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Abstract

The description of a quantum system follows a fundamentally different
paradigm to that of a classical system, leading to unique yet counter-
intuitive properties. In this thesis we consider some of these unique
properties, here termed simply the quantum. We focus on understanding
some important types of the quantum: quantum coherence and quantum
correlations, as well as quantum entanglement as an important subclass
of quantum correlations. Our objective is to investigate how to quantify
the quantum, what it can be used for, and how it can be preserved in
the adverse presence of noise. These findings help to clarify the fron-
tier between quantum and classical systems, a crucial endeavour for un-
derstanding the applications and advantageous features of the quantum

world.
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Introduction

Quantum mechanics provides a set of laws to understand nature at small length
scales. It was developed over the past century in response to the failure of classical
mechanics to accurately explain the behaviour of atomic and subatomic particles.
Quantum mechanics has proven to be very successful, and is now regularly used in
many areas of present day science and technology. This success relies on a founda-
tion of principles that are fundamentally different to those in classical mechanics,
necessitated by the counter-intuitive behaviour of nature at microscopic length
scales. The objective of this thesis is to investigate the quantum-classical fron-
tier: the transition of a physical system from the domain of classical mechanics
to the domain of quantum mechanics. In doing so, we further our understanding
of the quantum world and its potential for application. Such an endeavour can
be achieved by characterising the properties of a physical system that manifest
uniquely from quantum mechanics. Here we refer to these properties collectively
as the quantum.

There has already been some progress along this path: quantum coherence [1]
and quantum entanglement [2] have long been understood as key types of the
quantum, arising only from the formalism of quantum mechanics. Their study has
evolved over the years, from the simple qualitative acknowledgement of their pres-
ence within quantum systems to an important discipline in the field of quantum
science. Quantum coherence captures the ability of a quantum particle to be in
a coherent superposition, existing in more than one state at the same time. Such
a property can only be described in classical mechanics using the concept of a

wave, leading to the idea of a duality between waves and particles in quantum
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mechanics [3]. The counter-intuitive nature of quantum coherence was captured
by the famous Schrodinger’s cat thought experiment [4, 5]. Entanglement rep-
resents a portion of the quantum correlations between subsystems of a composite
system and has been studied since the dawn of quantum mechanics. It is the re-
source behind important processes such as quantum teleportation [6, 7] and dense
coding [7, 8]. Yet, entanglement does not entirely capture all the non-classical
correlations in a composite quantum system [9-11]. Instead, general quantum
correlations are also recognised as another relevant type of the quantum, being
important for a variety of applications including within quantum communication
and metrology.

Focussing on quantum coherence, quantum correlations, and quantum entan-

glement as key types of the quantum, we investigate three important questions:
1. How much of the quantum is there?
2. What can the quantum be used for?
3. Can the quantum be preserved in the presence of noise?

Finding an answer to Question 1 allows for a quantification of the departure of a
physical system from classical mechanics. Question 2 then investigates whether
the quantum can be harnessed to perform tasks in a superior way. However, the
presence of noise in physical systems tends to destroy the quantum and return the
system to behaving within the laws of classical mechanics. Question 3 therefore
considers whether the quantum may be preserved despite the negative effects of
noise. These three questions together present a relevant line of investigation to
help navigate the quantum-classical frontier, see Fig. 1.1 for an illustration as well
as Ref. [12].

This text is structured in seven chapters. The following chapter contains a
summary of some important concepts describing the mechanics of classical and
quantum systems, providing the background for their comparison. Chapter 2
shows how quantum coherence, quantum correlations, and quantum entangle-

ment arise from quantum mechanics as unique properties of a quantum system.
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Figure I.1: A schematic of the quantum-classical frontier. The left-hand side
represents quantum mechanics and is given by a single quantum spin, while the
right-hand side represents classical mechanics and is given by a pair of dice. Our
objective is to understand the frontier between quantum and classical mechanics
by characterising properties unique to quantum systems: the quantum. We invest-
igate how the quantum can be quantified (represented here with a ruler extending
towards the side of quantum mechanics), what the quantum can be used for (rep-
resented here with a magnifying glass to estimate a parameter p, as explained
further in Chapter 5), and how the gquantum can be preserved in the presence
of noise (represented here with an arrow transforming from quantum to classical

mechanics).

Chapters 3, 4, 5 and 6 then focus on answering the three questions posed. Finally,
a discussion of the results found, and their potential implications for further re-
search into quantum science, is given in Chapter 7. The contents of this thesis
presents research that has been previously reported in a collection of works con-
tributed to by the author, referenced with the prefix TRB. Figure 1.2 displays a
roadmap of this thesis. Here, the light blue boxes each correspond to a chapter of
this thesis. The dark blue boxes then represent some of the important methods
and constructions, described in more detail below, utilised to help elucidate the
three questions. Finally, the green ellipses represent the works of the author,
whose findings are demarcated by green arrows connecting to the relevant boxes.

Chapter 3 shows how one can quantify the quantum. Introducing the frame-

work of quantum resource theories [13-15], we give a set of rigorous requirements
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Figure 1.2: A roadmap of the structure of this thesis (explained further in the
main text). The references [TRB1-TRB13] correspond to the works of the author.
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for measures of a quantum resource and highlight how the framework can be spe-
cialised to the resources given by our three types of the quantum. Two geometric
approaches to constructing measures of the quantum are then given: the robust-
ness and the distance-based approach. The robustness of a resource quantifies
the amount of classical mixing required to recover a resource-free state [16, 17].
Instead, the distance-based approach measures a resource by quantifying the dis-
tance to the set of resource-free states [18-20]. Both approaches lead to measures
of a resource that satisfy the given requirements. It is shown that the robust-
ness of a resource is observable and may be efficiently evaluated numerically as
the solution to a semidefinite program, provided the corresponding framework of
the resource theory satisfies certain conditions. Furthermore, the robustness is
specialised to the resource of quantum coherence, leading to the robustness of
coherence and the robustness of k coherence [TRB1, TRB2, TRB3].

Next, Chapter 4 considers the difficulty of evaluating measures of the quantum
for generic states of a quantum system. We construct a general multi-step frame-
work to provide lower bounds to these measures, relying on the introduced concept
of a resource non-increasing projection [TRB4, TRB5, TRB6]. An example of
the application of this framework to provide lower bounds to the distance-based
measures of multiqubit entanglement and coherence is then provided with the
identification of a simple family of N qubit states, resulting from the action of a
particular resource non-increasing projection called M3-fication. The resultant
lower bounds are particularly relevant experimentally due to their low overhead
in terms of the required local measurement settings. We also identify an altern-
ative resource non-increasing projection to show the wider applicability of our
framework.

Chapter 5 looks at how the quantum can be harnessed. We focus on the
operational tasks of phase discrimination and phase estimation in quantum met-
rology. Phase discrimination is a type of quantum channel discrimination [21-24]
with the objective of using a quantum probe to infer which of a set of phases
was applied by a unitary with a fixed Hamiltonian according to a prior probab-

ility distribution. We show that quantum coherence in the probe with respect to
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the eigenbasis of the Hamiltonian is necessary to improve the probability of suc-
cessfully inferring the phase beyond simply guessing from the known probability
distribution. The robustness of coherence of the quantum probe is then shown to
quantify the optimum advantage in the probability of success [TRB1, TRB2]. On
the other hand, the objective of phase estimation [25-29] is to precisely measure a
phase applied by a unitary. We discuss the roles of the three types of the quantum
in phase estimation. In particular, both quantum correlations and quantum en-
tanglement can be quantitatively linked to the performance of phase estimation
in a type of worst-case scenario quantum interferometer [30, TRB7]. We show
that there exists a strict hierarchy between quantum correlations and quantum
entanglement, with quantum correlations constituting the most relevant type of
the quantum in this setting.

Finally, in Chapter 6 we investigate a mechanism to preserve the quantum in
the presence of certain types of noise. This is an important task given the typical
adverse sensitivity of the quantum to noise [TRBS8]. Using the distance-based
approach to measuring a resource, we identify conditions in which quantum co-
herence and quantum correlations can be preserved, or frozen, despite the action
of the noise [31-33]. These conditions consist of a certain class of initial states of
a two qubit system (known as the freezing surface) subjected to simple qubit bit
flip noise, and are universal in the sense that freezing occurs independent of the
particular distance used to measure the resource [TRB9, TRB10]. We provide
an example of conditions where both the quantum coherence and quantum cor-
relations freeze and compare with the behaviour of quantum entanglement, total
correlations, and classical correlations [TRB6, TRB11], which is also observed to
freeze [34]. A physical intuition is then suggested to explain the observed freez-
ing phenomenon. Finally, the conditions for frozen multiqubit entanglement are

explored [TRB4, 35, 36].



Chapter 1

Classical and Quantum Systems

This chapter provides an outline of some of the important concepts used to de-
scribe a physical system in classical and quantum mechanics. Despite their funda-
mental differences, both a classical and a quantum system can be specified with
just a few ingredients: the state, the evolution, and the observables. Here we
explain these concepts for finite dimensional systems and give a simple example
in each case. We also discuss the description of composite systems, which are
composed of a collection of separately accessible subsystems. The chapter is then
concluded with a comparison of the two approaches, highlighting both the simil-
arities and differences, which lead to the unique quantum properties that we call
the quantum. It is important to emphasise that the following does not represent
a full exposition of either classical or quantum mechanics, but rather an outline
of the relevant topics presented from the perspective of a quantum scientist. The

basis for the material presented in this chapter is Refs. [7, 20].

1.1 Classical Systems

We restrict to classical systems that can exist in a finite number of configurations.
The number of possible configurations d is called the dimension of the system.
This restriction is both for mathematical simplicity and to provide the most
suitable comparison to the finite dimensional quantum systems that are the main

focus of this thesis. A d-dimensional classical system can be described by a phase

7
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space P = {i}%, of d points, with each point in the phase space representing one

possible configuration of the system.

1.1.1 State

The state of a classical system represents our current knowledge on the config-
uration of the system. We do not always have full knowledge of the system, and
hence any state is given by a probability distribution p = {p;}%_,, with p; > 0
for all i and 2% | p; = 1. Each probability p; gives the likelihood that the system
is in the ¢-th configuration of the phase space P. If the system is known to be in
configuration i € P, it is said to be in a pure state 6@ = {5ij}§»l:1, where ¢;; is
the Kronecker delta, i.e. d;; = 1if ¢ = 7 and 6;; = 0 if ¢ # j. A general state p

can be expressed in a unique way as a convex mixture of pure states,

d
p={p}t, = pd", (1.1)
i=1

and is hence called a mixed state (unless it is itself a pure state). The set of
states can then be thought of as the (d — 1)-simplex which is the convex hull of
the d pure states 6.
The current knowledge on the configuration of the system can be quantified
by the Shannon entropy [37]
d
S(p) = - ;pi log pi, (1.2)
which is a function of the state of the system p. This quantity ranges from 0 to
logd. It is 0 for pure states, when there is full knowledge on the configuration of
the system, and log d for the uniform distribution state u = {1}, The state u
corresponds to having minimum knowledge on the configuration of the system,
where it is thought that each configuration is equally likely with probability é,
and is hence called the maximally mixed state. The base of the logarithm in
Eq. (1.2) is typically set to d when considering a d-dimensional system, so that
the Shannon entropy ranges from 0 to 1. On the other hand, when considering

composite dV-dimensional systems consisting of N subsystems of dimension d
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(see the following Section 1.3 for further details), the base of the logarithm is still
typically set to d so that the Shannon entropy ranges from 0 to N.

It is also instructive to quantify the difference, or distinguishability, between
the state p and another state q = {¢;}%,. A measure of distinguishability can
be given by calculating the distance Ds(p,q) between p and q, where § denotes
the choice of a particular distance function. A distance is a non-negative function

obeying three requirements for all p, q and r:

Ds(p,q) = 0 & P =q, (1.3)
Ds(p,q) = Ds(q,p), (1.4)
Ds(p,a) < Ds(p,r)+ Ds(r,q), (1.5)

where r = {r;}&, is another state. An example of a distance satisfying these

requirements is the trace distance, given by

Z . (1.6)

DTrpq

l\D\»—l

The Hellinger distance,

Diso(p.a) = (i(@ - @2)% , (1.7

i=1
is an alternative distance that is a monotonically decreasing function of the clas-

sical fidelity,
2

d
F(p,q) = (Z \/pz-qZ) : (1.8)
i=1
Finally, the relative entropy (also commonly known as the Kullback—Leibler di-

vergence) is an important distinguishability measure given by

Dre(p,q) = Zpi logZ’f (1.9)

However, it is not a distance since it does not obey the requirements in (1.4)
and (1.5) [38]. Nevertheless, it will often be referred to as a distance in the rest
of this thesis. A further discussion of distinguishability and the physical motiv-
ations behind the trace and Hellinger distances, as well as the relative entropy,

as measures of distinguishability can be found in Refs. [7, 20]. Figure 1.1 shows
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Figure 1.1: The set of states for a 3-dimensional classical system forms the green
2-simplex given by the convex hull of the pure states, shown as the green points.
States at a distance of  from the maximally mixed state u (central blue point)
are given as lines for Dp, (red solid line), Dy, (red dashed line), and Dgrp (red
dotted line). To provide a fair comparison as measures of distinguishability, here
the distances are normalised such that the distance between any pure state and

the maximally mixed state is unity.

the sets of states at a distance of % from the maximally mixed state u according
to Dr., Dy, and Dgg for a 3-dimensional system, illustrating the dependence

of distinguishability upon the choice of distance.

1.1.2 Evolution

Consider the evolution of a classical system in a fixed time interval. If the system
is initially described by a state p, then the evolved system can be described by a
state p’ = {pi}¢_,. We focus on stochastic evolutions, so that the evolved state
is given by the map p’ = Sp, where S is a d x d stochastic matrix and p and
p’ are taken to be column vectors, which will be the convention adopted in the

following. Stochastic matrices are square matrices with elements S;; obeying

Sy > 0 Vi,j € {1,2,...,d}, (1.10)

Y S =1 Vi e {1,2,...,d}. (1.11)
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These conditions ensure that p’ is a state, i.e. a valid probability distribution:
condition (1.10) means that p; > 0 for all 4, while condition (1.11) preserves
normalisation, ¢, p; = 1. The stochastic evolution of a classical system causes
the distinguishability between any two states p and q to decrease. Hence, a
measure of distinguishability must be monotonically non-increasing under the

action of stochastic maps. This property is satisfied whenever the corresponding

distance Ds(p, q) is contractive under any stochastic map S,

for all p, q and S. All of the distances already discussed here satisfy this prop-
erty [20].

The action of noise upon a classical system is typically given by a bistochastic
map, which transforms the system in an initial state p to the evolved state p’ =
Bp, where B is a d x d bistochastic matrix. Bistochastic matrices are stochastic

matrices with elements B;; that obey

ISH

> Bj=1 Vi e {1,2,...,d}. (1.13)
j=1

Such maps are unital, meaning that the maximally mixed state is mapped into
itself, u = Bu. Bistochastic maps can be thought of as noise because they always
cause a state to become more uniform in terms of its probability distribution,
meaning that knowledge on the configuration of the classical system is lost. Uni-
formity can be measured by turning to the concept of majorisation. A set of d real
numbers x = {z;}&, is majorised by another set of d real numbers y = {y;}¢_,,
written as x <y, when

k k
Sap < Yyt V ke{l,2,...,d—1}, (1.14)
= =1

i=1
d d
Z Ty = Z Yi,
i=1 i=1
where {7}, and {y; }%_, are rearrangements of {z;}%_, and {y;}_,, respectively,

into non-increasing order. If one state p’ of a classical system is majorised by
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TIIC

Figure 1.2: States p and q (here represented by a “thumbs up” and a “thumbs

down”) of a classical system become less distinguishable after the application of a
bistochastic map B due to loss of information on the configuration of the system

(represented by the hatched region) [7].

another state p, i.e. p’ < p, then p’ is more uniform than p. In fact, for any
state p,
u<p=<ao? Vie {1,2,...,d}, (1.15)

so that the maximally mixed state u is the most uniform of all states, and the
pure states 8 are the least uniform. Majorisation thus imposes an order on the
set of states in terms of uniformity. A rigorous connection between the action
of bistochastic maps on a classical system and the increase in uniformity of the

state is then provided by the statement [39]
p'<p < I a bistochastic matrix B such that p’ = Bp. (1.16)

The increase in uniformity due to a bistochastic map means that the Shannon
entropy increases, i.e. S(Bp) > S(p) (this follows from the fact that the Shannon
entropy is a Schur concave function). Hence, the evolution due to a bistochastic
map always leads to loss of information on the configuration of the classical
system. This loss of information provides a very intuitive motivation for why
bistochastic maps (as special cases of stochastic maps) cause the distinguishability

between states to decrease, see Figure 1.2 for a pictorial representation.
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1.1.3 Observables

An observable of a classical system consists of the real numbers O = {0;}¢_, such
that the observable takes the value o; when the system is in the configuration
1 € P. Let R be the set of possible results of measuring the observable O,
i.e. the set containing all the unique values of O without repetition. If the state
describing the system is p, then the probability of the observable taking the value

reRis

p(rlp) = > i, (1.17)

with {p(r|p) }+er a probability distribution. The expectation value of the observ-
able is then

(O)p = > rp(rlp) = Z:ini- (1.18)

reR
1.1.4 Example

A ubiquitous problem in classical mechanics is to describe the motion of a group
of interacting macroscopic bodies. Such a system has an infinite number of config-
urations with a continuous phase space of position and momentum, and is hence
not immediately explained by the concepts presented here. Nevertheless, there
are still some important examples of finite dimensional classical systems that are
worthy of further study. The 2-dimensional system is of particular interest in
computing and information theory as it can represent the most fundamental unit
of information, “on” or “off”. This system is given the name bit, a shortened form
of binary digit [40]. Systems of N bits are also often considered, with dimension
d = 2V. For example, the 8 bit system with a dimension of 256 is called a byte
and is very important in computing.

