq. (3.39) only because
Do(Woen||[Wren) = nDo(W,||W;), which (as seen in the proof of Lemma 27) relies on the

respect of W for the parallel composition of processes.
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Chapter 4

Entropic trade-off relations in stabilizer

code distillation

4.1 Introduction

Broadly speaking, the aim of magic distillation is to convert many copies of a noisy magic state
into fewer copies at any desired higher fidelity with respect to a target pure magic state. Each
run of any magic distillation protocol usually only succeeds probabilistically, and a sequence
of successful runs may be needed to go from a typical input error rate of ~ 1074 [26] to a
desired error rate of at most ~ 10~ at which useful and classically intractable quantum com-
putation starts to become possible (particular computations may require error rates that are
many orders of magnitude lower) [80]. Consequently, distillation is expected to dominate the
resource cost of QCSI, though recently significant progress has been made to reduce the over-
head they require [26]. Understanding what fundamental trade-offs must be made in each
round of magic distillation between reducing resource costs and improving fidelity, especially
in ways that could be tailored to the specific physics of the protocols used, is therefore of vital

practical interest, and may be instructive for designing protocols with optimised parameters.

Almost all magic distillation protocols to-date [18, 20, 21, 22, 23] are based on a subclass of
QECCs known as Calderbank-Shor-Steane (CSS) codes [24, 25]. CSS codes can be constructed
from two classical linear codes, allowing one to draw on a plethora of results from classical

coding theory to construct quantum codes with symmetries (such as triorthogonality [81])
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that are useful for encoding operations transversally. Furthermore, CSS codes are examples
of stabilizer codes, the class of QECCs defined by codespaces that are stabilized by stabilizer
groups. One family of protocols that project onto the codespaces of such codes, known as
stabilizer code projection protocols, broadly underpin the possibility of magic distillation in the
Bravyi-Kitaev model, where every protocol producing a single copy of the desired magic state
can be decomposed into stabilizer code projection protocols and simply re-preparing stabilizer
states [82]. We therefore apply the statistical framework for QCSI that was extended to qubits
in the previous chapter to obtain trade-off relations in parameters governing the performance

of stabilizer code projection protocols.

41.1 Chapter Summary

The rest of this chapter proceeds as follows. We begin with a review of stabilizer codes in
section 4.2, which forms the main technical background for this chapter. In section 4.3, we
establish that qubit CSS code projection protocols can be stochastically represented by the
Wigner representation defined in the previous chapter, and identify a reference process for
such protocols by exploiting how they act on the maximally mixed state. In section 4.4, we use
the statistical framework for qubit QCSI obtained in the previous chapter to identify entropic
trade-off relations on parameters controlling qubit CSS code projection protocols, and demon-
strate how such constraints give rise to lower and upper bounds on the code length ( ~ resource
cost) of such protocols. To our knowledge, these are the first fundamental upper bounds on re-
source cost for a family of distillation protocols identified in the literature. For an example
application of distilling Hadamard states via CSS code projection protocols, our lower bounds
on code length are competitive with those generated using state-of-the-art magic monotones
in some parameter regimes of interest, which can be combined with our upper bounds to pro-
duce no-go conditions on the code length of CSS code projection protocols that could achieve
a desired distillation process. We conclude in section 4.5 by extending our trade-off relations

to stabilizer code projection protocols in qudits of odd prime dimension.

4.2 Technical background: stabilizer codes

We begin with a brief review of stabilizer codes on qudits of prime dimension, of which CSS

codes are a subclass. Much more detailed and insightful exposition of this material can be
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found at Ref. [54]. For simplicity, we will use the term “Pauli operators” throughout this sec-
tion to refer to members of the multiqudit Heisenberg-Weyl groups for qudits of odd prime

dimension as well as members of the multiqubit Pauli groups.

Though a quantum computer could simply store a qudit of information, or logical qudit, on a
single physical qudit of the same dimension, this approach makes error detection impossible
because no state on that physical qudit could only arise through error. Like its classical coun-
terpart, quantum error correction is only possible if we encode our logical qudit redundantly
as a subspace, known as the codespace, within the Hilbert space of a physical system, usually
several logical qudits of the same dimension. In the case of stabilizer codes, these codespaces

are subspaces stabilized by stabilizer groups.

Definition 31 (Stabilizer code). An [[n, k]| stabilizer code for qudits of prime dimension d is a
QECC that encodes k logical qudits across n physical qudits in a codespace C that constitutes the
subspace stabilized by an n-qudit stabilizer group requiring (n — k) independent and non-trivial

generators, where we have n > k > 0.

We will denote a stabilizer code directly by its codespace C and the stabilizer group of C by S(C).
When S(C) can be generated from Pauli operators that are individually products of single-
qudit X operators only or single-qudit Z operators only, then C is known as a CSS code. As an

example, the [[7, 1]] qubit Steane code is a CSS code because its codespace is stabilized by

Ssteane = (XuX5 X6 X7, XoX3 X6 X7, X1 X3X5X7, 24257627, 2273227, Z1 2325 27).  (4.1)

An [[n, k]] stabilizer code C for qudits of prime dimension d carries out its encoding process via

>®(n—k)

an encoding unitary Ug : H?k ® 10 — C, which is always a Clifford unitary. An example

encoding unitary for the Steane code is shown in Fig. 4.1.

Given any state |¢) € ’Hffk encoded by the stabilizer code as |¢1,) = Uc(|9)) |0>®("_k)) e C,we

can calculate that
Vi€ {n—k+1,...,n}: (UeZUY) [Wr) = (UeZUUe [9) 10)°" ™ =) (42)

which implies that S(C) can be generated as S(C) = (Ue(Zy_11)Uc’, . .., Uc(Z,)Uc"). We will
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Figure 4.1: An encoding circuit for the Steane code, where |07) := %(\0000000) +11010101) +
[0110011)+[1100110)+]0001111)+[1011010)+[0111100)+[1101001)) and [11) == J=(|1111111)+
10101010) + |1001100) + [0011001) -+ [1110000) + [0100101) + [1000011) + [0010110)).

refer to the channel Uc(-) i= Uc(-)Uc' as the encoding channel, and its inverse Z/{(Tj() = Uc' (U

as the decoding channel.

In general, we will denote the encoding of states and channels under a QECC by the subscript
(+)r (for logical as opposed to physical states and channels). An [[n, k]| stabilizer code encodes
an arbitrary k-qudit state |1) as [¢1) == Ug [¢)) ©]0)®"~¥). Of particular note is the logical basis

{|kz) = Uc|k) @ [0)*"H) |k e 7}, which encode the computational basis states of k qudits.

Stabilizer codes were designed for protection against Pauli errors, i.e. any error process de-
scribed by a unitary channel E(-)E' where E is a Pauli operator on n qudits. From section
3.2, we see that any two Pauli operators P, and P> on qudits of prime dimension d have a

conjugation relation of the form
2mi
PPy, =w’P, P, where w := exp<d> and s € Z,. (4.3)

Consequently, given any codespace state |¢) € C and set of independent and non-trivial

generators (S, ..., S,_) for S(C), we have
Vie{l,...,n—k}:Elr) = ES;|yr) = (ES;ENE |¢r) = w'S;(E [¢1)) for s; € Zg. (4.4)

Eq. (4.4) implies that, if £ does not commute with the generators of S(C), it transforms C into

an orthogonal subspace C’ stabilized by (w®'S,...,w*—*S,_}) for an n-dimensional vector of
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d-its s = (s1,...,8,—k) # 0, known as the error syndrome. This further implies that C’ is a

simultaneous eigenspace of {51, ..., S,_i} characterised by eigenvalues {w™*', ..., w™ -+ }.

An [[n, k]] stabilizer code C therefore enables us to detect any Pauli error process F(-) ET where
E does not commute with S(C) by projectively measuring every generator {Si,...,S,_x} of
S(C) in its eigenbasis, which is known as the syndrome measurement, and obtaining outcomes
{w™*1, ...

,w~ %=k} that can be summarised in a non-zero error syndrome s := (s1,...,S,—k).

Crucially, because E transforms C into a simultaneous eigenspace of {Si,...,S,_x}, the syn-
drome measurement detects error without disturbing the physical qubits. The error can be perfectly
corrected by applying the channel Ff(-)F where F is an n-qudit Pauli operator such that
FS;F' = w%S; for all j and FTE ¢ N[S(C)] — S(C), where N[S(C)] are n-qubit Pauli oper-

ators that commute with S(C) (i.e. the normalizer of S(C) in P,,). This works even if F' was not

the actual error E because, defining the projector onto the codespace

n—k n—1

Pe=] gé}:(Sﬁn ;

i=1 §=0

(4.5)

we have by by construction that EP.E" = FP:F' and therefore FTEP;ETF = Pe. Since this
implies F'E € S(C), we are assured that FTE |1 = |¢1) for any |¢1,) € C, so FT has corrected

the error produced by E.

The most interesting scenario occurs when every (non-trivial) Pauli operator on m qudits does
not commute with S(C). For example, every (non-trivial) single-qubit Pauli operator anticom-
mutes with at least one generator of the Steane code given in Eq. (4.1). Concretely, one can
verify by direct calculation that single-qubit Pauli operators have the following commutation

relations with the Steane code generators.

Xy X5 X6 X7 | XoX3X6 X7 | Xn X3 X5X7 | ZyZsZeZy | ZoZsZely | Z1437527
Xj 0 0 0 S1 S92 S3
Zj S1 S92 S3 0 0 0
Y}' S1 S92 S3 S1 59 S3

Table 4.1: Commutation relations between single-qubit Pauli operators on seven qubits and
generators of the Steane code, where s1, sy and s3 be three bits such that s;s2s3 is the binary
representation of j € {1,...,7}, a bit value of 0 indicates commutation and a bit value of 1
indicates anticommutation.

Because! any QECC capable of correcting all Pauli errors on m qubits is capable of correcting

!The reasoning is essentially that if a QECC can perfectly correct a set of error processes {F;(-)E;}, it can also
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arbitrary errors on m qubits [54], the Steane code is an example of a stabilizer code able to

correct an arbitrary single-qubit error.

4.3 CSS code projection protocols for qubit magic distillation

An elementary protocol for magic distillation, first proposed in the seminal work launching
the Bravyi-Kitaev model [18], is based on projection onto the codespace of a stabilizer code.
Very often, the stabilizer code used will be a CSS code (e.g. see the code projection protocols
based on the [[7, 1]] Steane and [[23, 1]] Golay CSS codes analysed in Ref. [20].) This protocol,

known as a stabilizer code projection, consists of the following four steps.

Protocol for a stabilizer code projection

1. Take in n copies of a noisy magic state pi, on a qudit of prime dimension d, i.e.
prepare the state p".

2. Perform the syndrome measurement of an [[n, k]| stabilizer code C, i.e. projectively
measure in the eigenbasis of every generator in a set of (n — k) independent and
non-trivial generators for S(C), and obtain the error syndrome s.

3. If errors were found, i.e. if s # 0, we discard the output state and return to step 1.

4. Otherwise, we accept the output state, decode it onto k qudits and discard the
remaining (n—k) syndrome qudits. Concretely, steps 2-3 is equivalent to projecting
onto C, so reaching step 4 implies the accepted output state p;. lies in C. We can
therefore perform the decoding channel to obtain Z/lg(pacc) = pPout ® \O>(O\®(”_k ) for

some k-qudit state pout, and then discard the final (n — k) qudits.

In the qubit case, an n-to-k CSS code projection protocol can be formalised as a quantum chan-

nel ®¢ : B(n) — B(k) from n to k qubits that acts as
B () = Trysr, U} o e ()], (4.6)

where Z/{g and Il¢ := FPe(-) P are respectively the decoding and codespace projection channels

correct any error process described by Kraus operators that are linear combinations of { E;}. Since Pauli operators
on m qudits form a basis for all bounded operators on m qudits, being able to correct all Pauli operators implies
being able to correct all errors.
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for an [[n, k]] CSS code C. Given n copies of a noisy magic state p on a single qubit, ¢ acts as

Oc (ptﬁn) = PPout; (47)

where p = Tr[Pc(p>")] is the probability that the output state from the protocol is accepted
(often abbreviated to acceptance probability) and poy: is the resultant magic state on k qubits
distilled out by the protocol. Distillation towards a target single-qubit pure magic state 1 is
successful if the per-qubit output error defined as ey = k:_alout — ¢®kH1 is less than the
per-qubit input error defined as €, = ||pin — ¥||;. As an example, repeated iterations of code
projection protocols using the Steane and Golay CSS codes have been shown to decrease error

with respect to the magic state
H) = COS% 10) +sin% 1), (4.8)

which is the +1 eigenstate of the Hadamard gate, exponentially quickly in the number of iter-
1

ations whenever Fy(p) = maxyec, (H|UTpU |H) > {%(1 + \/g)} 2,

It has long been known that any n-to-1 qubit magic distillation protocol yields a statistical
mixture of stabilizer states and outputs from n-to-1 stabilizer code projection protocols [82].
This result demonstrates that stabilizer code projection protocols provide the core machinery
that makes qubit magic distillation possible at all in the n-to-1 case, and further implies that
optimal fidelity with respect to a target magic state (though not necessarily optimal acceptance
probability) is always achieved by a stabilizer code projection protocol. In a similar way, we
can show (Theorem 83) that any CSS circuit carrying out an n-to-k£ magic distillation protocol
can be decomposed into CSS code projection protocols followed by completely CSS-preserving
post-processing (the proof line we give also allows one to generalise the result of Ref. [82] to
arbitrary n-k qubit magic distillation protocols). Many state-of-the-art protocols are based on
CSS codes, such as the celebrated 15-to-1 protocol [18] constructed from the [[15, 1]] punctured
Reed-Muller code [83, 84].

4.3.1 Trace-preserving CSS code projections and their stochasticity

Because Theorem 30 was derived for trace-preserving magic distillation protocols, we cannot

directly apply it to a CSS code projection ®¢ as defined in Eq. (4.6). However, this can be

47



4.3. CSS code projections Chapter 4. Trade-offs in stabilizer code distillation

remedied by preparing a specially designated CSS state ¢ on k qubits whenever the output
of an n-to-k CSS code projection protocol is rejected, while continuing to distinguish between
accepted (labelled ‘0’) and rejected (labelled ‘1) runs of the protocol by recording this infor-
mation in an ancillary qubit. We can therefore extend ®¢ into the following trace-preserving

operation A¢ : B(n) — B(k + 1) from n to (k + 1) qubits

Ac (") = Pc(-) ® [0)0| + Tr[He ()] ® 1)1

= Trpr,. U} 0 TLe()] @ [0X0] + T [Tle(-)]o @ 141 (49)

where once again Uc' and TlI¢ are the decoding and codespace projection channels of an [[n, k]]
qubit CSS code C, Il¢ == (I — P¢)(-)(I — Pe) is the projection channel onto the orthogonal com-
plement of C, and ¢ is an arbitrary k-qubit CSS state. We conclude that there exists an n-to-k
qubit CSS code projection ®¢ such that ®¢(p2™) = ppout if and only if there exists a trace-

preserving n-to-k qubit CSS code projection A¢ as defined in Eq. (4.9) such that
Aclpia"] = ppous @ [0)X0] + (1 = p)o @ [1)1] := p,. (4.10)

Crucially, trace-preserving qubit CSS code projections defined according to Eq. (4.9) can be im-

plemented as a CSS circuit (see Appendix B.1 for proof), which leads to the following Lemma.

stochastic
o CSS code
protocols
T
.k‘

.
.

Steane '[1[771]] G;]éy [23,1]]

Figure 4.2: (Schematic of our approach). We find that the set of completely CSS-preserving
protocols O are stochastically represented. Such protocols contain the family of CSS code pro-
jections as a subset, examples of which include 7-1 and 23-1 protocols based respectively on
the Steane [[7, 1]] and Golay [[23, 1]] codes [20].

Lemma 32. Every trace-preserving qubit CSS code projection can be executed as a CSS circuit,

and is therefore stochastically represented by the Wigner representation defined in Eq. (3.18).
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4.3.2 Unital reference process for CSS code projection protocols

In order to apply Theorem 30 to trace-preserving qubit CSS code projection protocols, we must
first identify a reference process common to all such protocols. Concretely, we must find a
single-qubit CSS state 7, whose Wigner representation is full-rank (to ensure supp(W,,,) &
supp(W75, ) for any single-rebit state pin) and a (k + 1)-qubit CSS state 7o, such that, given any
[[n, k]] qubit CSS code C,

" e, Tout - (4.11)
A natural reference process can be chosen for trace-preserving CSS code projection protocols by
exploiting the fact that their acceptance components (describing the case in which the protocol
output is accepted) are sub-unital. To see this, we first note that the identity operator on n qubits
can be decomposed as 19" = P + P¢ for the codespace projector P of any [[n, k]] CSS code C.
Since P¢ and P¢ project onto orthogonal subspaces by definition, the acceptance component

®c in the trace-preserving code projection of C acts as
Be(157) = ¢ (Pe + Pe) = ®e(Pe) = Trppr,..olUl (Pe)] (4.12)
Since F; is the logical identity operator on the codespace C, i.e.

Pe= Y |kcXkr| =10, (4.13)
ke{0,1}k

the decoding of P¢ in Eq. (4.12) must produce the identity operator on £ qubits, i.e.

vk € HF" UL lkr) = [k) @ 0)°" 7 = Ul(Fe) = ( 2. k><k) ® 00"
ke{0,1}k

= 1%% @ |o)0|®"H) (4.14)

Substituting into Eq. (4.12), we confirm that the acceptance component of any trace-preserving

qubit CSS code projection is unital, so the acceptance component takes n copies of the (single-

49



4.4. CSS code projection constraints Chapter 4. Trade-offs in stabilizer code distillation

qubit) maximally mixed state to k copies with probability 2¢~" because

e (1%7) = 19% — @ [<g>®n] = ok—n [(g) ®k] : (4.15)

Consequently, every n-to-k trace-preserving qubit CSS code projection A¢ maps n copies of the

(single-qubit) maximally mixed state to

Ac

<;1>®”] = <g>®k @ |0)0] + (1 = 2""™)o @ [1)(1] = T (4.16)

Since the Wigner representation of the maximally mixed state can be verified by direct calcu-
lation to be W% = (%, %, i, %) and is therefore full-rank, we can choose Eq. (4.16) to be our

reference process for all trace-preserving CSS code projections.

4.4 Entropic constraints on qubit CSS code projections

We now apply Theorem 30 to trace-preserving qubit CSS code projection protocols with the
reference process defined by Eq. (4.16), and obtain the following entropic constraints on all

n-to-k CSS code projection protocols on qubits.

Theorem 33. If there exists an n-to-k CSS code projection protocol that distils n copies of a

noisy rebit magic state pi, with acceptance probability p into the k-rebit magic state pout, then

Va € A: ADy :=nD, <Wpin

‘W%> — Do (W, |[Wr,,) >0 (4.17)

We highlight the satisfying fact that the choice of CSS state o to prepare when the output from

a CSS code projection protocol is rejected has no impact on the entropic conditions in Eq. (4.17).

Lemma 34. The entropic constraints AD, > 0 on n-to-k CSS code projection protocols are

independent of which CSS state o is prepared following failed runs.

Proof. This Lemma follows from resource-theoretic considerations. Consider a channel ® on

(k + 1) qubits that performs a Z-basis measurement on the final qubit and, if the —1 outcome
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is obtained, re-prepares the first k£ qubits in a CSS state w instead. Thus one can write
() = id @ o () +w Tr @I (-), (4.18)

where II(-) = |k)k|(-)|k)k|, from which one straightforwardly verifies that ®,(p,) and
P, (%) simply replaces o in p, and 7, ;, respectively by w. Since ® is a CSS circuit and there-
fore stochastically represented by Lemma 19, given any CSS state w, we have by Property (D3)

in Lemma 27 that

Do (W, W) = Do (W) [Wa i, 1))

D <W¢w(Pp)||W‘1’w(Tn¢k)> 2 Do <W‘I>GO‘I>W(PP)HWCDJO‘I)LU(Tn,k)) = Da (WPPHWTn,k) : (419)
We therefore conclude that

Do (2 (Wy, )| [ (WV-

n,k

) = Do (W, |[Wr, ) . (4.20)

for any CSS state w, so the entropic constraints on qubit CSS code projections are unaffected by

changing the choice of CSS state to prepare when the protocol is rejected. O

For convenience, we will take o to be the maximally mixed state on k qubits to make 7, , the
product state

17%*
- M @ (277 [0)0] + (1 — 267 [1Y1)). (@21)

In the rest of this section, we specialise the entropic constraints obtained in Theorem 33 to

identifying bounds on the code length used in qubit CSS code projection protocols.

4.4.1 Bounds on the code length of qubit CSS code projection protocols

The entropic constraints on qubit CSS code projection protocols given by Theorem 33 can be
used to bound many metrics on their performance as magic distillation protocols. In this sec-
tion, we apply these constraints to bounding the code length of any CSS code projection proto-
col that could achieve some target combination of noise reduction and acceptance probability

from a given supply of noisy magic states. In some parameter regimes, the new lower bounds
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we identify on code length outperform those due to a state-of-the-art approach to constructing
magic monotones based on the notion of robustness [85], in particular generalised robustness® [86]
and projective robustness® [87]. Such monotones formalise answers to the question: “how much
of a stabilizer state can be mixed into a given state p before it becomes another stabilizer state?”,

where we can intuitively regard p as highly resourceful if the answer is “a lot”.

We first highlight some properties of the relative entropy difference AD,, in the following
lemma, proof of which can be found in Appendix B.2.2. To this end, it is helpful to momentarily

extend the domain for code length n of AD, to the continuous range n € [k, cc].

Lemma 35. Given any noisy input rebit magic state pi,, output k-rebit magic state poys, accep-
tance probability p and o € A, we have that
(i) AD, is concave over the domain n € [k, oo].
(ii) AD, becomes negative as n — k, i.e. lim,,_,;; AD, < 0.
(iii) If Ha[W,,,] > 1, then we have that AD, also becomes negative in the asymptotic limit,

ie lim,_yo0 ADy < 0.

An immediate consequence of Lemma 35 is that AD,, is either negative for all n, which implies
no CSS code projection protocol can distil poy¢ from a supply of pi, with acceptance probability
p, or AD,, has one or two roots located at n¢ and ng;. These roots then constitute lower and
upper bounds on the code length n of any CSS code projection that can carry out the desired

distillation. We formalise these observations in the following theorem.

Theorem 36. Any n-to-k CSS code projection that can distil out the k-rebit magic state poyt
from a supply of the noisy rebit magic state pi, at acceptance probability p must have a code

length n such that for all o € A, we have that

inf,{n : AD, >0} if3dn:AD, >0,
n>ng = (4.22)

00 otherwise.
\

sup,{n: AD, >0} ifdn:AD, >0,
n < ng = (4.23)

—00 otherwise.

Moreover, given any « such that Ho,[W,, | > 1, n{; provides a finite upper bound on n.

in
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For sufficiently low k, these bounds can be computed numerically using basic root-finding

methods. However, we also find analytic upper and lower bounds on n in Section 4.5.

We emphasise that n in Theorem 36 refers to the code length (related to the resource cost C' by
C = Jp) in a single run of a distillation protocol, as opposed to the the asymptotic overhead.
However, single-run n still constitutes a useful metric for analysing the actual resource cost of
a given stage of a protocol. Moreover, distillation costs are typically dominated by the final
round of a multi-stage distillation protocol (see Ref. [53] and references contained therein), so

we expect the above bounds to be particularly informative in this context.

4.4.2 Example application: Hadamard distillation

We can apply Theorem 36 to n-to-1 rebit distillation carried out by CSS code projection pro-
tocols targeting the Hadamard state |H) introduced in Eq. (4.8). Regardless of which error
processes affect our initial supply of noisy single-qubit magic states, it is sufficient to consider
partially-depolarised input states of the form

plem) = (1 ) [H)H] + iy (4.24)

where the input error €, € [0,1] is the depolarisation noise, because any noisy input magic
state pi, can be converted into this canonical form* by fault-tolerant stabilizer operations.
Somewhat less obviously, it is also sufficient to consider output states p(€eout) of the same canon-
ical form for output error e, € [0,1]. This is largely because, if there is an n-to-1 CSS code
projection protocol whose accepted run sends n copies of p(€in) to pout With acceptance prob-
ability p, then there exists another CSS code projection protocol whose accepted run sends the
same input to H pout H with the same acceptance probability (see Appendix B.3 for proof and
1

further details). Above a threshold input error €, > 1— ol 0.3, the input state p(€in) becomes

CSS and no longer magic.

’The projective robustness of a state p on quantum system S is Q(p) = Mmin, cpgppp(s) Bmax(p]|0) Rmax(c|]p),
where Rmax is the non-logarithmic max-relative entropy defined as Rmax = min{A|p < Ao} [88].

’The generalised robustness of a state p on a quantum system S is A (p) := miny>1 reps){A|sp+ (1 — $)7 €
Dstas(H)}, where Dgrap(s) is the set of stabilizer states on S.

*Concretely, the channel G executing gates from the group generated by the single Hadamard gate at random,

(]lpin:ﬂ. =+ I’Ipinff)7 (425)

N | =

Gu (pin) =
projects pin onto the Bloch sphere axis from |H) to its orthogonal state }F>, resulting in p(ein) for some error

probability €, when the fidelity of pi, with respect to |H) is greater than that with respect to |H), and p(em) =
(1 — €in) |H ) H| + €in 5 otherwise. In the latter case, one can perform the gate X Z to take p(€in) to p(€in).
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maj. —— mana
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Figure 4.3: (Lower bound comparison [by Rhea Alexander]). We plot lower bounds on the
number of copies n of the noisy Hadamard state p(ein) required to distil a single Hadamard
state p(eout) With output error rate ey = 1079 and acceptance probability p = 0.9 under a CSS
code projection protocol as a function of input error rate ¢;,. Our tightest lower bound from
majorization (maj.) is shown to be tighter than those from mana and generalized robustness
(GR). However, it only outperforms the lower bound from projective robustness (PR) at high
D, hlgh €in-

In Fig. 4.3, we plot the tightest® lower bound produced by Theorem 36 on the code length
of n-to-1 CSS code projection protocols carrying out Hadamard distillation. In all parame-
ter regimes, our lower bound is tighter than that produced by mana generalized robustness.
Furthermore, in the high p, high € regime our lower bound gives tighter constraints than pro-
jective robustness [87]. In particular, there is a cut-off input error rate e ~ 0.12 at which our
lower bound shoots up to infinity because, for any input error greater than this cut-off, one can
always find some a such that AD, < 0 for all n, so no CSS code projection can carry out the

desired distillation given a higher input error rate.

In the low p regime, our upper bounds are still able to give additional constraints on code length
beyond those given by the projective robustness bound. In particular, Fig. 4.4 puts together
information from the entropic upper bounds and the lower bound from projective robustness
to show that no CSS code projection can achieve some target combinations of output error and

acceptance probability beyond a cut-off input error rate.

®as numerically identified by basin-hopping in .
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Figure 4.4: (Finite range on CSS code lengths for magic state distillation protocols [by
Rhea Alexander]). We plot upper and lower bounds on the number of copies n of the noisy
Hadamard state p(ein) required to distil a single output state p(e,u) with output error rate
€out = 1072 by projecting onto an [[n, 1]] CSS code. The shaded purple region shows the range
of code lengths allowed by the tightest numeric upper bound (red curve) from Theorem 36
and the lower bound from projective robustness (PR) (blue curve). The analytic upper bound
n* (dashed yellow curve) defined in Eq. (4.28) is shown to form a good approximation to the
numeric bound. (a) When target acceptance probability p is low (p = 0.1) the upper bounds are
less constraining; (b) By increasing to p = 0.9, the upper bounds become considerably tighter.
In both cases, there is a cut-off input error € beyond which no CSS code projection protocol can
achieve the desired combination of output error and acceptance probability.

4.5 Extension to non-qubit stabilizer code projections

Because Gross’s Wigner representation stochastically represents every stabilizer operation for
qudits of odd prime dimension [60], we can extend Theorem 33 to all stabilizer code projection
protocols on qudits of odd prime dimension d (see proof at the start of Appendix B.4).

Theorem 37. If there exists an n-to-k stabilizer code projection protocol for qudits of odd prime dimen-
sion d that distils n copies of a noisy magic state pi, with acceptance probability p into the k-qudit magic

state pout, then we have that

Pin

Ya € A: AD, = nD, <W<G>

éG)) D, (W,Sf)HWT(f,Z) >0, (4.26)

where W& denote Gross’s Wigner representation.

The concavity of AD, in code length n, which leads to upper bounds on n, is not peculiar to

qubits and leads to the following analytic bounds on code length (proof in Appendix B.4).
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Theorem 38 (Qudit code length bounds). Consider the distillation of a target pure magic
state v from a supply of the noisy magic state pin, where 1) and pi, are states of a single rebit
(qudit of odd prime dimension d). Any n-to-k CSS (stabilizer) code projection protocol that
distils n copies of pin into a k-rebit (qudit) state pou: with acceptance probability p and per-rebit

(qudit) output error eyt must have a code length n such that

klogd — Ho(Wy)] — 1% log (-2
s Fllogd = HaW)] ~ 125 108 (crzeliqom) (4.27)
[log d— Ha(Wpin)]

forall o € A for which Ho,(W,,,) < logd, and

k[Ho(Wy) —logd] + 12 log (m) (4.28)

n < ;
N [Ha(Wp,,) — log d]

for all o € A for which Ho,(W,,,) > logd, where W' is the qubit Wigner representation defined

in Eq. (3.18) (Gross’s Wigner representation).

One might be concerned that the conditions H,(W,,, ) > logd given in Theorems 36 and 38
for the existence of a finite upper bound on n are never actually satisfied. Fortunately, this
turns out not to be the case. As an example, we return to n-to-1 qubit CSS code projection
protocols carrying out Hadamard distillation examined from a supply of partially depolarised

Hadamard states p(ei,). The partial depolarisation channel A, on a single qubit, which re-

€in
prepares that qubit in the CSS maximally mixed state with probability €, and does nothing
otherwise, is a unital quantum channel that can be carried out as a stabilizer circuit. Conse-
quently, we can transform W) into W), ., ) by the stochastic representation W) of the partial
depolarisation channel, which also preserves the uniform distribution over phase space that
constitutes the Wigner representation of the maximally mixed state. Since H, for o € Ais
well-defined on quasiprobability distributions and cannot decrease under their stochastic pro-
cessing when the uniform distribution over phase space is preserved (Theorem 22), we can

upper-bound the a-Rényi entropy of Wp( ) as

€in

Va € A: H, [Wp( )] > H, [Wp(o)] (4.29)

€in

Fig. 4.5 shows that there exists o for which H, > 1 even at ¢;, = 0, and therefore at any ¢j,.
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Figure 4.5: (Wigner-Rényi entropies & magic distillation [by Rhea Alexander]) We examine
the condition H,[W,( )] > 1 in Theorem 36 for the existence of finite upper bounds on n
for n-to-1 qubit CSS code projection protocols carrying out Hadamard distillation. Even in
the limit of zero input error €, = 0, there exist & at which this condition is met, with H,
attaining a maximum of ~ 1.012 at a =~ 2.2. Therefore Hadamard distillation under n-to-1
qubit CSS code projection protocols is ruled out in the asymptotic limit n — oo at any target
acceptance probability and output error. We highlight that at the error rate ~ 0.3 (dashed
curve) beyond which p(ein) is no longer magic, H, starts satisfying the standard property of
monotonically decreasing with a because W, ) has become a proper probability distribution.
We also highlight that the o — 1 divergence corresponds to a pole in H,[W,, | for magic state
p, and its residue is mana.

By evaluating the o« = 2 condition explicitly, we find that, if there exists a CSS code projection
that distils n copies of the ei,-depolarised Hadamard state p(ein) into a k-rebit state pout with

acceptance probability p and per-qubit output error €,y then n is upper-bounded as

(4.30)

1 + 6k‘60ut:|
p 9y

n<n’ = 2logs, [

-1
where the logarithm base is f(ei,) == [1 — €n + %} . This expression reveals that, if we use
CSS code projection protocols for Hadamard distillation, we must accept a fundamental trade-
off between acceptance probability and output fidelity. In particular, Eq. (4.30) shows that
given a supply of noisy magic states (¢j, > 0), no CSS code projection can distil a perfect

Hadamard state (e, = 0) with certainty (p = 1), which was first demonstrated in Ref. [78].

This example highlights that Theorem 38, and indeed the stronger results in Theorem 36, need
not simply be viewed providing bounds on code length n, but as trade-off relations between
the three parameters that govern the performance of a stabilizer code projection protocol at

distilling a target ¢ from a supply pin: the code length n, the acceptance probability p and the
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Figure 4.6: (Explicit protocol comparison [by Rhea Alexander]). (a) We compare the entropic
upper bounds (dashed lines) on the acceptance probability p with which one can distil a noisy
Hadamard state p(ej,) via an n-to-1 code projection against actual acceptance probabilities
attained using the Steane code (purple) at n = 7 and the Golay code (green) at n = 23 (detailed
in Ref.[20]). Attained acceptance probabilities are orders of magnitude less than our upper
bounds. (b) We plot the entropic upper bound (dashed line) on the acceptance probability p
of any 15-to-1 CSS code projection protocol with which one can distil the noisy magic state
(1 — €)|A)XA| + €. Interestingly, our bound is very close to the actual acceptance probability
for the 15-to-1 protocol (blue line) given in [18], though we emphasise this latter protocol is not
just a straightforward CSS code projection.

output error €qy.

As an example, Eq. (4.27) and Eq. (4.28) can be rearranged to upper-bound the acceptance
probability p at a target code length and output error. In Fig. 4.6, we compare the tightest
upper bound on p produced by Theorem 38 for n-to-1 Hadamard distillation to those attained
in existing protocols based on CSS codes given in Refs. [18] and [20]. We see that the acceptance
probabilities of code projection protocols using the [[7, 1]] Steane and [[23, 1]] Golay codes in
Fig. 4.6(a) are orders of magnitude less than our upper bounds, suggesting that substantial

room for improvement is not ruled out. Interestingly, in Fig. 4.6(b) our upper bound is very
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close to the actual acceptance probability of the protocol based on the [[15, 1]] Reed-Muller
code in Ref. [18], which we speculate may hint at something fundamental about the role of the
intermediate Clifford corrections used in that protocol. To further investigate this trade-off, in
Fig. 4.7(b) we plot the maximum output fidelity with respect to the Hadamard state Fi,.x that

can be achieved by any n-to-1 CSS code projection according to Theorem 36.

4.5.1 Why do we expect upper bounds on code length?

The appearance of upper bounds on the number of input copies n might first seem to contradict
a resource-theoretic perspective. Concretely, if we take CSS (stabilizer) operations on qubits
(qudits of odd prime dimension d) to be our free operations, we might expect n 4 1 copies of
a noisy magic state pi, to be at least as good as n copies at distilling magic, since discarding is

itself a CSS (stabilizer) operation.

However, by specialising to code projection protocols, we necessarily introduce a trade-off
between n and acceptance probability p, which can be seen from the following back-of-the-
envelope calculation. For any n-to-k stabilizer code projection protocol used for d-dimensional
qudit distillation, p is given by how much of n copies of the noisy input magic state p;, projects
onto the d*-dimensional codespace spanned by the logical basis {|j.)} j=o0,....a-—1 of the code.
Letting Anax(-) denote a state’s largest eigenvalue, we find the following upper bound on p,

dF—1
p= Z (Jrl p%n l7r) < dk)‘maX(p®n) = dk[)‘maX(pin)]na (4.31)

=0
which falls monotonically towards 0 as n — oo whenever p;, is impure.
At an intuitive level, the trade-off between n and p occurs because the codespaces of [[n, k]|
stabilizer codes remain the same size as we increase n, and so take up a vanishingly small
part in the support of all the noisy input magic states used. Under the requirement that we
have some threshold acceptance probability (below which the expected overhead would be

too large), a corresponding upper bound on 7 is then expected.

4.5.2 Comparison with the data-processing inequality (DPI)

We have seen how upper bounds on code length such as those identified by Theorem 33 con-

stitute a generic feature of code projection protocols (once other parameters governing distil-
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lation performance are fixed). As the derivation of these upper bounds encoded the restriction
to code projection protocols by demanding the reference process (%)@m — Tn,k, We can ask

how far this demand alone accounts for the strength of these upper bounds.