We now show how the rolling of a 6-sided die provides a simple yet informative
example of a finite dimensional classical system. In this setting we have a 6-
dimensional system with a phase space P = {i}{_,, where i € P represents the
side of the die facing upwards after a roll. Suppose that the result of the roll is
not immediately seen. The state p = {p;}\_, represents our current knowledge on

the configuration of the system and depends on whether there is any bias in the
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die. A fair die is described by the maximally mixed state u = {;}%_;, meaning

that each result is equally likely. On the other hand, a completely biased die that
always rolls the result i € P is described by the pure state 6% = {5;;}5_,. Any
die with some intermediate level of bias is described by the general state p. The
Shannon entropy of p is then in the range 0 to 1 (assuming the logarithm is set
to base 6), where S(6%)) = 0 for any i and S(u) = 1.

Consider the scenario where we have two 6-sided dice with different levels of
bias, each corresponding to a different realisation of the 6-dimensional system.
One die is partially biased and only gives the results {1, 2,3} € P randomly, while
the other die is fair. The dice are described by the states p and q, respectively,
with p = {%, %, %, 0,0,0} and g = u. The Shannon entropies of these two states
are S(p) = logg 3 ~ 0.61 and S(q) = logs 6 = 1, while their distinguishability is
Dr.(p,q) = % according to the trace distance. Now imagine that the results of
the rolls of both dice are altered by a friend. If the result of a die roll is odd then
the friend replaces the die with a fair die and rolls again. Instead, if the result of
a die roll is even, then the friend either does nothing or reduces the value shown
on the die by 1, with each event occurring at a 50% probability. This particularly

mischievous friend represents a source of noise applied to the system in the form

of a bistochastic map with a bistochastic matrix

RN
RN

pof 0 (L19)
6 6 2 6
Lo
Lot

: . . _ _f5 5 1111 ~

The state of the first die after this map is p’ = Bp = {33, 15, 5,975+ 5> While
the state of the second die is unchanged since the map is unital, ¢ = Bq =
q. The distinguishability between p’ and q’ according to the trace distance
is Dp.(p',d') = % < Dr.(p,q) = %, exhibiting the contractivity of the trace

distance from (1.12). Furthermore, it can be found that p’ is more uniform than
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p, i.e. p’ < p, which is equivalently implied by (1.16) since p’ = Bp.

Finally, consider measuring the squared value of the result of a die roll, which
is represented by the observable O = {i?}{_,. With the first die in the state p,
the probability of observing each of the results {1,4,9} C O of the observable is
5 and the probability of observing any of the results {16,25,36} C O is 0, with

the corresponding expectation value of the observable (O), = %. Instead, for

the second die in the state q, the probability of observing any one of the results

1
6

and the expectation value is (O)q = 2.

inOiS 6

1.2 Quantum Systems

A finite dimensional quantum system can be described by a d-dimensional com-
plex Hilbert space H, equipped with an inner product (¢[¢)) € C defined between
any two vectors |¢) and [¢)) in H. An orthonormal basis (ONB) is any collection
of d orthogonal and normalised vectors {|e;)}¢, in the Hilbert space, i.e. satis-
fying |e;) € H and (e;|le;) = d;; for all 4,7 € {1,2,...,d}. Any vector [¢)) € H

can be expressed with respect to this orthonormal basis (ONB) as

W) = ;%‘ lei) (1.20)

with ¢; = (e;|¢)). This representation allows 1) to be associated with the column

vector ¥ = {1;}¢_, € C%. The inner product can then be written as
d
(6l0) = 'y = 3 o, (1.21)
i=1

where ¢ = {¢;}%_, € C? is the column vector corresponding to |¢) with ¢; =
(e;|#), T denotes the conjugate transpose and * denotes the conjugate, which will
be the notation adopted henceforth.

The configurations of a quantum system are given by the normalised vectors
of K, i.e. the |[¢) € H satisfying (¢»]10) = 1. However, any two vectors [i) € H
and |¢') € H related to each other through a complex phase factor 1)) = €' |1))
for some ¢ € R correspond to the same configuration of the quantum system. We

hence say that the configurations of the quantum system are all the normalised
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vectors of H up to an absolute phase factor. There is an infinite number of
such vectors, and hence a finite dimensional quantum system has an infinite
number of possible configurations. There is also an infinite number of ONBs of
H. For a 2-dimensional quantum system, the most natural ONB is given by
the computational basis {|0),|1)}, where |0) is associated to the column vector
0 := {1,0} and |1) is associated to 1 := {0,1}. On the other hand, whenever the
dimension of a quantum system is larger than 2, the typical ONB is the standard

basis {|i) }{_, with each |i) associated to the column vector i := {d;;}7_;.

1.2.1 State

The state of a quantum system again represents our knowledge on the config-
uration of the system. If the configuration of the quantum system is known to
be the normalised vector [¢) € H then we describe it with a pure state given
by a projection operator (also known as a projector) [¢) (1| acting on H, that
projects all elements of H onto the vector |1)). This pure state can be represented
with respect to a chosen ONB as a matrix 11" when 1 is written as a complex
column vector as specified above. In general, a projector is given by any operator
P satisfying P? = P whose action is to project any [¢) € H onto the subspace
given by the range of P. However, not every projector corresponds to a pure state
of the quantum system: P is a pure state projector only when P = [¢) (| for
some configuration [¢), or equivalently when P has a rank of one and Tr(P) = 1,
where Tr(X) denotes the trace of an operator X. Note that, after this chapter,
we will often refer to the configurations |1)) as pure states, following the standard
language of quantum mechanics.

If we do not have full knowledge of the quantum system then it may be
described by any one of a collection of possible configurations {|t;) }; with corres-
ponding probability distribution {¢;};. The system is then said to be in a mixed

state represented by a self-adjoint operator p written as

p= Z%’ |[Ui) (Wil (1.22)

which is the convex combination of pure state projectors onto the configurations
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|;), where any operator X acting on K is self-adjoint if X = XT. An operator p
can be written as a convex combination of pure state projectors if and only if it

satisfies the requirements [7]

Tr(p) = 1, (1.23)

v
o

p (1.24)

where X > 0 means that the self-adjoint operator X is positive semidefinite, i.e.

(W[ Xp)y >0 ¥ [¢) € 3. (1.25)

If these conditions hold, p is defined to be a density operator. The density oper-
ators of pure states are the pure state projectors p = |¢) (¢|. Hence, the states of
a quantum system are given by all the density operators acting on H. We denote
the convex set of density operators, or equivalently the set of states, by D(H).
Any density operator can be represented with respect to a given ONB {e;) }%,
as a density matrix on C? with elements p;; = {(e;|ple;).

It is important to note that the decomposition of a mixed state in Eq. (1.22)
is not unique. In fact, there is an infinite number of ways to choose a collection
of pure states and a probability distribution so that the corresponding convex
combination of pure state projectors is equal to p. However, a density operator
p can always be decomposed as

d
p= Z;pi i) (pil (1.26)

i—
where {p;}&, are the eigenvalues of p, which sum to 1, and {|p;)}%, are ei-
genvectors of p, which form an ONB of H known as the eigenbasis of p. This
decomposition is called the spectral decomposition of p, and is of special import-
ance. It can be seen that any operator written in the form of Eq. (1.26) is a

density operator if and only if

d
pi>0 Vie{l,2...,d} > pi=1. (1.27)
=1

Our ignorance on the configuration of the quantum system described by a
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state p can be quantified by the von Neumann entropy [41]

d
S(p) = —Tr(plogp) = —>_ pilogpi, (1.28)

i=1
where the second equality uses the eigenvalues {p;}¢_, from the spectral decom-
position of p in Eq. (1.26). Like the Shannon entropy, this quantity ranges from
0 for pure state projectors p = [¢) (¢| to logd for the maximally mixed state
p = %, where I is the identity operator leaving every vector in J invariant. The

maximally mixed state corresponds to a uniform mixture of pure state projectors

onto any ONB {|e;) }L,, i.e.
I 1Y
-= 2::1 les) (e . (1.29)
Finally, the distinguishability between two states p and o can be measured
by finding the distance between them according to a distance Ds(p, o) defined on
the set of density operators. This distance must obey analogous requirements to
those in (1.3), (1.4), and (1.5) for a given choice of function . Table 1.1 presents
some commonly used distances between density operators. Further information
on these distances and their physical justification as distinguishability measures

can be found in Refs. [7, 20, 42]. The function

F(p,o):= [Tr( \/ﬁa\/,B)r (1.30)

is the quantum fidelity, which is a generalisation of the classical fidelity in Eq. (1.8)

to the set of density operators.

1.2.2 Evolution

A quantum system evolves in a fixed time interval according to a quantum oper-
ation A, which transforms an initial state of the system p to an evolved state p’
according to the map p' = A (p). Quantum operations are given by the completely
positive and trace preserving (CPTP) linear maps acting on density operators.
Complete positivity of a quantum operation A ensures that not only A(p) > 0

for any initial state p, but also that any density operator describing a higher
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Distance ) Ds(p,0)

Trace Tr sTr|p — o
Hellinger (squared) He 2 [1 —Tr (\/ﬁﬁﬂ
Bures (squared)  Bu 2 {1 —/F(p, 0)}
Infidelity F 1—F(p,0)
Relative entropy ~ RE Tr(plogp — plogo)

Table 1.1: Distances Ds(p,0) between two density operators p and o, where
|p— o] :== /(p—0)2. The squared versions of the Hellinger distance and Bures
distance are preferred because they have the useful property of joint convexity,

which is discussed in more detail in Section 3.2.2.

dimensional quantum system remains positive semidefinite whenever A acts on a
part it, Ref. [7] provides a formal definition of this property. Trace preservation
means that Tr(A(p)) = 1 for all initial states p. Hence, the output state A(p)
of any quantum operation A is always a density operator for any initial state p.
We note that quantum operations can in general map to an output system of
different dimension, but we do not consider such a scenario in this thesis.

A linear map A is CPTP if and only if it can be written in the form [43]
A(p) = Y- Kipkk] (131)
for some set of operators {K;}; which obey
ZKJ}Q =1 (1.32)

This is called the operator sum representation of A and provides a useful char-
acterisation of quantum operations. The {K;}; are called Kraus operators, but
there is not a unique way to choose them for a given A. Quantum operations
are also called quantum channels because they can be thought of as a communic-
ation channel of quantum information. Furthermore, quantum operations form
the quantum analogue of the stochastic maps discussed in Section 1.1.2.

Unital quantum operations are then the quantum analogue of the bistochastic

maps. They map the maximally mixed state g to itself and are characterised by
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having their Kraus operators obey
S KK =1 (1.33)

Just like for classical systems, there is a rigorous connection between the action of
unital quantum operations and increasing uniformity of the state. A state o of a
quantum system can be thought of as more uniform than the state p when o < p,
which holds when the vector of eigenvalues of ¢ is majorised by the vector of
eigenvalues of p using the definition in Eq. (1.14). The link with unital quantum
operations is then given by [20]

0 <p < daunital quantum operation A such that o= A(p). (1.34)

Quantum operations cause the distinguishability between any two states p
and o of a quantum system to decrease. A measure of distinguishability is then
monotonically non-increasing under the action of quantum operations when the

corresponding distance Ds(p, o) is contractive under any CPTP map, i.e.
Ds(A(p), A(o)) < Ds(p,0) (1.35)

for any two states p and ¢ and all CPTP maps A. All of the distances defined
on the set of density operators listed in Table 1.1 are contractive [20, 44].

We can also account for the situation where a quantum operation is not always
applied to a quantum system. A probabilistic quantum operation A occurs with
a probability Tr(A(p)) that is dependent upon the initial state p of the system.
If A does occur, then it transforms the system to the evolved state p’ according
to the map p’ = A(p)/Tr(A(p)). Here, A is a completely positive map, but does
not preserve the trace since 0 < Tr(A(p)) < 1. We may write any probabilistic
quantum operation in terms of Kraus operators {K;}; as A(p) = ¥; KipK] using

the operator sum representation, but now it must hold that
S KK <1 (1.36)

Probabilistic quantum operations form an important part of the general descrip-
tion of measurement in quantum mechanics, as will now be discussed in the

following section.
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1.2.3 Observables

The observables of a quantum system are given by self-adjoint operators acting
on H. An observable O can be written in terms of its eigenvalues and eigenvectors
as

O => 0;l0;) {04, (1.37)

i

where the eigenvalues {o;}%_; are real and the eigenvectors {|o;) }%_, form an ONB
of H. Measurement of the observable O on a quantum system in configuration |1))
causes the system to collapse onto one of the configurations {|o;)}&, with prob-
ability [{(o;]1)|?, yielding the corresponding measurement results {o;}¢_,. This
is a remarkable difference to the case of classical systems, where an observable
measurement, does not alter the configuration of the system. On the other hand,
to account for the possibility that we do not know the exact configuration of the
quantum system, we describe an observable measurement more generally in the
following way. Let R be the set of possible results of measuring O, which is given
by the set containing all the unique eigenvalues of O without repetition. This

allows O to be rewritten as

O = Z T‘P“ (138)
reR
where

Poi= > o) (o] (1.39)

:0;=T

are projectors onto the eigenspace of O with eigenvalue r. If the quantum system
is in state p, then measuring the observable O gives result r with probability
p(r|p) = Tr(P,.p) and leaves the system in the state
PP,
"oprlp)

If the result of measuring the observable is not known then the system will be

(1.40)

described by the state

reR reR

with corresponding expectation value

(0), = >_ p(rlp)r = Tr(Op). (1.42)

reR
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The result of measuring an observable can tell us the present configuration of the
quantum system. If O has a non-degenerate set of eigenvalues, i.e. with each
eigenvector |o;) corresponding to a unique eigenvalue o;, then the possible results
of measuring O are R = {0;}¢_,. Observing the result o; then tells us that the
system is in the configuration |o;).

The probability of observing the result r and the resultant state of the system
do not depend on the exact value of r, and so it is often more useful just to consider
which of the r € R was observed rather than the value of the particular r € R.
A quantum instrument is a formalism describing the probabilities of observing a
set of measurement outcomes {i}; when measuring a quantum system, as well as
the corresponding states {6;}; after the measurement [45, TRB12]. The quantum
instrument corresponds to a more general form of measurement of a quantum
system and is composed of a set {A;}; of probabilistic quantum operations that
together sum to a quantum operation A. Upon measurement of the quantum
system with the quantum instrument, one of the probabilistic quantum operations
A; occurs with the state dependent probability p(A;|p) = Tr(Ai(p)), giving the

resultant state
A; (P)

" p(Ailp)

This event is associated with the measurement outcome 7. If the result of the

(1.43)

measurement, outcome is not known then the state of the system is

0 =2 p(Ailp)Ai = Alp), (1.44)

i.e. the result of the quantum operation A.