Concretely, we can invoke the data-processing inequality (DPI) of quantum channels, which
states that, if there exists any quantum channel, stabilizer or otherwise, that can carry out a

desired distillation process pin — p, and the reference process (%)@1 — Tp i, then

ADa = nf)a (pin

1 _
1) - Dalopliraa) 20 @32)

for a > 1[89], where D, (p||7) is the sandwiched a-Rényi divergence [90, 91] on the normalized

quantum states p and 7, which is defined as

—L-log Tr {(T%pTlgTa>a} fora € (1,00) fora e (0,1)U(1,00)
Da(pl|7) = Tr[plog p — log o] fora=1 (4.33)

for a = oo.

log Hafépofé
o0

Because (p, %) are simultaneously diagonalisable in the eigenbasis of pi,, and (pp, 7, k) are
simultaneously diagonalisable in {eigenbasis(pout) ® |0)0] , eigenbasis(pout) @ [1)(1]}, we can in
fact replace the sandwiched a-Rényi divergences in the above equation by (classical) a-Rényi
divergences evaluated on eigenvalue distributions. Letting A(-) denote a probability distribution

formed from the eigenvalues, we have that

ADa =nDq (A<pln)

‘)\ @)) — Do Aol A () = 0. (4.34)

Following a similar proof strategy to Lemma 35, we find that, just like the majorization con-
straint AD,, > 0, the DPI constraint AD, > 0 above also generates upper bounds on code
length n for a given supply of noisy input magic state pi, and a combined target of output
magic state p,,; and acceptance probability p. This motivates defining the following DPI up-

per bound on n:

n < nPPl = min max{n : AD, > 0}. (4.35)

1 n
a>s
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Loosely speaking, by examining Any; := n™% —nPF1 (the extent to which majorization “beats”
DPI), where n™% is the tightest upper bound due to majorization from Theorem 36, we can see
whether stochasticity imposes additional constraints beyond demanding a quantum channel

sufficiently similar to code projection as to reproduce the reference process (%) o, Tn k-

10 (a) logio(Any + 1) (b)

0.8 4 DRI

0.6 3 x 0.95} |
Q £

0.4 2 '

0.2 1 0.90 _
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Figure 4.7: (Majorization gives independent constraints over DPI [by Rhea Alexander]). (a)

Variation of (scaled) Any = nHP! — ngmj over all possible values of acceptance probability p

and a realistic range of input error ¢, with fixed keoy, = 107, Whenever log;,(Any + 1) > 0,
upper bounds on code length from majorization give tighter constraints than those from DPI,
reaching Any = O(10%) in the low p, low € regime. (b) We show the trade-off relation given
by bounds on the maximum achievable fidelity Fi,ax(p) vs. target acceptance probability p,
under an n-1 CSS code projection, where p = 2 |[H)H| + 1. For p above a given threshold
(= 0.6) no perfect distillation is theoretically possible, even for n — oo copies of the input state.
Majorization (maj.) is shown to give stronger constraints than that of DPL

Our collaborator Rhea Alexander answered this question in the affirmative in Fig. 4.7: Any is
positive over a wide range of parameter regimes. In particular, the low acceptance probability
p and low input error € regime of Fig. 4.7(a) produces differences in upper bounds Any =
nBPl — ngmj (the amount by which majorization “beats” DPI) of the order Any = O(10%). We
thus conclude that the constraints on CSS protocols stemming from majorization go beyond

those from the DPI.

4.6 Concluding Remarks

In Part II of this thesis, we extended the statistical mechanics framework introduced in Ref. [27]
for QCSI on qudits of odd prime dimensions to the technologically significant case of qubits.
To achieve this, we made use of a Wigner representation first introduced in Ref. [72], wherein
completely CSS-preserving channels correspond to stochastic transformations on phase spaces

associated to qubit systems. These channels include CSS circuits, the subset of stabilizer cir-
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cuits wherein CSS states play the role of stabilizer states. These circuits consist precisely of
the gateset that can be encoded transversally using surface code constructions [8], and can be
promoted to universal quantum computing with the injection of rebit magic states [73, 74].
Within this framework, we leveraged relative majorization to identify entropic constraints on
completely CSS-preserving magic distillation protocols. These can be fine-tuned to a reference
process singling out physics that is distinctive to a particular class of protocols, or the limita-
tions of hardware on which distillation is carried out. Concretely, we applied these constraints
to stabilizer code projection protocols, in terms of which all magic distillation protocols car-
ried out by CSS circuits can be decomposed, and established fundamental trade-off relations

between parameters governing their performance.

A natural extension of the research conducted in this part of the thesis would be applying our
constraints to more sophisticated magic distillation protocols. For instance, we might ask how
the use of intermediate Clifford corrections (similar to those deployed in the 5-1 Bravyi-Kitaev
protocol [18]) between measurements of stabilizer generators might affect the trade-offs we
found between resource cost and fidelity improvement. To this end, a significant limitation of
the statistical mechanics framework we developed to identify such constraints is its restriction
to completely CSS-preserving protocols in the qubit case. This originated from the demand for
a Wigner representation that represents magic distillation stochastically while also respecting
the sequential and parallel composition of processes. As the second requirement was largely
introduced in order to simplify the extraction of lower bounds on overhead via results such
as Theorem 30, which was complicated in this chapter by the possibility of non-trivial depen-
dence on overhead in the reference output state, future work could consider extending our
framework to qubit Wigner representations (such as that developed in Ref. [92]) that do not
respect the sequential and parallel composition of processes, but thereby become capable of

representing the entire stabilizer subtheory stochastically.

We have also obtained a set of monotones {1, } for completely CSS-preserving magic distil-
lation, each of which forms a convex optimization problem. We speculate that an analogous
monotone can be constructed for any resource theory for which the free operations are a subset
of operations that completely preserve Wigner positivity. From the perspective of quantum op-
tics experiments, wherein Gaussian operations and probabilistic randomness are readily avail-

able, it may be of interest to consider the case of continuous variable systems under the set
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of Gaussian operations and statistical mixtures [49]. Since the individual a-Rényi divergences
on quasiprobability distributions were seen in Section 4.5.2 to typically produce stronger con-
straints than the corresponding constraints given by a-Rényi divergences on quantum states,
it would be interesting to see how well these quasiprobability distribution-based monotones

perform relative to known state-based counterparts.

On a technical note regarding majorization theory, we point to an interesting direction for
further study. The Wigner representation of Ref. [72] recovers the covariance over symplectic
affine transformations on qubit phase spaces, a property shared by Gross’s Wigner function
on odd-dimensional systems. This added structure on the phase space was ignored by our
analysis, but could be utilised to tighten the obtained bounds in future work. In particular, as
explained in the discussion of Ref. [27], the stochastic majorization used in our analysis is only
a special case of G-majorization, where G can be taken as a subgroup of the stochastic group
such as the symplectic group. It can then be shown [93, 94, 95] that one should expect to obtain
a set of finite lower bound constraints on distillation, which will be tighter than stochastic

majorization constraints.
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Part 111

Infinitesimal reference frames suffice to
determine the asymmetry properties of

a quantum system
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Chapter 5

Single Entropic Condition for the

Resource Theory of Asymmetry

5.1 Introduction

5.1.1 Symmetry constraints on general quantum channels

Identifying constraints imposed by symmetry on the evolution of a system has broad appli-
cations throughout physics. When finding exact solutions to the laws of motion becomes too
complex, one can often make non-trivial inferences by appealing to symmetry principles. In
classical mechanics, the most prominent example of such an appeal is Noether’s Theorem,
which enables one to infer conserved quantities from (differentiable) symmetries in the laws
of motion, and vice versa [28]. However, Noether’s Theorem is restricted to closed system
dynamics, and can only be extended to unitary evolution in quantum mechanics [29, 30]. How
symmetry principles constrain the general evolution of a quantum system via quantum channels

therefore remains a crucial question.

The evolution of a quantum system possesses symmetry with respect to a group G, represented
by unitary channels on that system, when it is restricted to the subset of quantum channels that
commute with all group actions, known as G-covariant channels. This definition of symmetric
dynamics is best understood by example. Consider a (finite-dimensional) quantum system
constrained to channels that commute with every possible time evolution of that system (rep-

resenting the group U(1)). Since this is equivalent to restricting channels to those that can occur
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at any time to exactly the same effect, and therefore require no clocks to perform, it makes sense

to say that the system evolution possesses time symmetry (formally, is time-covariant).

In general, symmetry with respect to a group G naturally induces the structure of a resource
theory for asymmetry, or asymmetry theory for short, on the dynamics of quantum systems,
wherein G-covariant channels constitute the free operations while all channels that break sym-
metry become resources. Furthermore, the pre-order on quantum states defined by convertibil-
ity under G-covariant channels in asymmetry theory provides a rigorous basis for quantifying
the extent to which a quantum system breaks a symmetry [30, 33, 34]. Taking the example of
time symmetry again, only states that are not time-symmetric can act as clocks, and a state p is
at least as good a clock as another state o if p can be converted into ¢ without bringing in an
additional clock. As we have seen, this is equivalent to whether p can be converted into o via
a time-covariant channel. The pre-order on quantum states established by asymmetry theory

is ultimately the pre-order on how well they encode a group element.

5.1.2 Asymmetry as an information-theoretic resource

Asymmetry is an example of unspeakable information [7, 96], which is contrasted with speakable
information capable of being encoded in any physical system (paradigmatically, spoken over
the phone) that constitutes the typical interest of abstract information theory!. Why asym-
metry must be unspeakable becomes clear once we ask what sorts of information-processing
tasks require symmetry-breaking as a resource. Consider a scenario where Alice and Bob are
in spaceships so far apart that they have no shared stars. If Alice would like to align her Carte-
sian frame with Bob’s, there is no way for her to simply describe an alignment direction over
the phone. Instead, Alice must share a physical system with Bob that points out the desired
direction for one axis in their Cartesian frames, which means the system she sends cannot be
rotationally symmetric. In this scenario, asymmetry with respect to the group of rotations be-
comes a resource without which Alice and Bob cannot do anything that requires them to have

a shared spatial orientation.

In general, the task of reference frame alignment, which encompasses clock synchronisation and
global positioning as well as the example of Cartesian frame alignment just discussed, requires

the transfer of a physical system that carries a non-trivial action with respect to a symmetry

!For instance, the Shannon-Hartley theorem holds equally well for bits communicated by a person saying “yes”
or “no”, a coin showing heads or tails, or a switch being turned on or off.
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group G via a G-covariant quantum channel [7, 96], thereby establishing a shared reference
frame with respect to G amongst parties that previously had none. Asymmetry theory can
therefore also be regarded as the resource theory of quantum reference frames with respect to a
symmetry group G. The lack of a quantum reference frame for a degree of freedom is mathe-
matically equivalent to imposing a superselection rule [7] - for instance, lacking a shared phase
reference in quantum optics prevents one experimenter from establishing coherences between

states with different total photon numbers from the perspective of another experimenter.

Beyond quantifying the quality of reference frames [7, 31, 97, 98, 99, 100], asymmetry is a vi-
tal resource for many tasks in quantum metrology [101, 102], such as bounding the error of
estimating optical phase shifts. More recently, asymmetry has also been identified as a re-
source in quantum computing, especially for (partially) circumventing the Eastin-Knill no-go
theorem [57] against quantum error-correcting codes that transversally encode and are there-
fore covariant with respect to a continuous group of gates [103]. As a result, bounds on the
correctable error of such codes [104] and approximately covariant codes [57, 105, 103, 106,
107, 108, 109] have been constructed. Beyond symmetry-constrained dynamics [30, 110, 111],
asymmetry theory also finds application in thermodynamics [35, 112, 113], measurement the-

ory [114, 115,116, 117, 118], macroscopic coherence [119], and quantum speed-limits [120].

Of particular interest for this part of the thesis are two current strands of quantum gravity
research that draw on tools of asymmetry theory. One strand concerns how transformations
between inertial reference frames established by relativity should be updated in light of their
ultimately quantum nature, and the extent to which foundational aspects of relativity such
as the weak equivalence principle can be recovered afterwards [121, 122]. Another strand
identifies single-shot entropies that can capture fundamental relationships between quantum
information and the geometry of spacetime in the context of the AdS/CFT duality [107, 108].
Notably, very recent work from this latter strand has identified the conditional max-entropy
as the right information measure for the causal development of a spatial region [123]. This
part of the thesis builds on research in asymmetry theory [36] that uses the dual form of the
conditional max-entropy to quantify the quality of quantum reference frames, and so combines

two very active lines of research on foundational topics from quantum gravity.
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5.1.3 The search for asymmetry monotones

The central concern of asymmetry theory is finding a complete set of resource monotones,
known as asymmetry monotones, capable of capturing the pre-order induced on quantum states
by G-covariant channels, which would isolate all the dynamical properties governing the be-
haviour of quantum systems under a symmetry constraint and fully address the fundamental

question:

When is it possible to transform a state p of input system A into a state o of output system B

via a quantum channel that is covariant with respect to a symmetry group G’?

Finding asymmetry monotones for general quantum dynamics (mixed states evolving via
channels) turned out to be surprisingly complex and highly counterintuitive. Taking the partic-
ular example of rotational symmetry, one might guess from closed system dynamics governed
by Noether’s Theorem that expectation values (and higher moments?) of angular momenta
would always be good asymmetry monotones. However, this turns out to be false in gen-
eral —in fact, expectation values of angular momenta can be arbitrarily increased by rotationally
covariant channels (such as the optimal universal cloner [124]) from a spin-j4 system to a spin-
JB system by simply taking jp sufficiently higher than j4 [110]. This example shows why we
need information-theoretic monotones that go beyond traditional Noetherian conserved quan-
tities to quantify asymmetry as a resource — while the expectation values of angular momenta
can increase under rotationally covariant channels, the degree to which a quantum system can

encode a direction in space does not.

Significant progress has been made in recent years in the identification of asymmetry mono-
tones, including relative entropy measures [31, 32], the skew-Fisher information [30, 34, 125]
as well as the purity of coherence [35]. Recently, Ref. [36] identified the first complete set of
asymmetry monotones, which are expressed in terms of correlations between the input/out-
put quantum system S and a spontaneously emerging quantum reference frame system R
locally in a state that transforms non-trivially under the group action. These correlations are
measured via the single-shot quantum conditional min-entropy Hyin(R|S), a central quantity in

quantum encryption [126] whose dual form has also been identified in very recent research

2The extension of Noether’s Theorem to quantum mechanics states that a necessary (and, between pure states,
sufficient) condition for the existence of a G-covariant unitary state transition is the conservation of the moments
(Ji') of every generator Ji of the group representation U(g) := exp(i >, grJx) [29, 30].
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in quantum gravity as the right information measure for the causal development of a spatial
region [123]. However, the physical significance of these monotones remains obscure, and the
complete set of conditions require Hpi, (R|A) to not decrease at every possible reference frame
state g, which leads to an infinite number of conditions to check. This opens the question
of whether one can reduce these monotones to a simpler, ideally finite, set of conditions for
asymmetry theory, and whether such reduction can shed light on the asymmetry properties of

quantum systems.

5.1.4 Chapter summary

The rest of this chapter proceeds as follows. In Section 5.2, which forms the main techni-
cal background for this chapter, we formally define asymmetry theory and review the first
complete set of asymmetry monotones identified by Ref. [36], focussing on the spontaneous
emergence of quantum reference frames in these monotones. We then examine a warm-up ex-
ample in Section 5.3 of time-symmetric state transitions in a non-degenerate qubit, where we
find that the original infinite set of asymmetry monotones can be reduced to just two, which
are evaluated at reference frames that, contrary to intuition from the theory of quantum refer-
ence frames, are infinitesimally close to time-stationary. Guided by the warm-up example, we
identify generic reference frame redundancies in sections 5.4 and 5.5 applicable to all symme-
try groups and systems. In particular, we find that one can restrict to reference frames forming
any closed surface enclosing the maximally mixed state. By taking this surface arbitrarily
close to the maximally mixed state, which is always symmetric, we obtain a single necessary
and sufficient entropic condition for G-covariant state conversion. Though we find that evalu-
ating this condition poses significant technical difficulties, it can nevertheless be interpreted as
generalising an insight from our warm-up example: one does not need reference frames that
perfectly encode a symmetry group to characterise the asymmetry properties of a quantum

system — in fact, reference frames that are infinitesimally close to being symmetric suffice.

5.2 Technical background

5.2.1 Asymmetry theory of compact symmetry groups

We now formalise the resource theory of asymmetry with respect to a compact group G.
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Definition 39 (Resource Theory of G-Asymmetry). Let G be a compact group that, given
any quantum system S, has a unitary representation {Us(g)|g € G} on Hg. Furthermore, let
U;[-] = Ug(g)[-]Ug(g) denote the unitary channel induced by Ug(g). We say that a quantum
channel ® o_, g from input system A to output system B is G-covariant when performing this
channel before any group action is operationally equivalent to performing this channel after that

group action, i.e.
Vg & G, pPA € Dy : Z/ng ¢} (I’AﬁB(pA) = CI’A_>B OU;‘(pA). (51)

The resource theory of G-asymmetry is defined by taking the set of G-covariant channels as the
free operations R¢. A state T of system S therefore belongs to the set of free states F¢ if and only

if it is invariant under all group actions, i.e.

TEFqg<=VY9€G : Uyr)=r. (5.2)

We will also find it helpful to define the G-twirling operation on a bounded operator O, which

constructs a symmetric operator from Og as follows?.

Definition 40 (G-twirling). The G-twirl averages the output of all group actions on a bounded

operator Og of quantum system S as

6(0s) == [ dyl45 (0s). 53)

When G is finite, [ dg is naturally replaced by |—(1;| >_gec- Though we will use the Lie group
notation exclusively from this point forwards, all results apply equally well to finite groups.
Throughout this part of the thesis, we will use p E, o to denote the existence of a G-covariant

channel capable of transforming p into o.

*In the next chapter, we will see that the G-twirl operator is in fact the projector onto the subspace of B(S) that
is invariant under all group actions, or equivalently the subspace spanned by all trivial representation spaces of G
on B(S).
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5.2.1.1 Example: resource theory of time asymmetry (“clockiness”) in systems with peri-

odic Hamiltonians

Consider a quantum system S with a Hamiltonian Hg such that there exists a finite minimum
length of time Ts > 0 at which e #sTs — T, which is known as the period of Hg. Then
the time evolution of this system forms the unitary representation {e~"#s!| t € [0, T)} for the
group U(1) on Hg. Any free state 75 in the time asymmetry theory of system S must therefore

be time-stationary, i.e.
Vit € [0, TS) : e_iHstheiHst =Tg <— [Hs,Ts] =0 (5.4)

so 7g must be a mixture of energy eigenstates for Hg. Free operations in the time asymmetry
theory of systems with periodic Hamiltonians, i.e. their time-covariant channels, must there-
fore take mixtures of energy eigenstates on the input system to mixtures of energy eigenstates
on the output system, making time asymmetry theory in such systems equivalent to a resource

theory of coherence in energy.

5.2.2 Quantum reference frames

Asymmetry is ultimately a relational quantity. For instance, the direction in space encoded by
a rotationally asymmetric system (e.g. a spin-3 particle in a pure state) is not defined rela-
tive to “absolute space” but another physical system (e.g. a set of gyroscopes); similarly, the
phase encoded in a time-asymmetric system (e.g. an atom in coherent superposition between
two eigenstates of different energies) is not defined relative to “absolute time” but a physical
clock [7]. The systems with respect to which unspeakable asymmetry information is defined,
such as clocks, gyroscopes and metre sticks, are known as quantum reference frames. In this
section, we briefly review how the asymmetry properties of a quantum system are established

through correlations with such reference frames, rather than in any absolute sense.

Under a global symmetry described by a group G, one can nevertheless effectively perform any
channel on a subsystem to arbitrary precision by executing that channel relative to a quantum
reference frame encoding the group elements [7, 127, 125, 128, 129, 130]. Concretely, we say
that a quantum reference frame 7y of system R encodes G as the set of states {1z (g)|U}*(nr)},

known as the G-orbit of ng. This reference frame is said to be complete* when it becomes a pure

*Formally, the G-orbit of a complete reference frame |nr), {|nr(9)) = Ur(g) |nr)|g € G}, constitutes a left-
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state |nr) whose G-orbit encodes different elements of G with perfect distinguishability so that
v9.9' € G : (nr(9)|nr(g") = d(g~'9). (5.5)

One can produce a globally-symmetric version of any bounded operator Og € B(S) of system

S by taking its bipartite G-twirl with the reference frame nr on system R, which is defined as

Gr ® Og) = Gy (Os) = /G dg UF(ng) © US(Os). (5.6)

Given a state 75 on the system S, the bipartite G-twirl induces classical correlations between R
and S whose strength depend on the extent to which 7z and 75 break symmetry. To take the
simplest non-trivial example, let us consider the G-twirl over two qubits with respect to the
cyclic group Zg, which is represented on the Hilbert space of either qubit by unitaries {1, Z}
generated by the Pauli Z-operator. The bipartite G-twirl on a reference qubit R in state 7z and
system qubit S in state 7g is therefore

1 1
Gnr ® T1g) = SR ®Ts + §Z(77R)Z®Z(TS)Z~ (5.7)

At one extreme, we have that ng or 75 is symmetric under this representation of Z, — for
instance, if we have 75 = |0)(0]. In this case, we obtain

Gn @ |0X0)) = | 5w+ 5 Z(n) 2| @ 030] = Grm) 10)0], 9

from which we see that the bipartite G-twirl generates no correlations between R and S if one
of them carries a symmetric state (and destroys any asymmetry carried by the other). At the
other extreme, we consider the case where g = 75 = |+)(+|, which is maximally symmetry-
breaking because its G-orbit, {1 [+)+|1 = [+X+|,Z |+)X+|Z = |—)—|}, encodes this repre-
sentation of Z with perfect distinguishability. Consequently, we find that the bipartite G-twirl
when both R and S are in the state |+ )(+| yields

G+ H i ® [HHHs) = 3 [HH @ [H)H + 3 1=K @ |-, 59

which is a maximally classically correlated state between R and S.

regular representation of G.
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As ngr tends towards a complete reference frame, one finds, given any two bounded operators

Ts,Os € B(S) of quantum system S, that

6,(15)6,(05) = | [ dottftnm) o043(xs)] | [ o wtn) w1450

- / dg / dg' nr(g)n(e’) © US (TUS(Os)
G G

complete ref.

| ds lnnt@)an(o)] © [Us(o)(Ts)UL0) V()0 6)

= /G dg UL (Inr)Xnr|) @ U; (TsOs) = Gy(TsOs). (5.10)

Therefore, given any measurement described by POVM elements { E; }, any channel described
by Kraus operators { K} and any state 7 on subsystem S, one can always construct a globally
symmetric measurement described by POVM elements {G,(F;)}, a globally symmetric chan-
nel described by Kraus operators {G,(k;)} and a globally symmetric state G, (7) on the joint
system RS with which, in the limit of a complete reference frame, the quantum statistics of the

Born rule on subsystem S can be perfectly reproduced, i.e.

Z Tr [gn(Ei>gn(Kj)gn(T)gn (KJ)} complerer, Z Tr {gn (EZK](T)KJT)]

J
=3 T {Ein(T)K” : (5.11)
J

In other words, the bipartite G-twirl with a reference frame provides a globally symmetric setting
wherein any subsystem channel can be executed relative to this reference frame to arbitrary

precision as the state of that reference frame becomes more complete.

The preparation of a state 75 on system S relative to a reference frame 7y tends towards a
classical-quantum state where R behaves as a classical “register” for symmetry group elements

as nr becomes more complete. Formally, one sees that

G(np @ rg) mPEert /G dg nr(9)Ynr(g)| @ US (rs). (5.12)

For this reason, complete reference frames are interpreted as classical. Eq. (5.11) suggests that
the asymmetry properties of a quantum system only become completely meaningful in the
limit of classical reference frames, which can be seen as an instance of the Correspondence

Principle.
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5.2.3 Complete entropic monotones for asymmetry theory

Recently, Ref. [36] identified the first complete set of asymmetry monotones in terms of the

single-shot conditional min-entropy Hmin (R|S) [126].

Definition 41. The single-shot condition min-entropy Huyin(R|S)q of a state Qrs on a bipartite

system RS is defined via an infimum over positive-semidefinite operators X g on Hg as

Hnin(R|S)q := —log Xigo{TT[XS] :Ir ® Xg > Qps}. (5.13)

This complete set of asymmetry monotones is given by the single-shot conditional min-entropy
evaluated on the input/output state prepared relative to every possible quantum reference

frame on an external system R that spontaneously emerges.

Theorem 42 ( [36]). Let A and B be input and output quantum systems whose Hilbert spaces

carry unitary representations of a compact symmetry group G. Furthermore, let

Hy(p) = Hunin(RIS)g(npsrs) (5.14)

denote the single-shot conditional min-entropy on the bipartite G-twirl of a state Ts on system S
and a state ng on a reference system R for G, whose Hilbert space carries a unitary representation
of G that is complex conjugate to that carried by the Hilbert space of the output system B, i.e.
Ur(g) = Ug(g)* for all g € G (which also implies dim(Hg) = dim(Hp)). We then have

PA G o if and only if
AH, = Hy(o) — Hy(p) >0 (5.15)
for all states ng of the reference system R.

Theorem 42 explicitly shows asymmetry to be a relational quantity that is not intrinsic to a
quantum state, but instead lies in correlations with quantum reference frames, which explains
why asymmetry must be unspeakable and cannot be fully captured by Hermitian observables
on that state alone. However, in contrast to what one might expect, the asymmetry properties
of a quantum system can be completely defined relative to incomplete reference frames, as the

reference system in Theorem 42 does not have to be infinitely big, so its reference frames will
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typically not encode elements of a continuous symmetry group with perfect distinguishability.

In the classical limit at which the quantum reference frame for G on system R becomes com-
plete, the asymmetry monotone H,, tends to the optimal guessing probability pop(g) [131] for the

group element g held in the classical register R given system S, i.e.

complete ref.

H, (1) —10g popt (9)- (5.16)

In particular, when G is the group of time-translation symmetry, pop:(t) is the optimal prob-
ability for guessing the time ¢ on a Page-Wootters clock [132] given system S. Indeed, the
formalism of quantum reference frames is a generalisation for the Page-Wootters construction
of time as a relational quantity emerging from correlations with a physical clock, which was
created to understand the appearance of temporal evolution in a universe that must remain

globally time-symmetric under the Wheeler-deWitt equation [132] central to quantum gravity.

The monotonicity of H, under G-covariant transformations on system S can then be loosely
interpreted as a degradation in the ability to deduce the state of a classical register R for the
symmetry group G' from measurements on a covariantly-correlated system .S, because the
strength of those correlations must decrease as the state of S becomes more symmetric un-

der G-covariant transformations.

5.3 Warm-up example: infinitesimally symmetric reference states

Though Theorem 42 showed that the asymmetry properties of a quantum system can be fully
captured by incomplete quantum reference frames, one nevertheless expects intuitively that
the more complete a reference frame 7p is (in the sense of encoding any two group elements
by states at a larger distance), the more powerful the asymmetry monotone H, generated by
nr will be (in the sense of ruling out a larger subset of GG-covariantly inaccessible states). In
this section, however, we present a startling counter-example where the entire structure of
G-covariant state transitions can be obtained from just two reference frames that are infinites-
imally close to completely symmetric, which further demonstrates that the complete mono-

tones of Theorem 42 can be highly redundant.

We consider time-covariant transformations from a qubit S with Hamiltonian Hg = Z to itself,

which forms the symmetry group U(1) represented on Hg as {U; = e~*4!|t € [0,27)}. In this
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case, the reference system R is a qubit with Hamiltonian Hr = —Z. The set of symmetric states
are statistical mixtures of |0) and |1), i.e. the Z-axis of the Bloch sphere. Given a fixed input
state p, we can define

To(p) = {0 : Hy(0) > Hy(p)}. (5.17)
as the set of states classed by a single reference frame 7r as time-covariantly accessible. We
emphasise that o € 7,(p) constitutes a necessary, but not sufficient, condition on p & .

Concretely, letting 7 (p) denote the full set of G-covariantly accessble states from p, we have

T)= () Talp)- (5.18)

nrED(R)

We can now formalise the question of which asymmetry monotones H,, are the most pow-
erful by asking which 7,(p) best approximate 7 (p), for which a closed-form expression is
known [133]. From the formalism of quantum reference frames, the natural answer would
appear to be |[+) (or any state on its orbit), since given any two times ¢; and ¢, states encoding
these times on the orbit of |+) are at least as distinguishable as states encoding these times on

the orbit of any other reference frame; more formally, we have
VLt o e, ()G Uy (D] = T U, () (). (5.19)

In another way, |+) is the “best” clock state that one can find for the qubit because, as a uniform
superposition over energy eigenstates, it can encode a single bit of data about the parameter ¢,

which is the maximum allowed by the Holevo bound [37].

In Fig. 5.1, we compare 7,(p) (blue region) generated by a pure reference frame np (blue dot)
at different choices of polar angle # (and zero azimuthal angle®) against 7 (p) (region bound by
black lines) for a fixed input state p = % (Il + #) (black dot). We see that the constraint due
to |[+) (¢ = % on the Bloch sphere) actually yields a poor approximation for the true set of time-
covariantly accessible states. On the other hand, choosing a symmetric reference frame (6 = )
is even worse, as it does not constrain accessible states at all. Unexpectedly, the more we let
reference frames approach the set of symmetric states without actually becoming symmetric

(0 = 0.4m — 0.01m and 6 = 0.6m — 0.997), the better the approximations they generate to the

°Changing the azimuthal angle of a reference frame ng for time-covariant transitions in this non-degenerate
qubit leaves T, (p) constant.
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Figure 5.1: “Less is more”: near-symmetric reference frames are optimal. We consider a qubit
system under time-translation symmetry. Given a reference frame 7ng (blue dot), the shaded
region 7,(p) corresponds to potential states in the Bloch sphere which ng classes as accessible
from the state p (black dot) under a time-covariant transformation. The black curve marks the
boundary of all states that are covariantly accessible from p, and is obtained from the inter-
section of all regions 7, (p). Surprisingly, the high coherence state np = |+)(+| gives a weak
bound, while in contrast taking nr very close to |0)(0] or |1)(1| provides complete constraints.
Note that changing the azimuthal angle of 7y leaves 7, (p) constant.

set of time-covariantly accessible states become, until we find that

Ta00.017)(P) 0 Ty0.007) (p) = T (p)- (5.20)

In other words, the sets of states classed as time-covariantly accessible from p by just two refer-
ence frames that are arbitrarily close to, without becoming, the time-symmetric states |0) and

|1) approximate the full set of time-covariantly accessible states from p arbitrarily well.

These results are quite surprising. The formalism of quantum reference frames intuitively
leads us to assume that, as the “best clock”, the reference frame |+) would provide the most
information on the time-asymmetry properties of an input state p, as expressed by which states
p would be resourceful enough to transform into under time-covariant transformations. In-
stead, the constraints improve as reference frames approach the set of time-symmetric states,
even though symmetric reference frames themselves provide no constraints at all! The findings

of Fig. 5.1 can be generalised to all input states as follows (see proof in Appendix C.4.1).
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Lemma 43. In spherical polar co-ordinates on the Bloch sphere, there exists a time-covariant

transformation p to o in a qubit with Hamiltonian < Z if and only if

93 (AH,)|g=0 > 0and 95(AH,)|p=r > 0. (5.21)

Alternatively, parameterising a state w of the non-degenerate qubit in the energy eigenbasis as

w = , (5.22)
o 1—pu

where p,, is a probability and ¢, is a complex number such that |c, \2 < pw(l—py), we find that
there exists a time-covariant transition from p to o if just two entropic conditions at reference

frames with Bloch vectors (z1,y1, 21) and (x2, y2, 22) satisfying

0<

M<min{1_pp 1_pg}and0>'x%+y§>max{ Po pg} (5.23)

2z ‘Cp| ’ |co| 229 _m’_m

respectively (see proof in Appendix C.4.1) are met. As these reference frames tend towards
time-symmetric states at z1 = y; = 0 and x2 = y2 = 0 respectively, they certify the existence of
a time-covariant transition between an increasing range of input and output states. Informally,
the structure of time-covariant transitions in a non-degenerate qubit is determined by asym-

metry monotones H,, at two reference frames that are “infinitesimally close” to symmetric.

This simple example suggests that the dynamical constraints enforced by the asymmetry mono-
tones H, have a non-trivial and counter-intuitive dependence on the reference frame 7g, and
can be extremely redundant. As we have seen, Lemma 43 reduces infinitely many monotone
conditions to evaluate at all reference frames to just two curvature conditions to evaluate near
symmetric states. This raises the question of whether similar results carry over to more general
situations, and to what extent we can reduce the set of reference frames to determine the mini-
mal relational data needed to specify the asymmetry of arbitrary quantum systems for general

symmetry group G.
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5.4 Sufficient surfaces of reference frames

In this section, we establish some basic redundancies in reference frames generating the asym-
metry monotones of Theorem 42 due to the group structure of the symmetry constraint, and
conclude that any surface of reference frame enclosing the maximally mixed state generate a
sufficient set of monotones. All results apply to transformations between arbitrary systems

under a general symmetry group G.

5.4.1 Basic reference frame redundancies

In the warm-up example, we observed that asymmetry monotones generated by time-symmetric
reference frames seem to impose no constraints on time-covariant dynamics in a non-degenerate

qubit. This observation turns out to be true of all symmetry groups (see proof in Appendix C.1.2).

Lemma 44. Given any input state pg of system S and reference frame nr of system R,

Hg(y)(p) = Hy(G(p)) = Hg()(G(p)) = —log |G (1)l (5.24)

where ||-|| ., is the Schatten-oco norm defined in Eq. (2.8). Therefore, if ) is symmetric so we have

n = G(n), then AH,, = 0.

Furthermore, any two reference frames related by a G-covariant unitary channel generate
equivalent asymmetry monotones. In the warm-up example, this meant we only had to con-

sider reference frames at the same azimuthal angle in the Bloch sphere.

Lemma 45. If there exists a G-covariant unitary channel UR on the reference system R such

that U (ng) = 1y, then AH,, > 0 if and only if AH,y > 0 because AH,, = AH,y.

The invariance of entropic conditions under G-covariant unitary channels on the reference
system is a consequence the following lemma, which we prove in Appendix C.1.1.

Lemma 46. Let U and V° be unitary channels on the reference and input systems respectively such
that UR @ V3 is G-covariant (on the joint system RS). Then given any reference frame 1 of system R

and input state T of system S, we have that

Hyryy [VE ()] = Hy(7). (5.25)
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For Abelian groups, one need only consider reference frames with all modes of asymmetry (in-

troduced in the next chapter) in common with the input state (see Appendix D.3.3.1 for proof).

5.4.2 Necessary and sufficient surfaces of reference frame states

9D D(R)
0D,

0D,

Figure 5.2: (Sufficient surfaces of reference frames). There is extensive freedom in the choice
of sufficient reference states. According to Theorem 47, any surface in the reference system
state space D(R) that encloses the maximally mixed state (blue dot) is a sufficient set of refer-
ence frames — the three surfaces 0D;, D2 and 9D3 provide the same information.

The entropic conditions of Theorem 42 turn out to possess a more extensive kind of redun-
dancy, in particular that one need only consider reference frames on any surface enclosing the
maximally mixed state (see proof in Appendix C.2.2). This is essentially because the entropic

conditions turn out to be invariant under partial depolarisation of the reference system.

Theorem 47. (Sufficient surfaces of states). Let pa and op be states of an input system A
and output system B respectively, and let G be a compact symmetry group. Furthermore, let
0D be any closed surface in the state space D(R) of the reference system R for G-covariant
state transitions from A to B that encloses the maximally mixed reference state L, where d =

dim(HRg). Then p Ny if and only if
V€ 0D : AH, > 0. (5.26)

Combined with the reference frame redundancies identified in the previous subsection, we
conclude that only a subset of 9D will produce non-trivial constraints — namely, the intersection
of 0D with asymmetric states quotiented by the sub-group of G-covariant unitary channels on

the reference system alone.
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5.5 Infinitesimal reference frames and a single entropic minimality

condition for asymmetry theory

Theorem 47 showed any surface enclosing the maximally mixed state constitutes a sufficient
set of reference frames. In particular, we are therefore free to choose a surface that bounds
an arbitrarily small neighbourhood around the maximally mixed state, and so restrict to ref-
erence frames that are infinitesimally close to completely symmetric. This indicates that the
counter-intuitive features we highlighted in the case of time-covariant transitions within a
non-degenerate qubit are in fact generic and appear in all systems and symmetry groups.
Moreover, by shrinking the neighbourhood bounded by a sufficient surface of reference frames
towards the maximally mixed state, we arrive at a single necessary and sufficient condition for

G-covariant state conversion.

Theorem 48. Let py and op be states of an input system A and output system B respectively,
and let G be a compact symmetry group. Then pa G5 if and only if AH, attains a local

minimum at the maximally mixed reference state np = é.

Proof. We first note that AH, = 0 whenever ng is symmetric due to Lemma 44. Since the
maximally mixed state is symmetric for all G, we have AH,, = 0 when nr = é. If we assume
PA =N op, then Theorem 42 implies that AH, has a global minimum at 7 = é, which must
therefore be a local minimum as well. Conversely, if we assume AH,, has a local minimum at
Ng = é, then there exists a neighbourhood D around 7 = é in which AH, > AH;/y = 0.
Because H,, is continuous in 7y (see Lemma 52 in the next chapter), we conclude that AH,, > 0
on 9D as well, and so obtain from Theorem 47 that p NP B. Therefore, py S p if and only

ifng = é is a local minimum of AH,,. O

This result is quite surprising in light of the formalism for quantum reference frames. Because
arbitrary channels can only be executed perfectly relative to a classical reference frame for the
symmetry group G, one might have expected that the asymmetry properties of a quantum
system are best captured by correlations with reference frames that encode different group
actions as distinguishably as possible. However, Theorem 48 shows that the opposite is the
case — the asymmetry resources of a state can be completely determined from correlations with

a reference frame that is infinitesimally close to transforming trivially under all group actions,
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and so encoding different group actions completely indistinguishably.

As Theorem 48 is a local minimum condition, we might hope that the problem of G-covariant
state conversion can (typically) be resolved by checking whether AH, has a critical point at
the maximally mixed state and conducting a second partial derivative test. This would imply
that the asymmetry properties of a system might be described by a form of quantum Fisher
information [134], a key quantity in asymmetry theory [125, 135] related to the curvature of

divergences from which conditional min-etropies are constructed [136].

Unfortunately, AH,, often has a conic singularity at the maximally mixed state (see Appendix

C.3 for proof). To be concrete, let us decompose every reference frame 7 in terms of an orthog-

onal basis for Hermitian operators {I, X1,..., X2 1} with || Xy||,, =1 as
1 d2-1
n(w) = | I+ ; Xk |, (5.27)

where d is the reference system dimension and z;, € R provide coordinates for the state. We
can then describe all directions out of the maximally mixed state by considering a unit sphere

of states around it at co-ordinates S := {:1: € R¥-1 HZZZl a:kaH = 1}. In the case of a
oo

qubit, this is simply the surface of the Bloch sphere.

Lemma 49. In a sufficiently small neighbourhood € > 0 around the maximally mixed state,

AH, changes linearly along any direction out of the maximally mixed state. Thus one can write
Vo € S : AH, () = f(@)e+ O(), (5.28)
for some function f : S — R.

More broadly, the above lemma shows that AH,, will have a conical singularity at the maxi-
mally mixed state unless it becomes completely linear there. In the example of time-covariant
transitions in a non-degenerate qubit, this conical singularity always appears when neither p
nor o is symmetric unless p and o can be converted into each other via time evolution under
the Hamiltonian (see the end of Appendix C.4). A conical singularity in AH,, can therefore

appear at the maximally mixed state much more often than stated in the Lemma.

We remark that though AH, is typically not differentiable at the maximally mixed state, it
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may still have nice differentiability properties at points on a sufficient surface of reference
frames where AH, = 0. In that case, if AH, has a local minimum, as determined by the
second derivative test, at every location where AH, = 0, then a G-covariant transition can
occur. A successful example of this strategy reducing infinitely many asymmetry monotone
conditions on a sufficient surface of reference frames to finitely many curvature conditions is
time-covariant transitions in a non-degenerate qubit with Hamiltonian proportional to Z. One
sufficient surface of reference frames for such transitions is the arc from § = 0 to § = 7 at
constant ¢ on the surface of the Bloch sphere. To see this, we can begin from the surface of the
Bloch sphere as a larger sufficient surface of reference frames in accordance with Theorem 47,
and then reduce this to the arc from § = 0 to § = 7 by applying Lemma 45 to time evolution
under the Hamiltonian. By Lemma 44, we know that AH, = 0 when the polar angle 6 of
the reference frame 7 takes on the values § = 0 or # = 7 because 1 becomes the symmetric
energy eigenstate |0) or |1) at those polar angles respectively. Appendix C.4.1 shows that AH,,
is infinitely differentiable with respect to 6 on this sufficient surface at # = 0 and § = 7. We
have already seen in section 5.3 that demanding 83AH,7|9:0Jr > 0 is sufficient to determine

whether a time-covariant transition can occur.

83



Chapter 6

Sufficient depolarisation for

(7-covariant state conversion

6.1 Introduction

In principle, the local minimality condition derived in the previous chapter (Theorem 48) for
AH, at the maximally mixed state provides a complete description of the asymmetry proper-
ties of quantum states. However, even in simple cases such as time-symmetric transitions in
a non-degenerate qubit, solving the minimisation problem defining AH,, is fairly non-trivial,
and we have seen that standard tests for local minima are typically not applicable for AH,, at
the maximally mixed state. Computing this condition therefore presents a significant technical

challenge that we must leave for future study.

In this chapter, we adopt a more physical perspective by allowing a certain amount of noise
into state conversion, and attempt to extract finite sets of complete conditions from Theorem
42 under this weakened demand. In particular, we focus on depolarisation noise because the
maximally mixed state is symmetric under arbitrary group actions, so a G-covariant state con-
version can always take place once the output state has been sufficiently depolarised. More
concretely, we depolarise our output state o by some probability p to

I
op=(1—-plo +pga (6.1)

where d is the dimension of output system, and pose the question
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What is the minimal amount of depolarisation noise p needed to make o accessible from the

initial state p via a G-covariant channel?

We will take two approaches to addressing this problem, one based on coarse-graining a sur-
face of sufficient reference frames (Theorem 47) and the entropic conditions they generate into
a finite set, and the other based on decomposing quantum states into modes of asymmetry [137]

that are never mixed under G-covariant channels.

6.1.1 Chapter summary

The rest of this chapter proceeds as follows. In section 6.2, we coarse-grain the surface of
sufficient reference frames into a finite set known as an e-covering, then upper-bound the depo-
larisation needed to make AH, non-negative in the neighbourhood around reference frames
in the covering based on its values at those reference frames. Section 6.3.2 reviews modes of
asymmetry, the main technical background for this chapter. In section 6.4, we identify suffi-
cient conditions for G-covariant state transitions defined on the modes of asymmetry present
in the desired input and output states. These conditions require finding a family of G-covariant
channels with members each attempting to generate as much fidelity as possible relative to a
distinct reference frame. By taking this family to be measure-and-prepare channels based on
the Pretty Good Measurement [138] and carefully choosing the state prepared by each channel
of this family, we identify a sufficient depolarisation condition that becomes independent of

the reference frame for each mode of asymmetry in the output system.

6.2 Coarse-graining conditions

We first introduce the notion of an e-ball, which formalizes the notion of an arbitrarily small

neighbourhood around a quantum state.

Definition 50 (e-ball). Let 1 be a (possibly subnormalized) quantum state of system R. We
define the e-ball B.(n) as the subset of subnormalized states that are e-close to p as measured by

the trace distance, so we can write
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With this definition in hand, we can formalize what we mean by an e-covering of sufficient
reference frames in the following Lemma (see Appendix D.1.2 for proof), and upper-bound

the number of states in the covering.

Lemma 51. For every € > 0, there exists an e-covering of sufficient reference frames, i.e. a finite
set of reference frames N such that every state n on a sufficient surface of reference frames 9D

lies within an e-ball around some state in N. The cardinality of N is upper-bounded as

d?—-1
N < (1+ 1) . 6.3)

The geometric intuition behind an e-covering of sufficient reference frames is conveyed by the

illustration of Lemma 51 in Fig. 6.1.

m
o

778. .772

T
N € edr o3
@ [ )

U ® N4

U

Figure 6.1: An e-covering of sufficient reference frames. The pale pink circle shows a surface
of sufficient reference frames enclosing the maximally mixed state, while the black dots form
e-covering N, such that every state on the surface is within an e-ball of a state in Ne.

Throughout this section, we will find it easier to work with the exponentiation of the asymmetry
monotone H,, given by F,(7) := 2~("), which provides equivalent constraints on the exis-
tence of a G-covariant transition from p to o because AF, (p,0) = F,(p) — F,(¢) > 0 implies

AH,(p,0) = Hy(o) — Hy(p) > 0 and vice versa (see the end Appendix C.1 for details).

We first show that the function AF,, is continuous in 7, and upper-bound how much AF,, can

vary within an e-ball around 7, in the following Lemma (see Appendix D.1.1 for proof).

Lemma 52. Given any input state p of system A, output state o of system B, reference frame n

of system R with dim(R) = dim(B) := d and state 1 € Be(n), we have that

|AF;(p,0) — AF,(p,0)| < 2de := r(e). (6.4)
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We highlight that the continuity of AF)(p, o) in reference frame 7 implies the continuity of

AH,(p,0)inn as well (see the end of Appendix D.1.1 for details).

Lemma 52 shows that, if AF,, (p,0) > r(e) on the single reference frame 7, in an e-covering,
then AF, (p, o) > 0 for all reference frames in the e-ball around 7. While AF,, (p, o) < 0 means
no G-covariant transformation is possible, if r(¢) > AF,, (p,0) > 0, then we can attempt to
boost AF,(p, o) to AF,(p,0,) = AF,(0,0,) + AF,(p, o) by depolarising o (we are guaranteed
AF,(0,0,) > 0 as partial depolarisation is G-covariant) until A(p,0,) > r(e). This line of

thinking leads to the following result (see Appendix D.1.3 for proof).

Theorem 53. Given any e > 0, there is a finite set of reference frames N := {m }&_, with
INT < (1+ é)dQ_l, where d is the dimension of the reference system, such that:
e if AF,, (p,0) < 0 forany n, € N then p — o is forbidden under G-covariant channels.
* if AF,, (p,0) > r(e) for all g, € N then p — o under a G-covariant quantum channel.

e For each i, € N where 0 < AF,, (p, o) < r(€) we obtain the lower bound

(6.5)
on the amount of depolarisation required to ensure p — o, under a G-covariant channel.

Because 7 (¢€) scales with output system dimension, generating sufficient depolarisation condi-
tions from a reasonable number of reference frames may only be practical in low-dimensional
systems. Therefore, instead of developing this line further here, we take a different approach
by exploiting the modes of asymmetry within a quantum system to identify sufficient depolari-

sation conditions that are independent of reference frame.

6.3 Technical background: modes of asymmetry

We begin with a brief technical overview on modes of asymmetry. Brilliant and much more

detailed exposition of this material can be found at e.g. Ref [125, 137].

6.3.1 The irreducible tensor operator (ITO) basis

The modes of asymmetry in a quantum system S are constructed in terms of an irreducible

tensor operator (ITO) basis for the representation of a finite or compact Lie group G on the set of
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bounded operators B(S). In this section, we introduce the definition of an ITO basis alongside

some of its basic properties.

Given any unitary operator U on Hg, its associated super-operator U(-) := U(-)UT preserves
this inner product, so U can be thought of as a unitary acting on B(S). Therefore, a unitary
representation ¢ — U(g) of a group G on Hg induces a unitary representation g — U, =

U(g)(-)U*(g) of G on B(S) because we have
V1,92 € G : Uy Uy, = Ug, g5 (6.6)

An ITO basis is any orthonormal basis for B(S) that places U, into a block-diagonal form,
wherein every block is an irrep of GG, and every copy of an irrep is represented by identical

matrix components.

Definition 54 (Irreducible Tensor Operator (ITO) basis). Let g — Uy be a unitary represen-
tation of a compact group G on the bounded operators B(S) of a quantum system S. Then U,
can be decomposed as follows into distinct finite-dimensional irreducible representations (irreps)

labelled by A,
U, =P (u;”)@a* 6.7)
A

where Uy‘) is the M-irrep of G and occurs oy times in the irrep decomposition of U,. We say that
a basis { X J(’\’a)} for B(S) is an irreducible tensor operator (ITO) basis for the representation U,

if its elements are orthonormal and satisfy

dx

Uy (XJW)) =3 "M ()x™, (6.8)
=1

)

where U (g) are complex matrix components for Z/{g(’\

p , dy is the dimension of the \-irrep, and

the index oo € {1, ..., a} accounts for the multiplicity of the A-irrep.

We highlight a couple of important requirements that are implicit in the ITO basis Given any
two representations Z/{gA on B(A) and Z/{;B on B(B) of the same group G, where A and B could
be distinct quantum systems, the ITO basis elements for any irrep A common to both represen-

tations must be chosen such that A is represented by the same matrix elements U, Z-(]-A) (9) in both
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representations. Furthermore, two irreps are considered equivalent under the ITO formalism
if and only if they are related by a unitary similarity transformation, as ITO basis elements

must be orthonormal.

Before presenting some examples of ITO bases, we note that the irreps in U, occur in pairs
related by complex conjugation. Given an ITO basis {X j()"a)} for the representation U, of
a compact G on the bounded operators B(S) for a quantum system S, one can identify an-
other orthonormal basis for B(S) by taking the Hermitian conjugate of the basis elements
to obtain {X j()"O‘)T}. Because elements in the ITO basis that span the 3-copy of the p-irrep,
{X ](.)‘:“ o=h) } j=1,...,d,,, transform solely amongst each other under the group action according

to U (g), one can show that their Hermitian conjugates, {X ]( ...d,, transform

solely amongst each other under the group action according to complex conjugate of U*)(g) as

ty (x07") = (o (x7))' = 5 (U4 0) X0 ©9)

=1

It can be shown (see Appendix D.3.1) that U#)(g)* is also an irrep of G, and that the irreps
U)(g)* and U*2)(g)* are equivalent if and only if U(#1)(g) and U(#2)(g) are equivalent. This
implies {X ](/\’a) T} constitutes another ITO basis for B(.S), wherein {XJ(-“ # )T}j=1,-‘.,dx constitute
an orthonormal basis for a single copy of the unique irrep appearing in g — U, that is equiva-

lent to U(*) (g)*, which we denote by p*.

6.3.1.1 Example: ITO basis for U(1) represented as time evolution by ladder Hamiltonian

Consider a quantum system S of dimension d whose Hamiltonian is a “ladder” of equally-
spaced energy levels, Hg = ZZ;B nA|E,)Ey|. The time evolution of system S, given by

{Uy = e ()et|t € |0, lcm(lQiﬂ-dfl))} wherein lcm(-) is the lowest common multiple func-

tion, is a unitary representation of the group U(1) on B(S).

Because U(1) is Abelian, its (complex) irreps must be one-dimensional [139]. If we evolve any

operator of the form |E;)(Ej| with time, we find that
e BN By | et = e TP By By (6.10)

which implies that |E;)(Ey| spans the subspace for a one-dimensional irrep we can label by

89



6.3. Technical background: modes of asymmetry Chapter 6. Approximate asymmetry theory

X = (j — k)A. Since the set of such operators, {|E;XE||j,k =0,...,d — 1}, is a orthonormal

basis for B(SS), it constitutes an ITO basis for the representation ¢t — U; of U(1) on B(.S).

The distinct irreps appearing in this representation are then determined by the range of values
(j — k) can take, i.e. wehave A € {—(d —1)A,...,—A,0,A,...,(d —1)A}. The complex con-
jugate of irrep X is —\, because while |E;)(E| transforms under U; by picking up a factor of

—iXt
e

, its Hermitian conjugate | Ej }(E;| transforms under U, by picking up a factor of "',

6.3.1.2 Example: ITO basis for SU(2) represented by arbitrary unitary evolution of a qubit

The possible unitary evolution a single qubit, given by {Un |0 € [0,7),7 € R®s. t. |A| = 1}
where Uy g = e~ 0"S(.)e"S for S being the vector of Pauli operators S = (X,Y,Z)7, is a
unitary representation of the group SU(2) on B(1). In the Bloch sphere, U3, ¢ rotates the Bloch

vector 7 for the quantum state p = 7 + 1r - S about the 7 direction through angle 6.

Consider the orthonormal basis for B(1) formed by the Pauli operators % {1,X,Y,Z}. Be-
cause U (1) = 1 for any unitary super-operator on B(1), we see that % is the basis for a trivial
irrep of SU(2). From the Bloch sphere description, we can see that Uy ¢ is represented in the
basis %{X .Y, Z} exactly as the rotation R(7,6) about the v direction for angle # would be
represented in the basis provided by three orthonormal vectors &, § and 2 in 3D-space. There-
fore, just as the representation for the group of rotations SO(3) in 3D space is irreducible,

%{X .Y, Z} must also provide the basis for a three-dimensional irrep of SU(2).

Therefore, % {1, X,Y, Z} is an ITO basis for B(1) under the representation Uy  for SU(2). Both
irreps in this example are complex conjugate to themselves.
6.3.2 Constructing modes of asymmetry

The ITO basis is used to decompose any bounded operator into modes of asymmetry.

Definition 55 (Modes of asymmetry). Let {X ](-’\’O‘)} be an ITO basis for the representation
g — Ug of a compact group G on the bounded operators B(S) of a quantum system S. Then we

can decompose any operator O € B(S) into modes of asymmetry {O]A} as

dim()) dim(A)
0= ; 3 (Z <X§*’“),o> XJ(A’Q)) - ; Z; o/, 6.11)
J= J=

=1 e
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We will denote the set of modes of asymmetry present in a quantum state p by modes(p), and
similarly the set of modes of asymmetry that could be carried by any bounded operator in

B(S) for some quantum system S by modes(S).

A simple way of identifying the (1, k) mode of asymmetry for a bounded operator O € B(5)

for some quantum system S in the ITO basis {X ](A’a) } is provided by the projector

P = /G dg dim(p)ug, (9) U, (6.12)

on B(S), where ué’z*) is the (k, k) matrix component (in the given ITO basis) for the p* irrep
occurring in the representation g — U, on B(S). Concretely, we have that (see Appendix D.2.1

for proof).

P (0) = oM. (6.13)

We conclude by remarking that distinct modes of asymmetry are orthogonal, i.e. given any

two bounded operators A and B in B(S), we have that
(AN B = 85,0,6(AY, B, (6.14)
(see Appendix D.2.2 for proof), which further implies

(4,B) =Y (AV, BV, (6.15)

J
A?j

6.3.2.1 Example: modes of asymmetry for U(1) represented by time evolution of a qubit

Consider a qubit with two energy eigenstates |Ey) , | E1) at distinct energies 0, A respectively. In
Section 6.3.1.1, we identified {|Eo)XEo|, |E1XE1|, |Eo)XEn|, |E1)Eo|} as an ITO basis for U(1) as

represented by the time evolution of this qubit, from which we build the modes of asymmetry

A=0:p = poo |Eo} Eo| + |E1}EL | = U(p?) = p".
A=A P(l) = p1o | E1)(Eo] - Ut(ﬂ(l)) = e_mtﬂ(m
A=—A:pY = oy |EgN B | — Up(p ) = Bp 2,

91



6.3. Technical background: modes of asymmetry Chapter 6. Approximate asymmetry theory

In the energy eigenbasis, the modes of asymmetry for a qubit state p can simply be read off its

density matrix for state p as

P Poo  Po1 ’ (6.16)

P11

with the A = 0 mode in blue, the A = A mode in green, and the A = —A mode in red.

6.3.3 Properties of the modes of asymmetry

What makes modes of asymmetry such a useful construction for analysing state transitions

under a symmetry constraint is that they cannot be mixed under G-covariant channels.

Theorem 56 (Lemma 8 of Ref. [125]). Let ®4_,p be a covariant channel with respect to a
compact group G from input system A to output system B. Then given any state p and mode of

asymmetry (X, j) of system A, we have that
O, .5 <p§->\)> = ®4,5(0). 6.17)

This theorem implies that G-covariant channels eliminate modes of asymmetry that can be
present in the input state but not the output state. As a simple example, given two qubits
A and B with different gaps A4 and Ap between their two energy levels, the only mode of
asymmetry they share with respect to time-translation symmetry is A = 0. Consequently, time-
symmetric transformations from A to B reduce to preparations of time-symmetric (i.e. free)

states on B. More generally, if p4 NP p for a compact group G, then Modes(op) & Modes(pa).

Generalising from Example 6.3.1.2, we can see that, no matter which symmetry group G we
choose, its representation ¢/, on the bounded operators 5(.5) of a quantum system S necessarily
contains the trivial irrep because I transforms trivially under all group actions, i.e. Uy(I) =
I for all g. Throughout the rest of this chapter, we assign the label A = 0 to the mode of
asymmetry in the subspace spanned by trivial irreps, which we will call the trivial mode of

asymmetry.

Noting that the trivial irrep is its own complex conjugate, we see from Eq. (6.12) that the pro-

jector for the trivial mode of asymmetry of an operator reduces to the G-twirl. In particular,
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given any operator Og € B(S) of a quantum system S, we can write

09 = G(0g). (6.18)

6.4 Modal conditions

We now derive simple and closed-form sufficient depolarisation conditions, one for each mode
of asymmetry, on G-covariant state conversions for compact symmetry groups whose multi-
dimensional irreps have no multiplicity. These include all compact Abelian groups (as their
complex irreps are always one-dimensional [139]) as well as important representations of non-
Abelian groups such as SU(2) on a spin-j system. For such representations, one can always
choose (see Appendix D.3.2 for proof) ITO bases satisfying the following two conditions, which

will turn out to be extremely useful throughout this section.

Lemma 57. Let p be the input state for a G-covariant state transition from a quantum system
S, and consider the representation Uy of a compact group G on B(S) whose multidimensional
irreps have no multiplicity. Then there exists an ITO basis { X j(.’\’a)} for Uy such that
1. corresponding basis elements of complex conjugate irreps are Hermitian conjugates of each
other. Thus one can write

x(0) _ gt (6.19)

2. in every irrep A, the input state p has at most a single non-zero mode of asymmetry, which

we label (X,0). Thus one can write

P =600, (6.20)

Throughout the rest of this section, we assume ITO bases satisfying the conditions of Lemma
57. As concrete examples, we highlight that ITO bases presented in sections 6.3.1.1 and 6.3.1.2
both satisfy Equation 6.19.

We begin with the following Lemma from Ref. [36], which exploits the convexity of asymmetry
theory to frame the search for sufficient conditions on G-covariant state conversion in terms of

a family of G-covariant channels {®"} indexed by every state 7 of the reference system.
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Lemma 58 ( [36]). Let p, o, and 1) be quantum states on input system A, output system B, and
reference system R respectively, where dim(Hpr) = dim(#H ). We have p G o if we can find a

family of G-covariant channels {®"|n € D(R)} from system A to B such that
v : (0, ®"(p)) = (n,0). (6.21)

The figure below provides an illustration of how Lemma 58 generates sufficient conditions for

G-covariant state conversion.

sufficient set of reference states

Figure 6.2: Graphical interpretation of Lemma 58. If, for a complete set of reference frame
states {7}, we construct some family of covariant protocols that transform from a state p to
"(p) that has a higher overlap with 7 than o has with 7, then it is possible to transform from
p to 0 under a G—covariant channel.

We saw in Section 6.3.2 that distinct modes of asymmetry are orthogonal, and in Theorem 56
that G-covariant channels do not mix distinct modes of asymmetry in a quantum state. These

facts enable us to split the sufficient conditions in Lemma 58 by modes of asymmetry.

Corollary 3. Let p, o and 1 be quantum states of systems A, B and R respectively, where
dim(Hgr) = dim(Hp). We have that p G o if for any reference frame n, we can find a G-

covariant channel ®" from system A to B such that

> <77§A)v o7(p) Y — 0§A)> => <n§”, " (p?)) - o§”> > 0. (6.22)

\j Ad

6.4.1 Measure-and-prepare channels from the Pretty Good Measurement (PGM)

In this subsection, we extract slightly more practical sufficient conditions from Corollary 3

by choosing ®" to be a family of measure-and-prepare channels based on the Pretty Good
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Measurement (PGM) [138], which are G-covariant by construction. The PGM is a measurement

described by POVM elements { M,,m(9)|g € G} defined for an input state p as

Mpgmn(9) = G(p)"2Uy(p)G(p) "2 = Uy(P), (6.23)

where we have introduced the notation p := G( p)*% pG( p)*%. Concretely, we choose " to be

%@@zé@ﬁmm@mmm» (6.24)

for some state 7(n) dependent upon 7. This channel can be interpreted as performing the PGM
and preparing the state U, (7(n)) upon obtaining the g, and is G-covariant because given any

group element ¢/, we have that

=Q{L@ﬂmm@wmm»=%mﬁmw. (6.25)

By restricting " to PGM measure-and-prepare channels @}, in Corollary 3, we replace the
search for a G-covariant channel at every reference frame 7 with the following easier search

for a state 7(n) (see proof in Appendix D.3.3).

Lemma 59. Let p, o and n be quantum states of systems A, B and R respectively, where we
have dim(H ) = dim(Hp). Given a symmetry group G whose multidimensional irreps have

no multiplicity, we have p S if for any reference frame n, we can find a state T(n) such that

> (Y 1P )rm - e 2 0, (6.26)
i

where we have introduced fjm(p) = i <p§-)\*),ﬁ§>\*)>.
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We note in passing that the quantity f](-)‘) (p) can be related to the Sandwiched a—Rényi diver-

gence D, (p||o) for two states p, 7 of a quantum system, which is defined as [16, 91]

1 —a —a]®
Dy (p||T) := p—] log Tr {leTpTle} , (6.27)

whenever the support of p lies in the support of 7, and is infinite otherwise. Focussing on

a = 2 and extending the domain of the first argument to all linear operators as
.i_
Dy(X||T) :=log Tr |:(7"11X7"11> (T‘IIXT‘ll>:| , (6.28)
we can relate f;)‘) (p) to the ae = 2 Sandwiched Rényi entropy as

log fj@ (p) = D (pgk) ‘ ‘9 (p)) — log dy. (6.29)

6.4.2 General sufficient conditions for GG-covariant state conversion

As they stand, the sufficient conditions of Lemma 59 seem no easier to apply than the complete
entropic conditions provided by Theorem 42, as Lemma 59 similarly has one condition for each
reference frame and therefore an infinite set of conditions overall. In this subsection, we show
that it is possible to choose 7(n) such that the dependence on 7 in Lemma 59 disappears, and
we extract modal sufficient conditions for G-covariant state conversion that depend purely on

the properties of the input and output states.
We begin with the following Lemma, for which a proof can be found in Appendix D.3.5.

Lemma 60. Let p, o and n be quantum states of systems A, B and R respectively, where we
have dim(Hpr) = dim(#Hp). Furthermore, let us define components for states n, T(n) and o

in the ITO basis {XJ(’\’Q)} of system B as ng-’\’a) = <X§A’a),n>, tg-)"a) = (Xj(/\’a),r(n)) and
(
S

Aa) A\a)
d) _ (x

;7, o) respectively. Given a symmetry group G whose multidimensional irreps

have no multiplicity, we have that p G o if for any reference frame ), we can find a state T(n) of

system B such that

FOV ()00 Z ) o
Va0 ’ (6.30)
f](/\) (p)’t()"a) > ‘sy"a) and arg(tg)"a)) = arg(ng.’\’a)).
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The main proof idea behind this Lemma is effectively to make the sufficient conditions in
Lemma 59 stricter by insisting that they apply for individual modes of asymmetry, i.e. de-
manding that for every reference frame 7, we find a state 7(#) such that

V(A j) € modes(B) : (1, [ (p)r(m)Y o) > 0, (6.31)

and then showing that each such condition is met if 7(n) has ITO basis components satisfying

the conditions stated in Eq. (6.30).

The sufficient conditions in Lemma 60 are nearly n-independent — the only place where 7 ap-
pears is in the arguments of ITO basis components for 7(n) in the second case of Eq. (6.30).
By choosing the magnitudes of ITO basis components on 7(7) to ensure that it remains a valid
quantum state regardless of the arguments on those components, we arrive at the following

Theorem, for which a proof is provided in Appendix D.3.6.

Theorem 61. Let p and o be two states of systems A and B respectively. Given a symmetry

group G whose multidimensional irreps have no multiplicity, we have p Ny if

pminn 0 (p) > gV (0)  forj =0
VA£0: (6.32)

oM =0 for j #0.

where we have defined g](-’\) (o) =>,

(X](.A’a), o) )for the ITO basis {XJ(-’\’C“)} of system B, fimin
as the smallest eigenvalue of G(o), and n as the number of distinct non-trivial irreps appearing

in the representation of G on B(B).

Because we have made a choice of ITO basis such that py‘) =dj0 ,o(())‘) , the condition in Eq. (6.32)

on the non-trivial mode of asymmetry (A # 0,j # 0) is a manifestation of the fact that
Modes(o) € Modes(p) is a necessary condition for a G-covariant state transition from p to

o, as discussed in section 6.3.3.

6.4.3 Sufficient depolarisation conditions for G-covariant state transitions

We now substitute the output state o in Theorem 61 by o), to identify the minimum depo-
larisation sufficient to guarantee a G-covariant state transition from the input state p. As the

maximally mixed state is symmetric and therefore only contains the trivial mode of asymmetry
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by Eq. (6.18), we can decompose ¢, into modes of asymmetry as follows

I
7= (ry+ 1-0)50) ) +1-p) 3 oY, (639
A#£0,j
Denoting the smallest eigenvalue of G(o) by pmin as previously done, we see from Eq. (6.33)
that the smallest eigenvalue of G(oy) is (1 — p)pmin + 4 and that the (X # 0, j) non-trivial mode
of asymmetry for oy, is simply (1 — p)a()‘) & )

', which further implies g, (0,,) = (1—p)g;”" (c) when

A # 0. Using these to substitute o), for ¢ in Eq. (6.32), we obtain the following theorem.

Theorem 62. Let p and o be two states of systems A and B respectively, and p € [0, 1] be a
depolarisation probability. Given a symmetry group G whose multidimensional irreps have no
multiplicity, there exists a G-covariant channel transforming p to o, == (1 — p)o + p%, where d

is the dimension of the output system B, if

2! (pimin + 75 ) £ (0) 2 60 (0) forj=0

(1- p)aj(-” =0 forj #0

VA0 : (6.34)

where we have defined gj(./\) (o) =3,

(XJ(/\’Q), o) ‘ for the ITO basis {XJ(-A’O‘)} on B(B), pimin
as the smallest eigenvalue of G(o), and n as the number of distinct non-trivial irreps appearing

in the representation of G on B(B).

In the case where jimin = 0, we note that Theorems 61 and 62 can be slightly strengthened by
applying them to an output system B’ formed by truncating H p to the support of G(o) instead
of B, because such a truncation has no impact on whether p G ois possible (see Appendix
D.4 for proof). We now examine the performance of these sufficient depolarisation conditions

in a couple of simple examples.

6.4.3.1 Example: SU(2) represented by unitary channels of a qubit

In Example 6.3.1.2, the representation of SU(2) by unitary qubit channels on 5(1) decomposes
into a single copy of the trivial irrep, spanned by the ITO basis element %, and a single copy of
a three-dimensional irrep spanned by ITO basis elements %{X .Y, Z}, which we will label by
A = 3. We now apply Theorem 62 to identify the minimum depolarisation needed to transform

an input state p to an output state o of the same qubit under a unitarily covariant channel.
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We first choose an ITO basis that satisfies the requirements of Lemma 57. All elements of the
ITO basis presented in the last paragraph are Hermitian. Because each irrep in this representa-
tion of SU(2) was shown to be its own complex conjugate in Example 6.3.1.2, this basis already
satisfies the first requirement of Lemma 57. All that remains is to “rotate” the ITO basis for the
A = 3 irrep until its first element points along the Bloch vector of the input state. Formally,
we can denote the Bloch vector of the input state p by r,, and select three pairwise orthogo-
nal vectors {7,, 71, N2} in 3D space, where 7, is a unit vector in the direction of r,. One can

straightforwardly verify that

1 1

7Y \ﬁ{ﬁp .S, 7y - S, fy- SY, (6.35)

where S = (X, Y, Z)7 is the vector of non-trivial Pauli operators, is an ITO basis that satisfies

both conditions laid out in Lemma 57.

We now apply Theorem 62 in our chosen ITO basis, and use 7, to denote the Bloch vector of

the output state 0. There are now two possibilities:

Case I: 7, is not parallel to r,. The (A = 3, j = 1, 2) conditions in Eq. (6.34) force the minimum

sufficient depolarisation to be 1.

Case II: 7, is parallel to r,. In this case we can write
Te =Tp (6.36)

for some real number . This immediately satisfies the (A = 3, j = 1, 2) conditions in Eq. (6.34),

so we turn to the (A = 3, j = 0) condition. Noting that G(p) = £, we calculate

5 Loelvay ! a1 L 1,

'f'p(p) = g Tr 2]]_5(7'/) . S) 2]]_5(7'/) . S) = ng. (6.37)
Since G(o) = %, we further have ppi, = % Finally noting that Eq. (6.36) implies ggp = h—jg‘, we

substitute all these values into the (A = 3, j = 0) condition of Eq. (6.34) to obtain the following

lower bound on sufficient depolarisation:

r r
Il (I-phl<=p= NG Il (6.38)

3v2 v13v/2
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Ref. [140] established the following necessary and sufficient condition on the existence of a
unitarily covariant transition in a qubit from an input state p with Bloch vector r, to an output

state o with Bloch vector r,:
1
re =T, Where v € [—3, 1] . (6.39)

Combining cases I and II (for which we note that 0, = % + %( 1 —p)yr, - S), we see that under

Theorem 62, p can be transformed into the depolarised output state o}, with Bloch vector r,, if

Ty = YT, Where v, € —m M . (6.40)
P ptp D

3v2 32

As |r,| < 1, this falls within the full range given by Eq. (6.39) and offers particularly good

coverage when the input state is pure.

6.4.3.2 Example: U(1) represented by time evolution of a (non-degenerate) qubit

Letting |Ep) and |E;) respectively denote the ground and excited states of a non-degenerate
qubit, we saw in Example 6.3.2.1 that the representation of U(1) on (1) as the time evolution
of this qubit decomposes into two copies of the trivial irrep, spanned by ITO basis elements
|Eo)Eo| and |E4)(E1|, one copy of the irrep labelled A = A, spanned by the ITO basis element
|Eq1)Eo|, and one copy of its complex conjugate labelled A\ = —A, spanned by the ITO basis
element | Ep)(E1|. This choice of ITO basis already satisfies both requirements in Lemma 57.

SDP
SC

Figure 6.3: General depolarisation conditions for state transitions covariant with time evo-
lution in a (non-degenerate) qubit. The black dot shows the initial qubit state p = |+)(+|. The
large blue shaded region (SDP) defines the full set of output qubit states that can be reached
under G-covariant channels as determined in Ref [133], while the smaller pink shaded region
(SC) overlapping this shows the region given by the conditions of Theorem 62.

Given an input state p and desired output state o in our non-degenerate qubit, we now apply
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Theorem 62 in our chosen ITO basis to find a depolarisation sufficient for p to transform into
o under a time-symmetric channel. Parameterising states of the non-degenerate qubit in the
energy eigenbasis as shown in Eq. (5.22), we can write G(p) = p, |[Eo)Eo| + (1 — p,) [E1)E1|

and recall from Example 6.3.2.1 that p(®) = ¢, |E1XFEy| = p®)f. We can then calculate that
. A FE). (6.41)
as well as
9O (0) = [TH{| B} Bol o] = leo| = [T Eo) 1] o]] = ¢ (0). (6.42)

Substituting all this back into Eq. (6.34), we obtain

1 ‘Cp‘Q |co|
= > — (6.43)
2 ( (1 —pp)pp mln{pg, 1 _pU} + ﬁ

whose performance we plot for the example input state |+) in Figure 6.3.