A projective measurement is a special type of quantum instrument whose
probabilistic quantum operations are given by A;(p) = P;pFP;, corresponding to
a set of projectors {P;}; that are orthogonal, i.e. P,P; = §;;I for any ¢ and 7,
and sum to the identity, i.e. >, P, = I. A projective measurement corresponds
to an observable measurement when each outcome i is associated with a result 7.
Another type of quantum instrument is specified by the set of Kraus operators

{K;}; from the operator sum representation of any quantum operation A, where
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each probabilistic quantum operation is given by the completely positive map
Ai(p) = KipKz‘Jf~

Even more general than a quantum instrument is the concept of a positive
operator valued measure (POVM). Here, only the probabilities of each outcome
are important and we do not specify the corresponding states of the system. A
POVM consists of any set of positive semidefinite operators {M;}; that sum to
the identity, >, M; = I, so that each outcome i is associated with the probability

p(Milp) = Tr(Mip). (1.45)
Every quantum instrument {A;}; has a corresponding set of POVM elements
{M;}; with M; = Al(I). The map Al is the dual of A;, i.e. the map satisfy-
ing Tr(Al(p)o) = Tr(pA;(c0)) for any density operators p and o [20, 46]. The
correspondence can then be seen by considering the outcome probabilities,
p(Adlp) = Tr(Ai(p)) = Te(IA(p)) = Te(Al(D)p) = Te(Mip) = p(Milp).  (1.46)
We note that more than one quantum instrument corresponds to the same set of

POVM elements, meaning that there is not a unique set of resultant states {6;};

compatible with the probabilities {p(M;|p)}:.

1.2.4 Example

We now detail the description of a 2-dimensional quantum system, which has
been studied extensively in quantum science. The 2-dimensional system is often
thought of as the quantum analogue of a classical bit, and is hence called a qubit.

Any state p of a qubit can be written as a density operator in the following way

p= ; <H+§:1ni0i> , (1.47)
where n? + n2 +n3 < 1, I is the 2-dimensional identity operator and {o;}?_, are
the Pauli operators, defined by their action on the computational basis {|0) , [1)},

a1 [0) = [1) o1 [1) =10},
a2 [0) = i[1) o3 [1) = =10},

osl0) = 10) osl1) = — 1) (1.48)
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\

Figure 1.3: The Bloch ball representation of the state p of a qubit system.

The state p and the Pauli operators can be expressed as matrices with respect to

the computational basis, i.e.

1 1+n3 T —Z"n,g
p = 5 ) )
ny+iy 1—ng
01 0 — 1 0
g1 = y g9 = y 03 = . (149)
1 0 1 0 0 —1

The vector n := {n;}?_; lies within the unit ball B; in R?, and can be described
in spherical coordinates by a radius R := \/m and two angles 6 € [0, 7]
and ¢ € [0,27] as n = {Rcos(¢)sin(d), Rsin(¢)sin(f), Rcos(f)}. This is called
the Bloch ball representation of a qubit state and is visualised in Figure 1.3. The

eigenvalues of p are

1—R 1+ R
pl - 2 9 p2 - 2 . (150)

The von Neumann entropy is then
1—-R

Slp) = —— log(

1-— 1 1
R) _ Rlog( il R) : (1.51)

2 2 2
which varies between 0, when R = 1, and 1, when R = 0. The pure state
projectors are given by all p with R = 1, and hence lie on the surface of the Bloch

ball. The corresponding configurations are

1) = cos (2) 0) + €’ sin (g) 1) (1.52)
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It can be seen that the pure state projector |0) (0] onto the computational basis
has corresponding coordinates n = {0, 0, 1} in the Bloch ball, while the pure state
projector |1) (1] has coordinates n = {0,0, —1}.

1.3 Composite Systems

In this thesis we will also be considering composite systems. Here we briefly
outline the description of a bipartite system consisting of either two classical
subsystems or two quantum subsystems. We label these subsystems A and B

and consider them to be finite dimensional with dimensions d4 and dp.

Composite Classical Systems

If the two subsystems are classical, then they have phase spaces P4 = {z} and
={J } ;21, respectively. The phase space PAB of the composite system is given

by the Cartesian product of P4 and P?,

PAB .— A« PB — {(i, j)1 P (1.53)

2,7=1 "

where X denotes the Cartesian product. The state of the composite system is
then given by a joint probability distribution pA? = {pf}B}j?’:dlB defined on P45,
with p;‘;B giving the likelihood that subsystem A is in configuration i € P4 and
subsystem B is in configuration j € PB. The overall likelihood that subsystem A
is in configuration ¢ (i.e. regardless of the configuration of subsystem B) is given
by pit = 2?21 pf;-B , and hence the state of subsystem A is the marginal probability
distribution p* = {p}%,. Likewise, the state of subsystem B is the marginal
probability distribution p¥ = {p? }] 1, with pP = Sda ;7. If the configurations
of subsystems A and B are known to be i € P4 and j € PP, then the state of
the composite system is given by the pure state (§(4))45 = {5ik(5jl}Z:‘2ff. Any
state pAB of the composite system can be expressed in a unique way as a convex
mixture of pure states,
da,dp

B {pfPy = 0 pB(et) (1.54)

3,j=1
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The composite system may be correlated in such a way that our know-
ledge on the configuration of one subsystem is affected by our knowledge on
the configuration of the other subsystem. If the state of the composite system

}dA,dB

is pAB = {ng then the probability that subsystem A is in configuration
A|B=

i € PA given that subsystem B is in configuration j € P is p/"°~7 = PP /pP.

The state of subsystem A is then p 4, with a corresponding

AlB=i = {pIP=T
Shannon entropy S(p*#=7). Taking the average of this Shannon entropy over all

the configurations of subsystem B gives the conditional entropy

Sap(p Zp pIF=7), (1.55)

which measures our average uncertainty on the configuration of subsystem A
given knowledge on the configuration of subsystem B. We then say that the
subsystems are correlated whenever Sy p(p“?) is less than S(p#). The difference
between these two quantities is a measure of the correlations and is called the

mutual information, which can be expressed in three equivalent forms

I(p*?) = S(p*) - Sap(P*”)
= S(p”) — Spa(p™”)
= S(p*) +3SpP”) - SpP*”). (1.56)

The mutual information is non-negative and zero only for uncorrelated systems

}dAdB A

where the state p? = {pZ L is the product of subsystem states p* =

{p}i4, and p” = {pF}je

An observable of the composite system is given by the real numbers O48 =
{04 }d“"dlB so that the observable takes the value o0;; when subsystem A is in con-
figuration i € P4 and subsystem B is in configuration j € PZ. Local observables
of the subsystems are given by the collections of real numbers O4 = {o0;}%4,
and OF = {0]-}?21, and can be measured jointly on the composite system as
the product O4% = 04 x OF = {0;0;}{4%¢. Hence, measurement of the local
observable O4 on the composite system is achieved by jointly measuring with

the identity observable I = {1}?21 on subsystem B, i.e. resulting in the product
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048 =04 x1I= {ol}f;‘:df so that the value o; is taken whenever subsystem A is

in configuration i € P4, regardless of the configuration of subsystem B.

Composite Quantum Systems

If the two subsystems are quantum, then they have Hilbert spaces H“ and H?Z,
respectively. The composite system is then described by a (d4 x dp)-dimensional

Hilbert space 74P given by the tensor product of H4 and H5,
HAB .= A @ HB, (1.57)

where ® denotes the tensor product. The state of the composite system is given by
a density operator p? acting on 348, while the states p4 and p? of subsystems
A and B, respectively, are given by the marginal density operators found by

performing the partial trace over the complementary Hilbert space, i.e.
p't = Trp(p"?) pP = Tra(p"?), (1.58)

where Try indicates the partial trace over subsystem X. If the configuration
of the composite system is known, then its density operator is the pure state
projector [AB) (48|, Any state pZ of the composite system can be expressed
as a (non-unique) convex combination of pure state projectors, i.e. there always

exists a set of pure state projectors {|¢8) (wAB|}; such that
PP =3 a i) (WP, (1.59)

for a probability distribution {g; };.
The correlations of the composite system in state pA? are given by the mutual

information

Z(p"") = S(p™) + S(p”) = S(p**). (1.60)

Furthermore, the observables of the composite quantum system are the self-
adjoint operators acting on 4P, while observables of the subsystems are the
self-adjoint operators acting on H* and HZ, respectively. Measurement of the
local observable O# on the composite system is achieved with the tensor product

O4 ® I”, where I is the identity operator acting on subsystem B.
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As well as bipartite quantum systems, it will also be useful to describe com-
posite quantum systems of N qubits. Here, the 2¥-dimensional Hilbert space
is given by the tensor product H®N of the qubit Hilbert space highlighted in
Section 1.2.4. Any state of the N qubit system can be written as

3
p= 2%\/ N Z Rijiy. in0iy @01y, @ ... Q 04y, (1.61)

irig...in=0
where o( := I is the 2-dimensional identity operator. The real correlation tensor
Rijiy.ix =Tr(p o, ®04,®...®0;,) € [—1,1] must obey certain requirements for
p to be a density matrix. Since the Pauli operators are traceless, Tr(p) = 1 when

Roo..0 = 1. However, the constraints on R;, ;, i, for p to be positive semidefinite

for a general N are complicated and not yet fully characterised.

1.4 Comparison

The preceding discussion of classical and quantum systems has highlighted a lot
of similarities in their description, Table 1.2 provides a summary. However, there
are some differences between classical and quantum systems that lead to very
contrasting properties. These properties are what we call the quantum, which
form the focus of this thesis.

One of the most notable features of a quantum system is that it can exist in
an infinite number of possible configurations. Nevertheless, we have seen that an
observation of the quantum system through an observable O with non-degenerate
eigenvalues allows us to single out a set of d configurations corresponding to
the ONB {[e;)}4, of O. We can reconcile the configurations of this ONB with
the d possible configurations of a classical system. Indeed, a classical system
in state p = {p;}%, can be associated with the state p = %, p; |e;) (ei] of
the quantum system, i.e. so that the eigenbasis of p coincides with the ONB
{les) ;. In this case, we have that the probability (e;|p|e;) of the quantum
system being in configuration |e;) after measuring O is exactly the corresponding
p; from the probability distribution. Nevertheless, there is an infinite number of

other possible ONBs of H that may describe the eigenbasis of p, so that p does
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Classical systems Quantum systems
Space P H
Configurations ie® ) € H
Statos p=XL,pio" p=L1pilp) (il
pi>0, o0 pi=1 pi >0, ol pi=1
Entropy S(p) = - pilogp S(p) = — i, pilogp;
Distinguishability Ds(p,q) Ds(p, o)
Evolution Sp Alp]
Observables 0 =% 0060 O =% 0il0:) (04
Composition X ®

Table 1.2: A summary of the structures used to describe classical systems and

quantum systems.

not generally commute with the observable O (i.e. [p, O] := pO — Op # 0). This
peculiarity of quantum mechanics gives rise to the concept of quantum coherence,
as discussed in the next chapter.

Another remarkable feature of quantum mechanics is the formalism used to
describe composite quantum systems. In Section 1.3 we saw that composite
classical systems use the Cartesian product structure of the phase space, while
composite quantum systems rely on the tensor product structure of the Hilbert
space. It is this tensor product structure that gives rise to the presence of quantum
correlations in a composite quantum system, as we discuss in further detail in the
following chapter. Indeed, for a composite classical system the Cartesian product
structure implies that whenever the composite system is in a pure state, then
its subsystems are also in pure states. On the other hand, the tensor product
structure of a composite quantum system means that a pure state of the composite
system does not necessarily imply that the states of the subsystems are also pure.
This quantum feature is associated with the property of quantum entanglement,

a particular type of quantum correlations.



Chapter 2

The Quantum-Classical Frontier

In this chapter we explain the three key types of the quantum considered in this
thesis: quantum coherence, quantum correlations, and quantum entanglement.
Building upon our comparison of classical and quantum systems in the previous
chapter, we discuss how each type of the quantum arises uniquely from the descrip-
tion of a physical system provided by quantum mechanics. Characterising these
types of the quantum then sets the stage for an investigation of Questions 1, 2,

and 3 in the following chapters.

2.1 Quantum Coherence

Consider a quantum system in the pure state |[¢0) € H along with the measure-
ment of an observable O on the system with non-degenerate eigenvalues and an
associated reference ONB {|e;)}&,. We can write the vector |¢) with respect to

this ONB as ;
) =D diles), (2.1)
i=1

where ¢; = (e;[¢)) € C and %, [¢]* = 1. From Section 1.2.3, we know that, by
measuring the observable O, we will observe one of the non-degenerate eigenvalues
with probability |{e;|1))|* = |¢;]? and conclude that the quantum system collapses
onto the corresponding configuration |e;). Hence, unless |¢) = |e;) for any i, we

will have an uncertainty on the resultant configuration of the quantum system.

30
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This uncertainty does not arise from our lack of knowledge of the system, since we
know it is initially in the pure state |¢), but rather from an intrinsic uncertainty
due to the probabilistic nature of quantum mechanics itself. We call quantum
coherence the property that characterises this intrinsic uncertainty [1, 47, 48].
Hence, a pure state of the quantum system |[¢) is coherent with respect to the
reference ONB if more than one of the 9; is non-zero. If this is the case, |1) is
said to be in a coherent superposition. The pure states that are not in a coherent
position are called incoherent, and are given by all the {|e;)}¢;.

While for pure states any uncertainty on the resultant configuration {|e;)}%,
of the system after measuring the observable O is only due to the probabilistic
nature of quantum mechanics, for mixed states we have an additional uncertainty
due to our lack of knowledge on the configuration of the system. The states
with coherence are then defined to be those for which there is always a non-zero
probability that the system is described by a coherent pure state. As we have
seen in Section 1.2.1, there is not a unique decomposition of a density operator
p according to Eq. (1.22) into a convex combination of pure state projectors
{|1) (¥4|}s according to the probability distribution {¢;};. The coherent states
are hence those for which every decomposition always has at least one [1;) that is
coherent (with ¢; > 0). Conversely, the incoherent states are those not satisfying
this property, such that there exists a decomposition of p into only incoherent
pure state projectors, i.e. so that each |¢;) is equal to one of the {|e;)}L ;. Tt can
then be said that a state d is incoherent with respect to the ONB {e;)}4_, if it

can be written as
d
6= diles) (el (2.2)
i=1

where {§;}%, is a probability distribution. We represent the set of incoherent
states with J. The incoherent density matrices are given by all the density
matrices that are diagonal when represented with respect to the reference ONB.

It can be seen that the eigenbasis of a coherent state p does not coincide with
the reference ONB {|e;) }&, with respect to which coherence is measured. Hence,

coherence arises from the non-uniqueness of the ONBs of H, or alternatively
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the non-commutative nature of self-adjoint operators in quantum mechanics. In
classical mechanics, there is a unique basis {i}¢; to describe the phase space
P of the system. The configuration of a classical system is left unchanged by
the measurement of an observable, and hence there is no intrinsic uncertainty on
the resultant configuration. As has already been alluded to in Section 1.4, the
incoherent quantum states 0 in Eq. (2.2) can thought of as representing a classical

system in state {d;}¢, with respect to the reference ONB.

2.1.1 Coherence Number

Instead of characterising just the presence of an intrinsic uncertainty in a quantum
system with respect to the configurations of the ONB {|e;)}L, corresponding
to measuring the observable O, it can also be informative to count how many
of the |e;) there is an uncertainty with respect to. This concept is captured
by the coherence number [TRB3, 49-53]. A pure state of the quantum system
[4) = 3%, 9; |e;) has a coherence number of k with respect to the fixed reference
ONB {le;) }, if exactly k of the 1; are non-zero. The coherence number ranges
from 1 to d, corresponding to the dimension of the system.

Just like with coherence, the coherence number of a general state p depends
on the decomposition of p into pure state projectors {|1;) (1| }; with probabilities
{¢;}i- We say that p has a coherence number of k if every decomposition has at
least one pure state |¢;) (and ¢; > 0) with a coherence number of at least k, and
if there exists at least one decomposition where one pure state [¢;) (with ¢; > 0)
has a coherence number of k and all the other |1;) have a coherence number less
than or equal to k. In such a way, there is always a non-zero probability that
the system is described by a pure state with a coherence number of at least k,
but it is not always guaranteed that it can be described by a pure state with a
coherence number of more than k.