6.4.4 Sufficient depolarisation conditions for identical input and output systems

When the input and output systems are the same, we can use the fact that the identity channel
is now G-covariant to strengthen Theorem 61. Concretely, one can, without loss of generality,
replace the covariant channel ®” in Lemma 58 with (1 — ¢)id + ¢®", where ¢ is a probability
and id is the identity channel. The sufficient conditions of Lemma 58 then become identifying

a family of G-covariant channels {®"} indexed by every reference frame 7 such that

(I —=q)n,p)+qn,®"(p)) > (n,0) for all n and any ¢ € [0, 1], (6.44)

which can be rearranged as

(n,q®"(p)) = (n, (o — (1 —q)p)) for all n and any ¢ € [0, 1]. (6.45)

Defining

o(q):==0c—(L=q)p (6.46)
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for any ¢ € [0, 1], we can express Eq. (6.45) more compactly as
(n,q®"(p)) = (n,0(q)) for allp and any ¢ € [0,1], (6.47)

which can be obtained from the original sufficient conditions in Lemma 58 by the substitution
®" — q®" and 0 — o(q). By pursuing the impact of this substitution across the proof of
Theorem 61, we can specialise it to the case where the input and output systems are identical

(see Appendix D.3.7 for proof).

Theorem 63. Let p and o be states of system S and let p € [0, 1] be a depolarisation probability.
Given a symmetry group G whose multidimensional irreps have no multiplicity, we have that

p <, op = (1—p)o+ pé if o, = p or if there exists a probability q € (q*, 1] such that

min -1 ()\) (/\) 0, =0
Y pmin(@)n ™ f;7(p) 2 957 (0p(q))  for j 00

(1-p)ot¥ =0 for j # 0.

where we have defined o,(q) = op — (1 — q)p, ¢* = min{q € [0,1] : G(op(q)) > 0},
dN (0p(a) = Yo (X, 0(q))| for the ITO basis { XM} on B(S), pimin(q) as the small-
est eigenvalue of G(op,(q)), and n as the number of distinct non-trivial irreps in the representation

of G on B(S).
Once again, we examine the performance of these sufficient conditions for simple examples.

6.4.4.1 Example: SU(2) represented by unitary evolution of a qubit

Using the ITO basis and calculations developed in Example 6.4.3.1, we once again find two

possibilities.

Case I: 7, is not parallel to r,. The (A = 3,j = 1, 2) conditions in Eq. (6.34) force the minimum

sufficient depolarisation to be 1.

Case II: 7, is parallel to r,. In this case, we can write
Te =7Tp (6.49)
for some real number . This immediately satisfies the (A = 3, j = 1, 2) conditions in Eq. (6.34),
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so we turn to the (A = 3, j = 0) condition, which becomes

L o

Jq € [¢",1] : pmin(q) (r

372) 2 ol = s, — (=l (650)

Since G(t) = % for any state 7, we have that G(0,(q)) = ¢35, S0 ftmin(q) = %, which implies

¢* = 0. Substituting this into Eq. (6.50), we obtain the sufficient condition

|""p|>
el0,1]:q( 2L} > (1= p)y—(1—2q). 6.51
q[]q<3\/§ (1 =p)y—(1—q)| (6.51)
We note that
1 1
rg:’yrp—>op:§+§(1—p)’yrp-5. (6.52)

We first consider the scenario where v > 0. When (1 — p)y < 1, we can always choose a
probability ¢ such that (1—¢) = (1—p)~, which immediately satisfies Eq. (6.51). At (1—-p)y =1
exactly, we see by Eq. (6.52) that we simply have 0, = p. However, when (1 — p)y > 1, we
cannot find any probability satisfying Eq. (6.51), because if such a probability ¢ were to exist, it
would always make the part on which the absolute is taken on the right hand side of Eq. (6.51)

positive, which implies

q(w> >(1-pr—(1-9)

3v2
:>Q<?|:;’§)+(1—Q)>(1—p)7

—a+ -0 > e (1) +a-0= -

—1>(1-ph (6.53)

contradicting the initial assumption of (1 —p)y > 1. We therefore conclude by Theorem 63 that

when v > 0, we have p =N opif (1 —p)y< 1.

We next consider the case where v < 0, which implies that the part inside the absolute on the
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right hand side of Eq. (6.51) must be non-positive, so we obtain the sufficient condition

Jq €10,1] :q <;:;’§> >(1-q¢)—-1=py=>0-9)+ 1 -p)l

— (3'\/’5 +1> > 1+ (1-p)h] (654)

Choosing ¢ = 1 to maximise the LHS, we obtain the sufficient condition

el > a-ph (655)

Putting everything together, Theorem 63 certifies that p V@), op if

1 ify>0
1o =7, and (1 —p)|y| < (6.56)
Irol

herwise.
373 othe se

By Eq. (6.52), the conditions in Eq. (6.56) are equivalent to saying that p can be transformed

into the depolarised output state o}, with Bloch vector 7, in a unitarily covariant way if

T4, = YpTp Where |y| € [_W 1] : (6.57)

3v2’

We see that Eq. (6.57) outperforms the range of accessible states identified by depolarisation
conditions that do not account for the input and output systems being the same in Eq. (6.40),

because we recovered all partially depolarised p as unitarily accessible from p.

6.4.4.2 Example: U(1) represented by time evolution of a (non-degenerate) qubit

In Figure 6.4, we plot the range of time-covariantly accessible states from a fixed input state
p according to the sufficient conditions in Theorem 63. Comparison to 6.3 similarly indicates

that Theorem 63 provides more powerful sufficient conditions than Theorem 62.

6.4.5 Concluding Remarks

In Part III of this thesis, we have shown that the first complete set of asymmetry monotones
identified by Ref. [36], given by the single-shot conditional min-entropy evaluated on the in-

put/output state prepared relative to every possible state on a spontaneously emerging ref-
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Figure 6.4: Depolarisation conditions for state transitions covariant with time evolution
in a (non-degenerate) qubit, accounting for the input and output system being the same.

The black dot shows an initial qubit state p with Bloch vector  := (1,0,1). The large blue

shaded region (SDP) defines the full set of output qubit states that can be reached under time-
symmetric channels as determined in Ref [133]. The smaller pink shaded region (SC) overlap-
ping this shows the region given by the conditions given in Theorem 63. (Note that despite
appearances the boundary of the SDP region is not linear, but curves outwards.)

erence system, are highly redundant. In general, one need only consider reference frames on
any surface enclosing the maximally mixed state, so we could reduce the original infinite set

of monotone conditions on G-covariant state transitions to a single local minimality condition.

The fact that all asymmetry properties of a quantum system can be captured relative to refer-
ence frames with arbitrarily small modes of asymmetry suggests a deeper description in terms
of differential geometry, at least when allowing a small amount of noise in transitions would
smooth out conical singularity issues such as those discussed at the end of Chapter 5. We
expect this description to take the form of a Fisher-like information [125, 30, 34]. In partic-
ular, it would be interesting to see whether one can replace H,i,(R|A) with the conditional

von-Neumann entropy H (R|A), which would allow explicit analytic computations.

Applying the single minimality condition for asymmetry obtained in Chapter 5 presents great
technical challenges. Therefore, in Chapter 6, we allow noise to affect transitions and thereby
extract two finite sets of sufficient conditions on how far the output state should be depolarised
to make a G-covariant transition possible. The two sets of sufficient depolarisation conditions
respectively rely on e-smoothing of the reference frames and the separation of modes of asym-
metry under G-covariant transitions. However, while the e-smoothing conditions may only be
practical for low-dimensional systems, the modal conditions are restricted to (representations

of) symmetry groups whose multidimensional irreps have no multiplicity.

Nevertheless, the modal sufficient depolarisation conditions are very easy to compute and, in

simple examples, provide decent coverage of the entire set of G-covariantly accessible states
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from a fixed initial state p. By considering different families of G-covariant channels than the
PGM measure-and-prepare schemes used in Chapter 6, we anticipate that the modal sufficient
depolarisation conditions can almost certainly be improved upon. In particular it would be
exciting to see whether one can make choices that lift the restriction to (representations of)

groups with multiplicity-free multidimensional irreps.

Beyond this, a range of other interesting questions exist. For example we have not exploited
the duality relations [131, 141] between Hy,in(R|A) and the single-shot quantum conditional
min-entropy Huax(R|S), where S is a purifying system for the state 2 4. For example, for the
case of time-translation symmetry the joint purified state admits two notable forms. The first

is an energetic form:

Qras = Y VP(E)|0(E))ps @ |E) g (6.58)
B

obtained from considering Qra = G(nr ® pa) = >z H(E)(nr @ pa)II(E) as an ensemble of
states over energy sectors, II(E) being the projector onto the energy £ subspace of RA. While

the second is a temporal form, given by

Qnas = /dt 16(8)) jas 6.59)

with |¢(t)) z 4 being a purification of U;(nr) ® U (pa). It would be of interest to explore these
two forms and also their connection to entropic uncertainty relations. In particular, as Hyax
has been identified as the correct information measure for the causal development of a spatial
region [123], we hope that exploiting its duality relations with H,;, might allow the character-
isation of quantum reference frames in terms of H,,;, continued in this work to feed into future

research on quantum gravity.

Finally, it would also be valuable to see how the explicit conditions given by Theorem 62 and
Theorem 63 could be used in concrete settings, such as for covariant quantum error-correcting
codes [105, 103, 106], thermodynamics [36] or metrology [101]. Moreover, the method of con-
structing these conditions can certainly be improved upon by using more detailed covariant

protocols.
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Chapter 7

Summary of results

This thesis has built on and contributed to the characterisation, within a resource-theoretic
framework, of properties in quantum systems that can be harnessed for information-processing.
We have focussed in particular on properties described by generalised quantum entropies in
the resource theories of magic and asymmetry, wherein we have considered speakable and un-
speakable resources in tasks that are narrow and practical as well as general and foundational
in scope. The theme of resource theories unify the two research directions making up this the-
sis, which are respectively the identification of constraints on magic distillation arising from its
representation as statistical mechanics on quasiprobability distributions, and the identification
of finite sets of conditions on when a state transition can occur under a (compact) symmetry

constraint. We now summarise the main results from each part of the thesis in turn.

Part I of this thesis concerns magic distillation, a central component of fault-tolerant quantum
computing via magic state injection that was first experimentally demonstrated in December
2024 [19]. In Chapter 3, our main result extends a statistical mechanics framework developed
in Ref. [27] for magic distillation on qudits of odd prime dimension to the technologically
more important case of qubits. This framework recasts qubit computing by state injection
in a phase-space setting that respects the sequential and parallel composition of processes,
wherein stochastic transformations representing fault-tolerant channels process quasiproba-
bility distributions representing quantum states, and induce a pre-order on such distributions
that is captured by a dense subset of a-Réyni entropies. In Chapter 4, we apply these abstract
resource-theoretic tools to establish fundamental bounds on the performance of real-world

magic distillation protocols, in particular on those based on projection onto CSS codes. Our
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main result consists of analytic trade-off relations between parameters governing the perfor-
mance of such protocols, including input and output error rates, success probability and code
parameters. These trade-off relations may be instructive for designing protocols with opti-

mised parameters.

Part II of this thesis concerns restrictions imposed by compact symmetries on quantum state
transitions. In Chapter 5, we show that the first complete but infinite set of asymmetry mea-
sures [36], given by quantum conditional min-entropies capturing the strength of correlations
between the input/output state and all possible states of a reference system, possess extensive
redundancies. This work continues the characterisation of quantum reference frames in terms
of single-shot entropies begun in Ref. [36], and we hope that this combination of tools of active
interest in recent quantum gravity research can contribute to future work in that area. Our
main result establishes that one need only consider entropic measures produced by reference
frames that are arbitrarily close to symmetric, from which we obtain a single minimality condi-
tion that completely determines whether a state transition can occur under a given symmetry
constraint. As this condition is rather technically intractable, we weaken the demand for exact
state transitions in Chapter 6. Our main result is a finite set of closed-form sufficient conditions
on the depolarisation of the output state needed to ensure a state transition that respects any
symmetry group whose multidimensional irreps have no multiplicity. All Abelian groups as
well as important representations of non-Abelian groups such as SU(2) on a spin-j system fall

under the scope of this result.
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Appendix A

Appendices to Chapter 3

A.1 Characterisation of stabilizer groups (proof of theorem 5)

We begin with the characterisation of stabilizer groups provided by the following Lemma.
Lemma 64. A subgroup S of the n-qubit Pauli group P,, is a stabilizer group if and only if —I ¢ S,
which further implies that the order of S is related to the dimension of its stabilized subspace Hs as

S| dim(Hs) = 2"

Proof. We begin by assuming that —/ ¢ S, from which we will prove that S is a stabilizer

group. To do so, we first need to define the operator

=75 Z P. (A1)

PesS

The unitarity of Pauli operators, as well as the group property of S, allow us show that

-i- —
|S’ZP ’S‘ZP (A.2)

PeS PeS

The group property of S further enables us to show that

|5|2Z (Z > |5!2Z<Z ) 52 ‘S|<ZP”>_7 (A3)

Pes  \Pes PeS \P"eS Pres

where P” := PP’. When we put these two equations together, we can conclude that IT is a

projective operator, and can therefore define a subspace Hi in the Hilbert space of n qubits, H,,
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which forms the space that II projects onto. The dimension of this subspace is

dim(Hy) = =7 FZG:S Tr[P (A4)

Because X,Y and Z are traceless, every Pauli operator except for =1 and %/ is also traceless.
Since S is a group, I must be a member of S. However, since (+i/ )2 = —1I, the assumption
—1I ¢ S implies il ¢ S. Therefore, the only member of S that can contribute to the above sum
is I, and we conclude that

1 2n

dim(Hm) = 5] Tr[l] = Sk (A.5)

which implies Hp; cannot be empty. Now given any vector |¢) € Hyy and any element P € S,

we have that

I |¢) = PIL|y) = <| |PZ

P'es

) (,; 3 P”) W =TY) =[6), (A6

Pres

where once again P” := PP’, and we used the group property of S in the second equality.
From the above equation, we see that any |¢)) € Hi lies in Hs, and therefore Hiy & Hs. We

thus conclude that Hg is not empty, so S is a stabilizer group.

We now assume that S is a stabilizer group, from which we will prove that —/ ¢ S. Since Hs,
the Hilbert space stabilized by S, is not empty in this case, we can consider a non-zero vector
|Y) € Hs. If =1 € S, then —I |¢) = [¢), which produces the contradiction that ) must be the

zero vector. We therefore conclude that —7 ¢ S.

We have now proven that S is a stabilizer group if and only if —/ ¢ S, and will conclude
by showing why this implies the relationship between the order S and the dimension of its

stabilized subspace given in the lemma. Let us consider an arbitrary vector |¢)) € Hs. Then

T [¢h) = Z g Z ) = (A7)

PES PeS

which implies |¢)) € Hi for any |¢) € Hs, and therefore Hs € . Since we had already shown
that S is a stabilizer group if and only if —1 ¢ S, and furthermore that —I ¢ S implies Hi & Hs,

we conclude that Hy; = Hs. By substituting this equality into Eq. (A.5), we immediately
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conclude that |S| dim(Hs) = 2". O

We next verify some more basic properties of stabilizer groups.

Lemma 65. Every stabilizer group is an Abelian group of Pauli observables.

Proof. Let S be a stabilizer group. Because Pauli operators that are not an observable cannot
stabilize the non-zero state vectors that exist by definition in the stabilized subspace of S, every
element of S must be a Pauli observable. We now prove that S is Abelian by contradiction. If S
were not Abelian, then by Lemma 3, it must contain two non-trivial Pauli observables P and P’
that anti-commute, i.e. PP’ = —P’P, which implies (PP')PP' = (—P'P)PP' = —I € S by the
group property of S and the fact that every non-trivial Pauli observable is of order 2. Since this

contradicts S being a stabilizer group by Lemma 64, we conclude that S must be Abelian. [

A finite Abelian group S generated by a set of m commuting, independent and non-trivial

generators G := {g1, ..., gm}, each of which has order 2, can be characterised as
S={g"...g%bs,... by €{0,1}}. (A.8)

Because each b; is a bit and all the generators commute, this characterisation is equivalent to

the set for products of elements in all possible subsets of G, so we can write

S= Hgi

g:€X

X ePG)y, (A.9)

where P(G) is the power set (i.e. set of all subsets) of G.

With the above lemmas and discussion in hand, we are now in a position to prove Theorem 5.
Theorem 5. A subgroup S of the n-qubit Pauli group P, is a stabilizer group if and only if it is
an Abelian group generated by a set of n > m > 0 commuting, independent and non-trivial Pauli
observables such that —I ¢ S (with m = 0 corresponding to S being the trivial group). The stabilized

subspace Hs of S then has dimension dim(Hs) = 2"~

Proof. We begin by assuming S is a stabilizer group and proving the forward direction. By
Lemma 65, we immediately conclude that S is either trivial or generated from a set of m > 1
independent and non-trivial Pauli observables G := {g1,...,gmn} that commute. Since ev-

ery non-trivial Pauli observable has order 2, we can alternatively characterise S as shown in
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Eq. (A.8) and Eq. (A.9). By Lemma 64, we know that —I ¢ S, so the characterisation of S given
in Eq. (A.9) demonstrates that —I is not a product of elements from any subset in G. Further-
more, the characterisation given of S given in Eq. (A.8) also implies |S| = 2. Together with

Lemma 64, we arrive at dim(#s) = 2"~™, which places an upper bound n > m on m.

In the reverse direction, we have that S is either trivial or we can begin immediately with the
alternative characterisation of S in Eq. (A.9), from which we see that —I not being the product

of elements in any subset of G implies —I ¢ S. By Lemma 64, S is a stabilizer group. O

A.2 Properties of the Wigner representation of qubit states

We begin with a few remarks on the displacement operators defined in Eq. (3.11). Because

X7 = —ZX, these displacement operators satisfy the commutation relation

DyDy = (R) 2 X ()i Z(v=)i x (o)
i=1

_® 1)@e)i(ee):s g (us)i 7w x (e x(v2):

— ® Ji(v)it(u2)i(va)i) 7(v2)i x (Va)i 7 (uz)i x(ua)i — (—1)[“'v]DvDu. (A.10)
Furthermore, the displacement operators are unitary:

DuDL _ ®Z(UZ)ZX('U/E)Z (u ) (uz)i _ — = ®X Ug ) Uz)z (uz)i X(Ux)z — DLDu- (A.11)

A.2.1 Properties of qubit phase-point operators (proof of 12)

We note that Ag can also be cast into the form Ag = DOAOD(T, as Dg = I. Therefore, as a
consequence of Eq. (A.10), the phase-point operators we have defined can much more usefully

be re-expressed as

1 1 1
_ P 1)) - EPNORY
Au =55 > DyDyD}, = > ( 1) Dy Dy D} = > (-1)¥iD,, (A.12)

vEPn vEPy vEPy
Lemma 12. The phase point operators { Ay fuep, have the following properties:

(A1) Factorizability: Auyouy = Auy ® Au, on a bipartite system XY, where ux and wy are

respectively points in the phase spaces of subsystems X and Y.
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(A2) Orthogonality: (Ay, Av) = 2"0uy 0,
(A3) Unit trace: Tr[A,] =1,

(A4) Completeness: ZuePn A, =2"1.

Proof. We prove each property listed by the Lemma in turn.
Proof of Property (A1).

From the definition of D,, in Eq. (3.11), it is clear that
Dy = Dy @ Dy, . (A.13)

Let nx and ny be the numbers of qubits in subsystems X and Y respectively. Then the zero

phase point operator on the bipartite system, Ag, is

1 1 1
Ao= gy 2 Du=gurmy 2. Duew =gy 2 ) Dux®Du

uEPxy ux €Px,uy €EPy ux €Px uy €EPy

= Ap, ® Aoy, (A.14)

which in turn implies that any phase point operator A, = Ay au, for some ux € Px and

uy € Py is

Ay = Auxouy = DUX@UYAOX@OYD’LX@UY = (D“XAOX DLX) ® (DuYAOY DLY)

= Ay, ® Ay, (A.15)

as claimed.

Property (A1) enables us to break down any n-qubit phase-point operator A,, as a tensor prod-

uct of single-qubit phase-point operators,

Ay =Q Au;, u=EPuy, (A.16)
=1 i=1

where u; € Zo x Zs is a co-ordinate in the phase space of the jth qubit only. It is therefore
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instructive to calculate the single-qubit phase point operators, which are

1 .

AO,O = 5(]1+X+Z+ZY)7
1

AO,l = 5(]]_ —X—l—Z—iY),
1

Ao =51+ X = Z—iY),

1
A =5(1-X - Z+iY). (A.17)

Proof of Property (A2). Let us first decompose u and v as u = @, u; and v = P}, vj,

where u; and v; are phase point co-ordinates on the jth qubit only. By Eq. (A.17),

<Auj,Avj> = 20u; ;- (A.18)
Therefore,
<Av7Au> = H <AujaAvj> = H 25v]~,uj = 2n5u,v~ (A.19)
j=1 J=1
as claimed.

Proof of Property (A3). Let us first decompose u as u = P’_, u;, where u; is a point in the

phase space of the jth qubit. We see that Tr[A,,, | = 1 from Eq. (A.17). Therefore,
Tr[Ay) = [[ Tr[Ay,] = [[1 =1, (A.20)

as claimed.

Proof of Property (A4). We can directly calculate that
A= D[Ry | =R D Ay |- (A.21)
uePy u1€P1 un€P1 7j=1 j=1 u;€P1

Using the explicit forms of single-qubit phase-point operators in Eq. (A.17), we calculate that

> Ay =21, (A.22)
veEPy
from which the result immediately follows. O
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A.2.2 Shared properties with Gross’s Wigner representation (proof of Lemma 13)
Lemma 13. The Wigner representation W, for qubit states has the following properties

(W1) Informational completeness: Given any qubit state p, one can decompose it uniquely as p = 3, cp Wy(u)Ay
because { Ay }uep, form a complete orthogonal basis for B(n) under the Hilbert-Schmidt inner

product.

(W2) Normalization: the function representing any qubit state p sums to 1 over phase-space, i.e.

S, Wplw) = 1.
Proof. We prove each property stated by the Lemma in turn.

Proof of Property (W1). There are |P,| = |Zy x Z3| = 4™ phase point operators on n-qubits.
Property (A2) thus implies { Ay }vcp, forms an orthogonal complex basis for the complex vec-
tor space C2"*%" of 2" x 2" complex matrices under the Hilbert-Schmidt inner product, where
each phase-point operator has a Hilbert-Schmidt norm of /2. Therefore, any n-qubit quan-

tum state p can be uniquely decomposed as p = ), cp Wy(u)Ay for Wy(u) = 5 (Au, p).

Proof of Property (W2). Since any n-qubit state p has trace 1,

L=Tr[p] =Tr | Y Wy(u)du| = Y Wy(u)Tr[Ay] = > W,(u), (A.23)
uePn, u€Pn uePn,
where the last equality is established by Property (A3). O
A.2.3 Properties of rebit representation
Any n-qubit state p can be decomposed as
1 =
p= [2 (p+pT)} +1 [2 (p—pT)}a (A-24)

where the transposition is taken with respect to the computational basis. Because p* = p’ in

any basis, we can identify

P = (p+p") = Re(p), (A.25)

PV = ZL(p—p") = Tm(p), (A.26)
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i.e., p(¥ and p() are respectively the real and imaginary components of the density matrix of p

in the computational basis.

With this notation in place, we now prove Lemma 14.

Lemma 14. Given any n-qubit quantum state p,

%Q[WP(U’)] = Wﬂ%e(p) (u) (3.16)

jm[WP(u)] = ij(p) (u) (3.17)

for all w € Py, where Re(p) and Jm(p) are respectively the real and imaginary parts of the density

matrix of p in the computational basis.

Proof. Adopting the identification p(®) = Me(p) and pM) = Im(p), we can then decompose
W,(u) as

W, (u) = 2in <Au, p<0>> + 12% <Au, p<1>> . (A.27)

We recall that A,, is real for all u € P,. Furthermore both p(¥ and p") are real by construc-
tion. We then conclude that (A, p(®) and (A4, pM)) are both real for all u € P,. Therefore,

we can match the real/imaginary component of W, with those of its density matrix in the

computational basis
L ©
Re(Wy(w) = 5 <Au, o > = W0 (u) (A.28)
1
(W () = 5 (Aus V) = Wy (w) (A29)
as claimed. O

Ref. [73] introduced an n-rebit Wigner representation ngo) defined as

1
WO (u) = o <A§? p). (A.30)
for all u € P,,, where
A0 in (D)2, (A.31)
vePY
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for the subset of phase space

PO = {v : v, v, =0}. (A.32)

n

We now show that the rebit Wigner representation introduced in Ref. [73] has an extremely
useful relationship to the full qubit Wigner representation we have shown.

Lemma 66. W, reduces to W,E‘” on all rebit states.

Proof. The definition of qubit displacement operators in Eq. (3.11) implies the relations

U, -u, =0« DI, =DL =D, (A.33)

Uy -u, =14 D}, = DL = —D,, (A.34)

We see from Eq. (A.33) that P,(LO) is the subset of phase-space displacements corresponding

)

to real symmetric displacement operators. The difference between W, and Wéo thus comes

down to the fact that A,, sums over all displacement operators while AQ only sums over real

symmetric ones, which implies Ag? ) is itself real symmetric.

We further observe from Eq. (A.34) that the complement of 73,(10) in P,
P = {u : uy-u, =1}, (A.35)

is the subset of phase-space displacements for real anti-symmetric displacement operators. Par-

alleling Eq. (A.31), we then introduce the set of real anti-symmetric phase-point operators

1

= om Z (=14l D, for any u € P, (A.36)

By Eq. (A.31) and Eq. (A.36), each A, splits up as

Ay =AY + A, (A.37)
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We can correspondingly split up the Wigner representation of p as

_1 _ L0 4
W(w) = 5 (Ausp) = 52 <Au + Al ,p>
_ 1/ ,0 1/
= on Ay ,,0>+ on <Au ,P>
. 0 1
= W (u) + WV (w), (A.38)
where we have defined
1
k) (g)) (k)
W (u) = on <Au ,p> (A.39)

We can now prove that the real and imaginary components of W, coincide with Wp(o) and W,gl)
respectively. Because AY and AL are respectively real symmetric and real anti-symmetric,

we have AE?)T = AS?)T = Ag?) and AS)T = AS)T = —Ay. Thus for £ = 0, 1, we obtain

on “
L am
on 1T (A“ p)
1
= 2—nTr _Asf)p}
:%Tr (—1)kASf)Tp]

= (—1)’€W[§’“> (u). (A.40)

This implies Wp(o) (u) is the real component of W,(u) while Wp(l) (u) is the imaginary compo-

nent of W,(u). Thus given any n-qubit state p, we can write

Re(W,(u)) = W (u) (A.41)
iIm(Wy(u)) = W (u) (A.42)

By combining these two equations with Lemma 14, we arrive at

Wl (u) = Wi (p). (A43)
when p is an n-rebit state, 9ie(p) = p, which implies W,(u) = Wp(o) (u). O
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A.3 Properties of the Wigner representation for channels (Proof of

Lemma 16)

Lemma 16. The Wigner representation We of a quantum channel ® : B(n) — B(m) from n to m

qubits has the following properties:
(W3) (Input-Output Relation). If o = ®(p), then Wy (v) = 3, cp Wa(v|u)Wy(u).

(W4) (Respects the sequential composition of channels). Given a channel A : B(n') — B(n) from n’ to

n qubits, we have that Weon = WeWy.

(W5) (Respects the parallel composition of channels). Given a channel A : B(n') — B(m/) from n' to

m/ qubits, we have that Wegr = We @ Wa.

(W6) (Preserves normalization). Each column of We sums to1,i.e. 3}, cp Wao(v|u) = 1.

Proof. We prove each of the properties listed by the Lemma in turn.

Proof of Property (W3). The factorizability (Property (A1)) of phase-point operators implies
2n
Wa(vlu) = 57 (Au ® Ap, T(2)) - (A.44)

Using the identity ®(X) =2"Try,_, [(X T'g19m\g (<I>)] for transposition taken with respect

to the computational basis, and recalling that A,, is real in the computational basis,

Was(olur) = o (A, B(AL) = o (Au, B(Au) (A45)

Therefore, if 0 = ®(p), we obtain

Wo(®) = 5 (A0 2(0))
1
= 5 Tr | @ (u;n Wp(u)Au> Al

= o S (A0 @ (A) Wy (a)

uEPn

=Y Wo(vlu)W,(uw). (A.46)

’LLEPn

We thereby see that if ® maps p to o, then W5 is a matrix that maps W, to W, which justifies
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regarding W as the representation of ® on phase space.

Proof of Property (W4). Since {A;}.cp, constitute a complex orthogonal basis for B(n) un-
der the Hilbert-Schmidt inner product, wherein each A, has Hilbert-Schmidt or trace norm
V2", we can decompose the action of A on an n’-qubit phase-point operator 4,, uniquely as

D(Aw) = 37 Yopep, (Az, A(Ay)) Az. We therefore obtain

1
W[(IDOA} (’U|’U,) = 27m <A’U7 Qo A(Au)>

- o <Av,<1> (21 > <Am,A<Au>>Am)>

:cEPn

=Y A (A0) s (A A(A)

mEPn

= ) Wa(v|lz)Wa(z|u), (A.47)
xePy

which is equivalent to multiplying the matrix representing A on phase space to that represent-

ing ® as follows

Weon = WeWh. (A.48)

Proof of Property (W5). Due to the factorizability (Property (A1)) of the phase-point operators,

1
Wogn(z @ ylu @ v) = S(mim) (Az ® Ay, @ ® A(Ay ® Ay))
1 1
= o (s (Au)) 5o Ay, A(AL)
= Wo(x|u)Wa(y|v), (A.49)

which is equivalent to taking the tensor product of the representations for A and ® on phase

space as follows

Wogn = We @ Wh. (A.50)

Proof of Property (W6). Property (A4) of the phase point operators states ), .p A, = 2™1.
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By applying this to the alternative formulation of Wg in Eq. (A.45), we see that

"l
VEPm

= o (2B (AL))

= Tr[®(Ay)]. (A.51)

Since Tr[A,] = 1 by Property (A3) of the phase-point operators, and @ is trace-preserving,

> Wa(vlu) = Tr[Ay] = 1. (A.52)
vEPm,
which means every column of Wg sums up to 1. O

A4 Completely CSS-preserving operations

A.4.1 Completely CSS-preserving unitaries

The group of CSS-preserving unitaries on n qubits [73] can be generated as

Gi(n) = (H®",CNOT(i, j), X;, Z;),

i,j=1,...n,0#£j ° (A53)

wherein the collective Hadamard gate H®" has the following conjugation relations with the

other generators

H®"CNOT(i,j) = CNOT(j,4)H®" (A.54)

H®"X(a) = Z(a)H®", (A.55)

We begin by establishing the subset of G, (n) that is completely CSS-preserving.

Lemma 67. The group of completely CSS-preserving unitaries on n qubits is

G(n) == (CNOT(, j), Zi, X;), (A.56)

3,j=1,..,ni7#] *

Proof. Let Uy be any CSS-preserving unitary on n qubits. The conjugation relations given by
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Eq. (A.54) and Eq. (A.55), alongside the fact that H®" is self-inverse, imply either U, € G(n)
or Uy = H®"U for some U € G(n).

If Uy € G(n), then because G(n) is a subset of G (n’) for all ' > n, Uy must be completely
CSS-preserving. If Uy ¢ G(n), then Uy = H®"U for some U € G(n), which implies U is not
completely CSS-preserving as H®™ is not. Therefore, U is completely CSS-preserving if and

only if Uy € G(n). O

A.4.2 Completely CSS-preserving measurements

Throughout the rest of this Appendix, we extend, wherever necessary, the notion of being
completely CSS-preserving to trace-decreasing operations — i.e. a trace-decreasing operation ®
from n to n’ qubits is completely CSS-preserving if, given any CSS state p on (m + n) qubits,

(id ® ®)(p) is always a (possibly subnormalised) CSS state on (m + n’) qubits.

The projective measurement of any n-qubit Pauli observable S is carried out using projectors
1
P(£S) = i(Ii S) (A.57)

corresponding to the +1 outcomes [1]. Post-selection for the 1 outcome is then carried out by
the operation II(+S5) := P(+5)(-)P(£S).
Lemma 68. Post-selecting on any outcome in the projective measurement of a CSS observable is com-

pletely CSS-preserving.

Proof. Let S be a CSS observable on n qubits and [¢)) be a CSS state on m + n qubits for any
m > 0. Let the stabilizer group for |¢)) be generated by a set of m + n independent, commuting

and non-trivial CSS observables as S(|1)) = (S1, ..., Sm+n)-

Post-selecting the +1 outcome in a projective measurement of S on the last n qubits of |¢)

yields the (possibly subnormalised) output state
1
(@) = 197 @ P(£8)] |[¢) = | 5 (1% £ 19" ® §) | [v) = P(£5) [¢) , (A.58)

where we have defined the CSS observable S" := 1¥™ @ S. There are now two possibilities:

(a) that S’ commutes with every generator of S(|¢)), so S’ or —S’ must stabilize |¢/). There-

fore, either |¢1) = |¢) and |¢_) = 0 or vice versa, so |¢ ) are CSS states.
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(b) that, without loss of generality, S’ anti-commutes with just one CSS observable S; that
generates S(|1)). This follows from the fact that, in any set of m + n CSS observables that
generate S(|1)), those that do not commute with S’ must all be X or Z-type, so by picking
one such generator and multiplying all others by it, we obtain another set of m+n CSS ob-
servables generating S(|) ) in which only one generator does not commute with S’. Then

1

the states |¢+) have norm 7 and are stabilized respectively by (£S5, Sa, ..., Smin) [1],

SO |¢+) are subnormalised CSS states.

Therefore, given any pure CSS state |¢)) on m + n qubits, post-selecting the +1 outcome in
the projective measurement of a CSS observable on the last n qubits of |¢)) always produces
a (possibly subnormalised) CSS state. As all CSS states are mixtures of pure CSS states by

construction, we can extend this conclusion to all CSS states. ]

A.4.3 CSS circuits

In this section, we show that the subset of stabilizer operations covered by Lemma 19, which

we referred to as CSS circuits, are completely CSS-preserving.

We recall that a CSS circuit is a statistical mixture of sequences of the following four primitive

CSS channels
1. Introducing a CSS state on some qubits,
2. Performing a completely CSS-preserving unitary,

3. Projectively measuring a CSS observable (with the possibility of subsequently perform-

ing different sequences of CSS channels depending on outcome),
4. Discarding some qubits.

Each such sequence can be executed as a binary tree where the root node represents inputting
qubits, the leaf nodes represent outputting qubits, and internal nodes represent primitive CSS
operations. An illustrative example is provided in Fig. A.1, from which we see that a sequence
of primitive CSS channels can produce outputs distinguished by the sequences of measure-

ment outcomes leading up to them.

Different numbers of ancillary qubits may be introduced on different branches of a tree rep-

resenting a sequence of primitive CSS channels. However, one can arbitrarily increase the
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— Zy f—

Input
2 qubits

+1 Measure XX -1

Y
CNOT(1,2) CNOT(1,2)

A

1 —1
+1 Measure 7 t1 Measure Z;

Y

Output Output Output Output
1 2 3 4

Figure A.1: The sequence of primitive CSS channels on the top can be executed as the binary
tree on the bottom.

number of qubits introduced on any branch, without affecting what it does, by introducing
the maximally mixed state on qubits that are immediately discarded just before the branch’s
output. Furthermore, different branches may have different lengths. However, one can ar-
bitrarily lengthen any branch, without affecting what it does, by inserting identity channels
just before the branch’s output. Since introducing the maximally mixed state and the identity
channel are both primitive CSS channels, we can, without loss of generality, only consider se-
quences of primitive CSS channels executed as binary trees where every branch has the same
length and introduces the same number of ancillary qubits.

Lemma 69. A CSS circuit ® on n qubits is a statistical mixture of channels ®; representing sequences
of primitive CSS channels, where the channel ®; representing the ith sequence in the mixture is a sum
of (possibly trace-decreasing) operations ®; ; generating the jth distinguishable output of sequence ;.

Thus one can write

@(p) = Zpi(bia where (I)i = Z <I>Z~7jfor CI)i’j = TI‘R |:Ki,j<p & Uivj)KiT,j s
i J

Kij =[] P(San0)Ua (A.59)
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where {p;} is a probability distribution, o;; is a CSS state on m ancillary qubits, R is a subset of
the (n + m) input and ancillary qubits, U ;) is a completely CSS-preserving unitary and P(S; j):)
projects onto the +1 eigenspace of the CSS observable S; j) ;. Moreover, P(S(; jy 1), - -, P(S( j)n) 18

the sequence of measurement outcomes that operationally distinguish the jth output of sequence ®;.