In practice, it will be more useful to define the states with a coherence number
of less than k. A density operator p has a coherence number of less than k if it

can be decomposed as a convex mixture of pure state projectors {|¢;) (1;]}; such
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D(?‘[) Coherence number of less than k&

.

k=2

Coherence number of k

713) L 7(4) L 7(471) L j(d)

Figure 2.1: The set of states D(H) of a d-dimensional system (represented here by
the circle) can be structured into the convex sets J) of states with a coherence
number of less than & (represented as the concentric ellipses), with ) ¢ &) ¢
... c 34 < D(H). On the other hand, the (non-convex) sets of states with
a coherence number of exactly k are given by the difference between the sets
g+ (or D(H) when k = d) and J*). Note that the areas of ellipses are not
representative of the volumes of the corresponding sets J*), although the set of
incoherent states 3 is known to be zero measure within D(H) [1, TRB1], and is

hence drawn as a line.

that all of the pure states [¢;) have a coherence number of less than k. The
convex set of density operators with a coherence number of less than k is given
by J®) for k € {2,3,...,d}, and it follows that & c 3&) c ... c 3@ c D(H).
The set of incoherent states is given in particular by J = 3@ . Figure 2.1 provides
a visualisation of the sets J*) that have a coherence number of less than k in
a d-dimensional system, along with a comparison to the sets of states with a

coherence number of exactly k.

2.2 Quantum Correlations

As we have seen in Section 1.3, the description of a composite quantum system is

markedly different to that of a composite classical system. Here we focus on the
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unique nature of composite quantum systems. This unique nature is captured
by the property of quantum correlations in the composite system [9-11, 54-58],
one of the key types of the quantum discussed in this thesis. To identify these
quantum correlations, we first need to be able to compare composite quantum
systems and composite classical systems within the same paradigm. This can
be achieved by establishing the description of classical subsystems within the
quantum formalism, as we now proceed to do for the case of bipartite composite
systems using the setting of Section 1.3. The material presented here is derived
from the review papers in Refs. [TRB12, TRB13].

Suppose that the state of a bipartite quantum system is given by the density

operator
dy dp
xee =2 v let) (el @ ) (f7] (2.3)
i=1j=1
where {p;;” }f;‘:df is a joint probability distribution and {|e)}%4, and {]| IP >}§‘l£1

are ONBs of H* and HP”, respectively. We can associate the ONBs {|e)}%4,
and {| ij )}?ﬁl with the configurations P4 and P? of two classical subsystems A
and B, respectively, so that the probability that subsystem A is in configuration

i € P4 and subsystem B is in configuration j € PP is
(e ® flIxcelel ® f7) = p”. (2.4)

Furthermore, the states of subsystems A and B are given by Eq. (1.58) as
dA dB
ph =t el (ef, PP =307 IF7) (FP1 (2.5)
i=1 j=1

where p#t = Z;lﬁl piA}B and pf = Zfﬁl pf;.B. Hence, the probability that subsystem
Ais in configuration i is p;' and the probability that subsystem B is in configura-
tion j is pP. Therefore, the density operator ¢ effectively describes a bipartite

: : da,d
classical system in state pA? = {pz‘-‘}B Yiglt,

provided one chooses to represent
the configurations of the classical subsystems A and B with the ONBs {[e/)}%4,
and {[f) ?ﬁl, respectively. Such states are called classical-classical (CC) states
because both subsystems A and B are classical with respect to the choices of

ONB. Since one is free to choose the local bases used to represent the classical
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subsystems, the set of classical-classical states is then
da dg

ecc = {PAB ‘ ZZP B|€ A‘®|fJB> <ij‘} (2.6)

1=1j5=1

for any ONB {|e)}#4, of A and {|fJB)}?ﬁl of B.
It is also possible to have an intermediate scenario whereby only one subsystem
can be described classically. A classical-quantum (CQ) state of a bipartite system

is given by
XCQ = ZP (e @ p?, (2.7)

where {p}94, is a probability distribution, {|e!)}?, is an ONB of A, and {pF}%4,
are arbitrary states of subsystem B. We can see that the marginal states of

subsystems A and B are

da
= "pile) (ef], sz pl. (2.8)
=1

If we associate the ONB {|e)}#4, with the configurations P* of a classical sub-
system, then it is clear that subsystem A can be described classically with respect
to this ONB by the state p# = {pf‘}fﬁl. Indeed, the probability that subsystem
A is in configuration i € P4 is (e|p?]e!) = p. On the other hand, in general
subsystem B does not correspond to a classical subsystem with respect to any

choice of ONB. The set of classical-quantum states is then

da
els — {pAB ‘ pAB=Zp?|ef‘><e;“|®pf} 2.9
=1

for any ONB {|e)}#, of A. The quantum-classical (QC) states are justified

analogously and are written as

Xao = Zp] pr e |fP) (P, (2.10)

where {p? }] . is a probability distribution, {| fB> 5, is an ONB of B, and

{pj ;21 are arbitrary states of subsystem A. The corresponding set is then

Coc = {PAB ‘ Zp] Py @1f7) ]B|} ; (2.11)
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for any ONB {\ff}}?ﬁl of B.

The CC, CQ and QC states may be referred to as classically correlated because
at least one of the subsystems can be described classically in a certain ONB.
In particular, the CC states are classically correlated for both subsystems, the
CQ states are classically correlated for subsystem A, while the QC states are
classically correlated for subsystem B. The sets CAg, €48, and CAE are not
convex, and it also holds that CAB = Gég N Ggg. Quantumly correlated states
are the states that are not classically correlated. Specifically, if pAZ ¢ CAZ then
p4P has quantum correlations originating from at least one of the subsystems,
if p*P ¢ C2F then p*” has quantum correlations from subsystem A, and if
pAB ¢ Gég then pA? has quantum correlations from subsystem B.

In Refs. [TRB12, TRB13] we review a number of different justifications for
using the term quantum correlations, see also Refs. [11, 54-58] for further de-
tails. The original notion of quantum correlations was suggested in Refs. [9, 10],
where it was noticed that the so-called classical correlations resulting from local
measurements on the subsystems of a bipartite quantum system do not gener-
ally account for all of the total correlations according to the mutual information
in Eq. (1.60). The difference between the total correlations and the classical
correlations then results in a well-known quantity, called the quantum discord,
as a measure of quantum correlations. In this thesis, we do not report on the
quantum correlations from this perspective, and instead follow a distance-based
approach to its quantification, outlined in Chapter 3. The rest of this section on
quantum correlations is devoted to highlighting two of the characteristic features
of a quantumly correlated composite system: the presence of local coherence, and
a sensitivity to local projective measurements. In the following, the quantumly
correlated states will be those that are not CQ. Analogous features also exist for

CC and QC states.
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2.2.1 Local Quantum Coherence

Consider a state [1)1) (4| @ p? of a bipartite quantum system, where |¢p1) € H4

is a pure state of subsystem A and p® is an arbitrary state of subsystem B. The

state of subsystem A can be written with respect to an ONB {|e)}%4, of H4 as
da

) = ZIMA lef') (2.12)

with 9 = (e|y?). From the discussion in Section 2.1, it is clear that |¢4) is

coherent in the reference ONB {|e£)}%4, if more than one ) is non-zero. Hence,

the state |e:!) (e!| ® pP, for any i, is locally incoherent in subsystem A. In fact,

any state that can be written as
da
0y = d_pilel) (el @ p7 (2.13)

is locally incoherent in subsystem A or incoherent-quantum (IQ), where {p/}94,
is a probability distribution and {pP f’:“l are arbitrary states of subsystem B.

The set of IQ states in the chosen reference ONB {|e)}4, is thus defined as

da
gfg::{pw ‘ pAB:pr‘\e;“><e?\®p?}- (214
=1

By referring to Eq. (2.7), it can be seen that 1Q) states are always CQ), i.e.
718 € €48, Furthermore, €48 is equal to the union of the sets of IQ states J7
over all possible choices of ONB of subsystem A. This means that CQ states are
exactly the states that are locally incoherent in an ONB of subsystem A. The
quantumly correlated states, being those p? ¢ Gég, are therefore the states that
are locally coherent in all ONBs of subsystem A. This provides an interesting
link between quantum coherence and quantum correlations, showing that types

of the quantum are often interrelated.

2.2.2 Sensitivity to Local Measurements

Suppose a local observable measurement is carried out on our bipartite system

in state pA®, where the observable is applied to subsystem A and given by O4 =
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S04 e e (e, with {|e;)}%, an ONB of HA and {e}4, the corresponding

1=

eigenvalues that are fixed to be non-degenerate. From Section 1.2.3, the state of
subsystem A is |e!) if result e is observed. Additionally, the state of subsystem

B after result e is
(efllp™Plef)

pi = )
Tr ((ef'|p*]ef"))
so that the state of the bipartite system becomes |e!) (e| @ pZ. If the result of

(2.15)

the observable is not recorded, then the system is described by a density operator

da
045 =" ptlel) (e @ p?, (2.16)
=1

where {p}94, is a probability distribution given by pA = (e|p?|ef), with p* =

Trp(p"?) the state of subsystem A.

It is then clear that the state of the quantum system after any local observable
measurement (with the result unknown) is CQ, i.e. 647 € C‘Zég. Hence, if the
system in the initial state p*? is unchanged by this measurement then it must be
classically correlated, p?? = 047 = pP € €48. Conversely, if p*? € CA§ then
it can be seen that there exists an observable with non-degenerate eigenvalues
and an ONB {|e;)}4, such that p*P = 945, This provides a characterisation of

1=

the CQ states as
p*P € Gég & 3 04 with distinct {e;}%, such that p*8 =947,

The quantumly correlated states, i.e. those p? ¢ Gég, are therefore sensitive to
all local observable measurements on subsystem A with non-degenerate spectrum
so that p*® # 64B. We have hence highlighted another unique feature of a
bipartite quantum system arising from quantum correlations as a type of the

quantum.

2.3 Quantum Entanglement

An intuitive feature of a composite classical system is that its configuration is

completely specified by the configurations of its constituent subsystems, meaning
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that full knowledge of the whole system is equivalent to full knowledge of the
subsystems. Indeed, when we have full knowledge of a bipartite classical system
it is described by the pure state (§@)A8 = {§;.6, Z’?de The corresponding
states of the subsystems (8®)4 = {6,144, and (8U))8 = {6}/, are also pure,
meaning that we have full knowledge of the subsystems.

Instead, composite quantum systems cannot generally be specified by their
subsystems. Consider when we have maximum possible knowledge of a bipartite
quantum system so that it is described by the pure state |4Z). The states of
the subsystems are p* = Trp(|*7?) (¥*7]) and pP = Tra(j*7) (7)) and are
generally mixed. On the other hand, we have maximum possible knowledge of
the subsystems when they are described by the pure states |1)4) of subsystem A
and |1®) of subsystem B. Hence, only when the state of the composite system is
|pAB) = [ @[1pP) is maximum possible knowledge of the subsystems equivalent
to maximum possible knowledge of the composite system. Any bipartite quantum
system described by a pure state that cannot be written as a tensor product, i.e.
|pABY £ |pA) @ [1P), exhibits quantum correlations between its subsystems.
On the other hand, if [48) = |[¢4) @ |[¢B) then the subsystems are completely
uncorrelated. This means that a quantum system in a pure state can either be
completely uncorrelated or quantumly correlated.

Hence, for pure states there is a unique notion of quantum correlations. This
is not the case for mixed states. We have already discussed in the previous section
one approach to extend the definition of quantum correlations to bipartite mixed
states by considering the embedding of classical subsystems into the bipartite
quantum system. However, quantum correlations can also be associated with
quantum entanglement, steering, and Bell nonlocality, which result from different
approaches to extending the same notion of quantum correlations for pure states
onto the set of mixed states. These different types of quantum correlations form
a strict hierarchy, indicating an increasingly strong presence of the quantum in
mixed states of a composite system: from the most general quantum correlations
(i.e. those discussed in the previous section), to entanglement, steering, and then

Bell nonlocality as the strongest type of quantum correlations. Entanglement [2,
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20] is explained in more detail in the following, while steering and Bell nonlocality
are not discussed in the rest of this thesis. Refs. [59, 60] provide in depth accounts
of steering and Bell nonlocality.

Consider a state of a bipartite quantum system with density operator ¢4%

that is a convex combination of product pure state projectors,

<=3 p ) Wil @ lef) (67, (2.17)

where {p;}; is a probability distribution and {|¢/})}; and {|¢Z)}; are arbitrary
pure states of subsystems A and B, respectively. These states are called separable
states and can describe a system that is in an uncorrelated pure state. The set

of separable states is

s = { | =Sl el ), @)

which is associated with the entanglement-free states. Hence, any state p ¢ 8§48

is said to be entangled (or inseparable). A hierarchy of types of correlations can
be seen as

PP C el c Chf c 81, (2.19)
where P48 are the uncorrelated states

PAB . _ {pAB ‘ pAB _ pA ®Q pB} , (2.20)

for any state p? of subsystem A and p? of subsystem B.

2.3.1 Multipartite Entanglement

We have so far used bipartite systems to investigate quantum correlations. How-
ever, quantum correlations can of course exist in quantum systems composed of
more than two subsystems. This thesis focusses in particular on multipartite en-
tanglement in systems of N > 2 qubits, also called multiqubit entanglement |2,
61]. The following notation can be used to properly account for the various

distributions of qubits into different subsystems:

e the sequence {1,2,..., N} labelling the individual qubits;
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e the sequence {1,2,..., M} labelling the subsystems, where the positive in-

teger M represents the number of subsystems, with 1 < M < N;

e the sequence of positive integers { K, }* |, where K, represents the number

of qubits in subsystem a € {1,2,..., M}, where ¥} K, = N;

e the sequence of sequences of positive integers {Qa}fy:l with the sequence

= {zl 22 - )} Wherez € {1,2,...,N}, Qoa N Qu = 0 for

« 7é o, and UM 1Qa = {1,2,..., N}, represents with @, the labelled
qubits belonging to subsystem « € {1,2,..., M}.

A partition of the N qubit system into M subsystems is specified by {Q,} .
We note that the number of possible partitions grows rapidly with the number
of qubits [62, 63].

The set of N qubit separable states with respect to an M-partition {Q,}M,
is

S{Qagf_l;:{p ’ p= sz Mo p? ®...®p§M)}, (2.21)

where {p;}; is a probability distribution and {pia }; are arbitrary states of sub-
system «. Note that this representation of separable states as a convex mixture
of product mized states is equivalent to the previously discussed representation in
terms of product pure state projectors, which means that the bipartite separable
states 848 given in Eq. (2.18) coincide with the separable states given above when
N =2and M =2. Any N qubit system with state p ¢ Sg,y1 is entangled (or
inseparable) with respect to the M-partition {Q,}L,.

One partition PO = {QW MY of the quantum system into M) subsystems

is said to contain another partition P® = {QB }M() of the system into M®
subsystems if M®) < M® and for all Q") € P
QY =1 QY. (2.22)
Bla)

where f(a) € {1,2,..., M®}, U, B(a) = {1,2,..., M®}, and 5(a) N f(a’) =
for all a # o [62]. Simply, partition P(") contains partition P if it can be

formed by joining together some of the subsystems of P(®). A given partition can
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generally contain more than one partition, and can generally be contained within
more than one partition. The partition of qubits into individual subsystems, i.e.
with M = N, contains no partitions but is contained within all other partitions.
On the other end of the scale, any bipartition, i.e. with M = 2, is never contained

within another partition. By considering Eq. (2.21), it can be seen that

S{Q<1>}M(1) D38 QP s  PW contains P®. (2.23)

Hence, if an N qubit system is separable with respect to the partition {Q(;)}gi(i),

then it is separable with respect to all containing partitions {QW}MY Con-
versely, if the system is entangled with respect to the partition {Q(V}A), @ then it

}M . This provides a

is entangled with respect to all contained partitions {Qﬁ
hierarchy of the multiqubit entanglement present in the N qubit system in terms
of its partitions.

An alternative partition independent approach also exists to characterise mul-
tiqubit entanglement. An N qubit system in state p is M-separable if p can be
written as a convex combination of states that are each separable with respect to
any (possibly different) M-partition {Q,}),. The set of M-separable states is

consequently all possible convex combinations of states taken from any Sy ym X

for a given M, which is the convex hull of all Sy, 3 E

Sy =convi |J Siq. R (2.24)
{Qa}21,

A state p ¢ 8 is said to be M-inseparable. The M-separable states form a
hierarchy in terms of M,

830830 ... D 8nN. (225)

Figure 2.2 illustrates this hierarchy and compares the partition independent and
partition dependent approaches to characterising the multiqubit entanglement for
the particular case of N = 3.

The concept of M-inseparability can be viewed in the following way. In gen-
eral, the N qubit system can have entanglement between various numbers of
qubits. Consider the largest block of entangled qubits. If the system is M-
inseparable then we can think of this block as having size at least N — M + 2.
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2 separable

2 inseparable

Figure 2.2: States of the 3 qubit quantum system can be characterised in terms
of their multiqubit entanglement. The 2-separable states are the convex hull of
the separable states with respect to the 2-partitions {{1},{2,3}}, {{1,2}, {3}},
and {{1,3},{2}}. The 3-separable states are separable with respect to the only
3-partition {{1}, {2}, {3}}, which is contained within each of the 2-partitions such
that the 3-separable states are the intersection of the separable states with respect
to all the 2-partitions. Note that a state may be 2-separable yet inseparable
individually with respect to each of the 2-partitions (shown for example by the

Cross).

Indeed, an M-inseparable system can always be described with a non-zero probab-
ility by a pure state that is inseparable with respect to every possible M-partition
{Qu M. Out of all these M-partitions, the largest possible subsystem is of size
N — M + 1, which is achieved by treating M — 1 of the qubits individually and
the remaining N — (M — 1) qubits in a block together. Hence, there is always
a non-zero probability that an M-inseparable system has entanglement shared
between at least N — M + 2 qubits. We note here an alternative nomenclature
also in use [64, 65]: the k-producible states are the states with entanglement
shared between a block of at most k& qubits, with £ € {1,2,..., N}. It is then
clear that the k producible states are given by Sy_j41 for k € {1,2,..., N — 1}
and D(H) for k = N.

Some more terminology is now in order. When M = N the only partition

is the one given by partitioning each qubit individually. Hence, the partition



CHAPTER 2. THE QUANTUM-CLASSICAL FRONTIER 44

dependent and independent approaches coincide. If the N qubit system is -
separable, or fully separable, then it has no entanglement. Instead, if the system
is N-inseparable then there is some global multiqubit entanglement [61, 66] and
the largest entangled block is of at least 2 qubits in size. When M = 2 then the
system can be 2-separable (also called biseparable) or 2-inseparable. If the system
is 2-inseparable then it is said to have genuine multiqubit entanglement [67—
69] since all of the N qubits are entangled together. Any entanglement for an

intermediate 2 < M < N is called partial multiqubit entanglement [70].



Chapter 3
Quantifying the Quantum

So far we have discussed the similarities and differences between the description
of classical and quantum systems and highlighted some of the unique properties
of a quantum system by identifying three key types of the quantum: quantum
coherence, quantum correlations, and quantum entanglement. The purpose of
this chapter is to go beyond just the identification of the quantum by showing
how it can be quantified. Quantification of the quantum is relevant both from a
fundamental and a technological perspective. Fundamentally, it is natural to want
to quantify the departure of a quantum system from a classical description. On
the other hand, if the quantum is to be comprehensively utilised as a resource in
quantum technologies [71], then it will be desirable to benchmark the performance
of different quantum systems by quantifying the amount of useful resource.

This chapter begins by outlining the concept of a resource theory, which
provides a rigorous framework for the quantification of a quantum resource. We
give some general requirements that a measure of a quantum resource should sat-
isfy and then describe two geometric approaches to quantifying the quantum. The
first approach gives the robustness measures by considering the minimum amount
of classical mixing required for a quantum system to lose all of its resource [16,
17, TRB1, TRB2, TRB3], while the second approach gives the distance-based
measures by quantifying the distinguishability between resource and resource-

free states [18, 19].

45
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3.1 Quantum Resources

A resource theory provides the formal framework required to impose a hierarchy
on the set of states of a physical system in terms of a given resource. The
framework of a resource theory is specified by three concepts [14, 15]: (i) the
resource under consideration; (ii) the free states &, which are all the states of
the system without any resource; and (iii) the free operations O, which are the
operations that can be carried out by a restricted agent on the physical system
without consuming any resource [72]. These concepts are interlinked, since a free
operation must not be able to create a resource state from a free state. This
means that the free operations must be a subset of the set of operations that
cannot create the resource. The set of free operations is said to be maximal if it
is equal to this set.

While the free operations cannot transform from a free state to a resource
state, they can allow some transformations between resource states. This can
be used to impose a hierarchy on the resource states, whereby a resource state
p is said to be more resourceful than another resource state o if there is a free
operation that can convert p to o. Since it is not generally possible to convert
between arbitrary resource states using the free operations, the hierarchy can
assume a complicated multi-branch structure. At the top of each branch is a
maximally resourceful state from which every state within the branch can be
created by using only free operations [73].

Rather than considering a qualitative hierarchy of the resource states, one
may instead resort to a measure that quantifies the amount of resource present in
a resource state. This condenses the complicated hierarchy into a total ordering
of resource states which preserves the hierarchy within a given branch but also
places an ordering on states that are not linked through a free operation (e.g.
those in different branches). Since there is not a unique way to create such
an ordering from a non-trivial hierarchy, there is not a corresponding unique
quantitative measure of a resource. Instead, any function satisfying a number

of rigorous requirements, arising from the resource theory, represents a resource
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measure. Such functions may be chosen based on geometric considerations, as
will be shown in Section 3.2, as well as information theoretic considerations.
The physical significance of a resource measure is conferred by its quantitative
representation of the figure of merit in the performance of an operational task
that consumes the resource. However, the operational significance of a resource

measure is not always immediate. This is considered further in Chapter 5.

3.1.1 Requirements of a Measure of the Quantum

We now discuss some requirements, arising from the resource theoretic framework,
that are imposed on measures of a quantum resource. A real and non-negative
function R(p) of a density operator p must satisfy the following requirements
for it to be a measure of the quantum resources present in a quantum system

described by the state p. Firstly, R(p) must vanish when p is a free state,
Requirement (1): R(p) =0if p € .

It can further be imposed that R(p) = 0 only for p € F, a property known as
faithfulness, which will be the case for all measures of the quantum discussed in
the rest of this thesis. The second requirement is that R(p) cannot increase under

the action of the free operations,
Requirement (17): R(A(p)) < R(p) for all A € O and any state p.

This requirement is called monotonicity and can be understood as a conserva-
tion law, since it imposes that it is not possible to generate resource by using
operations that cost no resource to implement.

Together these two requirements represent the minimum constraints on a re-
source measure. However, supplemental requirements can also be imposed that
depend upon the structure of the underlying resource theory. We now introduce
two supplemental requirements. If the set of free states is convex, then classical
mixing of free states cannot create a resource state. It can then be imposed that
classical mixing of generally resource states cannot increase resources, which is

expressed mathematically as a convexity requirement:
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Requirement (117):  R(pp1+(1—p)p2) < pR(p1)+(1—p)R(p2) for any probability
p € [0, 1] and any two states p; and p.

The second supplemental requirement is given in the following way. Whenever
the set of free operations is such that any free operation A admits an operator
sum representation with Kraus operators {K;}; where ¥, KI/K; = I, such that

for any ¢
K z‘PKiT

m edF V pe, (3.1)
then we can associate any free operation with a certain free quantum instrument.
This free quantum instrument is composed of the probabilistic quantum opera-
tions {A;}; where A;(p) = K;pK] occurs with probability Tr(K;pK]) when the
system is in state p (see Section 1.2.3 for further details). In this setup, the
quantum instrument cannot create a resource state from a free state even when
one knows which of the operations A; was applied by the quantum instrument. It
can then be imposed that the quantum instrument should not be able to increase

the resources in the quantum system when averaged over the resultant states of

the system. Hence, we have the following requirement for a resource measure,

Requirement (iv):

(KoK T LKZT
%:T (KipK])R (Tr (KipKJ)) < R(p) (3.2)

for any state p and any set of operators { K;}; obeying (3.1) with ¥, K/ K; =
Iand A(p) = X, KipK] corresponding to a free operation A € O on p.

This requirement is called strong monotonicity. Indeed, any measure of a re-
source satisfying Requirement (iii) and Requirement (iv) will necessarily satisfy

Requirement (ii), i.e. monotonicity. This follows since for any p

KT
R(A(p))sZ,TdKipKJ)R( ikt )) < R(p), (3.3)

Tr (KipK]

where the first inequality is due to the convexity since A(p) is a convex combina-
. KipK] . - . .

tion of states W according to the probability distribution {Tr(KZ-pKiT ) s

while the second inequality is due to strong monotonicity.
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3.1.2 Resource Theories of the Quantum

The framework of resource theories has been used extensively to characterise
various resources in a quantum system [13-15, 74-83]. In particular, quantum
coherence, quantum correlations and quantum entanglement have been analysed
using the resource theoretic framework. We now provide details of the treatment
of these types of the quantum as a resource, including any additional requirements
that are typically imposed on measures of a particular resource. The notation
C(p), Q(p), and E(p) is here used to refer to resource measures R(p) specified to
the resources of quantum coherence, quantum correlations, and quantum entan-

glement, respectively.

Quantum Coherence

The resource theoretic treatment of quantum coherence was initiated in Ref. [47]
with identification of the free states as the set J whose elements are given by
Eq. (2.2) with respect to the reference ONB {|e;)}&, [1]. However, the free op-
erations of coherence have been the subject of much discussion, with a number
of possible options suggested [47, 48, 84-89]. The maximal set of incoherence
preserving operations have been given as the free operations in Ref. [48], i.e. all
the A for which A(0) € J for any § € J. Reference [47] proposed instead that the
free operations are all the incoherence preserving operations admitting an oper-
ator sum representation with incoherent Kraus operators satisfying (3.1). These
are called the incoherent operations. Another suggested set of free operations is
given by the strictly incoherent operations [84, 85|, which are motivated as the
incoherent operations whose incoherent Kraus operators {K;}; lead to measure-
ment probabilities in the reference ONB that do not depend on the coherence of

any initial state p, i.e. for all ¢ and j
(ej| KipK]le;) = (e KiA(p)Kle;), (3.4)
where we use the complete dephasing operation

Alp) = ; i) (eilples) (el (3.5)
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which destroys all of the coherence of p. Interestingly, the action of a strictly
incoherent operation A on any incoherent state § = 3%, 6; |e;) {e;] is to transform
to another incoherent state A(5) = 2%, 6/ |e;) (e;| such that the vectors § =
{6;}L, and & = {6!}L, are related through a stochastic map S, i.e. § = S8,
and hence representing the stochastic evolution of a classical system in initial state
0 with respect to the reference ONB [84]. Furthermore, a number of additional
requirements may be imposed on a measure of coherence, which are outlined in
Ref. [1].

On the other hand, it can be informative to quantify the amount of coherence
present in a quantum system that is distributed between at least k£ configura-
tions of the ONB by using the concept of the coherence number discussed in
Section 2.1.1. This resource is called k coherence. Here, the free states are the
convex set J®) of states with coherence number less than k, while the free oper-
ations have been suggested as the strictly incoherent operations [1, 49].

Quantum coherence can also be viewed within the context of asymmetry |1,
79, 86, 90-95], as has been discussed in [TRB2, 86, 88]. A quantum system is
symmetric with respect to a symmetry group G if the state of the system p is left

unchanged by all elements of the group, i.e.
p = UypUJ, (3.6)

for all g € G, where U, is the corresponding unitary representation of g [TRB2,
93, 94] (an operator is unitary if it obeys UTU = UUT = 1). Instead, a quantum
system is asymmetric with respect to G if there exists at least one g € G such
that Eq. (3.6) does not hold. If one considers the symmetry group given by the

d-dimensional representation of U(1), with elements

d
Z e 0l—1) le;) (e (3.7)
7=1

for all § € [0,27], then the set of symmetric states coincides exactly with the
set of incoherent states with respect to the ONB {|6]> . Hence, the presence

of coherence in a quantum system is a type of asymmetry [TRBZ, 86, 94]. The
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free operations A of asymmetry specialised to coherence are a subset of the inco-
herent operations that commute with any unitary generated by the Hamiltonian
H =9_,(j —1)|e;) (¢, i.e. for any real t and any p, the free operations A
satisfy [TRB1, 86, 94]

efthA(p)eth — A(efthpeth). (38)

Quantum Entanglement

In a break from the standard order of this thesis, we first explain the well-
established resource theory of quantum entanglement [2, 18, 19, 96] and then
use this framework to inform us on the resource theory of quantum correlations.
Focussing first on entanglement in N qubit systems, the resource theoretic frame-
work may be applied both to the partition dependent and partition independent
approaches. In the partition dependent setting, the free states are the set & (Qa}?,
given in Eq. (2.21) of separable states with respect to the M-partition {Q,} .
The free operations are the physically motivated set of so-called local operations
and classical communication (LOCC) with respect to the M-partition [TRB4,
97]. This consists of all the possible local operations that each of the subsys-
tems « can perform on their qubits (),, combined with classical communication
between the subsystems. The set of LOCC is a strict subset of the separability
preserving operations (98], which are the maximal set of operations that cannot
create entanglement. Instead, the separable operations are an intermediate subset
of the separability preserving operations that additionally satisfy (3.1), i.e. for
which there exists an operator sum representation with a set of Kraus operat-
ors {K;}; that can be written as a tensor product of operators acting on the M

subsystems so that for all ¢

Ki=KY9K?®...0Kk™M. (3.9)

K3 7

The separable operations have been considered in Refs. [18, 19, 99]. Every
LOCC operation is separable, but not every separable operation corresponds to
LOCC [100]. Furthermore, the representation of LOCC is much more complic-

ated than the representation of separable operations [101], and hence separable
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operations are often utilised when studying entanglement measures [2]. For ex-
ample, a measure of entanglement F (Qa} (p) of an N qubit system with respect
to the partition {Q.}*, that is monotonically non-increasing under separable
operations, i.e. Erg ym (A(p)) < Eyg,ym (p) for any separable operation A and
state p, must be monotonically non-increasing under the contained set of LOCC,
which means that E, yu (p) satisfies Requirement (ii). On the other hand, Re-
quirement (iv) can be considered for any subset of the separable operations (such
as LOCC), since the separable operations are of the necessary form in (3.1). A
function satisfying Requirement (i) and Requirement (iv) has historically been
referred to as an entanglement monotone [2, 19, 20, 96, 102-104]. We note that,
while Requirement (iii) is imposed in this thesis for entanglement, this is not
always the case and one can find an example of a well established entanglement
monotone that is not convex, see Ref. [103]. A discussion of additional require-
ments that may be imposed on E{Qa}gle(p) can be found in Ref. [20].

In the partition independent approach to characterising the multiqubit entan-
glement of an N qubit system, the resource is identified as the amount of entan-
glement shared between at least N — M +2 qubits and is called the M-inseparable
multiqubit entanglement. The resource theory is constructed by identifying the
free states as the set of M-separable states 8ys given in Eq. (2.24). The set of free
operations is identified with local operations on each of the N qubits and clas-
sical communication between them, i.e. LOCC with respect to the partition of the
qubits into individual subsystems [TRB4]. This prevents any pair of qubits being
able to create entanglement between themselves and thus potentially increasing
the number of qubits sharing entanglement. We then use E)/(p) to denote a meas-
ure of the M-inseparable multiqubit entanglement of an N qubit system in state
p. As discussed in Section 2.3.1, Ex(p) measures the global multiqubit entangle-
ment and Fs(p) measures the genuine multiqubit entanglement, while Ey(p) for
intermediate M can be said to measure partial multiqubit entanglement.

We have so far specialised to the resource of entanglement in N qubit systems,
but one can similarly consider the entanglement of arbitrary dimensional bipartite

systems in state pA?, consisting of two subsystems A and B. For this resource,
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we associate the free states with the bipartite separable states given in Eq. (2.18)
and the free operations with bipartite LOCC. Then, for a measure of bipartite
entanglement E(p8) we can establish the analogous Requirements (i), (ii), (iii)

and (iv).

Quantum Correlations

There are three relevant types of resource to characterise in a bipartite quantum
system composed of subsystems A and B: the quantum correlations from subsys-
tem A, the quantum correlations from subsystem B, and the quantum correlations
from either subsystem. These resources together constitute the quantum correla-
tions of the quantum system, which may be quantified by the resource measures
QA(p*?), Qp(pAP), and Qap(p*?) when the system is in the state p*Z, with
the subscript indicating which subsystem the quantum correlations are measured
with respect to. The resource theory of quantum correlations is not fully estab-
lished [TRB13]. While the free states are identified as the sets €33, €38, and CAZ
of CQ, QC, and CC states discussed in Section 2.2, the free operations, which
are normally found based upon physical arguments, have not yet been identified.