Proof. Without loss of generality, every branch of every sequence forming the mixture of ¢
introduces the same number of ancillary qubits m and has the same length N. One can show
that the jth branch of the ith sequence must generate the channel ®; ; by induction over the

steps of the branch. O

We are now in a position to prove Lemma 19, which is reproduced below. To this end, it is
convenient to define the unique 0-qubit state 1 as CSS.

Lemma 3. Any CSS circuit is completely CSS-preserving.

Proof. The decomposition of CSS circuits given in Lemma 69 implies that if performing com-
pletely CSS-preserving unitaries, (ii) conditioning on the +1 outcome in the projective mea-
surement of a CSS observable, (iii) introducing a CSS state and (iv) discarding any number

qubits are completely CSS-preserving, then all CSS circuits are completely CSS-preserving.

Now (i) is completely CSS-preserving by definition, we proved that (ii) is completely CSS-
preserving in Lemma 68, and since the tensor product of two CSS states is always a CSS state,

(iii) is completely CSS preserving.

Therefore, to prove that all CSS circuits are completely CSS-preserving, we just have to prove

that discarding any number of qubits is completely CSS-preserving.

Consider discarding [ qubits from n, where n > [ > 1. As swapping the ith and jth qubit can
be carried out by the completely CSS-preserving unitary CNOT(4, j) CNOT(j,7) CNOT(4, j),
we need only consider discarding the last [ qubits. Let |¢) be a pure CSS state on m + n qubits

for any m > 0. Discarding the last [ qubits of |¢) then produces the state

oc=id® Trn—l+1,,,,7n[|"/}><'(/}u = Tl"m+n—l+1,.‘.,m+n[WXW]- (A.60)

As tracing out is unaffected by first performing a computational basis measurement on the last
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[ qubits, we have that

o= Y Trmyn i1 men 1T @ [R)K| (9NN D @ kXK. (A6])
ke{0,1}!

Since a computational basis measurement on the last I qubits means projectively measuring

the CSS observable Z on each of those qubits, the trace-decreasing channel leading to any

outcome of this computational basis measurement is completely CSS-preserving. Therefore,

(1™t~ @ |k)(k|) |1)) is a (possibly subnormalised) pure CSS state /P |¢r) ® |k), where py,

is the probability of getting the |k) outcome in the computational basis measurement, and |¢z)

must be a (normalised) CSS state to keep the full state CSS. We thus obtain

o= Trmpnt41.min Pr|06)Sk @ [R)K] = D prloe)erl, (A.62)

ke{0,1} ke{0,1}!
which is a CSS state on (m +n — ) qubits. Therefore, given any pure CSS state on m +n qubits,
discarding any [ < n of its final n qubits always produces a CSS state. As all CSS states are

mixtures of pure CSS states by construction, we can extend this conclusion to all CSS states. [

A.4.3.1 Omission of the collective Hadamard gate

One can reasonably ask why we have excluded the collective Hadamard gate from the con-
struction of CSS circuits. Our justification is that one can conjugate the collective Hadamard
gate past any primitive CSS channel and leave another primitive CSS channel behind. This
follows from the conjugation relations given by Eq. (A.54) and Eq. (A.55) for completely CSS-
preserving unitaries and projective measurements of CSS observables, from the cyclic property

of the trace for discarding qubits, and from
o ® ]l®m<p ® O,)H®n ® 18m _ H®(n+m)(p ® <H®maH®m))H®(n+m) (A63)

for introducing a CSS state on m ancillary qubits to an n-qubit system, where we note that
H®™g H®™ is also a CSS state because H®™ is CSS-preserving on m qubits. Therefore, circuits
from this wider subset are operationally equivalent to CSS circuits followed by the collective
Hadamard gate conditioned upon obtaining certain outputs, and are therefore not more pow-

erful as magic distillation protocols.
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A.5 Sketch of qubit QCSI based on CSS circuits

For completeness, we sketch one such QCSI scheme presented in [73], which can be carried
out using only rebits. This scheme is based an encoding of qubit states as rebit states first

introduced in Ref. [142]. Explicitly, starting from a general n-qubit state

p=> e |v), (A.64)
veZ2
the corresponding encoded state is
p= Y 1ycos(0y)|v) ® |R) + rysin(fy) [v) @ [I). (A.65)

vEZLZ

where |R) := |0) and |I) := |1) are computational states of an additional ancilla rebit introduced

to separately track the real and imaginary components of p.

In this encoded rebit setting, a channel ® between qubits should be encoded as ® such that, if
®(p) = o, then ®(p) = 7 [142]. Because CSS circuits do not mix the real and imaginary parts
of a state, we do not need to change them for the encoded setting [143], i.e. ® = ® for any
CSS circuit ®. Thus to achieve universal quantum computing, all we need to do is find rebit
magic states that can promote completely CSS-preserving gates to a universal gateset encoded

for this rebit setting, which can be achieved in two steps. First, injecting two-rebit magic state

L _
|B) = \/§(|0>!+>+|1>\ ); (A.66)

allows us to perform encoded Hadamard gate as shown in Fig. A.2(a), as well as the encoded
S-gate on the ith qubitas S = CZ,; ; /r CNOT; 1/, [143], wherein the controlled-Z can be carried

out as shown in Fig. A.2(b).

The magic state | B) thus enables us to promote CSS circuits to stabilizer circuits, and can be
distilled using CSS circuits alone through a simple variation on Bell-state distillation proto-
cols [143]. We can then reach universality by injecting |H), which can be distilled by CSS
circuits such as CSS code projection protocols based on the 7-to-1 Steane or 24-to-1 Golay

codes [20], as shown in Chapter 4.
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4R o
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B)
I/R XW { <>

(1N
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XHZ

- H|) 7

(a) (b)

Figure A.2: Promoting CSS to stabilizer computing in the encoded rebit setting through
injection of the two-rebit magic state |B). (a) the encoded Hadamard gate (b) the controlled-
Z gate required for performing an encoded S-gate. [143].

A.6 Relative majorization of quasiprobability distributions (Proof

of Theorem 25)

In this section, we prove Theorem 25, which we reproduce below for clarity.
Theorem 25. Let w = (wy,...,wy) and w' = (wi,...,wh,) be any two quasiprobability distri-
butions and let v = (r1,...,rn) and v = (r},...,r\,) be any two probability distributions. If

(w,r) = (w',r") such that supp(w) < supp(r) and therefore supp(w’) € supp(r’), then

Do (wl|r) > Do(w'[[r'), (3.36)

oralla € A= {21%1 :a,be Nt a> b}.

We begin by proving the following two lemmas.
Lemma 70. Let w = (w1, ..., wy) and w' = (w, ..., wh,) be two quasiprobability distributions and
let v = (r1,...,rn) and v’ = (1, ..., 7\,) be two probability distributions. If (w,r) > (w’,r’") and

supp(w) € supp(r), then supp(w’) S supp(r’).

Proof. By the definition of relative majorization, there exists a stochastic map A such that

Aw =w' and Aw’ =7'. If
7”; = ZAiJrj = Z A =0, (A.67)
J j€supp(r)

then as r; > 0 for all j € supp(r), we must have A; ; = 0 for all j € supp(r).
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Since supp(w) & supp(r), this implies A; ; = 0 for all j € supp(w) as well, so

7“; =0 = wg = ZAi,jwj = Z Amwj =0. (A68)
J jE€supp(w)
We thus conclude that supp(w’) € supp(r'). O

Lemma 71. If (w,r) = (w',r’) such that supp(w) & (r) and therefore supp(w) < (r), then
(w,7) = (W', "), where w and 7 are the parts of w and r on supp(r), while w'" and +' are the parts of

w and r on supp(r’).

Proof. Let Q and Q denote the sample spaces of r and 7 respectively, and let N denote the size

of Q. We first define the stochastic map A : @ — Q as

I ~ ~
Ay = NxN- (A.69)
O n_myN
which acts on 7 and w as
Ajw=wd0, g, (A.70)
Afr =730, g5 (A.71)

In words, A pads w and 7 with Os until they become vectors with NV entries.

We next define the stochastic map I, : Q@ — Q as a permutation of Q2 that moves entries
outside of supp(r) to the end of the vector, while maintaining the ordering amongst entries

within supp(r), so we can write

Mr=7® 0y 5 (A.72)

Myw =& 0,y_5 (A.73)

as any entry outside supp(r) is also outside supp(w). Similarly, letting 2’ be the sample space
of 7/, we define another permutation of ¥/, I, : ' — €/, that moves entries outside of supp(r’)

to the end of the vector, while maintaining the order amongst entries within supp(r’), so we
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can write

7' =7 &0y _ 5 (A.74)

w' =@ &0y (A.75)

As any entry outside supp(r’) is also outside supp(w’). Because they are permutations, I, and

IL,» have inverses that are also stochastic maps.

Finally, letting Q’ and €’ denote the sample spaces of 7' and 7 respectively, we define a stochas-

ticmap A_ : Q' — ' as

A= <IN/><Z\7’ AlN’,N’N’) ) (A.76)

where A’

i 18 an arbitrary stochastic matrix. Then A_ acts as

A(F @0y _g) =7, (A.77)

A (7 ®0y )= (A.78)

i.e. removing the Os at the end of ¥ ® 0, 5, and @' ® 0, ..

By the definition of relative majorization, there exists a stochastic map A such that Aw = w’
and Aw’ = 7’. Since a sequence of stochastic maps is still stochastic, we can define a stochastic

map A : Q-
A= A_TL AT A (A.79)

that acts as Aw = w' and Ar = 7'. O

With these lemmas in place, we can turn to the following theorem established in Ref. [27].
Theorem 72 ([27]). Let w = (wy,...,wy) and w' = (wi, ..., w),) be two quasiprobability distribu-
tions and let r = (r1,...,rn) and v’ = (r},...,77\,) be two strictly positive probability distributions.
If (w,r) = (w',r’) then

Va € A: Dy(w||r) > Dy (w'||r"), (A.80)

orallao e A:=4:22 . a,be Nt a>b}.
f 21
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Putting Lemma 71 together with Theorem 72, we conclude that if (w,r) > (w’,r’) such that

supp(w) < supp(r) and therefore supp(w’) € supp(r’), then

Da(i8][7) > Do ('||7), (A81)

for all a € A. Since w (w’) is 0 whenever r (') is 0, we find that

Do (w]|7) =

“log Y m(“”) = -

Jjé€supp(r

i 1 loggrj (%) = Dy(wl|r). (A.82)

and similarly D, (w'||7") = Do (w]|r). We thus arrive at the extension of Theorem 72 presented

in Theorem 25.

A.6.1 Entropic constraints on completely CSS-preserving protocols (proofs of Lemma

27 and Theorem 30)

Lemma 27. Let W be a generalised Gross’s Wigner representation for d-dimensional qudits with respect
to the QCSI scheme (R, F, M). Consider states p € FUM, T € F such that supp(W,) & supp(W;),
and a stochastically-represented channel ® € R. Then the a-Rényi divergence D, (-||-) is well-defined

and satisfies the following properties for o € A:

(D1) Non-negativity: Do (W,||W:) >0

(D2) Additivity: Do, (W yen||Wren) = nDo(W,||W) for all n € N*.

(D3) Data-Processing Inequality: Do(W,|[Wr) > Do(We(p) [|Wa(r)), where by Lemma 70 we also

have that supp(Wg () S supp(Wa(r))-

Proof. By definition, W, and W are respectively a quasiprobability distribution and a proba-
bility distribution such that supp(W,) € supp(;), and we have already seen that D, (W,||W})

will remain well-defined from o € A. We proceed to prove each of the properties listed in turn.

(D1) Let P be the phase space on which p and 7 are represented. Consider the stochastic
map A : P — P defined by A(v|u) = | for all v,u € P. Since W, and W, are nor-

malized, we see that A(W,) = A(WT) = ﬁ where 1 is the unit vector. Therefore,
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(Wp, Wr) = (ﬁ, \%l)’ so by Theorem 25,

1 1 1 1
DaW, W) > Do [ || =) = ——10e S — =0. (A.83)
) = 2n (i1 1) = 22 277

(D2) Let P, be the phase-space of an n-qudit system. Since W, respects the parallel composi-

tion of processes, we have that W,en = (W,)*" and W en = (W,)®", which implies

Do (W yen||Wyen) = - log > Woen(w) Ween (u)' ™

uePy

Lo Y - Z[HW W

u1€P unp€Pr Li=1

logH|:Z W, (us) W ( Z)l O‘]

=1 |u; EP1

Clog Y W (u) W ()0
u; €P1

= Do (W, || W) (A.84)

(D3) Since W respects the sequential composition of processes, we have that Wg(,) = WaW,
and Wg(;) = WaW.. As Ws is stochastic, this implies (W, Wr) = (Wg(,), Wa(r)), so we

can prove this property by invoking Theorem 25. O

Theorem 30. Let p be a noisy multirebit magic state and 7 be a CSS state where we have that
supp(W,) & supp(W). If there exists a completely CSS-preserving magic distillation protocol ® such
that ®(p®") = p/ and 7' == ®(7"), then

ADq = nDo(W,|[Wy) — Do(Wy|[Wy) > 0 (3.41)

for the qubit Wigner representation of Eq. (3.18) and all o« € A == {52%,]a,b € N*,a > b}.

Proof. We have seen that the qubit Wigner representation defined in Eq. (3.18) provides a gen-
eralised Gross’s Wigner representation for the QCSI scheme (R, F, M) where R is the set of

completely CSS-preserving operations, F is the set of CSS states and M is the set of non-CSS
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multirebit states. We can therefore apply Lemma 27 to W, p and 7 to obtain

DCM(Wp®”HWT®") = TLDa(WpHVVT) (A.85)

We also have that p®" is also a multirebit state because p is a multirebit state, and 7®" is a CSS
state because 7 is a CSS state and introducing a CSS state is completely CSS-preserving (see
Lemma 19). As IV respects the parallel composition of processes, we see that supp(W,) & supp(W;)
implies

supp(W,

pon) = supp(WE™) = supp(W,)*"

C supp(W-)*" = supp(WZ") = supp(W,en). (A.86)

Finally, by Theorem 18, ® is stochastically represented. We can therefore apply Lemma 27 to

W, p®", 7" and ® to obtain
Do(Wpen||[Woon) > Do(Wy||[Wrr). (A.87)
Substituting the left-hand side using Eq. (A.42) and rearranging completes the proof. O

A.6.2 Generating magic monotones from entropic constraints on completely CSS-

preserving protocols

Theorem 28. Let W be a generalised Gross’s Wigner representation for the QCSI scheme (R, F, M).
We then have that
M, (p) = inf Do (W,||[W5), (3.38)

TEF s.t.
supp(W,)Ssupp(W-r)

is a magic monotone for any o € A. Furthermore, M, can be used to lower-bound the overhead n of a

magic distillation process p®™ — o within this QCSI scheme as

~—

My (o
Vaoe A:n> )
“ ~ Ma(p)

(3.39)
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Proof. Letting ® € R denote a magic distillation protocol such that ®(p) = p/, we obtain

Mo (p) = Tei]r-‘lfs.t. Do (W||Wr) > Tei]r-‘lfs.t. Da<Wp’HW<I>(T)) > Ma(ﬂl)7 (A.88)
supp(W)) Ssupp(Wr) supp(W)) Ssupp(Wr)

where the first inequality follows from applying the data-processing property (D3) of the a-
Rényi entropies to each (p, 7), and the second inequality follows from the fact that ®(7) must
be a non-magic state such that, by Lemma 70, we have supp(W,/) & supp(Wg(,)). We thus
conclude that {M,} are monotonically non-increasing under the magic distillation protocols

defined as R.

By the non-negativity property (D1) of the a-Rényi operators, we are guaranteed that M, (p) > 0
for all p. Furthermore, given any non-magic state 7, we have that D, (W;||W;) = 0, which fur-
ther guarantees that M, (7) = 0 for any 7 € F. We therefore conclude that { M, },c 4 form a set

of magic monotones in the QCSI scheme (R, F, M).

Now {M,} are sub-additive, i.e. nM,(p) > M, (p®"), because

nMy(p) = rei}lt:e.t. nDo(W,||W;) = TeiJI—‘lt;.t. Do(Wpon|[Wen) > Mo (p®™)
supp(W,,)€supp(W-) supp(W,,)esupp(W-)
(A.89)

where the second equality is due to Property (D1) of the a-Rényi entropies, and the final in-
equality is due to the fact that 7®" must be non-magic if 7 is non-magic, and W’s respect for the

parallel composition of processes together with supp(W,,) & supp(W) leads to supp(W,en) =

supp(W;") = supp(W,)*™ S supp(W;)*" = supp(W") = supp(Wrsn).

Therefore, if there exists a magic distillation protocol ® € R such that ®(p®") = //, then we
can combine Eq. (A.88) and Eq. (A.89) to show that
nMq(p®") > Mo (p®") > Mo (p"). (A.90)

Rearranging this inequality leads to the lower bound on n found in Eq. (3.39). O

Lemma 29. Let W be a generalised Gross’s Wigner representation for a QCSI scheme (R, F, M).

136



Chapter A. Appendices to Chapter 3 A.6. Proof of Theorem 25

Then given any state p € F U M covered by the QCSI scheme, we have that

lim (@ — 1)Ma(p) = My (p) = log 3 [W,(w) (3.40)

a—1t

where the limit is taken through a sequence of rational values drawn from A.

Proof. We first note that the values of a in A were so chosen to ensure that W*(u) = [W,(u)|.

1i -1 Ma = | inf -1 Da T
ai>nll+(a ) (p) oziglJr TEIJI:I s.t. (Oé ) (Wp| ’W )
supp(W,,)€supp(W7)

W,(u
= I inf 1 .
Jm o it legd e

supp(W),) €supp(Wr) “

= _inf, 1ongW r—logZ\W )| = Mw(p). (A91)
supp(W,,)Esupp(W-)

A.6.3 Negative a-Rényi entropies for rebit magic states

Consider the QCSI scheme (R, F, M) where R consists of completely CSS-preserving opera-
tions, F are CSS states and magic states are non-CSS rebit states. Because all pure rebit magic
states have negativities in their Wigner representation, and completely CSS-preserving oper-
ations are stochastically represented, we see that only rebit magic states with negativities in

their Wigner distributions can be distilled within this QCSI scheme.

We now prove that, given any rebit state with negativities in its Wigner distribution, at least
one a-Rényi entropy with a € A evaluated on the state is negative.
Lemma 73 (based on Theorem 10 of Ref. [27]). There exists o« € A such that H,(W,) < 0 if and

only if p is a rebit state whose Wigner representation W, has negative entries.

Proof. Since H,, is non-negative on probability distributions, H,(W,) < 0 implies that W, must

contain negative entries.

In the reverse direction, if W, is not a probability distribution, then we must have

li_r}(l)z Wo(w)['H = > [Wy(u)] > 1 (A.92)
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As the function f(x1,...,3,) = >, z; ¢ is continuous in ¢, there must exist some finite interval

€ € (0, €] such that

Ve € (0,em] = > [Wp(w)|'™* > 1. (A.93)
ueP

Since A is dense in (1,00), A" := {a — 1|a € A} must be dense in (0, o), which implies it is

always possible to find o/ € A such that (o/ — 1) € (0, ). We then have that
Vo' € (1,1 +em), 0/ € A > Wyo(w)® = [Wy(w)* > 1. (A.94)

As o/ > 1, this implies H,/(W,) < 0. O
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Appendices to Chapter 4

B.1 Stochastic representation of qubit CSS code projection protocols
In this section, we prove that all qubit CSS code projection protocols are stochastic under the
Wigner representation defined in Eq. (3.18).

To this end, it is helpful to first consider the impact of a CNOT gate on the CSS observables
generating the stabilizer group defining a CSS code. We first remark that a CNOT channel acts

on individual X- and Z-type CSS observables as

Zz‘Zj form = j,

CNOT(i,j)Zy CNOT(i,j5) = (B.1)
Zom, otherwise.
XZ‘XJ' form = i,

CNOT(4,j) X, CNOT (4, j) = (B.2)
Xm otherwise.

We now introduce an isomorphism M that maps any set of Z-type CSS observables {Z (w;) }i=1.... m,

where each u; is an n-bit vector, to a matrix whose ith column is w;, i.e.

Mz ({Z(uw1), .., Z(um)}) = (ug ... wp| - (B.3)

Performing the channel for swapping qubits i and j, Uswap (%, j) = Uswap (%, j)(-)Uswapr (i, 7)
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where Uswap(i,j) = CNOT(i,j) CNOT(j,i) CNOT(,5) [1], on every observable in the set

{Z(w1),...,Z(u)} is represented in the Mz mapping by swapping rows i and j.

Furthermore, by Eq. (B.1), performing the channel Uz_gsum(%,j) = CNOT(j,4)(-) CNOT(j,1)

on Z(u) for any n-bit vector u produces

UZ_SUM(Z(U)) = Z(u + uiej), (B.4)

where arithmetic is modulo 2 and e; is an n-bit vector that has 1 in its jth entry, and 0 every-
where else. Consequently, the simultaneous action of Uz_suwm (i, j) on every observable in the

set {Z(u1),...,Z(un)} is represented under the My mapping as adding row i to row j.

Similarly, we can introduce an isomorphism Mx that maps any set of X-type CSS observables

{X(vj)}j=1,..m, where each v, is an n-bit vector, to a matrix whose jth column is v;, i.e.

Mx ({X(v1),..., X(vp)}) = V1 ... Uy - (B.5)

Performing the channel Uswarp (i, j) for swapping qubits i and j on every observable in the set
{X(u1),...,X(uy)} is also represented in the Mx mapping by swapping rows i and j. Further-
more, by Eq. (B.2), performing the channel z_gsunm(i, j) == CNOT(,5)(-) CNOT(i,j) on X (v)

for any n-bit vector v produces

Ux—sum(X(v)) = Z(v + viey), (B.6)

where arithmetic is modulo 2, which implies that the simultaneous action of Ux_sum(i, )
on every observable in the set {X(u1),..., X (up,)} is represented under the My mapping
as adding row i to row j. We remark that Mz and Mx are the Z and X blocks forming the parity
check matrix [1] of a CSS code.

With these preliminaries in place, we can prove the following Lemma’.

A similar proof can be found at in the Appendix of Ref. [144].
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Lemma 74. Let C be an [[n, k]| stabilizer code where n > k, so S(C) can be generated as
S(C) = ((-1)" Z(w1),..., (=) Z(w,), (1)1 X (v, 41), ..., (=) * X (v,_1))).  (B7)

where by ..., by,_y are bits, {u1, ..., u,} form a set of non-zero and linearly independent n-bit vectors,
{Vr41,...,Vn_k} form another set of non-zero and linearly independent n-bit vectors, and r gives the

number of Z-type generators and so falls into the range r € {0,...,n — k}.

The decoding channel Uc" of C then has the form
Ul =ufl ool old, (B.8)

where U .= H,(-)H, is the Hadamard gate on the Ith qubit, and U is a completely CSS-preserving

unitary channel such that

Vie {l,...,r} :U[(-1)"Z(w)] = Zyy, (B.9)
Vie{r+1,...,n—k} :U(-1)" X (v))] = Xpyj. (B.10)
Proof. The (unique) reduced row echelon form Rz of Mz(u1,...,u,)is
Ir,r
Ry = , (B.11)
Onfr,r

where I,., is an r x r identity matrix while 0,,_,, is a (n —r) x r null matrix. We can use Gauss-
Jordan elimination on Fy to convert Mz to Rz. As this procedure is a sequence of row swaps
and additions, both of which can be executed via sequences of CNOT channels, we conclude

that there exists a unitary channel {7 formed by a sequence of CNOT channels such that

Let us define X (v}) == Uz[X(v;)] for j € {r +1,...,n — k}. Since the Z-type generators of

S(C) commute with the X-type generators, each X ('v;) must commute with Z1,..., Z, for all
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je{r+1,...,n—k}, which implies
Vie{r+1,...,n—k}: Uz[X(v))] == X (v}) = 1% @ X (v]) (B.13)

where v} is an (n—r)-bit vector. Repeating our reasoning for Mz(us, ..., u,) for Mx(v;;q,..., v, 1),
we conclude that there exists a channel U/x, which is formed from sequence of CNOT gates act-

ing on qubits r + 1 through n alone, such that

VjE{T—Fl,...,n—k}luX OZ/[Z[X(’UJ‘)]:XJ'. (B.14)

Finally, we define unitary channels U¢c = Uc(-)Uc and Uny == Unv (-)Unmy where,

n—k r
ve=|1]] Xfi] [z,
i=r+1 =1
n—k—1
Unv =[] Uswap(n—i,n—k—1). (B.15)

=0

which respectively remove signs from the generators of S(C) and moves qubits 1 through n —k
to k£ + 1 through n. These enable us to construct the unitary channel U := Uiy o Uc o Ux o Uz
satisfying Eq. (B.9) and Eq. (B.9) from the Lemma statement. Since ¢/ is formed from CNOT-,

single-qubit X- and Z-gates, it is completely CSS-preserving unitary channel. O

With this Lemma in hand, we can show that every trace-preserving CSS code projection can
be executed as a CSS circuit, which leads to the following Lemma from the main text.
Lemma 32. Every trace-preserving qubit CSS code projection can be executed as a CSS circuit, and is

therefore stochastically represented by the Wigner representation defined in Eq. (3.18).

Proof. When k = n, the trace-preserving qubit CSS code projection protocol becomes introduc-
tion of a CSS state [0)(0| on the ancillary qubit, which is completely CSS-preserving. Otherwise,
the stabilizer group S(C) of an [[n, k]] CSS code can be generated by a set of non-trivial (n — k)

CSS observables {51, ..., S,—}, and its trace-preserving code projection protocol Ac.
1. Projectively measure S, ..., S, .

2. If the no-error syndrome is obtained, decode onto the first £ qubits and discard the fi-

nal (n — k) qubits. By Lemma 74, the decoding channel is a completely CSS-preserving
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unitary channel / followed by Hadamard gates on some of the final (n — k) qubits. Be-
cause the trace is invariant under circular shifts, this step is equivalent to just performing
the completely CSS-preserving unitary channel ¢/ and then discarding the final (n — k)

qubits. Furthermore, prepare an ancillary qubit in the state |0).

3. Otherwise, discard all qubits, prepare a k-qubit CSS state o, and prepare the ancillary

qubit in the state |1).

We see from Lemma 19 that A¢ is completely CSS-preserving, and is therefore stochastically

represented by Corollary 2. O

B.2 Entropic constraints on qubit CSS code projection protocols

B.2.1 Structure of entropic constraints

In this section, we prove several lemmas that will help us simplify the expression of entropic
constraint functions AD,, defined for qubit CSS code projection protocols in Eq. (4.17). To this
end, we find it useful to introduce the general mean Q,(w||r) for any a € A on a quasiproba-

bility distribution w := (w1, ... wy) and probability distribution r := (ry,...7x), as

N
Qa(w]|r) = 2o~ NPelwlir) =} 01 (B.16)
=1

Lemma 75. Consider k-rebit states py and py, k-qubit CSS states 1o and 1, distinct m-qubit compu-
tational basis states 1o and 11, and probability distributions {po,p1} and {qo,q1}. Given any o € A,

we then have

Qa(Ws pipsain Vs qimow) = Y Pia;“Qa(Wy,|[Wr,), (B.17)
1€{0,1}

which in turn implies the inequality

QO!(WZipipiQ?wi ‘ |W21 qiﬂ;®wi) > p?‘]iliaQa(WpiHWTi)a (B18)
foreachi € {0,1}.

Proof. Recalling that computational basis states are CSS and therefore have real Wigner rep-
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resentations, we have by Property (A2) of the phase-point operators in our chosen Wigner

representation that

(o,901) =2 > Wy, (w)Wy, (u) =0 (B.19)

u€73m

because 1y and 11 are orthogonal.

Since computational basis states are CSS, we must further have Wy, (u) > 0. We thus conclude

from Eq. (B.19) that

Vo = supp(Wy,) C ker(Wy, ), (B.20)

V1 = supp(Wy, ) C ker(Wy,). (B.21)

With this in hand, we can explicitly evaluate

Qa(WZ i Pipi @Y ’ ‘WZ' qm®wz‘)
Z Z Z piW, p] W’(/)J( ))a(QiWTi(u)W¢i(v))1_a

1,j€{0,1} u€PL vEPm

:szanlOlZWz Tz‘)a

i€{0,1} uEPy
= D pig T Qa(W, W), (B.22)
1€{0,1}

where in the second equality we used the normalisation of our chosen representation. The
inequality in the Lemma statement then follows from the fact that both terms summed in the

right hand side of Eq. (B.17) must be non-negative for all o € A. O

With this property in hand, we obtain the following Lemma, which makes the non-trivial n-
dependence in AD, more explicit.
Lemma 76. Let i denote the maximally mixed state on k qubits. Given any o € A, the function AD,,

can then be expressed as

a—1
ADo = (1~ HalWp,]) + k — - Jog |0 Qa Wy, W) + <1—p>a(2nk1_1) ]
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Proof. By Lemma 75, we have the expansion

-« -«
Qo (Wi | W) =2 (2577) 7 Qo (W [1W) + (1= p)* (1= 2577) 7 Qa (War || W)

= ()" [p‘“Qa (W IW,) + (1 = p)° (2,1_1)1] . (B2

where in the last equality we have used Q,(p||p) = 1 for all probability distributions p. We

therefore obtain

Da (pr H W‘m,k) =n- k +

a—1

1 a—1
1Og [paQa (WpoutHWM) + (1 - p)a (2nk_1> ] )

(B.25)

Substituting Eq. (B.25) and D, (Wp‘ ’W% > =2 — H,[W,] into Eq. (4.17) gives the Lemma. [

By inspection, the form for AD,, given in Lemma 76 has no o-dependence, which serves as

another proof of Lemma 34.

B.2.2 Properties of qubit CSS entropic constraints (Proof of Lemma 35)

We now prove the following properties of the constraint function AD,, from the main text:
Lemma 35. Given any noisy input rebit magic state pi,, output k-rebit magic state pou, acceptance

probability p and o € A, we have that
(i) AD,, is concave over the domain n € [k, oc].
(i) AD, becomes negative as n — k, i.e. lim,,_,;; AD, < 0.
(iii) If Ho[Wp,,] > 1, then we have that AD, also becomes negative in the asymptotic limit, i.e.
lim;, 00 ADy < 0.
Proof. Let us denote the maximally mixed state on k qubits by ;.. We further simplify notation
by defining the constants ¢; = p®Qq (W, ||Wy) and ¢z := (1 — p)*.

Proof of (i): Let us define the following function

a—1
g(n) = |1+ c2 <2n—k:1_1> ] . (B.26)
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This means that from Lemma 76 we can write

ADa = n (1~ Ho[W,,]) + k -

] log g(n), (B.27)

and since the first term is linear in n we need only check the second derivative of the second

term to establish that AD,, is concave. We have

1

In 222547 (¢ (2F + (o — 1)27) (277F = 1)% + ¢p (27 — 2F))
(27 — 2F) (2% (27F — 1)* + ¢y (20 — 2H))?

Since c1,ca > 0 for all poys and p, the term in square brackets must be non-negative for all
n > k,a > 1, pout and p (strictly positive for p < 1). This implies 92AD,, is non-positive

everywhere on n € [k, oo] for any given poyt and p. Therefore AD,, is concave, as claimed.

Proof of (ii): Recalling that o > 1, we have from Eq. (B.27) that

1 a—1
c1 +C2 <2n—k_1> ] } = —00 (B28)

1
lim AD, = k(2 — H, ) — li 1
AL, BDa = KE = HalWo) a_lnfz{og

so long as c; > 1, which is true if and only if p < 1.

Proof of (iii): We have from Eq. (B.27) that

nh_{rgo AD, =k — o] log[c1] + nh—>Holo {n(1—-Hu[W,,])} =—o0 (B.29)
if Hy[W,,,] > 1, as claimed. O

B.3 Paired CSS code projection protocols for Hadamard distillation

Lemma 77. Consider an [[n, 1]] qubit CSS code C whose projection protocol sends n copies of p(€in) to
the rebit state pow; with acceptance probability p. Then there exists an n-to-1 qubit CSS code C whose

projection protocol sends n copies of p(€in) to H(pout)H with the same acceptance probability.

Proof. We can represent the action of the code projection protocol constructed around C, ¢,
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on n copies of p(ein) in terms of the encoding unitary U and codespace projector P as

®e(p(e)®") = Trg,.. n[ULPe(p(€)®™) PeUc] = ppout (B.30)

The stabilizer group defining the codespace of C can be represented in the form
S(C) = (=) Z(u1), ..., (1) Z(u,), (= 1)+ X (v,41), - .., (1)1 X (v,-1))).  (B31)

for bits b; ..., b,—1, n-bit vectors ui,...,u, and v,41,...,v,_1, and some r € {0,...,n — 1}.
By Lemma 74, U may be represented as U = [1%("+D) @ H®(=")]V; for some completely CSS-

preserving unitary V¢ such that

Vie{l,...,r}: Ve[(-1)" Z(u)lV] = Zis, (B.32)

Vie{r+1,...,n—1}: Ve[(=1)% X (v)]V] = Xj11. (B.33)

We now observe that
PH (pow) H = H (Tra, _n[UcPe(pl(e)*") FeUY] ) H = Tra, [ FaUcPe(p(e)*") PeUSHI], (B.34)

where H; is the Hadamard gate on the first qubit. The form of U¢ and the cyclic property of the
trace then means we can execute Hadamard gates on the final (n — 1) qubits before discarding

them to obtain

PH (pous)H = Tra__n[HanVe Pe(plein)®™) PeVJ Hanl = Tra, _n[Ve(plen)®™) BeV]],  (B.35)

where we have defined V; == Hy, (Ve)Hap and Pe == Hy (P¢)H,y for the simultaneous Hadamard
gate on all n qubits, H,;. We note that the final equality relies on the invariance of p(€) under

the Hadamard gate.

From the definition of F¢ in Eq. (4.5), we have that
1 b,
Pe = H [2(—7 + (1) Sz):| (B.36)

Therefore, ¢ is the codespace projector onto another [[n, 1]] CSS code C whose stabilizer group
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is generated by

S(C) == (—1)" X (1), ..., (~1)" X (w,), (~1)! 1 Z(vp41),. .., (=1)P" 1 Z(vn_1))).  (B.37)

Since V¢ is a completely CSS-preserving unitary, it must be a product of CNOTj ., Z;, X; for
j# ke{l,...,n}. Therefore, Ve is a product of H\y/CNOT) 1, Hay = CNOT}, 5, HinZjHan = X
and H,1 X;jH,1 = Zj, and thus also a completely CSS-preserving unitary. Furthermore, by
Eq. (B.32) and Eq. (B.33), we have that

Vie{l,...,r}: Vc[(—l)biX(ui)]Vg = HanVc[(—1)biZ(ui)]VcTHa11 = X;11, (B.38)

Vie{r+1,...,n—1}: Ve[(=1)% X (v))]V] = HaVe[(—1)" X (v))]Vi Han = Zj11.  (B39)

Therefore, V; followed by some swaps amongst the final (n — 1) qubits, which can be carried
out by CNOT gates on those qubits, and Hadamard gates on some of the final (n — 1) qubits,

produces the encoding unitary U; of the code C. We thus conclude
pH (pout) H = (I)é[p(e)@m], (B.40)

i.e. the code projection protocol of the CSS code C produces H (pout)H from n copies of p(epn)

with acceptance probability p. O

The even mixture of poys and H (pout)H, G (pout) == %(( Pout) + H(pout)H ), is the projection of
Pout onto the Bloch sphere axis from |H) to ‘F> Therefore, we have that G (pout) = p(€out), an

eout-depolarised |H), or G (pout) = P(€out), an eone-depolarised ‘ﬁ>, where eyt € [0, 1].