Instead, what is known is the set of local operations A“ acting on subsystem
A and AP acting on subsystem B that are unable to create quantum correlations
from a classically correlated state. Consider a classically correlated CQ state
Xég € Gég. By referring to Eq. (2.7), it is clear that any possible local operation
AP on subsystem B is unable to transform xg¢ outside of CZg since AP can
only change the arbitrary states {pZ}; of subsystem B. However, there are local
operations acting on subsystem A that are able to create quantum correlations
from xg&g [105, 106], i.e. so that A @ IP(x&g) ¢ €46, where I7 is the quantum
operation that leaves all states of subsystem B invariant. The set of all local
operations on subsystem A so that A4 @15 (x&8) € Gég has been identified as the
local commutativity preserving operations (LCPO) [107]. A quantum operation

Acpo is a commutativity preserving operation (CPO) if

[Acro(p), Acpo(c)] =0 ¥V  pand o such that [p,o] =0. (3.10)
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It has then been shown that [107]
AMIP(xa5) € €25 ¥V x&8 e €25 < A% isan LCPO.
The situation is analogous for any classically correlated QC state ng € GQC, ie.

for any local operation A4 on subsystem A it holds that A% ®@ I®(x52) € C5E,

and for subsystem B
I'"® AP (xg0) € Cae ¥ xo0 € oo < AP is an LCPO.
For a classically correlated CC state xA2 € CAE, both local operations must be

commutativity preserving for quantum correlations not to be generated, i.e.
AP @ AB(x&B)e el v xAE ccil < A% and AP are LCPOs.

The CPOs have been characterised in Refs. [106-108]. When acting on a
qubit, the CPOs are of two types, completely decohering and unital [106]. The
completely decohering operations map any state p of a d-dimensional quantum
system to a state diagonal in a fixed ONB {|e;))}L,, A(p) = =, pi(p) les) (el
with {p;(p)}%, a probability distribution dependent upon p. Unital operations
have been discussed in Section 1.2.2 and map the identity onto itself, A(I) =
I. Instead, the commutativity preserving operations acting on a d-dimensional
quantum system with d > 2 are either completely decohering or isotropic [107,

108]. An isotropic operation acting on the state p is written as
I
7
where ®(p) is either a unitary operation, ®(p) = UpU' for any unitary U, or

A(p) = t0(p) + (1 1) (3.11)

an antiunitary operation, ®(p) = UpTUT with pT the transpose of p with respect
to the standard basis. For an isotropic operation to be completely positive, ¢

must be in the region [-7—, 1] when ® is unitary, while ¢ must be in the region

7
[, 715] when @ is antiunitary [TRB7, 107]. An operator sum representation of
the isotropic operations was found in [TRB7| and is provided in Appendix A.
Although the set of local operations unable to create the resource of quantum
correlations has been identified, it is not clear whether there exist non-local oper-

ations that are unable to create quantum correlations. However, it seems reason-

able to expect that the so far unidentified free operations of quantum correlations
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are local since quantum correlations are defined with respect to local subsystems.
The convention adopted so far has thus been that the free operations are a subset
of all the local operations that are commutativity preserving on the subsystems
under consideration [TRB12]. While there is no consensus on the form of the
free operations, there have been some attempts at identifying a physically mo-
tivated subset of LCPO by considering the free operations of coherence and the
link between quantum correlations and local quantum coherence discussed in
Section 2.2.1 [84].

Nevertheless, one may impose the requirement that a measure of quantum
correlations should be non-increasing under LCPO on the subsystem under con-
sideration and general local operations on any other subsystem [TRB10, TRB12,
109],

Requirement Q(ii): For any state p8

Qa(AGpo @ AP (p"P)) < Qa(p™?),
QA @ AZpo(p?P)) < Qs(p*?),
QAB(Aé’PO ® AgPO(pAB)) < QAB(PAB)7 (3.12)

where AAp, and AZ,, are any LCPO on subsystems A and B, while A4

and AP are arbitrary quantum operations on subsystems A and B.

If the free operations of quantum correlations are eventually identified to coincide
exactly with the set of local quantum operations unable to create quantum correl-
ations, then Requirement Q(ii) becomes equivalent to Requirement (ii). Instead,
if the free operations are identified as a strict subset of the local operations unable
to create quantum correlations, then Requirement Q(ii) is too strong in the sense
that it implies Requirement (ii) but there may be proper measures of quantum
correlations satisfying Requirement (ii) but not Requirement Q(ii) [TRB7].
When investigating Requirement Q(ii) it can be useful to consider the two
types of LCPO: either completely decohering, or unital/isotropic (depending on
the dimension of the subsystem). It can be shown that local completely decoher-

ing operations always destroy quantum correlations [108], i.e. when AZ,, and
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AZ ., are local completely decohering operations
Aepo @TP(p*P) € €55,
'8 Mpol) € €l
Aépo ® AGpo(p?P) € CEE, (3.13)

for any pAZ. This means that any non-negative function satisfying Requirement
(i) is monotonically non-increasing under the action of local completely decoher-
ing operations, since the left-hand side of Eq. (3.12) is always zero. Hence, it
is sufficient to consider only LCPO that are unital (for a 2-dimensional subsys-
tem) or isotropic (for a subsystem with dimension larger than 2) when checking
Requirement Q(ii).

Since the sets €25, C52, and CAZ are not convex [TRB12], measures of
quantum correlations should not satisfy Requirement (iii). Indeed, convex com-
bination of classically correlated states generally creates quantum correlations:
while the resultant state is always separable, it typically cannot be expressed
in terms of a local ONB on the relevant subsystems. In this case, any meas-
ure of quantum correlations will generally violate Requirement (iii). This means
that we expect the convex combination of quantumly correlated states to poten-
tially increase quantum correlations. Furthermore, given the lack of clarity on
the set of free operations, Requirement (iv) has not been considered for meas-
ures of quantum correlations. However, it has been suggested that any measure
of quantum correlations in a bipartite quantum system should coincide with a
measure of bipartite entanglement E(p??) when the state of the system pAP is
pure [33, TRB10, 56, 110-114]. As has been discussed in Section 2.3, the concepts
of entanglement and quantum correlations coincide for pure states of a bipartite
system, and hence it might be expected that their measures coincide on pure
states [TRB12]. This expectation is perhaps historically motivated, since the
study of quantum entanglement has been established for much longer than the
study of more general quantum correlations, and it is seen here as a desirable
feature of a measure of quantum correlations and not a requirement. A summary

of the potential requirements for a measure of quantum correlations, including
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some not given here, can be found in Refs. [11, TRB12, 56, 110, 115].

3.2 Geometric Quantification of the Quantum

We now explain two geometric approaches to the quantification of a quantum
resource and show that these approaches lead to measures that satisfy the given
requirements. Details are also provided on the application of these approaches to
types of the quantum considered as resources in this thesis. The contents of this

section is based upon Refs. [TRB1, TRB2, TRB3|.

3.2.1 Robustness

Consider the convex mixture of a resource state p ¢ F with a free state 7 € F,

which results in another state
o=(1—p)p+pr (3.14)

for some probability p € [0, 1]. One may consider the range of p for which o € F,
i.e. so that the resultant mixture has no resources. It is always possible to ensure
that o € F by picking p = 1, but we want to consider the lower end of the range.
Intuitively, the smallest value of p for which o € F provides gauge of the resources
present in p. Indeed, if the value of p is small, we only need to mix p a little bit
with a free state 7 for us to lose all resources. Building on this intuition, one may
consider mixing p with any free state and finding the smallest p for which o € F|
arriving at the quantity inf.cs{p > 0[(1 — p)p+ p7T = 0 € F} as an estimate of
s

the resources present in p. If the mixing parameter p is substituted for p = 3

so that the mixture is given by

p+ st
1+4+s

(3.15)

g =

with s € [0, 00|, we arrive at a similar quantity

R (p) = 71-1615“{5 >0 ’,01-:_8;' =o€ ff} . (3.16)



CHAPTER 3. QUANTIFYING THE QUANTUM 58

This quantity is called the standard robustness of a resource, and measures the
resources of p by quantifying the minimum amount of mixing needed with a free
state to lose all resources, i.e. its robustness. Clearly its range of possible values
is inherited from the range of s, and it can be seen that R°f(p) = 0 if and only
if p € F. As shall be seen in the following, the justification for changing from the
mixing parameter p to s is mathematical simplicity.

The standard robustness has been introduced as a resource measure of en-
tanglement [16] and was shown to obey the four given requirements. However,
the standard robustness is not an informative measure of a resource when one
considers resources with a set of free states that is zero measure within the set
of all states, as is the case for quantum coherence [1, TRB1] and quantum cor-
relations [116]. Indeed, in this case the standard robustness is typically infinite,
RS5E(p) = oo for p ¢ F. For example, consider the coherence of a qubit system
with respect to the computational basis {|0),]1)}. The set of free states J are
the states with density matrix diagonal with respect to the standard basis, which

can be written using the Bloch ball representation (see Section 1.2.4) as

1 1[{1+d 0
6 == (I+dos) == (3.17)
2 2V 0 1-4
for all d € [—1,1]. Consider a coherent state p written as

1 3 1 14+ng ny—1in
=5 (]I + an,) =3 o ? , (3.18)
i=1

ny + i?’LQ 1-— ns
where n? + n3 + n2 < 1 with ny; # 0 and/or ny # 0 so that p ¢ J. If we want to
quantify the quantum coherence using the standard robustness, we must consider

the convex combination of p and ¢,

p+ 50 1 1+ng+s(1+d) ny — ing
I+s 2<1+S) ny + ing 1—n3+5(1—d)

It is clear that o € J only when s — oo, otherwise o is not diagonal. Hence, the
standard robustness in Eq. (3.16), with the free states identified as the incoherent

states J so as to measure the resource of coherence, is necessarily infinite for any

pé¢d.
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Resource states

Figure 3.1: Convex combination according to Eq. (3.15) of p with any state 7 €
D(H) (solid line) and with any free state 7 € F (dashed line) results in another
state 0. The smallest s such that o € F is the generalised robustness (solid line)
or the standard robustness (dashed line). It is clear that the standard robustness

presents an upper bound to the generalised robustness.

The generalised robustness of a resource quantifies the minimum amount of
mixing needed with any other state (not necessarily free) to lose all resources. It

is an another measure of the resources in the state p and is defined as

+ sT
R™(p) A 0 75 = ° edF (3.20)

Figure 3.1 provides a pictorial comparison of the standard and generalised robust-
ness. The generalised robustness is never greater than the standard robustness
and does not suffer the same problem discussed above. Hence, we focus herein
on the generalised robustness and now omit the “generalised” from its name.
The robustness of a resource satisfies Requirements (i) - (iv) for a resource
measure. Before showing that this is the case, we first need to discuss some
terminology and an alternative formulation of robustness. The convex mixture

in Eq. (3.15) may be rearranged in terms of p
p=(1+s)o—sT, (3.21)

which is called a pseudomixture of o and 7. Clearly not every pseudomixture

of two states is another state. In evaluating the robustness, we are finding the
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smallest possible s so that the pseudomixture between a general state 7 and a
free state o is equal to p. If s* is the minimum such value of s with corresponding

states 7 and ¢* then Rf(p) = s* and
p=(1+Rp)) 0" — RR(p)7* (3.22)

is an optimal pseudomixture of p. An alternative definition of the robustness may
then be given as

RE(p) = Ol_relg~ {s>0[p<(1+9)}. (3.23)

This may be seen by showing that the right-hand side of this equation §* is both
an upper and lower bound to Rf(p). Indeed, the pseudomixture in Eq. (3.21)
implies that p < (1 + s) o, which means from the equation above that §* < s.
This holds for any pseudomixture, including the optimal one in Eq. (3.22), so
that < RE(p). On the other hand, if the infimum in Eq. (3.23) is realised by

p < (14 8§%)a* for some ¢* € F, we can always write

. ptST
or = 3.24
14 35* ( )
for 7 = % It can be seen that 7 is a state, since it has unit trace and

also p < (1+ §%)6* and Eq. (3.24) together imply that 7 > 0. Hence, we know
from Eq. (3.24) and the definition of robustness in Eq. (3.20) that Rf(p) < §*.
We therefore conclude that Rf(p) = 5*.

It is clear that R%(p) is a non-negative function by construction, and that
RE(p) = 0 for all p € F since one does not need to mix p at all (which corres-
ponds to s = 0) with another state to lose all the resource. Hence R satisfies
Requirement (i). Furthermore, it can be seen that R(p) = 0 only for p € &,
since it is always necessary to perform some mixing on a resource state p ¢ F to
lose the resource. To show that Rf(p) satisfies Requirement (ii) and Requirement

(iv) we provide the following theorem.

Theorem 1 Let {A;}; be a quantum instrument such that A;(p)/Tr(N;(p)) € F
for all i and every p € F. Any such quantum instrument acting on any state p is

not able to increase the robustness of a resource by averaging over the resultant
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states, i.e.

ST o) 7 (s ) < B 329
for any state p [16, 17, TRB2].

Proof. Consider the optimal pseudomixture of p in Eq. (3.22) with the optimal
states 7° € D(H) and o* € F. Applying the probabilistic quantum operation A;
to both sides gives

Ailp) = (14 Rf(p)) Ai(e™) = RR(p)Ai(7), (3.26)
and then performing the trace gives
Tr(Ai(p) = (1 4+ R™(p)) Tr(Ai(0")) = R* () Tr(Ai(7%).  (3.27)

By using Eq. (3.27), Eq. (3.26) may be rearranged as a pseudomixture

pi = (1+s;)0i — 857 (3.28)
with states
_Ailp) o N o Ai(o™)
PTG TR T ey O
and
Tr(Ai(77))

s; = RF(p )m. (3.30)

Since o* € F it holds that o; € F and we therefore have a valid pseudomixture of
p; in terms of a free state o; and any state 7;. This is not necessarily the optimal

pseudomixture of p; needed to satisfy Eq. (3.23), so it holds that
RE(p;) < s4. (3.31)

Taking the weighted average over the probabilistic quantum operations with prob-

ability Tr(A;(p)), we have the required inequality

ZTr p)) R (p;) < ZTr(A

) R, Tr(A (7))
= TR o) s
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where in the last equality we use the linearity of the trace and the fact that
Tr(>, Ai(7*)) = 1 since Y-, A;(7%) is a trace preserving quantum operation acting

on the state 7*. O

Consider a quantum instrument composed of a single quantum operation A
that cannot create resources, i.e. so that A(p) € F for any p € F. Theorem 1
implies that R¥(A(p)) < RE(p) for any such A and any p. Since the free op-
erations for any resource must be a subset of the set of operations that cannot
create resources, the robustness satisfies Requirement (ii). Furthermore, it is
clear that the robustness satisfies Requirement (iv) by setting A;(p) = K;pK] for
any choice of free operations that can be expressed with a set of Kraus operators
{K}; satisfying (3.1).

We finally show that the robustness of a resource satisfies Requirement (iii),

provided that the set of free states is convex.

Theorem 2 For all resources with a convex set of free states F, the robustness

of the resource is a convex function on the set of states, i.e.

R (pp1 + (1 = p)p2) < pR™(p1) + (1 = p)R"(p2) (3.33)
for any probability p € [0, 1] and any two states p; and ps [16, 17, TRB2].
Proof. Consider the optimal pseudomixtures corresponding to p; and po,

pi=(L+ Rp))) o7 = R (i), (3.34)

with of € F and 77 € D(H), for ¢ € {1,2}. The convex combination p =

pp1 + (1 — p)p2 can be rewritten as a pseudomixture p = (1 + s)o — s7 with

v = 1;9 (p(1+ R (p)) ot + (1 =p) (1+ RR(p2)) 03) ,
o= (pRMe)T + (- R p))
s = pR%(p1) + (1 = p)R"(pa). (3.35)

It can be seen that ¢ € F because the set of free states is convex and o can

be written as a convex combination of two free states: o} € F with weighting
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Do = mﬂRii(pl)) and o3 € JF with weighting 1 — p, = %. Note that
po € [0, 1] as required. Furthermore, we also know that 7 is a state because it
is a convex combination of two states: 7y with weighting p, = &s(pl) and 75

(1—p)R%(p2)

with weighting 1 — p, = , where p, € [0,1]. Since p = (1 + s)o — s7
may not be the optimal pseudomixture of p to satisfy Eq. (3.23), we know that

RE(p) < s. O

These theorems show that the robustness is a good measure of a resource by
satisfying the given requirements. The robustness has been specialised to many
types of quantum resource, including entanglement, coherence, asymmetry, steer-
ing, and Bell nonlocality [16, 17, TRB1, TRB2, TRB3, 117-122], as well as having
been considered generally as a relevant quantity for the asymptotic conversion of
resources in a maximal resource theory [15]. The original concept of robustness
was given in Refs. [16, 17] by specialising to the resource of entanglement. There
they showed that the standard and generalised robustness satisfy the require-
ments to be a good measure of entanglement. Instead, this thesis provides a
very general description of robustness that is applicable to any resource using the
resource theoretic framework.

We now discuss the computability of the robustness of a resource, which can
be quantitatively linked to the expectation value of a resource witness. A resource
witness is a self-adjoint operator W that always has a non-negative expectation

value with respect to a free state, i.e.
Tr(Wp) >0 VpeT. (3.36)

Hence, a negative expectation value of W implies that p ¢ F. However, the

expectation value is not necessarily negative for all resource states, meaning that

Tc(Wp) < 0 = p¢7F,
Te(Wp) > 0 <« ped, (3.37)

see Fig. 3.2. Resource witnesses are very appealing experimentally since their

expectation value is an observable quantity, which when negative gives a sufficient
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Resource states

Ll = Free states

Tr(Wp) <0

Figure 3.2: A resource witness W is a self-adoint operator whose expectation
value is always non-negative with respect to the free states, such that a negative
expectation value witnesses a resource state. The witness may be understood
pictorially within the set of states as the orange dashed line given by ths states
p satisfying Tr(Wp) = 0, which separates a subset of resource states from all the

other states.

condition on having a resource state. They have been used extensively for the
resource of entanglement [2, 123, 124]. The existence of W is implied by the
Hahn-Banach theorem [20, 121, 123, 124], which relies on F being convex and
compact (we assume compactness of F herein). We can then define the set of

resource witnesses as
We={W : W =W Tr(Wp) >0¥p e F}. (3.38)

Here we show that the optimisation problem given by computing the robust-
ness of a resource may be written as a simple semidefinite program (SDP) under
certain conditions on the framework of the corresponding resource theory. An
SDP is a type of convex optimisation problem involving optimisation of a linear
function over the positive semidefinite operators subject to a finite set of con-
straints that can be written as an inequality between self-adjoint operators [125-
127]. Casting an optimisation problem as an SDP is particularly useful, since
SDPs may be solved efficiently using a variety of algorithms [126]. By rewrit-

ing Eq. (3.23), the robustness of a resource can be seen as the solution to the
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optimisation of a linear function over the set of free states

RE(p) =  minimise Tr(e) — 1
subject to Tro(—5) SR
<3, (3.39)

where we have set ¢ = (1 4 s)o. Here we show that this optimisation problem
corresponds to an SDP when considering a resource theory with a convex set of
free states which can be described by a resource destroying quantum operation

®. A resource destroying operation is a quantum operation that satisfies [81]

O(p) € F vV pe DH)
O(p) = p V ped, (3.40)

see Fig. 3.3. Such an operation does not always exist for a given resource theory,
and necessary and sufficient conditions for its existence have been provided in
Ref. [128]. Furthermore, when one does exist, the choice of operation is not
unique, i.e. there can be many quantum operations that satisfy (3.40). An
example of a resource destroying quantum operation can be found for coherence
as the complete dephasing operation A given in Eq. (3.5). Resource destroying
operations allow the corresponding set of free states to be identified with one

simple condition

F={peDXH) : ®(p) =p}. (3.41)

Given a resource theory with a convex set of free states and a resource des-

troying quantum operation ®, the robustness is given by

RE(p) =  minimise Tr(g) — 1
subject to d(6) =0,
p <. (3.42)

In this form, the robustness corresponds to the solution of an SDP. We demon-

strate this in Appendix B by showing that (3.42) can be rewritten in a standard
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Resource states

Figure 3.3: A resource destroying quantum operation (black arrows) maps any
resource state (blue circles) to a free state while leaving the set of free states
(orange circles) invariant. The set of states invariant under a resource destroying
operation is hence an alternative characterisation of the set of free states for the

corresponding resource.

form for SDPs [TRB2, 117, 125]. Furthermore, provided the resource destroy-
ing quantum operation is self-dual, i.e. ® = ®* (see Appendix B) [20, 46], the
robustness is also given by the dual problem of the above SDP

RE(p) =  maximise —Tr(Wp)
subject to o(W) >0,
W< (3.43)

This is also shown in Appendix B. It can be seen that the dual problem is a
constrained optimisation over resource witnesses. Indeed, by using the resource

destroying map ®, the set of resource witnesses is given by
W={Ww : W=wH! Tx(Wp) >0Vp : ®(p) = p}. (3.44)
From the self-duality of ®, it can be shown that

Te(Wp) 2 0Vp : @(p)=p <& Te(We(p)) =0Vp
& Te(®(W)p) >0Vp
s (W) >0, (3.45)
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so that the set of resource witnesses is equivalently given by
w={w : w=wf ow)=>o}, (3.46)

which means that the dual problem in Eq. (3.43) is an optimisation over all re-
source witnesses satisfying W < I. This is particularly appealing experimentally,
since measuring the expectation value of any W € W with W < I can not only
witness the presence of a resource but also provide a lower bound to the quantity
of resource in terms of robustness.

These results complement previous works on posing the robustness of a re-
source as an optimisation problem. In particular, it has been shown that the
robustness of entanglement is the solution of a convex optimisation problem
whose dual is given by an optimisation over all entanglement witnesses satis-
fying W < T [120, 129]. Such a result could be extended to any resource theory
with a convex and compact set of free states. However, this does not necessarily
mean that the robustness of a resource is the solution of an SDP. Indeed, it is well
known that for entanglement this is not the case [120]. We show that the robust-
ness is the solution to an SDP when the resource satisfies certain constraints, as
can be seen by our reformulation of the robustness into Eq. (3.42) and Eq. (3.43),
and then in Appendix B into the standard form for an SDP.

Quantum Coherence

Following Refs. [TRB1, TRB2], we now focus on the robustness of coherence,
which is given by

p+ st
1+s

CR(p) := inf {s > O‘

nt — e J} , (3.47)
where J is the convex set of incoherent states with respect to the reference ONB
{les) Y&, (see Section 2.1). While C#(p) may be efficiently computed numerically
for any p using an algorithm to solve the SDP give in Appendix B, we can also
investigate an analytical characterisation of C*(p). In doing so, we find that the

robustness of coherence is intimately related to the [; norm of coherence, which

is an intuitive measure of coherence given by summing the absolute values of all
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off-diagonal elements of the density matrix of p expressed with respect to the

reference ONB, i.e.
d d
" (p ZZ |pijl — 1, (3.48)
i=1j=1

with p;; = (e;|p|e;). The l; norm of coherence was introduced in Ref. [47] and was
shown to obey Requirements (i)-(iv) when the free operations are identified as
the incoherent operations. Furthermore, it can be shown that 0 < C(p) < d—1,

with C''(p) = d — 1 only for the maximally coherent state

(W) Z le;) . (3.49)

The maximally coherent state is given its name since every quantum state may
be generated from it through incoherent operations [47], and it could be argued
that any measure of coherence should be maximal only on |¥,) [130]. Note that
not every resource theory has a unique maximally resourceful state [1, 73].

The robustness of coherence coincides with the [; norm of coherence for
all states of a 2-dimensional system. For higher dimensional systems, the two
measures are generally different and coincide only under a restricted class of
states [TRB2|. This class includes pure states, so that

2

CR(1) (w]) = OO ([} (w]) = (sz) (3.50)

for any pure state [¢) = 3%, ¥ |e;) with X%, |¢;|> = 1. For a general state p it

holds that [TRB2]
C"(p)

71 < CMp) <Cp). (3.51)

We have already discussed saturation of the upper bound of this inequality, and

the lower bound can be achieved for the family of states given by

I
p=01+p)-—p[¥a) (Vdl, (3.52)
where p € [0, 75;]. Considering the range of C"(p), (3.51) implies that for any p,

0 < CE(p) < d— 1. Furthermore, it can be found that C¥(p) = d — 1 only when

p is the maximally coherent state [TRB2]. Figure 3.4 provides a comparison
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Figure 3.4: A comparison between the robustness of coherence (vertical axis) and
the I; norm of coherence (horizontal axis) for a 3-dimensional system with 2 x 10%
states (blue points) randomly drawn from the uniform distribution according to
the Hilbert-Schmidt measure [20, 131]. The solid red line and the dashed red
line represent the upper and lower bounds given by (3.51). The robustness of
coherence was computed with respect to the standard basis using a numerical

algorithm [TRB1] to solve the SDP problem described in Appendix B.

of CE(p) and C"(p) with respect to the standard basis for 2 x 10* randomly
generated states p of a 3-dimensional quantum system.

We can also define the robustness of k£ coherence as

p+ st
1+s

Cl(p) = Teijgl(fg{) {s >0 ’

=o€ J<k>} , (3.53)
for k € {2,3,...,d}, with the free states identified as the convex set J*) of
states with coherence number less than k& with respect to the reference ONB
{les)}&, [TRB3]. The existence of a resource destroying quantum operation

for k£ coherence has not yet been considered. Nevertheless, the robustness of

k coherence can still be written as an SDP optimisation problem for any k as
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given in Appendix B, and can thus be computed efficiently for general p. In the
particular case of k = 2, the robustness of k£ coherence becomes equivalent to
the robustness of coherence since J©) = J, as we have discussed in Section 2.1.1.

More generally, for a given state p
CH(p) = CF(p) = ... 2 CR(p) 2 0 (3.54)

since 3@ c 96 c ... c I, However, unlike the robustness of coherence, the
robustness of k coherence is not generally equal to the [; norm of coherence for
pure states. Instead, for any pure state we have that the robustness of k coherence

is lower bounded by a function of the {; norm of coherence.

Theorem 3 For any pure state |¢) = S0y |e;) with X0, |;|> = 1, it holds
that [TRB3]

(3.55)

GE(o) () = mx { ULy o},

The proof of this theorem is provided in Appendix C. Note that the lower bound
can be zero even for a pure state with a coherence number of k& or more. Figure 3.5
compares C¥(p) and C" (p) with respect to the standard basis for 2x 10* randomly
generated pure states p = 1) (| of a 5-dimensional quantum system with & = 4.

We now show that the lower bound provided in Theorem 3 is saturated for

the family of d-dimensional pure states given by

(e, )) = Z e+ /1= (G = DaEley). (3.56)

with z € [O,ﬁ} and j € {2,3,...,d}.

Theorem 4 For any z € [%, \/;TJ and j € {2,3,...,d} [TRB3|,

Ch([¢(x, 4)) (W(z, ) +1
kE—1

(1, ) (0w, )]) = max{ - 1,0}. (357)

The proof of this theorem is also provided in Appendix C. For a given j, the

pure states [i(z,j)) with z € [%, ﬁ} have an [; norm of coherence in the
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Figure 3.5: A comparison between the robustness of k coherence (vertical axis) and
the I; norm of coherence (horizontal axis) for a 5-dimensional system with k = 4 for
2 x 10* pure states (blue points) randomly drawn from the uniform distribution

according to the Haar measure [20]. The lower bound provided by Theorem 3

is shown by plotting CE(|t(x, 7)) (6(x, j)|) against C1 (ji(x, 7)) ((x, 7)) for the

pure states |¢(zx,7)) given in Eq. (3.56) with = € [\%, ﬁ] for j = 2 (green

dashed line), j = 3 (yellow line), j = 4 (orange dashed line), and j = 5 (red
line). A conjectured upper bound (purple line) is given by CF(|y(x,5)) (¥(z,5)])
for z € {0, %} The robustness of k coherence was computed with respect to the
standard basis using a numerical algorithm to solve the SDP problem described

in Appendix B.

range [j — 2,j — 1], so that one can span the whole range of the l; norm of
coherence by varying j € {2,3,...,d}. We plot CE(|¢(z, ) (¥(z,7)]) against
C (¢ (x, j)) (¥(=, §)]) in Fig. 3.5 with d = 5, j € {2,3,4,5}, and z € [ 1, L],
hence saturating the lower bound provided by Theorem 3. It is conjectured,
based on numerics, that the pure states [¢(z, 7)), with j = d and = € [O, %],
furthermore have the highest robustness of k& coherence among all pure states
with a fixed [; norm of coherence. Such states are shown by the purple line for
d = 5 in Fig. 3.5. The maximally coherent state is given by |¥y) = [¢(1/V/d, d))
so that
d

CE(|Wq) (Wy]) = o1 L. (3.58)

In summary, the robustness of coherence and the robustness of k£ coherence
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are efficiently computable numerically for any state as well as there being some
analytical results for certain types of state. They are furthermore good measures
of the resource of coherence, which follows from our earlier discussion on the
robustness of a resource in general. In Chapter 5, we discuss how the robustness
of coherence and the robustness of k coherence can be quantitatively linked to

the performance of a phase discrimination task.

3.2.2 Distance-based Approach

The distance-based measures of a resource in a quantum system provide an al-
ternative geometric quantification of resources by turning to the concept of distin-
guishability discussed in Chapter 1. They are given by considering the distance-
based distinguishability between the state p of the system and the set of free
states I, i.e.

RP5(p) := inf Ds(p, o), (3.59)

oeF

where Djs is a distance between quantum states. In this way, we can see that
the more p is distinguishable from the free states, the more resource is present in
the system. Instead, if p is indistinguishable from a free state then the system
has no resources. The ¢ € F satisfying the infimum in Eq. (3.59) form the set
F of closest free states to p. While this set can in general be composed of more
than one free state, in most cases there is a unique closest free state. Since it is
often only necessary to identify an arbitrary element of F rather than distinguish
between them, in the following we often only refer to the closest free state.

It is clear that each choice of distance Dy gives rise to a corresponding distance-
based measure RP%(p). For D; to be a good measure of distinguishability it is
imposed that Dy is contractive, i.e. that the distance between two states never
increases under the action of a quantum operation, as defined in Eq. (1.35).

Furthermore, it is often imposed that Dj is jointly convex [20],

D(pp1 + (1 = p)p2,po1 + (1 = p)o2) < pD(p1,01) + (1 = p)D(p2,02),  (3.60)

for any probability p € [0,1] and any quantum states py, pa, 01, and oo. All of

the distances listed in Table 1.1 are contractive and jointly convex [20, 44]. We
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now see that contractivity and joint convexity of Ds mean that the corresponding
RP4(p) is a good measure of a resource. It is clear that R™?(p) is a real and non-
negative function and is zero only for p € F, which is given from the first property
of any distance Ds in (1.3). Hence, RP3(p) satisfies Requirement (i). We now
prove that RPs(p) satisfies Requirement (ii).

Theorem 5 For any contractive Dy it holds that
RP2(A(p)) < RP*(p) (3.61)

for all A € O and any state p [18].

Proof.

RPi(p) = inf Ds(p,0)

| AV
T 48 4

SRR
Q2 2=
BRI
S =
S

(3.62)

where in the first inequality we use the contractivity of Dy from (1.35) and in the
second inequality we use the fact that for any A € O it holds that {A(o) |o € F} C
J, since A(o) € Fforall o € J. O

Usefully, this theorem implies that RP¢(p) satisfies Requirement (ii) for any choice
of free operations, including the maximal set of operations unable to create the
resource, which follows from the fact that in the proof we only require A(c) € F

for all o € F. Finally, RP4(p) satisfies Requirement (iii) if & is convex.

Theorem 6 For any jointly convex Dgs and resource theory with a convex set of

free states F, it holds that

R (ppy + (1= p)p2) < pR”(p1) + (1 — p)R”*(p2) (3.63)

for any probability p € [0,1] and any two states p1 and ps [19].
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Proof.

R (ppr+ (L =p)p2) = inf Ds(ppr + (1 = p)p2, 0)

= inf Ds(pp1+ (1= p)pa,por + (1 = p)o)

oo
o L
< p jnof D(py,01) + (1 —p) inf D(ps,02)
= pRP(p)) + (1 — p)RP*(py), (3.64)

where we use the joint convexity of Dy in the inequality. In the second equality
we use the fact that {poy + (1 —p)oa| oy € F, 09 € F} = F. Indeed, it is clear
from the convexity of F that po; + (1 — p)oy € F for any p € [0,1], 01 € F and
o9 € F. On the other hand, for any o € F we may write 0 = po; + (1 — p)o, with
01 =09 =0 so that o € {po; + (1 — p)os |01 € F, 09 € F}. O

We can therefore see that the distance-based measures of a resource satisfy
the first three requirements. This type of measure was introduced in Refs. [18, 19]
for the resource of entanglement, and the distances listed in Table 1.1 have been
subsequently used to measure entanglement [2, 20, TRB4, 44, 132-135]. The
distance-based approach has also been applied to quantum coherence [1, TRB9,
47, 85, 136, 137], and quantum correlations, for which a comprehensive review
can be found in Ref. [TRB12]. Note that it is simple to see from Theorem 5
that Requirement Q(ii) for quantum correlations is also satisfied whenever Dy is
contractive. On the other hand, Requirement (iv) is typically checked on a case-
by-case basis for each Ds, although a sufficient condition on Dgs has been provided
in Ref. [19, 47] for the induced resource measure to satisfy this strong monoton-
icity. The relative entropy and the infidelity are two examples of distances that
induce a distance-based resource measure that is strongly monotone [2, 19, 47,
109, 137].