Let us now define the channel A}, for an [[n, 1]] CSS code C, which performs the trace-preserving
code projection protocol for C with the addition that we perform the gate X Z on the accepted

output, i.e.
AL(+) = [XZ(Trg,. ot 0 Te(-)])) ZX] @ |0X0] + o Tr @ [1)1] (BA41)

Since the gate ZX is completely CSS-preserving, A; also lies in the CSS subtheory and is there-
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fore stochastically represented. With this in hand, let us next define the channel

1 Ac+As 1fg out) = ou
A 5(Ac +As) H(Pout) = p(€out) for cou € [0.1]/ (B.A2)

3(Az +A%) i Gr(pout) = Pleout)

As an equal mixture of stochastically-represented channels, A is itself stochastically repre-

sented, and transforms n copies of p(ei,) into
A(p(ein)®™) = pp(eout) @ [0X0] + (1 — p)o @ [1)1]). (B.43)

because X Z(p(eout))ZX = p(€out). Furthermore, A maps n copies of % to 7, 5. Therefore, if
there exists an n-to-1 CSS code projection that transforms n copies of p(€) to pout With accep-
tance probability p, then there exists a stochastically-represented operation that transforms n
copies of p(€) to p(€ont) With acceptance probability p while also mapping n copies of % to 7, .
Consequently, the entropic constraints given by 33 remain valid after replacing pout by p(€out)

in p, for some oyt € [0, 1].

B.4 Bounds on code length in stabilizer code projection protocols

Throughout this section, we will use “Wigner representation”, denoted W, as a shorthand
covering the representation defined in Eq. (3.18) for qubits and Gross’s Wigner representation
W& for qudits of odd prime dimensions. We first remind the reader of the shared properties
between our chosen qubit Wigner representation and Gross’s Wigner representation and that
power the extension of results from the former to the latter throughout this section. Given a

state p on n qudits of odd prime dimension d, its Gross’s Wigner representation Wp(G) is defined

at each point u in a phase space PO = Z;" x ;" as [145]
1
W (u) = d7<A5LG),p>, (B.44)
where { AELG)} are the set of d*" phase-point operators defined on each point u € P as
1
Ao = > Dy, Au:=DuAeD] (B.45)

vePﬁLG)
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for the set of d*" displacement operators {DQ(LG)} on n qudits of prime dimension d defined for

each point u := (uz, u,) € Pl as

D= 0 2yt Katun), = oo (2. (B.46)

where arithmetic is modulo d. Given a channel ® from n to m qudits of prime dimension d,

Gross’s Wigner representation has been extended by Ref. [61] as
T
W (vlu) = <A&G) ® Av, ®, T (<I>)> : (B.47)

where transposition is carried out in the same basis of the input system with which the Choi
representation of ® is calculated. It has been shown [145, 61] that the phase-point operators
of Gross’s Wigner representation shares Properties (A1)-(A3) with those of our chosen qubit
representation, and Gross’s Wigner representation itself shares Properties (W1)-(W6) with our
chosen qubit Wigner representation. Because of these properties, Gross’s Wigner representa-
tion constitutes a generalised Gross’s Wigner representation with respect to the Bravyi-Kitaev

model because it represents stabilizer operations stochastically [61].

B.4.1 Generalisation of entropic constraints on qubit CSS code projections to qu-

dit stabilizer code projections

We first explain how Theorem 33 can be extended to all stabilizer code projection protocols
on qudits of odd prime dimension d. Because Gross’s Wigner representation stochastically
represents every stabilizer operation for qudits of odd prime dimension [60], we can use the
proof strategy of Theorem 30 to prove its analogue for qudits of odd prime dimension.

Theorem 78. Let p be a noisy magic state and T be a stabilizer state on a single qudit such that
supp(W,) € supp(W-). If there exists a magic distillation protocol ® such that ®(p®") = p' and

7/ = ®(7%"), then
ADy i=nDo(Wy||[W7) — Do(Wy||Wr) >0 (B.48)

for Gross’s Wigner representation W and all o« € A = 25&, la,b € Nt a > b}.

Much as we had already done for CSS code projection protocols, we can construct a trace-

preserving equivalent to any given n-to-k stabilizer code projection protocol by preparing a
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specially designed stabilizer state ¢ on k qudits whenever the output is rejected, while record-
ing acceptance (rejection) in computational basis states |0) (|]1)) of an ancillary qudit. Since
such a trace-preserving stabilizer code projection belongs to the stabilizer subtheory for qudits
of odd prime dimension d, it is stochastically represented under Gross’s Wigner representa-
tion. Furthermore, every trace-preserving stabilizer code projection protocol has the form A¢
from Eq. (4.9) once we let C be any [[n, k] stabilizer code and ¢ be any k-qudit stabilizer state,
so by the reasoning of section 4.3.2, we can take the following analogous reference process to

that defined for qubit CSS code projection protocols in Eq. (4.16),

n ®k
A (M ) =t m @ [0)0] + (1 = d* ") @ [1)1] . (B.49)

As Gross’s Wigner representation for the maximally mixed state on a qudit of prime dimension
d is the uniform distribution on a d? sample space, the representation of any qudit state p;, will
have support inside the representation of the maximally mixed state. We can therefore apply
the above Theorem to trace-preserving stabilizer code projection protocols on qudits of odd

prime dimension d with the above reference process to obtain Theorem 37.

B.4.2 Continuity of a-Réyni entropy in state

In this section, we establish a bound on the difference between a-Réyni entropies calculated on
Wigner representations of states p and o based on the distance between the states themselves.
We first define the ¢;- and />-norms, respectively, of a vector w € R? as

d

lwll = |wil, (B.50)

=1
d 3
|wl|y = [Z |wi|2] . (B.51)
=1

We now make use of the following result from the literature on real vector spaces (e.g. see
[146]), which is a consequence of the Cauchy-Schwarz inequality.

Lemma 79. For all w € R¢

Jwll, < Vd|wl],. (B.52)
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This result enables us to show that vanishingly small variations in quantum states correspond
to vanishingly small variations in their Wigner representations.

Lemma 80. If ||p — ol|; < e then for any Wigner representation W, we have
W, — Woll; < Vde. (B.53)

Proof. To simplify notation, we first define the state difference A := p—o suchthat Wa = W, — W,,.

Since the Schatten-p norms are non-increasing with respect to p [146], we obtain

lp=ally = llp=ally =

D Wa(z) Ay

2

= S WA @) Wa () (e, Ay)
T,y

= ) WE(2)Wa(y)doa,y
Y

1

= Vd||[Wall, >
[ Allg_\/g

Wally (B.54)

where in the second inequality we employ Lemma 79. We thus obtain ||W, — W, ||, < Vd||p — o||,

which completes the proof. O

Lemma 81. Let p and o be two quantum states of a d-dimensional qudit such that ||p — o||; < €. Then

|Ho[W,) — Ha[W,]| < —

< ——log [1 n edﬂ . (B.55)

Proof. Theorem 7 (2) of Ref. [147] tells us that for two d?-dimensional distributions w, w’, we

have the following continuity statement on the a-Rényi entropies

«
a—1

|Ho(w) — Ho(w')| < log [1+ ||w — w'||,d?] . (B.56)

The Lemma result then follows from Lemma 80. O

B.4.3 Proof of Theorem 38

We are now in a position to derive the analytic bounds on code length for stabilizer code
protocols on qudits of prime dimension d presented in Theorem 38.

Theorem 38 (Qudit code length bounds). Consider the distillation of a target pure magic state 1
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from a supply of the noisy magic state pi,, where 1 and psy, are states of a single rebit (qudit of odd prime
dimension d). Any n-to-k CSS (stabilizer) code projection protocol that distils n copies of pin into a
k-rebit (qudit) state poyt with acceptance probability p and per-rebit (qudit) output error €y, must have

a code length n such that

N k[logd — Ho(Wy)] — 125 log (W)
n > )
[logd - Ha(WPin)]

(4.27)

forall o € A for which Ho(W,,,) < logd, and

k[Ho(Wy) —logd] + & log (——L2—~
< FEHo(Wy) ~logd) + 125 log (372 ) (428)
[Ha(WPin) - IOg d]

forall « € A for which Ho(W,,,) > logd, where W is the qubit Wigner representation defined in

Eq. (3.18) (Gross’s Wigner representation).

Proof. Let i1 denote the maximally mixed state of £ qudits with prime dimension d. We first
note that Lemma 75 extends straightforwardly to Gross’s Wigner representation upon replac-
ing rebits by qudits of odd prime dimension d and CSS states by stabilizer states. Applying
this extended Lemma to the parts of p, and 7, ;, that are tagged by |0)(0| on the ancillary qudit,
we obtain

poé
Qa(Wp,|W-, ) > WQQ(Wpout [[Wy)- (B.57)

By applying the fact that log(-) /(o — 1) is a monotonically increasing function for a > 1 to both
sides of the above equation, we see that

D > 1 L
a(prHWTn,k> < a1 0g dn—k)(1—a) Qa(Wou | W)

o
a—1

= Da(Wpo|[IWy) + logp + (n — k)logd

«
a—1

= klogd — Ho(Wp,,.) + log p + nlogd, (B.58)

where in the final equality we have used the identity D, <Wp

WM) = 2klogd — Hyo(W,) due
to Eq. (3.33).
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We can now make use of the continuity of the Rényi entropy as stated in Lemma 81 to obtain

(07

5
log[1 + keourd?], (B.59)
a—1

‘Ha [W¢®k] - HD( [Wpout]

<

where we have applied the definition of the output error rate e,y = k1 Hpout - zb@kHl. By

applying the above inequality to obtain

klogd - Ha(Wpout) = klogd - Ha(W¢®k) + (Ha(Wiﬁ@k) - Ha(WPout)

> klogd — Ha(me) - ‘(Ha(Wq,@k) - Ha(Wpout)’
o
a—1

> klogd — Ho(Wyer) — log[1 + keoud?), (B.60)

we can lower-bound D, (W), ||W-, ,) further as

o
a—1

a—1
= kllogd — Ha(Wy)] - 5 f‘a log - " kp -+ nlogd (B.61)
€out

«

Da(W,, |IWs, ) > klogd — Ho(Wyer) — log[1 + keourd?] +

logp +nlogd

where in the final equality we have used

1

Ha(Wd)@k) = 1—a

log Z Z Ww(ul)a‘..Ww(uk)a

u1€P upEP

k
el [ > Www)a]

=1 uiEPd

-k ( L log > W¢(u)a> = kH, (W) (B.62)

1l -«
uepP

for the phase space Py = Z4 x Zq used for the Wigner representation of a single qudit with

prime dimension d. Noting that

D <W %nnW(E)@n) = nDy (me||W( >) = n[2logd — Ha(W,,)] (B.63)

1
d

where we applied Property (D2) in the first equality and Eq. (3.33) in the second, we obtain the

following upper bound on the relative entropy difference AD,,

0< AD, < nllogd — Ho(W,,)] + k [Ha(Wy) —logd] + ——log—F— . (B.64)
-« 1+ kfoutdE
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This gives a weaker but still necessary constraint on stochastic transformations accomplishing

p®" s ppand ()" s 7, . We can rearrange this as

n[Ho(W,,,) —logd) < k [Ha(Wy) — logd] + —— log ————. (B.65)
l-a 1+ kﬁoutdi

For H,(W,,, ) < logd, we can rearrange Eq. (B.65) to obtain the lower bound in Eq. (4.27). For
H.(W,, ) > logd, we obtain the upper bound in Eq. (4.28). O

B.5 Decomposition of CSS magic distillation into code projections

We first define magic distillation protocols in the CSS setting.
Definition 82. An n-to-k CSS magic distillation protocol is any CSS circuit (as defined in Lemma 19)

that takes in n > 2 qubits and outputs onto the first 1 < k < n qubits.

With this definition in hand, we move to the main goal of this section, which is to prove the
following theorem.

Theorem 83. Every n-to-k CSS magic distillation protocol £ can be decomposed as a sum of CSS code
projection protocols followed by preparing CSS states and completely CSS-preserving post-processing.

Thus one can write

®(p) = Zpi Ui o (P, (p) @ |lpiXeil) s (B.66)

where p; is a probability, U; is a completely CSS-preserving unitary channel on k qubits, ®c, is the
codespace projection protocol for an [[n, k;]] CSS code C; for an integer k; in the range 0 < k; < k, and

|pi) is a CSS state on (k — k;) qubits.
Proof. To bring £ into the desired form, we proceed in four steps (all auxiliary lemmas used
will be presented after this proof):

1. By Lemma 85, any n-to-k CSS magic distillation protocol ® can be decomposed as a sum

of n-qubit operations

(p) = > i where @ = ey, m | Kilp @ [0)i]) K] | (B.67)

(2

wherein ¢; is a probability, |¢;) is a CSS state on m ancillary qubits and K; is a Kraus
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operator of the form

N
K;=U; (H P(Si,j)) ; (B.68)

J=1

for a completely CSS-preserving unitary U; and projector P(.S; ;) onto the +1 eigenspace
of a CSS observable §; ;.

2. By Lemma 86, each operation ®; can be further decomposed into a sum

(I)z(p) = Z (I)i,s(p)’ (B.69)

se{0,1}n+m—Fk

where each operation ®;  first introduces m ancillary qubits in the CSS state [¢;), then
post-selects the +1 outcome in a sequence of projective measurements of CSS observ-
ables S; v, ..., 5;1, and then performs a CSS code projection protocol on the input and

ancillary qubits. Thus one can write

®;5(p) = ¢, , o T1(Si1) 0 -+ o (i N)[p @ |[LiXeill, (B.70)

where II(S; ;) post-selects the +1 outcome in a projective measurement of the CSS ob-

servable S; j, and ®¢, , is the code projection of an [[n + m, k]] CSS code C; s.

3. By repeated applications of Lemma 87, we find that ®; ; performs a CSS code projection
on the input and ancillary qubits, followed by preparing a CSS state and completely

CSS-preserving post-processing. Thus one can write

Dis(p) =qis Ui g0 (Dcr (p @ [i)hi]) @ |<P/><90/‘i,3)7 (B.71)

where ¢; ; is a probability, U] ; is a completely CSS-preserving unitary channel on k
qubits, [¢'); ; is a CSS state on k—Fk;  qubits for some integer &; ; intherange 0 < k; ; <k,

and ®¢/ is a code projection for an [[n + m, k] ,]] CSS code C; .

» Vi s

4. By Lemma 89, each CSS code projection ®c;  on the input and ancillary qubits from
Eq. (B.71) can be reduced to a CSS code projection on the input qubits alone, followed

by preparing a CSS state and completely CSS-preserving post-processing. Thus one can
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write

By (p @ [idwil) = aia Uils o (Bey (p) ® "X, ) (B.72)

where ¢, is a probability, U/, is a completely CSS-preserving unitary channel on k;
qubits, ®cy is the code projection for an [[n, k]] CSS code C7, for some integer k7, in

» i s

the range 0 < kj/; < ki ;, and |¢"), | is a CSS state on k] ; — k] ; qubits. Substituting back

1,87

then immediately yields the result. O

Auxiliary lemmas

Before turning to the proofs of Lemmas used in each step of the main proof, we present a
result on the conjugation relations between completely CSS-preserving unitaries and CSS ob-
servables as well as three representations of CSS code projection protocols, all of which will be
useful throughout.

Lemma 84. Given any completely CSS-preserving unitary U and CSS observable S on n qubits,
S’ := U'SU is another CSS observable of the same type as S. This further implies P(£S)U = UP(£S5").

Proof. For convenience, let us label the n qubits as 1,...,n. Let a be an arbitrary n-bit string,
and e; be the n-bit string with 1 in its jth entry and 0 everywhere else. We then have the

following conjugation relations

Z;j|X(a)]Z; = (-1)“ X(a) (B.73)
7j2(a))2; = Z(a) (B.74)
X;[X(a)]X; = X(a) (B.75)
X;[Z(a))X; = X;(—1)% Z(a) (B.76)
CNOT(3, )[X ()] CNOT (i, j) = X (a + ase;) (B.77)
CNOT(3, )[Z(a)] CNOT(i, j) = Z(a + aje;), (B.78)
for any i, j from the range 1, .. . , n, where arithmetic is modulo 2. Since  is of the form £X (a)

or £Z(a), and U is a product of CNOT(4, j), Z; and X for ¢, j in the range 1, ..., n, we imme-

diately arrive at the Lemma result. O

We recall from Chapter 4 and Lemma 74 that the code projection protocol for an [[n, k]| CSS
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code C with n > k and minimal set of stabilizer group generators {51, ..., S,_x} can be repre-

sented in terms of a completely CSS-preserving unitary Uc and codespace projector Fr as

; ; Zy4; if S; is Z-type
Be(p) = Trpst,..m [UCPc(p)PCUC where Ul(S)Uc =

Xk-i—i if Sz is X—type
n—k
and P = [[ P(S)) (B.79)
i=1
With slight abuse of terminology and notation, we shall also refer to Uc as the encoding unitary

of C throughout the rest of this section.

By conjugating U¢ past each P(.S;) in Fe, we obtain the following alternative expression of ®¢
in terms of the decoding unitary and the zero-syndrome projector Py (up to Hadamard gates

on syndrome qubits to transform |+) into |0) as needed).

Be(p) = Trpst,..m [Poug,(p)UcPO where Py = [[ P(Ci)
i=k+1

Xiyi  if Sjis Z-type
for C; :== (B.80)
Zyyi  if S;is X-type,

which is equivalent to

De(p) = Trpi,m KI X |¢z-><¢ir> U (p)Ue (I ® \¢i><¢i|>]
i=k+1 i=k+1
if S; is X-t
where |¢;) = ) i Siis X-type (B.81)
|0) if S;is Z-type,

Now U generates the logical basis for C as

Vs € {0,1}F : |s¢) = Up <|s> ® |¢>z)) (B.82)

i=k+1

We can therefore express ®¢ as the Kraus decomposition

Oe(p) = KepKl for Kl == |[sc)s]. (B.83)
s€{0,1}F
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When k = 0, ¢ simply projects onto a pure n-qubit CSS state and then discards it.

Step 1: Standard form for CSS magic distillation protocols

Lemma 85. Any n-to-k CSS magic distillation protocol ® can be decomposed as a sum of n-qubit

operations

@(p) = D pi Wit i | Kilp @ i) i) K] (B.84)

7

where p; is a probability, |1;) is a CSS state on m ancillary qubits and K; is Kraus operator of the form

N
K; =U; (H P(Sz-,j)> , (B.85)

=1

where U; is a completely CSS-preserving unitary and P(S; ;) projects onto the 41 eigenspace of a CSS

observable S; ;.

Proof. By Lemma 69, we can decompose ® as follows
D(p) = 30 Trrsn,nim | Kilp @ 00) K] | (B.86)

where p/ is a probability, o; is a CSS state on m ancillary qubits and K is a Kraus operator of

the form
N
K; =[] P(siUi;, (B.87)
j=1

where U] ; is a completely CSS-preserving unitary and P(S; ;) projects onto the +1 eigenspace
of the CSS observable S; ;. Given any completely CSS-preserving unitary U and CSS observ-
able S/, we have that S'U = US, where S is another CSS observable. Therefore, we can con-
jugate every completely CSS-preserving unitary Ui’7 ; to the beginning of its Kraus operator K,
where we compose them into a single completely CSS-preserving unitary U;, leaving behind a
string of projections onto the +1 eigenspaces of another set N CSS observables {S; ;} in their
wake. Decomposing each CSS state o; on ancillary qubits into a statistical mixture of pure CSS

states then yields the Lemma result. O

159



B.5. CSS distillation as code projections Chapter B. Appendices to Chapter 4

Step 2: Exposing the decoding

Lemma 86. Consider a channel ® on n qubits that performs a completely CSS-preserving unitary U

and then discards the final n — k qubits,

(p) = Tepsr,..n [U(p)U'] (B.88)

where 1 < k < n. Then ® can be decomposed into a sum over CSS code projections {®¢, } onto [[n, k]|

CSS codes {Cs} indexed by the computational basis {s} on the discarded qubits,

)= D, (o) (B.89)

s€{0,1}n~k

Proof. The channel ® is unchanged by performing a measurement in the computational basis

{|s)} of the final n — k qubits before discarding them. Thus one can write

p)= Y. Ds(p), (B.90)
s€{0,1}n—k
where we have defined
Do) = Trps,n |15 @ |s)s| (U (0)0)1%F @ [s)s]] (BI1)

Let Us be a completely CSS-preserving unitary on the final n — k qubits that transforms |s) into

0, e.g. Ul == @7 (X)%. By the cyclic property of the trace, we obtain
Du(p) = Trks1,..n [ K(DKT] (B92)
for the Kraus operator
K = 1%% @ (U |sXs|) U = 1% @ |0)(0] ([n®k ® US]U) . (B.93)

By Eq. (B.81), we see that ®, can be interpreted as a code projection protocol with a com-
pletely CSS-preserving decoding unitary UsU for an [[n, k]] CSS code Cj stabilized by S(Cs) =
(UsU) Zypyr (UsU), ..., (UsU) Z, (UsU)). O
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Step 3: Removing the projections

Lemma 87. Let ® be an operation on n qubits that projectively measures a CSS observable S, post-

selects the +1 outcome, and then carries out a code projection ¢ of an [[n, k]] CSS code C, i.e.
O (p) == D¢ o II(S)[p] where I1(S)[p] :== P(S)pP(S). (B.94)

where n > k. There are three possibilities for how ® transforms p:
1. that ®(p) = 0 for all p.

2. that ® is a code projection ®c: for another [[n, k]| CSS code C’, followed by completely CSS-

preserving unitary post-processing U. Thus one can write
®(p) =pU o Pei(p), (B.95)

where p > 0 is a probability. One can further find logical bases for the new and old codes respec-

tively, {|s¢/) |s € {0,1}*} and {|sc) |s € {0,1}*}, such that

P(S)[sc) o |ser) - (B.96)

3. for k > 1, that ® is a code projection C' for an [[n,k — 1]] CSS code C', followed by preparing a

CSS state |p) on a single qubit and completely CSS-preserving unitary post-processing U', i.e.

D(p) =U" o [Per(p) @ [0)el]- (B.97)

Furthermore, we can find logical bases {|s(,) |s' € {0,1}*~1} and {|s¢) |s € {0,1}*} such that

P(S)|f(s")e) o |ser) (B.98)
for some function f : {0,1}*~1 — {0, 1}*.

Proof. Let {Sk+1,...5,} be CSS observables that constitute a minimal set of generators for
the stabilizer group S(C) of C. We now demonstrate how to manipulate ® into one of the
forms stated by the Lemma depending on the relationship between S and the CSS observables

generating S(C).
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(i) S does not commute with at least one generator of S(C). We assume without loss of
generality that S does not commute with Sy ;. We now show how ¢ can be manipulated

into the second form stated by the Lemma.

By Eq. (B.83), we can express ® as the following Kraus decomposition in terms of the

logical basis {|s¢)} generated by the encoding unitary U¢ of C as

O(p) = K(p)K' for K := >~ P(S)|sc)s|. (B.99)
s€{0,1}*

The stabilizer group S(|s¢)) for each logical basis state |s¢) can be expressed as
S(Isc)) = (—1)* Uc(21)UL, . . ., (1) Ue(Zk) U, Skits - - S, (B.100)

We can multiply all generators of S(|s¢)) that do not commute with S by Sy and, as all
CSS observables that do not commute with S must be of the same type, arrive at another

set of commuting, independent and non-trivial CSS observables {51, ..., S, } such that
S(se)) = (1)1 S1, ..., (=1)°* Sk, Sk+1,- -, Sn)- (B.101)

This implies (see proof of Lemma 68)

P(S)|sc) = \}5 |1bs) (B.102)
for a CSS state |1)) stabilized by
S([vs)) = ((=1)* 51, ..., (=1)* Sk, S, Sk . ., Sh). (B.103)

Applying Lemma 74 to S1, ..., Sk, S, Sk+2, - . -, Sn, we can find a completely CSS-preserving
encoding unitary Ug for the [[n, k]] CSS code C’ stabilized by (S, Sk+2, - - ., Sn) that gener-
ates a logical basis {|s¢/)} in C’ such that |s¢r) shares the stabilizer group of |¢s). There-

fore, |s¢/) and |1)s) only differ up to a phase, and one can write

P(S) |se) = \}ie_ies 1s¢r) (B.104)
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(i)

Substituting into Eq. (B.99), we obtain
1
B(p) = SU [@er(p)] UT, (B.105)

where we have defined the following unitary on & qubits to adjust for the phase differ-

ences between |1)5) and |s¢/),

U= > % s)s]|. (B.106)
se{0,1}F
We see that Eq. (B.105) now matches the second statement of the Lemma provided that

U is completely CSS-preserving, which we now proceed to show.

Consider an arbitrary pure CSS state |¢)) on k qubits. Since Ug is completely CSS-
preserving, it encodes |¢)) as another CSS state [¢¢/) in C'. The initial form of & in
Eq. (B.94) shows that it is completely CSS preserving, which implies ®(|¢cr)}(t¢|) is a
(possibly subnormalised) CSS state. On the other hand, the form of ¢ in Eq. (B.105)
implies ®(|ype:)vber|) = U [¢)4| UT, and therefore U |¢)t)| must be CSS as well. We
conclude that if |1) is CSS, then so is U |), which implies that U is CSS-preserving.

From the proof of Lemma 67, we can express U as U = [H ®k]a V, where V is a com-
pletely CSS-preserving unitary and a is a binary digit. While the CNOT-gate and single-
qubit X- and Z-gates map computational basis states onto computational basis states,
the collective Hadamard gate does not. As U is diagonal in the computational basis by

construction, we conclude that a = 0, so U is indeed completely CSS-preserving.

S commutes with Si1,...,5,, and both S and —S are independent of them. This is
only possible when k& > 1. In this case, we show that ® can be manipulated into the third

form in the Lemma.

By Eq. (B.80), we can express ® as the following once we conjugate P(S) past U in accor-

dance with Lemma 84:
P(p) = Triy1,..m PoP<S’)UcT(p)UcP(S/)Po] (B.107)

where S’ = UgS Uc is another CSS observable, and P, is the zero-syndrome projector of
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C. Consider the term

X; if S;is X-type,
P(S8")Py = P(S")P(Cg+1) ... P(Cy), where C; == (B.108)

Z; if S;is Z-type.

from Eq. (B.107). Given any two Pauli observables O, and O, we have that [82]
P(01)P(02) = P(010:2)P(02). (B.109)

Because S’ must commute with C,,_y, ... C,, we conclude that S’ can be non-trivial on a
qubit i where k + 1 < i < n if and only if C; is the same type of Pauli observable as 5’,
which implies, since C; must be non-trivial, that S’ is non-trivial on a qubit i if and only if
S'Cj; is trivial on qubit i. We can therefore apply Eq. (B.109) to S” and the C; in Eq. (B.108)
to eliminate the non-trivial part of P(S’) on the last n — k qubits, and conclude that there

exists a non-trivial CSS observable S” on the first k qubits alone such that
P(S")Py = [P(S") ® 12"~ R, (B.110)

Since both S” and —S5’ must be independent of C, +1,. .., C),, we conclude that S” is not

proportional to the identity.
We now consider the cases where S” is Z-type and X-type separately.

(a) S”is Z-type. We therefore represent S” as S” = (—1)°Z(z), where b is a binary digit
and z is an k-bit string of which at least one bit j is such that z; = 1.
Consider the following completely CSS-preserving unitary on k& qubits
) k
UT := SWAP(j, k) 0 X! o Uz where Uy, := [ [[CNOT(, 5)]*, (B.111)

i=1

where SWAP(j, k) := CNOT(7, j) CNOT(j,7) CNOT(3, j) swaps qubits ¢ and j, and
Uz has been designed via Eq. (B.1) to “clear” the non-trivial parts of S” on every

qubit except the jth, which implies Uc[Z (z)]Ug = Z;. Therefore,

UTP(S")U = P(Zy), (B.112)
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Using Eq. (B.112) to substitute P(S”) in Eq. (B.110), we have by Eq. (B.107) that
O(p)=U <Trk+17m,n [P’U’T(p)U/P’]) o, (B.113)
where we have defined
P':= P(Z)Pyand U’ := UcU @ 190"F), (B.114)

As kth qubit outputted after the projection P’ is always |0), we can simply discard

the kth qubit as well and re-prepare it. Thus one can write
®(p) = U (@cr(p) @ [0)0]) U, (B.115)
where we have defined
Ber(p) == Trg. | P'U(p) U’P’] . (B.116)

By Eq. (B.81), we see that @ is the code projection of an [[n, k — 1]] CSS code C’
stabilized by (U’ Z,U't, U'Cy U'T, ..., U'C,U't) with a completely CSS-preserving

encoding unitary U’.

By Eq. (B.82), U’ generates the following logical basis for C’:

vs' € {0,171 |sp) = U’ |s) |0) | @)
|+) if S; is X-type.

n—k
where [®) = (X) |¢;) for |¢;) = (B.117)
=1 |0) if S;is Z-type.

Noting that P(Z) P is the zero-syndrome projectors of C’, which has the zero syn-

drome state |0) |®) on its (n — k — 1) syndrome qubits, we can relate each logical
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basis state |s(, ) to a (unique) logical basis state in the old code C as

[str) = [Uel @ 1509 ') 0) @)
- [UCU ® 1®<n—k>} P(Zy)Po |s') [0) @)
= UcP (8") @ 190=F) py [(U |s") \0>> \‘Iﬂ
= UeP(S")Po |f()) |®)
= P(S)Uc|f(s)) |®)

= P(S)|£(s)c), (B.118)

where we have defined |f(s')) := U |s) |0), used Eq. (B.112) for the second equality,
used Eq. (B.110) for the third equality, and the fact that Py is the zero-syndrome
projector of C, whose zero-syndrome state is |®) on (n — k) syndrome qubits, for the

fourth equality. Explicitly, f evaluates to

f(sl) :(3’1, . ,3971, s, s;, .. ,32_1),where
-1 K
5= (Z 3225) +b+ Z Si 1% | (B.119)
i—1 i=j11

and arithmetic is modulo 2.

(b) S” is X-type. We therefore represent S” as S” = (—1)*X(x), where b is a binary

digit and x is an k-bit string of which at least one bit j is such that z; = 1.

Consider the following completely CSS-preserving unitary on & qubits,
Ul =MV, 02} 0 Ug, (B.120)
in which U¢ is defined as
k
[I CNOT(ji) if3i#j:a=1,
i=1

Uc = { zi=L,i#j (B.121)

1®k otherwise.
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Because U¢x [X(ac)]U(TJ = X, we have that
UTP(S"U = P(Xy). (B.122)
Using Eq. (B.122) to substitute P(S”) in Eq. (B.110), we have by Eq. (B.107) that
O(p)=U (Trkﬂ,m,n [P’U’T (p)U/P’D o', (B.123)
where we have defined
P = P(Xy)Po, U' = UpU @ 1%(=F) (B.124)

Since kth qubit outputted by the part inside U(-)UT is always |+), we can simply

discard the kth qubit as well and re-prepare it. Thus one can write
Ep) =T (K'(p) ® [+)+]) T, (B.125)
where we have defined
K'(p) = Try,..a |P'UT(p)U'P'| . (B.126)

From Eq. (B.79), we see that K’ is a code projection for an [[n, k — 1]] CSS code C’
stabilized by (U’ XUt U'Cy 1 U'T, ..., U'C,U'T) with a completely CSS-preserving

encoding unitary U’. By Eq. (B.82), U’ generates the following logical basis for C':

Vs € {0,1} 71 [sg) = U’ |s) [+) |@) (B.127)

n—=k
where |©) := (X) [¢;) - (B.128)
=1

We can then relate the logical basis state |s[,) in the new code C’ to a logical basis
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state in the old code C as

|s6:) = |Uel @ 1079 P(Xp)Po |') | +) @)
= V2 [Uel & 1509 P(X,) Py |s') [0) @)
=V2UcP(58") @ 120k By (U ES) \0>> |©)
= V2UeP(S)Po | £(5))) |®)
= V2 P(S)Uc |f(s)))|®)
= V2 P(S)|f(s)c) . (B.129)

where we defined |f(s')) := U |s') |0), used Eq. (B.122) to obtain the second equality
and Eq. (B.110) to obtain the third. Explicitly, f(s") = (s, .., 5;‘—1’ 0, s;«, ey Sh)-

(iii) Either S or —S is notindependent of Sy 1,...,S,. This implies either —S or S stabilizes
C. In the former case, we see from Eq. (B.99) that ®(p) = 0 for all p. In the latter case,
we have P(S5) |s¢) = |sc), which implies ® = ®¢ by Eq. (B.99). Together these equations

match the Lemma’s second form. O

Step 4. Removing ancillary qubits

Lemma 88. Let C be an [[n + m, k]] CSS codes where n > 1,n > k and m > 0, and let {|sc)} be a
logical basis for C generated by a completely CSS-preserving encoding unitary U such that each logical

basis state |sc) factorises over n and m qubits, i.e.,

|sc) = |s) @ 1), (B.130)
where |1) is a CSS state on m qubits. We then have that

W) = e % [scr) (B.131)

where {|sc/)} is a logical basis for an [[n, k]] CSS code C' generated by a completely CSS-preserving

unitary.

Proof. The stabilizer group for the logical basis state |s¢) can be related to the stabilizer group
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S(C) of C as

S(lse)) = {(—1)* 81, (—1)%Sx) x S(C), (B.132)

where we have defined S; := UZ;U' fori=1,...,k.

We observe that S(C) is a direct sum of Fy-subspaces Sx (C) and Sz(C) corresponding to X-
and Z-type stabilizers for C. Because [¢) is a CSS state, its stabilizer group S(|¢)) is similarly

a direct sum of Fy-subspaces Sz(|1)) and Sx (|1)) corresponding to X- and Z-type stabilizers
for [1).

Since {|s¢)} span C, Eq. (B.130) implies that, if S stabilizes |¢), then 1% ®@ S stabilizes C.
Therefore, 19" ®Sz(|¢)) and 19" @ Sx (|¢)) are Fa-subspaces of Sz (C) and Sx (C) respectively.
By applying the basis extension theorem separately to the Z and X cases, we can represent

S(C) as

S(C) = (Sksts- s S, 12" @ T, ..., 19" @ Ty,), (B.133)

where Si11,...,S, and 11, ..., T,, are all CSS observables such that S(|¢))) = (11, ..., Tp).

The stabilizer group of |s¢) can then be represented as

S(Isc)) = ((—=1)**S1,..., (=1)% Sy, Spi1, .., S, 19" @ T, ..., 19" @ T,), (B.134)

from which we note that Si,...,S, are all members of S(|0¢)), the stabilizer group for the
zero logical basis state in C. Since |0¢) and |¢) are CSS, |¢)o) must be CSS as well (as discard-
ing the last m qubits is CSS-preserving). Therefore, S(|0¢)) is a direct sum of Fy-subspaces
19" ® S(J¢)) and S(|vo)) ® 1®™, where S(|¢bo)) is the stabilizer group of |1p). Consequently,
we can express S; as S; = S! ® T}, where S; and T} are CSS observables of the same type
as S; that respectively stabilize |¢9) and |¢). Therefore, by multiplying each \S; in Eq. (B.134)
by appropriate generators of the same type in {1¥ ® T1,...1%" ® T, }, we can represent the

stabilizer group of |s¢) as

S(lse)) = S(1¥s)) @ S(|4)), (B.135)
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where the stabilizer group S(|¢s)) is generated by
S([vs)) = ((=1)*157, ..., (=1)** S}, Shsts-- -, Sh), (B.136)

in which S7,...,S5) are Z-type because S,...,S; are Z-type. By applying Lemma 74 to
S1,..., Sy, wecanfind alogical basis {|s¢/) } for an [[n, k]] CSS code C’ stabilized by (S} ,;,...,5}),
generated by a completely CSS-preserving encoding unitary, such that |s¢/) shares the stabi-
lizer group of [is). Therefore, |s¢/) and |¢s) only differ up to a phase, which implies the

Lemma. O

Lemma 89. Let ®¢ be the code projection for an [[n + m, k]] CSS code C where n > 1,n > k and
m > 0. Then given any m-qubit CSS state |1)), we have that ®¢([-] @ |¢)|) is equivalent to a CSS
code projection on n qubits alone, followed by preparing a CSS state and completely CSS-preserving

post-processing, i.e.

Delp@ w)wl) = ptl o (Felp) @ lp)el) (B.137)

where p is a probability, U is a completely CSS-preserving unitary channel on k qubits, ®¢ is a code

projection for an [[n, k']] CSS code where 0 < k' < k, and |p) is a CSS state on k — k' qubits.

Proof. Let {Sn+1,...,Sn+m} be a set of CSS observables that generate the stabilizer group

defining |¢). Then ®¢(p ® |¢)¢]) is equivalent to

Pe(p @ [Y)P]) = Pe(Plp @ [)¢[]P), (B.138)

where P projects the last m qubits onto |¢), i.e.

n+m
P=1"g )y = [[ PA*"®S). (B.139)
i=n+1

By applying Lemma 87 to each projection carried out by P, we obtain

Delp @ [PX]) = pU o p(p @ [P)XW]) ® o)l , (B.140)

where p is a probability, I is a completely CSS-preserving unitary channel on k qubits, ®¢ is a
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code projection for an [[n+m, k']] CSS code C’ where 0 < k' < k, and |p) is a CSS state on k — &’
qubits. Lemma 87 further implies there exists a logical basis {|sc/)|s € {0,1}*'} for the new
code C’, generated by a completely CSS-preserving encoding unitary, which can be related to

an orthonormal set of states {|¥) |s € {0,1}*¥'} on n 4+ m qubits as
P|Us) = (19" @ [p)¢]) [Ws) o< [scr) - (B.141)
Eq. (B.141) immediately implies
|scr) = [¥s) @ |9) (B.142)

where |1);) is a state on the first n qubits alone. By Lemma 88, each |1)s) is, up to a phase that may
vary with s, a logical basis state |s¢») for an [[n, k']] CSS code C” with only n physical qubits.

Thus one can write

|ser) = e |spn) @ [4h) . (B.143)

By Eq. (B.83), we can express the code projection ®¢/ for C’ in terms of the logical basis {|s¢/)}

as

()= KK, K= )" ser) (s]. (B.144)
se{0,1}F

We can then use Eq. (B.143) to show that

P (p® W) = U' [@e(p)| U, (B.145)

where we have defined the following unitary on k" qubits to adjust for the phase differences

between |s¢/) and |1)),

U= > ¢?|s)s|, (B.146)

se{0,1}¥
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as well as

Oo() =KOK!, K= > [sen) (s], (B.147)

s€{0,1}¥
By comparison with Eq. (B.83), we see that &¢ is the code projection for the [[n, k']] CSS code
C”. Following a similar argument to that at the end of case (iii) in the proof of Lemma 87, we
can demonstrate that U’ is completely CSS-preserving. Substituting back immediately yields

the Lemma result. O
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Appendix C

Appendices to Chapter 5

C.1 Properties of the conditional min-entropy

We begin by reviewing some useful properties for the exponentiated single-shot conditional min-

entropy function F' : Herm(RA) — R, which is simply defined as
F(Qpa) =27 o028 = inf {Te[Xa]: In ® X4 > Qpa}. (C.1)
AZ

on every Hermitian operator {2r4 of the joint system RA.

Given any Hermitian operators Qz4 and Q2 , € Herm(RA), Ref. [148] showed that

(P1) (Scalar multiplication). F(AQgra) = AF(2ra) for any A > 0.

(P2) (Convexity). F(pQra + (1 —p)Q%4) < pF(Qra)+ (1 —p)F(Qy,) forany p € [0, 1].

(P3) (Invariance under local isometries). Let Ur and V4 be local unitary channels on subsystems

R and A respectively. Then F'(Ur o Va(2ra)) = F(Qra).

(P4) (Local data processing inequality). Let ®r : B(R) — B(R’) be a unital CPTP map and
Ay : B(A) — B(B) be a CPTP map. Then F' ((Pr ®id4)(Q2ra)) < F(2ra) and F((idr ®

A4)(Qpa)) < F(QRa).

We also recall the following notation for evaluating F' on bipartite G-twirled states,

Fy(1) = F(G(nr ® Ta)), (C.2)
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and that AF,, := F,,(p) — F;,(0) > 0is equivalent to AH,, :== H,(0) — Hy,(p) > 0. This is because
F(X) > 0 for any X that is positive-semidefinite with at least one non-zero eigenvalue [148],
which is true of G(nr ® 74) formed between any reference frame np and input state 74 because

it is a quantum state, and — log(z) is monotonically decreasing in x for z > 0.

C.1.1 Invariance under local unitary channels that commute with §

We now prove the following Lemma from the main text, which specializes property (P3) to the
particular conditional min-entropies appearing in Theorem 42.

Lemma 46. Let U and V° be unitary channels on the reference and input systems respectively such
that UR @ V3 is G-covariant (on the joint system RS). Then given any reference frame 1 of system R

and input state T of system S, we have that
Hyryy [VE ()] = Hy(1). (5.25)
Proof. By a straightforward appeal to Property (P3), we have
F(G[uU"(r) @V3(rs)]) = F U @V oGlir@s]) = F(@mr@al).  (C3)
Since H,(p) = —log F(G[nr @ 75]), this implies Hy(,y(V(7)) = H, (7). O

C.1.2 Symmetric input states

We now prove that, when 7 is symmetric, H,, has the same value on all input states, which
implies that if 7 is symemtric, AH,, = 0 and imposes no constraints on state transitions.

Lemma 44. Given any input state ps of system S and reference frame nr of system R,

Hg(y)(p) = Hy(G(p)) = Hg()(G(p)) = —1og |G(1)| (5.24)

where |||, is the Schatten-oo norm defined in Eq. (2.8). Therefore, if 1 is symmetric so we have

n = G(n), then AH, = 0.

Proof. The first two equalities straightforwardly follow from

GGMm®p)=G(n) @G(p) =G6(nxG(p)) =36(G(n ®G4(p)) (C4)
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To show the final equality, we first examine

F(G(n) @G(p)) = Inf {Tr[X] : 1® X —G(n) @G(p) = 0} (C5)
Since G(n) is Hermitian, it can be diagonalised as G(n) = ). p1; |i)(i| for some orthonormal

basis {|i) } of the reference system. Working in this basis, we obtain

1®X —Gln Z| i@ X =3 mliil ©G(p Z| i|® (X —uG(p) (CH)

Therefore, 1 ® X — G(n) ® G(p) > 0if and only if X — 11;G(p) > 0 for all 4, which in turn is true
if and only if X — p1maxG(p) > 0, where finax is the largest eigenvalue of G(p). We can therefore
lower-bound the Tr[X] needed to achieve this by noting that if X — jimax[G(p)] > 0, then given

any orthonormal basis {|j)} for the input Hilbert space, we have that

Vi (Gl X 15) = pmax (7] G(p) 17) = 0 (C7)

and can therefore identify the following lower bound after summing the above inequalities

over j:
- TI'[X] > Mmax Tr[g(p>] = Hmax (C8)

This lower bound can be attained by a positive semidefinite X simply by setting X := pimaxG(p).

Therefore,

F(G(n) ©G(p)) = pmax = [9(0)|loe = Hg)(9(p)) = —10g[G(p) | o (C9)

where we have used the fact that the largest eigenvalue of a positive semidefinite operator can

be identified by its Schatten-co norm. O
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C.2 A sufficient surface of reference frames

C.2.1 Depolarizing the reference state

Let us define the partially depolarizing channel for some fixed probability p:

1
- (C.10)

Aplpl = pp+ (1 —p)
The following lemma shows that the functional F; (p) behaves linearly when we take convex

combinations of the reference state with the maximally mixed state.

Lemma 90. For any reference state nr and input state T4, we have

Fryn)(7) = pFy(7) + (1 = p)Fyq(7) = pFy(7) + %, (C.11)

where d is the Hilbert space dimension of the reference system.

Proof. Because the maximally mixed state is symmetric under any group G, we have

G(Ap(nr) ® Ta) = pG(NR @ TA) + (1;p> 1r ®G(Ta). (C.12)

Substituting this into Eq. (C.2) and rearranging terms gives

. -

Fa (1) = ot {000 1w (X0 - 252600 ) <6 e ) 2 o). (C13)
AZ

Given any positive semidefinite operators 74 and Zg4, the conditions (C1) X4 > 0 and

(C2) 1gp ® (X4 —T4) — Zra > 0 on an operator X4 € B(A) become equivalent to the con-

ditions (C'1) X4 — T4 > 0 and (C2) because (C2) implies (C’'1), which further implies (C1). As

{%pg (t4) and pG (nr ® T4) are subnormalised quantum states and there positive semidefinite,

we can rewrite the set over which we perform minimisation in Eq. (C.13) by

]_ _
Fpm (1) = y 1_122[ 0 {TF[XA} 1 ® <XA - dpg[TA]> —pG [N @ T4] > 0} (C.14)
1 _
= szfo {Tr [YA + dpg[m]] t 1p®Ya — pG [np ® Ta] > 0} , (C.15)
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where we have defined Y := X4 — %Q(TA). Since Tr[G(74)] = 1 as G(74)

. 1—
Fpy (1) = inf {T¥[Ya] : 1 ® YA —pG [ng © 74] > 0} + —. (C.16)
Y420 d
Finally, we make use of property (P1) to arrive at
l-p
Epyf) (T) = pEy(7) + ——. (C.17)
which concludes the proof. O

An immediate consequence of Lemma 90 is that taking a statistical mixture of any reference
state with the maximally mixed state does not change the entropic relation in Theorem 42.

Corollary 4. Given any reference frame nr, we have that
AH, >0 <= AH,, [, > Oforany p € (0, 1]. (C.18)

Proof. Lemma 90 implies that AF) |,y = pAF, for any probability p. Therefore, AF;, > 0 if and
only if AFy ;) > 0, for any p € (0,1]. The Lemma statement is established by recalling that
AF, > 01is equivalent to AH,, > 0. O

C.2.2 Proof of Theorem 47

We now present a proof of Theorem 47, which we restate here for clarity:

Theorem 47. (Sufficient surfaces of states). Let pa and o be states of an input system A and output
system B respectively, and let G be a compact symmetry group. Furthermore, let D be any closed
surface in the state space D(R) of the reference system R for G-covariant state transitions from A to B

that encloses the maximally mixed reference state £, where d = dim(Hg). Then p Ny if and only if
Vn e oD : AH, > 0. (5.26)

Proof. 1f the transformation is possible under a G—covariant channel, then AH, > 0 for all
reference frames 7r, and therefore for all 7y restricted to 9D. Conversely, suppose AH, > 0
for all np € OD. Let nf, be an reference frame that is not maximally mixed, and consider the
family of reference frames 1 (p) := Ay(ny) for p € [0,1] formed by depolarising 7. This

defines a continuous line of states connecting 7, to the maximally mixed state 1/d. Since 9D
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encloses the maximally mixed state, the set {1;(p) : 0 < p < 1} must either intersect 9D for
some value p, with 0 < p, < 1 or lie entirely within the interior of 9D. If the entire set is
inside 0D, then we can find another reference frame 77}, € 9D such that A,[n}] = 1}, for some
probability ¢ € (0, 1). By Corollary 4, we have that 7}, and 7, (p«) (or 1, and 7}, for the second
case) give equivalent entropic constraints. Since 7 was arbitrarily chosen, we conclude that

we can restrict to reference on 9D. O

C.3 The conical structure of F.(x)

In this section, we make use of the co-ordinate system for Hermitian operators (of the reference

system) established in Eq. (5.27). Furthermore, we introduce the notation

FT(w) = Fn(m) (7‘) — F’?(O) (7‘) (Clg)

to represent the difference in F})(7) from the reference frame designated by x in this co-ordinate
system and the maximally mixed state at x = 0. Let ¥ (R) = {x € R”~1|n(z) € D(R)} be the
co-ordinates designating valid quantum states of the reference system R.

Lemma 91. Let A > 0. Then for all x, \x € X(R), we have that
E-(\x) = \F,(x) (C.20)
Furthermore,
F.(x) > 0. (C.21)

Proof. We first prove that F, is always non-negative. Let Pr be the completely depolarising
channel on the reference system. Then by Property (P4) of F-(x), and the fact that performing

a completely depolarising channel on the reference system is G-covariant, we have

Fz)(1) == FlG(n(x) ® 7)] > F[Pr®ida o G(n(x) ® 7)]
= F[G(Prn(z)] @ 7)]

= F[G (n(0) ® Ta)] = F0)(T) (C.22)
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Therefore, FT(X) > 0 as claimed.

Let p be a probability, and define A(x) = Zi:ll 2 Xy Then partially depolarising 7(x) with
probability p has the effect

1 1 1 1
pi(x) + (1 =p)g =po +pAX) + (1 -p)7 = -+ Alpx) (C.23)
Using this equation, we can rewrite Lemma 90 as:
1—
¥p € [0,1],@ € X(R) : Fyp) = pFy(7) + Tp. (C.24)

We then immediately have

~ 1— 1 1 ~
Vp € [07 1]7w € X(R> : FT(pX) = pFn(x) + Tp - E =D (Fn(x)(T> - d) - pFT(X) (C.25)
where in the final equality we applied Lemma 44 to obtain F ) (1) = Fé (r) =% HOO =1as

the maximally mixed state is symmetric.

Making the change of variables x’ := px, we find that Eq. (C.25) is equivalent to:
Vpe[0,1],pla’ € X(R) : Fr(x') = pF (pflx’) = p lE(xX)=F; (pflx’) . (C.26)
Since 1 < p_l < 00, we can combine this fact with Eq. (C.25) to conclude that
VYA > 0,2, e € X(R) : Fr(Ax) = AE-(x), (C.27)

as claimed. O

Lemma 91 implies that F,(z), and consequently F,(7), is linearly non-decreasing in every
direction out of the maximally mixed state. This means F; () will, in general, have a conical
form at the maximally mixed state. As a result, unless AF, ) is completely linear in z, it too

will have a conical form at the maximally mixed state.

We are now in a position to prove Lemma 49.

Lemma 49. In a sufficiently small neighbourhood ¢ > 0 around the maximally mixed state, AH,,
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changes linearly along any direction out of the maximally mixed state. Thus one can write
Ve € St AH, () = f(x)e+ O(e?), (5.28)

for some function f : S — R.

Proof. Since H,(cq)(T) = —log F)(c)(7), we can Taylor-expand around £,y = é to obtain

Hy(eq)(T) = —log (Fn(o) (1) + F’T(ew)> = - log<; + eFT(m)>

= logd — deF, () + O(e?) (C.28)
in a small e-neighbourhood around the maximally mixed state, which implies
AH(ex) = deAF, 4 + O(%) (C.29)

as claimed. O

C.4 Calculating F, (1) for time-symmetric transformations in a non-

degenerate qubit

In this section, we calculate F; (7) for the case of time-symmetric transformations from a qubit
S with Hamiltonian Hg o Z to itself, which forms the symmetry group U(1) represented on
Hg as {UY = e~"#!|t € [0,27)}. In this case, the reference system R is a qubit with Hamiltonian

Hpr = —Z, and we will describe reference states by their Bloch vector (z,y, z) as

1 X Y Z

where 22 4 y? + 22 < 1. The derivation will be conducted entirely in the energy eigenbasis.

We first introduce the following simplifying lemma that allows us to vastly reduce the feasible
set over which we must carry out the optimisation problem in F; (7).

Lemma 92. When calculating F, (1) defined by the minimisation problem

Ey (1) = Xigo{Tr[Xg] t1r® Xs > G(nr @ 79)}, (C.31)
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it is sufficient to minimise over positive-semidefinite operators that are G-covariant, i.e.

F = inf Tr[Xc] : 1 Xo > . C32
n(7) sto&gzg(xs){ 1[Xs]: 1r® Xs > G(nr ® 7s)} (C.32)

Proof. Suppose the compact group G has a representation g — U(g) on the Hilbert space #,

and let K be a Hermitian operator on B(H ). We first observe that

K>0 = ($G(K)[y) = /G dg (| U@ KU1 () [4)] 2 0 == G(K) >0 (C.33)
Furthermore,
ﬁMM:L@ﬂW@MWM:A@%W:ﬁm. (C.34)

The set of operators S over which F;,(7) minimises is

S ={Xg€B(Hs)Xs>0,1g® Xs—G(ng @ Xg) > 0}. (C.35)

By Eq. (C.33), we see that Xg¢ > 0 = G(Xg) > 0, and furthermore that

Ir®Xs—G(nr® Xs) >0 = G[lr® X5 — G(nr @ Xg)]

=1r®G(Xs) = G(nr ©7a) > 0. (C.36)

We thus conclude that if Xg € S, then G(Xg) € S. Furthermore, by Eq. (C.34), we see that
G(Xs) achieves the same value on the objective function Tr[-] to be minimised in F},(7) as X.

Consequently, we can restrict the minimisation in F;,(7) to X s where Xg = G(Xg). a

This Lemma allows us to take X5 to be diagonal in the energy eigenbasis, i.e.

1 0 0 O
r1 O 0 2o O 0
X = S10X = (C.37)
0 z9 0O 0 =1 O
0 0 0 a9

Local evolution of the reference system R under its Hamiltonian is described by the unitary
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channels {UF ® idg = e?!(-)e %" @ Is(-)Ig|t € [0,27). Since all these channels are time-
symmetric on the joint reference and qubit system RS, we can apply Lemma 46 to conclude
that F,(, , .)(7) is invariant under all rotations of the n Bloch vector around the Z-axis of the
Bloch sphere, which are induced by these channels. Consequently, we can restrict our calcula-

tionto z > 0,y = 0, and then equate

Fea)(7) = By gz ) () (C.38)

Furthermore, simultaneously performing the Pauli-X unitary channel on the reference and
input system, which is described by X% @ X% := X (-)X ® X (-)X, is time-symmetric because

(X ® X, et @ 72t = 0 for all t € [0, 27). We therefore conclude that
Fn(m,O,z)(XTAX) = Fn(m,O,—z) (7—)7 (C.39)

which means we can additionally restrict our attention to z > 0. We therefore only need to

consider reference states of the form:

n(mayaz) = 5 y Ly 2 > 0. (C4O)

Parameterising each state of the non-degenerate qubit in the energy eigenbasis as shown in

Eq. (56.22), we can write

1[14+z2 x P c
NR© TS =5 =} (C.41)
r 1-z g 1—p;r
pr(l+2)  (1+2) pr Cr®
1| c(1+z2 1-— 1+ 2 ctx 1—p )z
_i|s0e9 ammurs g 0o o
D crx pr(1—2) cr(1—2)
cr (-plr -2 (1-p)1-2)

The bipartite G-twirl on the joint reference and qubit system RS projects out the time-symmetric

part of n ® 7 (see discussion around Eq. (6.18)), i.e. the parts of nr ® 75 with support on the
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total energy eigenspaces span |00) , |11), span |01) and span |10) of RS. We therefore conclude

pr(1+ 2) 0 0 crx
1 0 (1—=pr)(1+2) 0 0
Gnr @ 75) = 3 : (C.43)
0 0 pr(l—2) 0
cx 0 0 (I—p)(1—2)
and so obtain
I —Ppr IJQFZ 0 0 _CT%
0 Ty — (1 —p,) =2 0 0
Ip® X5 —G(nr®75) = 2
0 0 T — prigE 0
~ar 0 0w (-p)
(C.44)

Re-ordering our energy eigenbasis from |00) , |01) ,|10) , [11) to |00), |11),|01),|10) so that the

matrix above appears block-diagonal (in total energy), we obtain

x1 —pTH; —Cry 0 0
—crz z9 — (1 —p,) 52 0 0
1R ® Xs —G(nr®71s) = ? e
0 0 zo — (1 —pr) iz 0
0 0 0 T1—Progc

The Sylvester Criterion [149] states that a matrix is positive semidefinite if and only if all its

upper-left determinants are non-negative, which produces the following criteria:

1. z1 > pr lgz-

2.2
2. (1 — pr i) (w9 — (1 — pr)i52) > L2,
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and we conclude that

F,(t) = min {x; + x5 : conditions 1-4} (C.46)
z1,2220
The restriction z > 0 implies that condition 4 is redundant given condition 1. For the same
reason, any value of z; satisfying condition 3 also satisfies 2o > z3 — (1 — pT)l%Z, SO we can
transform condition 2 into

1+z>|c.r|2:132 1
2 T 4 m—(1-p)E

(C.47)

r1 — Pr

where the right hand side of the above equation is non-negative and thus yields a value of
that satisfies condition 1. Therefore, we need only consider conditions 2-3 under our restriction
z > 0, yielding

F,(t) = min {x1 + 22 : conditions 2-3} (C.48)

1,720

Given any value of x5 satisfying condition 3, x1 is minimised when the inequality from the

equivalent expression of condition 2 in Eq. (C.47) becomes an equality, i.e. at

e [2a? 1 1+2
T = + C49
1 4 Lo — (1 7pT) 152 pr 2 ( )
We can therefore eliminate z; from F;)(7) and obtain
Fo(r) ) +\CT|2:E2 1 N 142 > (1 )1+z (C.50)
T)= 1IN § T T - —_— .
n 2250 2 4 Lo — (1 — pT) 15Z Pr 9 2 = Pr 9

For x5 > 22 — (1 —p;)15Z, the objective function in Eq. (C.50) is a non-negative hyperbola with

asymptotes z = (1 — p;)15% and y = « attaining minimum (by standard derivative tests) at

1-=2 T
zo = (1 —pr)T + 107\5- (C.51)

Therefore, the value of 3 solving the minimisation of F},(7) should be

1+2 1—-=2 T
xgzmax{(l—pT) 5 ,(1—p;) 5 +|cT|2} (C.52)
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i.e. the value of x5 where the objective function attains its minimum if that value of x, satisfies
the constraint, or the minimum value of z; satisfying the constraint if this is not the case.
Substituting this into Eq. (C.50), we obtain

2 _
|CT|L+%_~_% forﬁglpr

1-p; 42 ler] (C 53)
(pr—3)z+lerlz+ 5 for £ > 2B

Fy(a204=0,220)(T) =

Finally, applying Equations C.38 and C.39, and noting that X 79X translates to p, — 1 — p;
and ¢, — ¢} in our parameterisation of 7, we can calculate F- for all reference states from the

above result as

ler|? 22442 z 1 z24y? 1—p-
1p, 4z t32713 for 0 < Y=~ < ler]
_ ’ac2+y2 1—pr ac2+y2 -
Foaya) (1) =19 (pr = ) 2+ lerlV/a? + 92 + 5 for V5o > e and Y < -0
ler 2?4y 2 41 Vaity? pr
s —5t3 for 0 > ~—; Z e
(C.54)
2 2 2 2
From the above evaluation of F},, we can see that unless % = % and ﬁ%' = |c;| , We
P o P o
can always find a region around the poles of the Bloch sphere were AF,, , .y is not going
to be linear. Since these conditions are met if and only if p, = p, and |c,| = |¢,|, i.e. p can

be transformed into ¢ by time evolution under the Hamiltonian, AF}, has a conic singularity

unless p can be transformed into o.

C.4.1 Two entropic conditions suffice to characterise time-covariant transforma-

tions in a non-degenerate qubit

Ref. [133] identified the following two necessary and sufficient conditions for the existence
of a time-covariant transformation from p to ¢ in a non-degenerate qubit with Hamiltonian

proportional to Z:

lc,l? lco|” lcol* _ el
Pl > 1% and 2 > 12

C.55
1—=p, = 1=ps Pp Do ( )
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We see from Eq. (C.54) that these conditions are equivalent to

ai+y; _ o fl-p, 1—p

AFW(J:17Z/121) Z O Where 0 > 2172/11 S min { ‘Cp’ p) ’CU’U } (C.56)
x5 + Y3 Pp D

AFy(5y.42.2) > 0 where 0 > % > max {_\CZI’ —|C:’} . (C.57)

We can alternatively characterise each qubit reference frame as 7(r, §, ¢), where (r, 0, ¢)* is the
state’s Bloch vector in spherical polar co-ordinates (radial, polar and azimuthal respectively).
Using the standard conversion between spherical and Cartesian co-ordinates, which is given

by x = rsin(#) cos(¢), y = rsin(f) sin(¢) and z = r cos(#), we can rewrite Equation C.54 as

2 .
T.1|c_7—1|)7 tan(9)451n(9) + TCOSQ(G) +% for 0 < tal;(@) < 1|Zf;‘7.
Fowo.6) = 7 (pr — 3) cos(0) + rle-|sin(f) + & for tanz(e) > 1‘2"’ and tanQ(g) < —% , (C.58)
2 .
_TI(;%T' tan(0)451n(9) . Tcosz(G) _{_% for 0 > tanQ(G) > _|Ic)7:|'

from which we see that F},, and therefore H, as well as A H,, is infinitely partially differentiable
with respectto § at§ = 0 and 6 = 7.
Lemma 43. In spherical polar co-ordinates on the Bloch sphere, there exists a time-covariant transfor-

mation p to o in a qubit with Hamiltonian « Z if and only if
OF(AH,)|g=0 > 0and 95(AH,)|p=r > 0. (5.21)

Proof. From Eq. (C.58), we can straightforwardly evaluate:

‘C‘r|2
1 - Dr

r

%&vmﬁ=2(

N3

— 1> and 95 F,(7)|p=r =

2
('CT| - 1) , (C.59)
Pr

from which it immediately follows that

— Do

and 02(AF,)|g—r > 0 <= cy < c,, |22, (C.60)

F(AF))|9—0 > 0 <= ¢y < ¢,
o Py

which reproduce the necessary and sufficient conditions on a time-covariant transformation

from p to o given in Eq. (C.55).

We can also evaluate from Eq. (C.58) that 9y F;(7)|o,» = 0. Since 7 is a time-symmetric state at
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¢ = 0,7, this means F) (. 4) = [[7(r,0,9)|l, = %(r + 1) by Lemma 44. With these in hand, we

straightforwardly evaluate

2

OB Hy (T o-ox = (- log Fyloor = = (51 ) #Fy(Dlocams (CoD)

from which we obtain 8°AH, |9, > 0 if and only if 9*AF, |p—¢» > 0, completing the proof.

O]
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Appendix D

Appendices to Chapter 6

D.1 Coarse-graining conditions

D.1.1 Continuity of entropic relations under variations of the reference state

In this section, we will make use of the following Theorem, which was proved in Ref. [148]:
Theorem 93 ( [148]). (Continuity of the exponentiated min-entropy F). Let pra and ora be two

quantum states on the bipartite system RA. Then

|[F'(pra) — F'(0rA)| < dD(pRA, ORA), (D.1)

where d is the dimension of system R.

We now use the above theorem to establish the continuity of F;)(7) in the reference state 7.
Lemma 94. Let 1 and 7} be two quantum states in system R where 1 € Bz(n). Then given any state T
on system A, we have that

[Fy(7) — F(7)| < d, (D.2)
where d is the dimension of the reference system R.

Proof. By Theorem 93, we have that

[Ey(7) — (M) = [F(G(n@ 7)) - F(G @) <dD(G(n®T),6(7® 7)) (D.3)
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Because the trace distance is contractive under quantum operations [1], we have that

. 1 .
D(G(nr ® pa),G(Mr ® pa)) = 5\\9[771% ® pal — Glir ® palll;
1 .
< §||77R ® pa— MR @ pall;
1 .
= 5l —1r) @ oy

= %H(WR —7r)lly = D(nr,7r) (D4)

where in the second equality we have used the identity | A ® BJ|; = [|A]||,||B||; from Ref. [1].
Since 7 € Bc(n) implies D(nr,nr) < €, we conclude from Eq. (D.4) that D(G(nr ® pa),G(7r ®

pa)) < e. Substituting this into Eq. (D.3) leads to the lemma result. O

We now prove the continuity of AF; (p, o) in reference frame 7 as presented in the main text.
Lemma 52. Given any input state p of system A, output state o of system B, reference frame n of

system R with dim(R) = dim(B) = d and state 1 € B.(n), we have that
|AF;(p,0) — AF,(p,0)| < 2de := (). (6.4)
Proof. We first observe that we can carry out the rearrangement

AF,(p,0) — AF;(p,0) = [Fy(p) — Fy(o)] = [F(p) — Fy(0)]

= [Fy(p) = Fy(p)] = [Fy(0) — Fy(o)], (D.5)

which implies by Lemma 94 that
|AF,(p,0) = AF;(p, 0)| < [Fy(p) = Fi(p)| + [Fy(0) = F(0)] < 2de, (D.6)
completing the proof. O

The end of Appendix C.1 demonstrates that F;,(7) > 0 for any reference frame 7 and quantum
state 7. As —log(z) is a continuous function on z > 0, we can therefore conclude that the
continuity of F),(7) in reference frame shown in Lemma 94 implies the continuity of H,(7) in
reference frame as well, which further implies the continuity of AH, (p,0) = H,(c) — Hy,(p)

as the difference between two continuous functions in 7.
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D.1.2 Proof of Lemma 51

We first introduce the definition of an e-net N for a subset X in a metric space (V, ||-||), which
is another subset in V such that every element of X is within e-distance of an element in V as
measured by the chosen norm.

Definition 95 (e-covering). Given a metric space (V, ||-||) and € > 0, an e-covering of the set X € V

is a set N, such that for any x € X, there exists y € N, such that ||z — y|| < e.

When V is a real vector space, we have the following upper bound on the cardinality of e-
coverings.
Theorem 96 ([150, 151]). Let ||-|| be a norm on R™. Then for every € > 0, the unit sphere {z € R", ||z|| = 1}

admits an e-covering N with respect to the distance measured by ||-|| of cardinality

N < (1 i 2) (D7)

We can leverage the above theorem to show the following result from the main text:
Lemma 51. For every € > 0, there exists an e-covering of sufficient reference frames, i.e. a finite set of
reference frames N such that every state n on a sufficient surface of reference frames 9D lies within an

e-ball around some state in Ne. The cardinality of N is upper-bounded as
1\ %1
;| < <1 n ) . (63)
Proof. By Theorem 47, we can choose our sufficient set of reference states to be
1
0D = {n(A) = g(ﬂ + A)| A € Herm(R) s. t. [|A]|, = 1 and Tr[A] = 0} , (D.8)

where d is the dimension of reference system R, as 9D constitutes a closed surface of quantum

states around the maximally mixed state.

iy . . 2_
Traceless d x d Hermitian matrices form a real linear vector space R4 ~!. We now observe that

the subset of such matrices bijective to 0D,
S = {A € Herm(R) s. t. ||A||, = 1 and Tr[A] = 0}, (D.9)
constitutes a unit ball defined by ||A|,, = 1. By Theorem 96, given any 6 > 0, we can find a
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d-covering N for S with cardinality bounded as

d?—-1
5| < <1 + ?) : (D.10)

Therefore, given any matrix A € S, there exists another matrix A, € AN; C S such that

|A — Ag|| < 9§, which further implies
|A — Ag||1 < rank(A — Ag)[|A — Ay[|oo < d6, (D.11)

where the first inequality was proved in Ref. [149]. By the bijection A > n(A) betwee S and
0D, we conclude that given any reference state 7(A) = é(ll + A) in 9D, there is a reference

state n(Ax) = é(]l + Ag) in 9D where Ay, € N5 C S such that

NGRS

D(n(A), 1(AR) = 3 lIn(4) — n( 4wl = 5114 — Agl, < (D12)

We thus conclude that if we choose § = 2¢, then given any reference state n(A) € 0D, one
can find another reference state n(A;) € 9D with A, € N such that n(A) falls into the e-ball
around 7(Ay). Substituting 6 = 2¢ into Eq. (D.10), we see that one can always find a finite set

of reference states NV, with cardinality upper bounded as
1\¢-1
N (1+7) (013)
€

such that every reference state in the surface 9D of sufficient reference states lies within the

e-ball around a reference state from N-. ]

D.1.3 Proof of Theorem 53

Theorem 53. Given any € > 0, there is a finite set of reference frames N := {n }2_, with |N| <

1yd*—1 i i i .
(1+ 2)% =", where d is the dimension of the reference system, such that:
e if AF,, (p,0) < 0 forany n, € N then p — o is forbidden under G-covariant channels.

e if AF,, (p,0) > r(e) for all gy, € N then p — o under a G-covariant quantum channel.
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e For each n € N where 0 < AF,, (p, o) < r(€) we obtain the lower bound

(6.5)

on the amount of depolarisation required to ensure p — o, under a G-covariant channel.

Proof. From Lemma 51, we see that it is always possible to find a finite set \/ of reference states
with cardinality upper-bounded as |NV| < (1 + %)dtl such that there exists a sufficient surface

of states 9D in which every reference state lies within an e-ball of a state in V.

Given any input state p and output state o, we know that if AF;, (p, o) < 0 for any reference

state n, € NV, then p — o is forbidden under G-covariant channels. However, if we find that
AFy, (p,0) > 1(e) forall m € N, (D.14)

then Lemma 52 implies that AF,(p,0) > 0 for all reference frame states € J,, Be(n,) and
therefore all reference states € 9D, so we conclude that the state transition p — ¢ must be

possible under some G-covariant channel.

The final case where there exists at least one 7, for which 0 < AF}, (p,0) < r(€) can be handled

as follows. Because

1
G(n@op) = pg (n®d> +(A=p)Gn®a), (D.15)
the convexity of F;, (Property (P2)) implies
1
Fy(op) < pFy (d) + (1 =p)Fy(o) (D.16)
= AF,(o,0p) >p (Fn(o) - F, (f{)) = pAF, (o, 2) . (D.17)

We then observe that if we have

r(e) — AFy, (p,0)
AF, (‘7’ %) ,

(D.18)
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then we would obtain

1
AF,, (p,0p) = AF,, (0,0p) + AF,, (p,0) > AF,, (p,0) + pDAF,, (a, d> > r(e). (D.19)

We therefore conclude that if we can find a depolarisation probability p* such that Eq. (D.18)
holds for every 7, € A for which 0 < AF;, (p,0) < r(e), then AF,, (p,0p,) > r(e) forall g, € N
and therefore for all n € 9D, which ensures that the state transition p — o, can be carried out

via a G-covariant channel. O

D.2 Properties of modes of asymmetry
D.2.1 Proof that 73,2“ ) projects out the (1, k) mode of asymmetry
Lemma 97. Given any bounded operator O € B(S) mode of asymmetry (u, k) € modes(S) for a
quantum system S, we have that
PH(0) = 0y (D.20)
k =Y - :
Proof. We show by direct calculation that
PI(0) = [ dgdalf(9) 4(0)

— /dgdﬂu%;*)(g) U, (Z <Z<X;A,a)7O>X§)\,a)))

AJ o

By (f dgdy)(9) D_(X,0) (Z uf) @X;%’“)))

AJ o

=2 (Z [ [ dgd s 90l <g>] <X§A’a’,O>X§?’°‘))
Ahj

y/
a,]

2 Onpdiadi (DXY’“), 0>X;%»a>>

>\7j7j/ «@

= X:Q(’gu,a)7 O>Xlgu,a) _ OIE:H)’ (D.21)
«

where we applied the Schur orthogonality relations in Eq. (D.34) to obtain the fifth equality. [
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D.2.2 Proof that distinct modes of asymmetry are orthogonal

Lemma 98. Given any two operators A and B in B(S) for a quantum system S, we have that

(AN B = 8,,0,6(AY, B, (D.22)

Proof. Because the ITO basis is orthonormal by construction, we have that

A« pWe' 1L, L,
(AW, By = <Z(X]( Ly xS xP) B X 5>> (D.23)
o B
— Z x e AN M B) ,B) <X()\ ) X(M 5)) (D.24)
=S, AV XD, B)YSy b (X, X ) (D.25)
a,p
pWe' pWe' B ) A
_ 5)\,u5j,k <Z<X]( ),A>Xj( )’Z<Xlgu 5)7B>X’gﬂ 5)> _ 6/\,u5j,k<A§' )7Bl(cu)>’
o B

(D.26)
which completes the proof. ]

D.3 Modal sufficient conditions

D.3.1 Complex conjugate irreps

Lemma 99. Given a complex irrep U™ (g) of a compact group G, its complex conjugate U (g)* is
also a complex irrep of G. Furthermore, two complex irreps UH1)(g) and U#2) (g) of G are equivalent

if and only if U™ (g)* and U#2) (g)* of G are also equivalent.

Proof. We first prove that U (w) (9)* is an irrep of G. Given any two elements g;, g2 of G, we
have U (g,)UM (gg) = UM (g1 g2). By taking the complex conjugate on both sides, we obtain
U (g1)* UM (go)* = UM (g192)*, so UM (g)* is also a valid representation of G. If U®)(g)*
were reducible, then there must exist a unitary operator V such that VU " (g)*VT is non-
trivially block-diagonal. However, the complex conjugate of this construction, V*U® (g)V"! =
VUM (g)(V*)T, must therefore be non-trivially block diagonal too, so there exists a unitary
operator V* that places U*)(g) into a non-trivial block-diagonal form. As this would generate

the contradiction that U(*)(g) is also reducible, we conclude that U (g)* is irreducible.
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We now assume that two complex irreps U#1)(g) and U#2)(g) of G are equivalent, i.e. there
exists a similarity transformation generated by a unitary V such that U#1)(g) = VU ®#2)(g)VT,
By taking the complex conjugate of both sides, we see that there exists a similarity transforma-
tion generate by the unitary V* such that U#1) (g)* = V*UW2) (g)*VT = V*U#2) (g)*(V*), so
U (g)* and U#2)(g)* are equivalent. By the same reasoning, we can show that if U(#1)(g)*
and U#2)(g)* are equivalent, then U(#1)(g) and U(#2)(g) are also equivalent. We therefore con-
clude that U1 (g) and U#2)(g) of G are equivalent if and only if U(#1)(g)* and U*2) (g)* of G

are also equivalent. O

D.3.2 Proof of Lemma 57

In this section, we prove that it is possible to choose an ITO basis that satisfies the conditions
laid out in Lemma 57, which we reproduce below for convenience.

Lemma 57. Let p be the input state for a G-covariant state transition from a quantum system S, and
consider the representation Uy of a compact group G on B(S) whose multidimensional irreps have no

multiplicity. Then there exists an ITO basis {X j(A’O‘)} for Uy such that

1. corresponding basis elements of complex conjugate irreps are Hermitian conjugates of each other.

Thus one can write

X](A*,a) _ X()\,oz)‘f'

j (6.19)

2. in every irrep A, the input state p has at most a single non-zero mode of asymmetry, which we

label (X, 0). Thus one can write

M)

PN =65008". (6.20)

Proof. We first show how, given an arbitrary ITO basis for U/, on B(S), we can construct new
ITO basis elements for each irrep i appearing in U, and its complex conjugate p* that satisfy
the first condition in the Lemma statement. The method of construction depends as follows on

the dimension of i and whether p is its own complex conjugate irrep.
Case I: ;1 and " are distinct irreps. In this case, we are free to simply choose XJ(“*’O‘) = X](.“ <7,

Case II: 1« and ;" are the same one-dimensional irrep. In this case, we need to prove that,
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given an arbitrary ITO basis {X (**)} for the y-irrep, we can construct a Hermitian ITO basis

S = {S)}, which we proceed to do as follows.

1. Construct a Hermitian but potentially overcomplete basis for ji-irrep from the initial ITO

basis as B = {(X ) 4 X el (X e) — x(e)fy),

2. Pick out o, linearly-independent non-zero elements from B, where o, denotes the mul-
tiplicity of the u-irrep, to construct a Hermitian basis B’ for the p-irrep that is no longer

overcomplete. Let us denote the elements of B by { X ()"},

3. Apply the Gram-Schmidt procedure to B’ and generate the basis B” for the pi-irrep, whose
elements we denote by { X (*®"}. By construction, B” constitutes an orthogonal basis for
the u-irrep, so we now prove that its elements are Hermitian by induction. Suppose that

elements 1, ..., 3 of B” are Hermitian. Then the 3 + 1 element of B” is defined as

B a)’ «
X WA+ . x (B+1) Z X )’ X )) )
X a //>

X ()" (D.27)

We now observe that the Hilbert-Schmidt inner product of two Hermitian operators A
and B, which is simply (4, B) := Tr[ATB] = Tr[AB], is always real, because we have
Tr[AB] = Tr[ATBY] = Tr[BfAT] = Tr[(AB)'] = Tr[AB]*. As every X #)' is Hermitian
by construction as a member of 53/, the assumption that X (w1 X A" gre Hermitian
implies that the right hand side of Eq. (D.27) is a real linear combination of Hermitian
operators, and therefore X (:#+1)" must also be Hermitian. Noting that X (1" = x (1)

and is therefore Hermitian, we see by induction that all elements of B” are Hermitian.

4. Normalise each element of B” to obtain an orthonormal Hermitian basis for the y-irrep,
We now show that S is a valid ITO basis for the 1 irrep. To do so, we first show by in-
duction that each element of B” is a (complex) linear combination of the initial ITO basis
elements {X (‘W)}. Suppose that elements 1,..., 3 of B” are all linear combinations of
{X )}, As XA+ is a linear combination of { X %)} by construction, this assump-
tion implies that the right hand side of Eq. (D.27) is also a linear combination of { X (*®)},
and therefore the 5 + 1 element of B” is also a linear combination of {X*®)}. Noting
that X (D" = X (1)’ wich is a linear combination of { X (x®)} we conclude by induction

that every element of 37, and therefore every element of S, which merely scales the cor-
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responding element in B” its norm, is a linear combination of { X (*®)}. Because { X (*)}
is an ITO basis for the p-irrep, we know that U, (X ) = U (g) X :2), where U (g)
is a real number because we have p* = u. As each element of S’ is a linear combination
of {X )}, we conclude that U, (S")) = UW(g)St*), which proves that S is a valid

ITO basis for the p-irrep.

Case III: ;x and p* are the same multidimensional irrep. In this case, we also need to prove
that, given an arbitrary ITO basis for the u-irrep, we can construct a Hermitian ITO basis. This
can be done using the same method as Case II. When unitary representations L{;‘ and L{;B of
the same compact group G on two different physical systems A and B both contain a single
copy of p, this procedure generates ITO bases for 1 on B(A) and B(B) over which G acts
equivalently. This is because any complex irrep appears on the complex span of a unique real

irrep (the Hermitian matrices span a real irrep) [152].

Finally, we show that, given an ITO basis satisfying the first condition in the Lemma statement,
it is possible to construct another ITO basis that also satisfies the second condition. Consider
any irrep u that appears in U;. When (. is one-dimensional, the second condition in the Lemma
statement is trivially satisified, so we only need to consider the case where y is multidmen-

sional (and assumed to be without multiplicity).

Let {X } and {X } be elements of the given ITO basis for the irrep p and its complex

conjugate ;1* respectively. Consequently, we have X; W) = x j(” ). We can then generate another

pair of ITO bases for y and p* defined as {XJ(-“ =3 UZ]X(“ } and {X(“ )y =3 U*X(“ }

respectively, where U is a unitary matrix for ;1 # p* and an orthogonal matrix otherwise. By

construction, we have that X ](-“ " x ](“ "' We choose the first column of U so it will rotate

X é” ) into a normalised vector parallel to the projection of p in the irrep subspace of 1, i.e.

(X5", p)
= <p§“’, )
U= : : (D.28)
<X§§‘) 15 p)

>, <ﬂ§”> ﬂ§”>>

Consequently, in the new ITO basis { X ](“ )/} for the p irrep defined by this choice of U, we have
p§.“)/ =0j0 p§.“ )" as desired. All that remains is to show that the above choice for U has the same

impact in the complex conjugate irrep p*. We first note that, by the cyclic property of the trace
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and the hermiticity of p, we have

<X](-“),p> = Tr [X](-“)Tp} =Tr :Xj(“*)p}
— Ty :X(u*)pT]
N

—Tv :pX(-”*)q " ﬁ[X](.“*”p]* = (x),p) (D.29)

and consequently

0y = (X o) (X ) = () o)X pyr = () o). (D.30)

We can therefore write the first column of U* as

x¢ o X, p)
>, <p§u)7 P;H)> \/Z (u* )7 piu )
Ut e : _ : (D.31)
X Xy >1, p)
> 405, o) V00, 0%

(

from which we see that U* rotates X" ") to a normalised vector parallel to the projection of p

in the irrep subspace of ;*. We therefore also have pgu R 5.0 pg" )" in the new basis {X J(-“ *)/}

for the irrep ;1* as desired. O

In an ITO basis {X J(./\’O‘)} satisfying the conditions laid out in Lemma 57, we have that

= S (x P gy x Pt = p (D.32)

a=1

where in going from the first to the second equality we have used the fact that an irrep and

its complex conjugate have the same multiplicity, and in going from the second to the third
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equality we have used the fact that p is Hermitian.

D.3.3 Proof of Lemma 59

We first note the following relations between the (complex) matrix components U, Z-(j’\) (g) repre-
senting the M-irrep of G in some ITO basis. These components must obey the Schur orthogo-

nality relations

. 1
/gng$Rg>U$ng:dA@#&J%g. (D.33)

The choices of ITO basis made in Lemma 57 implies that Ui(p)‘) (9)" = Ui(;*) (9). Consequently,

under this choice of basis, the Schur orthogonality relations become

1
/G dg U (g)U](fj '(9) = d—AéA*,Méi,jép,q. (D.34)

Having specialised the Schur orthogonality relations to our choice of ITO basis, we can now
prove Lemma 59, which we reproduce below for convenience.

Lemma 59. Let p, o and n be quantum states of systems A, B and R respectively, where we have
dim(Hg) = dim(H ). Given a symmetry group G whose multidimensional irreps have no multiplic-

ity, we have p G o if for any reference frame 1, we can find a state T(n) such that

> <77§»A), o)) = o > >0, (6.26)
X

where we have introduced f;’\) (p) = é <p§A*),ﬁ§.A*)>.

Proof. By Eq. (D.32), we can express the impact of the PGM prepare-and-measure channel on

the (), j) mode of asymemtry for p as

qm@%—L@ﬂh@mwﬂ%wm—L@@@w%mw%wm
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Because G(p) is a symmetric state, we have that My, (g) = Uy(p), which implies

(0, 8 (o)) = / dg (N, Uy (r(m)) (p) Uy (P)) = <n§”®p§“, /G dg ug(f(n))®ug(p>>

(1Y @00 @p).  (D36)

We now calculate the bipartite G-twirl of 7(n) with p.

Momentarily adopting the simplifying notation £ = (x**)

7

7)) and = (v, )
for the components of 7(n) and 7 in the ITO bases {X i(’\’a)} and {Yj(“ # )} of output system B

and input system A respectively, we first show that
o) 0 7t) = [ doty(rin)™) & Uy (5
— (Aa) (Aa) (1.8)p4 B)
_/Gdg (%:tl Uy (X! ))@(zﬁ:r] uy (v} ))
/ Clg (Zt (M) Z U(M >\ oz)) ® (Z 74]('.“75 Z Y(H B))

B J

E Z [ / (9)U( )dg] (Z tEA"’)Xf,Am) ® (Z rj(.“ﬁ)}fj(,“’ﬁ))
a B
_ Z il /5 5u A <Zt)\a )\a)> Q (ZT](»#’B)Y}(/M’B))
B
= 00 A ZdlA (Ztgm)xf/ “ ) (Zr Sy AR ) (D.37)
i «

B

We now observe that, by construction, the modes of asymmetry in p are related to those of p in

)

a particularly straightforward way. Using the projector P;”” defined in Eq. (6.12) to project out

the (), j) mode of asymmetry for p, we obtain

o) =P ) = [ dgdray 4y
/ dgdyug; ) (9)Uy(G() 2 pG(p) )
(o) | [ asasly )] 01

=G(p) P (0)G(p) 2 = g(p)*%<p§”>g<p>*%, (D.38)
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which implies that, under the choice of ITO basis made in Lemma 57, we have
A
N = 5,005, (D.39)

Combining this fact with Eq. (D.37) implies that

G(r(n)M @5l = zoauawz . (ZWX;M> (ng**@yy*@), (D.40)
B

under the choice of ITO basis made in Lemma 57.

The bipartite G-twirl of 7(n) and p is therefore

DEINGORET
bt
1 Ao Ao A, A%,
-> - (Zté ' x§ )> ® (Zré Dy 5)) . (D.41)
P e B8

Plugging this back into Eq. (D.36), we obtain

<n§”,<1>ggm<p§-”>>=<”®p] DIy (Zto’ ) (Zré“*ﬁ)nﬁ“‘ﬁ))>~
B

lu‘7

- j70< (M) ®p(/\* Z <Z t(ua Zu a)) ® (Z T(()u*76))/§lt*,ﬂ)>>
N B
1 o) ey
(0 () ) (o (S )
i I a
< N\) <Zt )\a )\a)>> <pé)\*)7 (Z T[())\*”B)}/O()\*’ﬁ)) >
B

]_ * _ *
=dj0 (d<77<§A),T(77)8A)><péA )3 )>>

N W) (N 50 (D.42)

where we have used the fact that pg-)\) =00 péA) under the choice of ITO basis made in Lemma

57 to arrive at the second and last equalities, and invoked the orthogonality of modes of asym-
metry (Eq. (6.14)) to arrive at the third equality. Applying Corollary 3 for the choice ®" = @},

using the above equation leads to the Lemma statement. O
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D.3.3.1 Sufficiency of reference frames whose modes of asymmetery are a subset of the

input state for state transitions covariant with Abelian groups

In the special case of Abelian groups, whose complex irreps are always one-dimensional, we

see from Eq. (D.37) that, given any reference frame 1 and state 7, we have
o)=Y 7 o (D.43)
A

from which we conclude that if 1) contains a mode of asymmetry that does not appear in 7,then

n"" does not contribute to the bipartite G-twirl of 1 with 7.

As we saw in Section 6.3.3, a necessary condition for a G-covariant state transition is that the
modes of asymmetry in the output state 0 must form a subset of those in the input state p.
Consequently, if n contains a mode of asymmetry p that does not appear in p, then for a G-
covariant transition to be possible, this mode of asymmetry also must not appear in o, and so
also cannot contribute to the bipartite G-twirl of n and o. From Eq. (D.32), we see that, given
any mode of asymmetry )\, we have that p*’ = p*" and o* = ¢, s0 if the mode 1 does not

exist in p and o, neither does its complex conjugate mode 1*, so * as well as 7*~ would not

contribute to the bipartite G-twirls of  with p and o.

In the remainder of this section, we concentrate on the non-trivial scenario where the modes of
asymmetry in the output state o is a subset of p. From Theorem 47, we see that if we range over
all n in a region R bound by a small surface enclosing the maximally mixed reference frame
%, then we obtain a complete set of entropic conditions {AH, > 0ln € R}. Let 1 be a mode
of asymmetry in 7 that is not present in p and ¢, so 7* and 7" do contribute to the G-twirl of
n with the desired input and output states. If the region is chosen sufficiently small, we claim
that ¥ = n — c(n* + n*") is still a valid state for . # 0, where we have ¢ = 1 if u # u* and
c = % otherwise. To see this, firstly note that, by orthonormality, the term in the brackets is
traceless and so the net result still has trace 1. Secondly, by choosing the surface appropriately,
the eigenvalues of 7 can be chosen arbitrarily close to the uniform distribution, and those of
the term in bracket made arbitrarily small. Therefore the eigenvalues of the resultant operator
n’ are all non-negative. We thus obtain a reference frame 7’ by removing the x (and * mode)
entirely from 7, which nevertheless gives the same bipartite G-twirls G(n ® p) and G(n ® o) as

did 7. This implies it suffices to range over reference frame states  with modes the same as p.
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D.3.4 Properties of f]W (p)

Lemma 100. Given any state p and mode of asymmetry (X, j), the function

Wy Loom o, 1 N =L (W) H (L
170 = el 50 = TV 75 G ) | (DA44)

where we have used Eq. (D.32) to obtain the first equality, has the following properties:
(F1) (Invariant under complex conjugation). f](’\) (p) = f]()\*)(p).

(F2) (Non-negative). fj(’\) (p) > 0.

(F3) (Trivial mode). f°(p) = 1.

Proof. Proof of (F1) By the cyclic property of the trace, and that an irrep A has the same dimen-

sion as its complex conjugate \*, we obtain

]. 1 * 1 1 * 1 1 *
£7(p) = o 0y G(p) "2 p}" )Q(p)‘ﬂ = [p? '9(0) 20V 4 (p) 2} = 1(p).

(D.45)

Proof of (F2) By the cyclic property of the trace and Eq. (D.32), we have

=
—
S
=
Q
—
S
SN—
|
=
b/\
>
Q
—
e
S~—
|
=

} = Tr[G(p)‘ip?)g(p)‘%g(p)_ipy*)g(p)_ﬂ

= Tr|G(0) 50V G(0) 5 (0) 50V G () 7F| = Tr[4AT] (D)

J

where we have defined A = G( p)_i pg”g( p)_%. Regardless of what A is, any operator of the

form AAT is semidefinite positive, which implies
Na(o)72 0 G(0) 2| = dafV (p) 2 0, (D47)

and immediately leads to the desired property.

Proof of (F3) Recalling from Eq. (6.18) that p0 =g (p), and noting that the trivial irrep is

one-dimensional, we immediately obtain

18 (0) = Tx [G(p)G ()26 ()G(p) 2| = Tx[G()] = 1. (D48)
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which completes the proof. O

D.3.5 Proof of Lemma 60

We first note that the choice of ITO basis made in Lemma 57, and the cyclic property of the
trace, imply that, given any Hermitian operator O, the ITO components on corresponding basis

elements of complex conjugate irreps are likewise complex conjugates of each other because

(XM 0) = Tr [XJQ’O‘)TO} _ :X(A*’Q)O]
=Tr -X}A*’Q)OT}

— Ty (OXJ(,’\*:Q)T)T}

A a A a * A *
—Tr|OX] ”} :Tr[xj( )To} = (xM 0. (D49)

Lemma 60. Let p, o and n be quantum states of systems A, B and R respectively, where we have

dim(Hpr) = dim(Hp). Furthermore, let us define components for states n, 7(n) and o in the ITO

()\,Oé) — <)((>\,Oé)7 0_>

basis {XJQ’O‘)} of system B as ny"a) = (XM oy, tg.)"o‘) = (XM 7 (n)) and 8; J

J J

respectively. Given a symmetry group G whose multidimensional irreps have no multiplicity, we have

that p N if for any reference frame n, we can find a state T(n) of system B such that

f(/\) (p)t(A,a) — ),
! ! ! (6.30)
()\,01))‘

J

V(A o, ) :
and arg(tg.’\’a)) = arg(n

Proof. Together with the fact that A — A* is an isomorphism on the set of distinct irreps A
appearing the representation G — L{f in system B, Lemma 59 showed that p S, o if, for every

reference state 1, we can find a quantum state 7(n) of system B such that
1 N (A A A ) (A At A
SO A 10 = o)+ (P P ey = o) =0 D50)
Ad

where we have used f]()‘) (p) = f;)\*)(p) by Property (F1) of the function fjo‘) (p). We can re-

express these sufficient conditions in terms of ITO basis components as

3 30 [ (I = a0 ) e (5o - ) 20 @)

Aj
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Because all quantum states are Hermitian, we conclude by Eq. (D.49) that the choice of ITO

(N o)* t(A*,a) _ t()\,a)*
j .

>\* 7a) —_—
= Sj .

basis we made in Lemma 57 implies ng)‘*’a) = ng’\’a)*, sg- and
Since fj()‘) (p) is always real (by Property (F2)), we see that the two terms in the summand of

Eq. (D.50) are complex conjugates, so we can convert the sufficient conditions in Eq. (D.50) to

Z Re {ng/\,a)* (f;A)(p)té)\’a) _ 8?,@))}

A a,j
_ Z ’n§A,a) Re {eiarg[n;*’a)] [fJ()\) (p)t§A,a) - 8?704}} > 0. (D.52)
A a,j

which is satisfied if each summand is itself non-negative, i.e.

. (A, e)
Y(\ a,j) : Re {e‘lafg[”j ] [ FNV () s§-)\’a)} } > 0. (D.53)

For any given (A, o, j), one way of satisfying Eq. (D.53) is if we can choose 7(7) such that

D () = e (D.54)

(A,oz)
J

(Aa)*

Another way is if we can choose a 7(7) such that the phase of ¢ cancels that of n;”" , i.e.

arg[t V] = arg[n{ ™). (D.55)

Substituting this phase choice for 7(n) into the sufficient condition in Eq. (D.53) at a particular

(A, @, j), we obtain

77 () ‘ty’a)

— ‘sg.)"a)‘ cos (arg [sy"a)] — arg [ng-)"a)}) > 0. (D.56)

Noting that max, cosz = 1, we see that the above equation holds for any 7 and o if we can

choose 7(n) such that

A pWeY
£ (p) )tg :

(M)
> ‘sj .

(D.57)

Together with Eq. (D.55), this provides a second way of satisfying Eq. (D.53) for a given
(A, @, j). Therefore, if, given any (A, «, j), either Eq. (D.54) is true or Eq. (D.57) and Eq. (D.55)

are true, then Eq. (D.53) holds, which implies the sufficient conditions identified by Lemma 59
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in Eq. (D.50) hold. O

D.3.6 Proof of Theorem 61

Theorem 61. Let p and o be two states of systems A and B respectively. Given a symmetry group G

whose multidimensional irreps have no multiplicity, we have p N if

—1 ) ™) ,
pmin ;7 (p) > g7 (o) for j =0
VA0 ! ! (6.32)

oM =0 for j #0.

where we have defined gj(-’\) (o) =3,

(Xj(-’\’a), a)‘ for the ITO basis {Xj(’\’o‘)} of system B, jimn as
the smallest eigenvalue of G(o), and n as the number of distinct non-trivial irreps appearing in the

representation of G on B(B).

Proof. Let us define components for states i and o, as well a linear operator 7(7), in the ITO ba-

(Na) .y (Na) (M) (Aa)
Q) (x) y (2) — (X) 2()) and s

() (a)
! = (X

1 ()‘705)
sis {X;""'} of system B as n ; ;o)

J

respectively.

We first present our choices for the ITO components of 7(7). Assuming that these choices pro-
duce a valid quantum state, we next show that when these choices satisfy the sufficient condi-
tions of Lemma 60, we obtain the Theorem statement. We then conclude the proof by verifying

that the choices for ITO components we have made always makes 7(n) a valid quantum state.

1. For trivial mode of asymmetry A = 0. In this case, we simply set the trivial mode of

asymmetry for 7(n) to match that of the output state o, i.e.
() =0 = G(r(n) = (o). (D.58)
Because féo) (p) = 1 by Property (F3) of the function f ;A) (p), this choice guarantees
v £ ()t 0 = 500, (D.59)

which satisfies sufficient conditions on ITO components for the trivial mode of asymme-

try of 7(n) set out in Lemma 60.
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2. For the nontrivial mode of asymmetry (A # 0,0). In this case, we choose

, (D.60)

. (N a)
o b o) o

where we have defined

cumzn(xﬁi%ﬂw) (D.61)

This choice satisfies the sufficient condition imposed on the (A, a, 0) ITO component of

7(n) from Lemma 60 if

0 2 1 i 1 (0) 2 3 [s50 = 3 |00l = o0, D62

which leads to the sufficient conditions stated in the theorem statement for any mode of

asymmetry (A # 0,0).

Given a mode of asymmetry (A # 0,0), the choice we made for t(()/\’a) in Eq. (D.60) be-
comes undefined if and only if s(()A’a) = 0 for all a. In this case, any choice of té)"a) satisfies

the sufficient conditions in Lemma 60; equivalently, the sufficient conditions in the theo-
rem statement are satisfied if s(()’\’a) = 0 for all o. We therefore clarify that t((;\’o‘) := 0 when

st = 0 for all .

3. For the non-trivial mode of asymmetry (A # 0,5 # 0). In this case, the choice of ITO

basis made in Lemma 57 imposes
A A
é%zO@iﬁ%@%ﬂL (D.63)

so the sufficient condition stated in Lemma 60 for the (\, «, j # 0) ITO component of 7(n)

can be satisfied if and only if

o (

el
9;20(0) =0 = Va: sj#))

=00\ =0, (D.64)

which leads to the sufficient condition stated in the theorem for any mode of asymmetry

(A # 0,5 # 0). Provided that the output state satisfies these conditions, we can then
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choose the (A, a, j # 0) component of 7(n) to be whatever we like, so we take

¢t

) =0, (D.65)

for simplicity.

We now prove that the choices of ITO components laid out above, which produces

() =Go)+ > efarg["é*’“)]c@)\sgw X, (D.66)

A#£0,a

constitutes a valid quantum state regardless of 7.

We first note that, because 1 transforms trivially, it must lie in the span of ITO basis elements
that transform trivially, i.e. 1 € Span({X%“}). The orthonormality between ITO basis elements
for distinct irreps then implies that ITO basis elements for non-trivial irreps must be traceless,

ie. Tr [X j(’\#o’a)} = 0 for X\ # 0. We thus conclude that
Tr[r(n)] = Tr[G(0)] = 1, (D.67)

so it only remains to show that 7(7) as defined in Eq. (D.66) is positive semidefinite.

Because A — \* is an isomorphism on the set of distinct irreps A appearing the representation

G — UL in system B, and the trivial irrep is its own complex conjugate, we can write

1 A« pWeY Ao * o
r(m) =5 | DA 4 X (D.68)
Ao,j
‘ e ] (A",0) * * *
— G(0) +% T Jiars[ng ]C(A)‘S(())\,a) x () 4 Sag[ng ] )| () OXSA )
A#£0,«
‘ ) —iar n(>\>a) a o
=G(o) +% (Z e[ L(»\Sgw\xgw | o tams[n ]Cm‘s(gx >‘ X )T) (D.69)
A#0,«

We obtained the final equality by invoking the choice of ITO basis made in Lemma 57, which

= X]()"Q)T. Because o is a quantum state, this choice implies by Eq. (D.49) that

|-

imposed X J(’\*’a)
s(())\*,oz) M)

=5 ", and consequently ‘sé)‘ A)

= ), Similarly, because

— Q)"
= nj

as well as ¢!

7 is a quantum state, this choice implies by Eq. (D.49) that ny*’o‘)
(/\*,Oz)]

J

by Eq. (D.49) and

)\,a)} .

consequently arg[n =— arg[n§.
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Let |1)) be any pure state of the output system B. Starting from Eq. (D.69), we obtain

(A X )+ ¢ sre

<¢| 7'(77) W> 2 Mmin + % ( Z elarg[ (A)‘ M)

A#£0,«

s T <wrg Lo

A#£0,«

(] X w>)

(6] X |w>)

i+ 3 €O K 1] con g ] + g 101 X 1]
A#£0,a
> fimin = D c“)\sé*“) W X5 )| (D.70)
A#£0,a
as min, cos(x) = —1. Because (X J(’\’a),X J(’\’a)> = 1 by construction, and because, given any

bounded operator A, we know that AfA is always positive semidefinite, we conclude that

X j()"a)TX J()"a) is diagonalisable with eigenvalues between 0 and 1. Therefore

‘XJ(A’O‘) y¢>) (] XX )y < HX](A’Q)TX(’\’O‘)HOO <1. (D.71)

j <
By the Cauchy-Schwarz inequality, we then have
(Ao )\ Q)
[l X )] < sl x [x ) )| <1 (D.72)

which can then be used to lower-bound Eq. (D.70) as

@I 7(0) ) = pmin — D c(”‘sg“”‘

A0,
Hmin M\

= HUmin — Z o ‘S

e (Lo [s6)
= HMmin — Z %

A0
= Mmin — Umin = 0, (D73)

which confirms that 7(n) is positive semidefinite regardless of 7. O

D.3.7 Conditions for identical input and output systems

We begin with the following analogue of Lemma 58, which was established at the start of

Section 6.4.4.
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Lemma 101. Let p and o be states of a system S, and 1 be a state of reference system R where we have
dim(Hr) = dim(Hg). Then p %o if there exists a family of G-covariant channels {®"|n € D(R)}

from S to itself and a probability q € [0, 1] such that

v (n,q®"(p)) > (n,0(q)). (D.74)

Recalling that distinct modes of asymmetry cannot be mixed and are orthogonal, we see that
Lemma 101 implies the following analogue of Corollary 3.

Corollary 5. Let p and o be states of system S, and n) be a state of reference system R where we have
dim(Hg) = dim(Hg). Then p Ny if for any reference frame n, we can find a G-covariant channel ®"

from S to itself and a probability q € [0, 1] such that

> <"§'A)7 g2’ (P?)) - 0(q)§”> > 0. (D.75)

)\7j

Corollary 5 is identical to Corollary 3 upon substituting &7 — ¢®"” and ¢ — o(g) at any
probability ¢ € [0,1]. Running through the proof of Lemma 59 from Corollary 5 instead of
Corollary 3 using these substitutions, we arrive at the following analogue of Lemma 59.

Lemma 102. Let p and o be states of system S, and let n be a state of reference system R where
we have dim(H ) = dim(Hp). Given a symmetry group G whose multidimensional irreps have no
multiplicity, we have p %o if for any reference frame n, we can find a state 7(n) and a probability

q € [0,1] such that

> ) (r)f) —ota)fY) > 0. (D.76)

AJ

Lemma 102 is identical to Lemma 59 upon substituting 7(n) — ¢7(n) and ¢ — o(q) at any
probability ¢ € [0,1]. Running through the proof of Lemma 60 from Lemma 102 using these
substitutions, for which we note that o(q) is still Hermitian even though it is not necessarily a
quantum state, we obtain the following analogue of Lemma 60.

Lemma 103. Let p and o be states of a system S, and let 1) be a state of reference system R where
dim(Hp) = dim(Hg). Furthermore, let us define components for states n, 7(n) and o in the ITO basis
(XN of system S as ) = (X, ¢ = (XM () and s(q) Y = (XY o(g))

respectively. Given a symmetry group G whose multidimensional irreps have no multiplicity, we have
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that p Ny if for any reference frame n), we can find a state T(n) of system S and a probability q € [0, 1]

such that
177 (0)(at) = s(a)] or
Y\ a,5) ¢ ’ ’ (D.77)
1)t = [s(@) ] and ang(t))) = arg(n{**).
(A,Ot) Ao ()‘70‘) (/\70‘)
£ =gty and s = s(q)

We are now in a position to derive the following analogue of Theorem 61.
Theorem 104. Let p and o be states of a system S. Given a symmetry group G whose multidimensional

irreps have no multiplicity, we have p Yo if o = p or if there exists a probability q € (¢*,1]

penin (@)L fM (0) > 6V (a(q))  forj =0
YA£O: (D.78)

U§A) =0 for j #0.

where we have defined ¢* := min{q € [0, 1]|G(c(q)) > 0}, g](.)‘) (0(q) = >, <X](.)"a),a(a)> for the
ITO basis {X;A’O‘)} of system S, fumin(q) as the smallest eigenvalue of G(o(q)), and n as the number of

distinct non-trivial irreps appearing in the representation of G on B(S).

Proof. The only covariantly accessible state at ¢ = 0 from p is p itself. At any other probability
q € (0,1], the proof follows that of Theorem 61 with the substitutions 7(n) — ¢7(n) and o —
o(q) except for the following caveat. The part of that proof demonstrating why 7 () is positive
semidefinite relies on G(7(n)) being positive semidefinite, which may not be true for all ¢ €
(0, 1] since we now assign G(7(n)) = ¢ 'G(o(q)), which is semidefinite positive if and only
if G(o(q)) is semidefinite positive. We therefore restrict ourselves to the interval of ¢ € (0, 1]
in which G(o(¢q)) > 0 by finding the minimum probability ¢* at which this is achieved and
noting that if G((c(q*))) > 0, then at any higher probability ¢ > ¢* we also have G(o(q)) =
G(lo=(A=q")+(" = a)p]) =G([c —(1=q")p+(a—q")p]) = G(o(q")) + (¢—¢")G(p) = O as the
sum of two semidefinite positive operators. We conclude this proof by noting that ¢* always

exists since at ¢ = 1 we have G(o(1)) = G(o) > 0. O

By applying Theorem 104 to a partially depolarised version of o, o), := (1 — p)o + p%, we arrive

at Theorem 63.
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D.4 Truncation of output system

The following two Lemmas detail when one can truncate the Hilbert space of the output sys-
tem without affecting the possibility of G-covariant interconversion to a particular output state
o. This is of use in our analysis of state interconversion with partial depolarisation.

Lemma 105. Let p be a state of the input system A, associated to the Hilbert space H 4. Let o be a state

of the output system B, associated to the Hilbert space Hp.
Let Hg be any subspace of H g with the following two properties:

1. Hg carries its own representation of G, i.e. Hp can be decomposed into Hp = Hg © Hgr such

that Up(g) = Us(g) © Ug1 ().
2. The support of o is contained entirely within Hg, i.e. letting Ilg be the projector onto Hg,

Ilgollg = 0.

Then there exists a G-covariant operation from A to B that takes p to o if and only if there exists a

G—covariant operation from A to S that takes p to o.

Proof. Let us first assume that there exists a G-covariant operation .oy : B(A) — B(B) such

that E.ov(p) = 0. We then observe that

HsUp(g) = (1s @ 0g1) (Us(g) ® Us1(g))
= Us(g) ® 0g2

= (Us(9)1s) ® 0gr = Us(g)ls (D.79)

Therefore, I1g(-)IIg is a covariant map from B(B) to B(S). As a result, IIg[Ecov(-)]Is is a co-

variant operation from B(A) to B(S) such that

Mg€cov(p)llg = gollg = 0. (D.80)

Conversely, let us now assume that there exists a covariant transformation Fe.y, : B(A4) — B(S)
such that Feoy(p) = 0. We then extend s into the bigger Hilbert space Hp = Hs & Hg1 such
that # ¢ still forms its own representation of G, e.g. as Ug(g) = Us(g) & Ig.. Then F can be

reinterpreted as a covariant channel from B(A) to B(B).
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We therefore conclude that G-covariant interconversion from p to o is unaffected by treating o

as a state of B or as a state of S. O

Lemma 106. Given any particular output state o, it is always possible to truncate the Hilbert space of
the output system, Hp, to the support of G(o) without affecting the possibility of G—covariant inter-

conversion.

Proof. The representation of G' on H p splits up in the following way [7]:
Hp =P H, (D.81)
q

The #H, are known as the charge sectors of H g, and they each carry an inequivalent representation

of G. Each H, can be further decomposed into a tensor product
Hy = M, N, (D.82)

The M, carry inequivalent irreps of G, while the N, carry trivial representations of G (so
dim(N;) yields the multiplicity of ¢ in the irrep decomposition for the representation of G
on Hp). This means every element g is represented on #, in the form Upq,(9) ® 1y,. As a
result, given any pure state [¢),) in NV, My ® Span(|t),)) is an irrep of G. Projectors onto irreps

of G thus take the form 1 rq, ® |10 )1g].

We note the following properties about the projector 1, ® [1)4)(1)4|. Because M, ® Span (|¢),))

is a subspace of H,,

[Ty, T, ® [t )thgl] =0 (D.83)

For the same reason, II, is identity on M, ® Span (|1,)), which means

oz, @ [90g)Xtgl = Ty (T, @ [1hg)tg]) - (D.84)

A subspace #H of H g lies inside the kernel of ¢ if and only if Tr[IIo]| = 0, where II is the projector
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onto H. Therefore, the irrep M, ® Span (|1,)) lies in the kernel of ¢ if and only if

Tr[ (L, ® [g)gl) 0] = Tr
T

= <¢q‘ Tqu[HqUHq] ‘¢q> =0 (D.85)

where in the first equality we made use of Eq. (D.84), and in the fourth equality we made use
of Eq. (D.83). This short calculation means M, ® Span(|t),)) lies inside the kernel of ¢ if and

only if [¢),) lies inside the kernel of Tr, [IT;011,].

Let {|14,:) } be an orthonormal basis for NV, in which Tr 4, [II,011,] is diagonalised. One possible

irrep decomposition for Hp is then
Hp = D M, © Span (i) (D.86)
q,i

An irrep in this decomposition lies inside the kernel of ¢ if and only if |¢, ;) is a basis element

for the kernel of Trq, [IT,011,]. This means
Hy = @ Mg ® Span (|1gi)) = @ Mg @ ker(Trp, [goTly)) (D.87)
4, [¥q,i) Eker(Trpm, [Mqolly)) q

must lie inside the kernel of o on H g. Conversely, the support of o must lie inside the subspace

of H p that is orthogonal to ’H§, ie.
s = @) Mgy  supp(Tray, [TTyoTLy)). (D.88)
q

As we see from the above equation, H¢ is also a direct sum over irreps of G and so carries its
own representation of G. Thus by Lemma 105, the possibility of interconversion is unaffected

if we truncate Hp to Hg.
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The action of the G-twirl is given by [7]:

G =3 (D, ©In,) 0 Py, (D.89)
q

where P, := II,(-)Il, is the projector onto the charge sector H,, D4, is the completely depo-

larising channel on M, and I, is the identity channel on V,. Therefore,
1
Glo)=)_ o c Trp, [0 L), (D.90)
q q

where d q, is the dimension of M. Looking back at Equation (D.88), we see that H.g = supp[G(c)].
It is therefore always possible to truncate the output Hilbert space to the support of G(o) with-

out affecting possibility of interconversion. O
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