It is a natural question to ask which of the distances Dy is the most appro-
priate to use to quantify a resource using RP¢(p). There is not a clear answer
to this. One may choose Dj because it has appealing features as a measure of
distinguishability [7, 20, 42]. However, this does not immediately furnish RP¢(p)

with a physical relevance aside from the more abstract notion of quantifying the
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distinguishability between p and the set of free states. The physical relevance
of RP4(p) in terms of being the figure of merit in an operational task must be
investigated for each Djs and each resource, see Refs. [1, 2, 11, TRB12] for fur-
ther details. In practice, the choice of Djs is often dictated by the pragmatic
motivation of being able to solve the infimum in RP%(p). Indeed, RP%(p) can
be difficult to evaluate both analytically and numerically [138] for arbitrary p.
To help solve this problem, in the next chapter we give a framework for provid-
ing lower bounds on R”%(p) that are simpler to evaluate. Furthermore, in this
thesis we often prefer not fix a particular distance but instead work generally
with distance-based measures of a resource for any contractive and jointly convex

distance.

Comparing the Quantum within the Distance-based Approach

The geometric nature of the distance-based approach allows for a unified per-
spective when quantifying the resources in a composite quantum system [139,
140]. This permits a natural comparison between resources and can lead to phys-
ical insights into their behaviour and interaction, as will be discussed further in
Section 6.1.5. Consider a bipartite system in state pA? consisting of subsystem
A and B. The quantum coherence, quantum correlations, and quantum entan-

glement may be quantified in the distance-based approach as

CP(pt?) = nf | Ds(pt7,077), (3.65)

Mp("?) = inf  Ds(p"%, xG0), (3.66)
Xce€Cee

D, AB L : AB _AB

EZ(p™) = jnf, Ds(p™,¢™7), (3.67)

where we define coherence with respect to a reference ONB {lef') @ |/ Yhdade of

jAB

product pure states of both subsystems and is the set of incoherent states

in such an ONB [TRB9, 137], while we also restrict to considering quantum
correlations with respect to both subsystems. It is clear that J4% C €45 C

848 so that CPs(pAB) > QL5 (pAB) > EP¢(pAP). In fact, it can be found that

Ds

AB (PAB)

is the result of minimising the coherence CP3(pA8) over all product
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ONBs [TRB9, TRB12, 84, 141, 142|. Figure 3.6 illustrates these resources from a
geometric perspective. We can also measure the total correlations [10, 139, 140]

between the two subsystems as the distance from the uncorrelated states

TP (p*B) .= inf  Ds(p*? w?P), (3.68)

wABcPAB

with PAP the product states given in Eq. (2.20). Since P48 < CAEL it holds that
TPs (pAB) > QR%(pAB). As discussed in Section 2.2, the classical correlations can
be thought of as the portion of the total correlations that are not quantum. There
is not a clear way to define a measure of classical correlations in the distance-
based approach (the conventional approach is through an entropic measure |9,
10]). One method is to quantify the classical correlations as the distance between

the set CAE C CAE of closest classical states to p and the set of uncorrelated

states [TRB11, 139, 140, 143, 144],

D . : .
CCry(p"?) ::Xéérelgég wAérelgAB Ds(XaE, wB). (3.69)

This method was introduced in Ref. [139], but did not include an infimum over all
closest classical states to p*Z. The infimum was then introduced in Ref. [TRB11]
to prevent any ambiguities in the definition of classical correlations. However, as

can be seen in Fig. 3.6, by using this method in general it holds that 775 (pAB) #

COYE(P"P) + QL5 (p"P).
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Figure 3.6: Quantification of quantum coherence CP$, quantum correlations

QSB, quantum entanglement EP5, total correlations T7¢, and classical correl-
ations C’C’Eg in a bipartite system using the distance-based approach given in
Egs. (3.65)—(3.69). The outer square represents all bipartite states, the inner dia-
mond represents separable states, the solid and dashed blue lines and black inner
circle represent the CC states, the solid blue line represents the incoherent states,
while finally the black inner circle represents the product states. Note that in gen-
eral the contractive and jointly convex distances on quantum states do not behave

like the Euclidean distance, and so the resource measures are not given by simply

finding the distance to the Euclidean orthogonal projection onto the free states.
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Chapter 4

Bounding the Quantum

In the previous chapter we discussed some general requirements for measures
of a quantum resource and presented two geometric approaches to measuring a
resource. Having identified these measures, the next step is to evaluate them
for a given state either numerically or analytically. We have shown that the
robustness of a resource can be evaluated numerically using an SDP, provided the
resource theory satisfies some constraints. However, the robustness is not simple
to evaluate analytically in general. Furthermore, the distance-based measure is
difficult to evaluate both numerically and analytically. In this chapter we outline
a general framework to provide lower bounds to measures of a resource, following
from the works of Refs. [TRB4, TRB5, TRB6]. After introducing this general
framework, we provide an example of its application to the resources of multiqubit

entanglement and coherence.

4.1 Framework

Our framework is constructed on the concept of resource non-increasing projec-
tions. A resource non-increasing projection II, is a free quantum operation Il € O
that satisfies II(II(p)) = II(p) for any state p. Each resource non-increasing pro-
jection IT identifies a set of resource guarantor states § C D(H) given by all the
states left invariant by I, i.e. §:= {p € D(H) | p =I(p)}. The action of a re-

source non-increasing projection is to project any state p into the corresponding

78
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Resource states

Free states

Figure 4.1: A resource non-increasing projection (black arrows) is a free operation
that maps any state (blue circles) to a set of resource guarantor states (orange
circles). The set of resource guarantor states are all the states left invariant under
the action of the resource non-increasing projection, and cannot have more resource
than the states they guarantee. Since the resource non-increasing projection is a
free operation, the free states are mapped onto a subset of themselves. We note
that it is possible for a resource state to be mapped to a free state due to the

resource non-increasing projection (as shown for example by the red arrow).

set of resource guarantor states, such that

I(p) € S vV pe D),

(p) = p vV peS. (4.1)

Any state p has a corresponding resource guarantor state II(p) € G that cannot
have more resource than p, i.e. R(p) > R(Il(p)), which follows from Requirement
(ii) of R since II € O. Hence, the resource guarantor state II(p) € G provides a
quantitative guarantee on the resource of p in terms of a lower bound arising due
to the resource non-increasing projection II, thus motivating our nomenclature.
Note that there are in general many states p with the same corresponding resource
guarantor state. Figure 4.1 exhibits the action of a resource non-increasing pro-
jection on the set of states.

The general framework to provide lower bounds to measures of a resource is

then structured into four steps:

Step One: Find a resource non-increasing projection II and identify the cor-
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responding set of resource guarantor states G.

Step Two: Identify the set of free resource guarantor states Jg, i.e. the inter-

section between the free states F and the resource guarantor states G.

Step Three: Evaluate a resource measure R(w) on every resource guarantor

state w € G.

Step Four: Find lower bounds to the resource of a general state p by varying
p over free unitaries T and finding the corresponding resource guarantor

state II(Y(p)) € G with the largest amount of resource.

Figure 4.2 summarises the four steps of our framework, which results in a lower
bound on a measure of the resources of a system in the state p. The first and final
steps of this framework have been studied specialised to quantum entanglement
in Refs. [145-148], while the second and third steps have been introduced in
Refs. [TRB4, TRB5]. We also remark on the experimental applicability of this
framework. Indeed, experimentalists often want to quantify the resource (such
as entanglement) of a quantum system prepared in a laboratory. This can be
done by performing full quantum state tomography [7, 149, 150] to reconstruct
the density matrix of the state and then evaluating a resource measure on the
density matrix. However, full state tomography is experimentally demanding and
evaluation of a resource measure for an arbitrary reconstructed density matrix can
be computationally intensive. Instead, finding lower bounds on resource measures
using our framework bypasses some of the experimental and numerical difficulty.
This is achieved through our restriction to a family of resource guarantor states G
that are necessarily easier to reconstruct experimentally and simpler to evaluate

numerically. We now motivate and explain each of the steps in greater detail.

4.1.1 Step One

The first step of this framework is to identify a resource non-increasing projection
IT and the corresponding set of resource guarantor states §. The general idea is

to pick a II so that the resource guarantor states G are a simple family of states
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Figure 4.2: The four steps of the framework to provide lower bounds on a re-
source measure for a system in state p. The first two steps consist of (1) finding a
resource non-increasing projection II and identifying the corresponding set of re-
source guarantor states G, and then (2) identifying the contained set of free states
Fe = FNG. The final two steps consist of (3) evaluating a resource measure
R for all w € G (shown pictorially using the distance-based approach), and (4)
optimising p over free unitaries YT so that the corresponding resource guarantor
state II(T(p)) € G has the most resource (the orange ellipse here illustrates the

set of resource guarantor states corresponding to T (p) for each T).

with resource measures that can be evaluated on them either analytically or
numerically. However, broadly speaking, the simpler the G, the more resource is
lost by projecting with II onto G. This means that the lower bounds provided by
G become smaller and hence less informative. In fact, it is possible that I1(p) € F
even if p ¢ F, as can be seen by the red arrow in Fig. 4.1, so that the lower bound
provided by II(p) is zero and hence trivial. An extreme example of this can be
given by a resource destroying quantum operation, which is a special type of
resource non-increasing projection that projects every state onto the free states.
We thus have to find a balance between the simplicity of § and the usefulness of

the lower bounds provided by G.
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4.1.2 Step Two

The next step of the framework is to identify the set Fg of resource guarantor
states that are also resource-free, i.e. the intersection ¥ N G. It can be seen that
g is given by applying the resource non-increasing projection onto the set of free
states,

Fs:=FNG={Il(p) | pe TF}. (4.2)

To see this, it is first clear that for any p € Fg we know p € F and p € G so that
p=1Il(p) € {Il(p) | p € F}. On the other hand, for any II(p) € {Il(p) | p € F}
then II(p) € Gand II(p) € Fsince ITis a free operation and cannot create resource,
so that II(p) € Fg. This proves the equivalence of the two sets. Hence, we can use
Eq. (4.2) to characterise Fg. As we shall see in the next step, characterisation of

g is useful to help evaluate resource measures on the resource guarantor states.

4.1.3 Step Three

In this step of the framework we aim to measure the amount of resources in each
resource guarantor state. For general resource measures R, the projection given
by II onto the resource guarantor states G allows for a variety of tricks to be
used to simplify the evaluation of R(w) for any w € § when compared to the
evaluation of R(p) for a general state p. This can be seen more concretely by
focussing on the two geometric approaches to measuring a resource discussed in
Section 3.2. For the robustness, the infimum in Eq. (3.23) over all free states F
can be instead replaced by the infimum over all g C F. Indeed, for any w € §

consider

Rf(w) = inf {s>0]w < (1+s)o}, (4.3)
RE(w) = &iengfg {s>0|lw<(1+s)}, (4.4)

where the first line is the robustness in Eq. (3.23) and the second line is the same
optimisation but over the contained set Fg. Tt is clear that R*(w) < R¥(w) since

F5 C F, but it can also be shown that R¥(w) > R¥(w). Take any o € F such
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that @w < (1 + s)o. Since II preserves positivity and II(w) = w because w € G,

(=)

IN

(1+ s)I1(0),

w < (1+s)(o). (4.5)

Hence, for any o in the infimum of Eq. (4.3) with corresponding value s there is
a & = II(0) in the infimum of Eq. (4.4) with the same corresponding s so that

R%(w) < Rf(w). Putting everything together, we have that
R (w) = RE(w). (4.6)

This is a particularly appealing result from the perspective of evaluating the
robustness numerically, since RR(w) may be posed as the solution to an SDP
when the set Fg can be characterised with a finite number of conditions, as will
be discussed in the example in the following section.

A similar simplification holds for the distance-based approach to measuring a
resource. Here it turns out that minimisation of the distance over all free states
in Eq. (3.59) can be simplified to a minimisation over all Fg. Indeed, for any

w € G, consider

RP (@) = ilggD(;(w,a), (4.7)
RPs(w) = jéqgf Ds(w,5), (4.8)

where the first line is the distance-based measure in Eq. (3.59) and the second
line is the same optimisation but over the smaller set Fs. Again, it is clear that
RPs(w) < RPs(w) since Fg C F, but it also holds that RPs(w) > RPs(w). This

can be seen from

RP (@) = iréng(w,a)
> inf Dy(11(=), (o)
= Inf Dy(w, (o))
= ;ggpg(w,a)

= RPs(w), (4.9)
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where the contractivity of Dy is used in the inequality, II(w) = w since w € G is
used in the second equality, and the characterisation of Fg in Eq. (4.2) is used in

the third equality. Hence we have that
RP(w) = RP3 (w). (4.10)

This result is appealing from a geometric perspective, since it allows us to focus
only on evaluating the distance between states of the same family §. Further

details can be found in the forthcoming example.

4.1.4 Step Four

The final step of the framework consists of optimising the lower bound to the
resource of p over free unitary operations. A free unitary operation T € O acts
on any state p as Y(p) = UpU' where U is a unitary operator. The free unitary
operations are invertible with inverse given by YT € O such that YT(T(p)) =
Y(YT(p)) = p where YT(p) = UTpU. This means that R(T(p)) = R(p) for any Y

because

=
=
v

R(Y(p))
R(Y(p)) > R(Y'(Y(p))) = R(p), (4.11)

which holds for all p due to Requirement (ii) and the fact that T € O and YT € O.
Hence, all states given by T (p) have the same resource as p. We can then consider

the resource guarantor states II(T(p)) and note that
R(II(Y(p))) < R(Y(p)) = R(p). (4.12)

Since generally II(Y(p)) # YT (II(p)), the resources of II(Y(p)) depend on YT and
we can optimise over free unitaries T to provide an improved lower bound to the

resources of p, i.e.

sup R(II(Y(p))) = R(II(Y*(p)) < R(T"(p)) = R(p), (4.13)

where T* is the free unitary that provides the optimal lower bound to R(p).

However, this optimisation can increase the difficulty of providing a lower bound,
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and so it may be necessary to restrict the optimisation to a subset of the free
unitaries. For the resources of quantum correlations and entanglement, the free
unitaries are all the local unitaries acting on each subsystem, while for the resource

of coherence the free unitaries depend on the set of free operations identified [1].

4.2 Applying the Framework to Multiqubit En-
tanglement

So far our framework has been described in very abstract terms. Here we clarify
each step of the framework by providing an example of a resource non-increasing
projection for multiqubit entanglement. This entanglement non-increasing pro-
jection is used to find lower bounds on the distance-based M-inseparable mul-

tiqubit entanglement

EY5(p) := inf Ds(p,<) (4.14)

SES M
of an N > 2 qubit system in the state p. The reader is referred to Section 2.3.1

for an explanation of the terminology used here for multiqubit entanglement.

4.2.1 Steps of the Framework
Step One

To define our entanglement non-increasing projection I1(p), we introduce a set
consisting of 2(IN — 1) local unitaries composed of tensor products of unitaries

acting on each qubit

U S ={(c1® 01 @I°V %), (1@ 0y @ 0y @ IOV ),
LI e]), VR0 ®0y)
(02 @0 TN 2) (I® 02 ® 09 @TENTH),
(PN RoyR0@]), [PV 2@ 0y ® 09)},
(4.15)
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with {o;}?_, the 2-dimensional Pauli matrices given in Eq. (1.48) and T the 2-
dimensional identity matrix. The entanglement non-increasing projection is given

by
22(N-1)

1
H(ﬂ) = 92(N—1) Z Uz‘/QUi,Tv (416)

—1

where U] are the following local unitaries

]I@N
2(N—-1
{Uil }i1(:1 )
2(N—1) _
e = {0,025 L)
2(N-1)
{UiQ(Nfl) T Uiz Uil }i2<N71)>...>i2>i1=1

We now see that II € O. Recall that the free operations for any level of
M-inseparable multiqubit entanglement are LOCC where each qubit is treated
as an individual subsystem. It can be seen that each U/ is a local unitary com-
posed of tensor products of unitaries acting on each qubit, so that II(p) is a
convex combination of such single qubit local unitaries. This can be realised
physically by allowing one of the single qubit subsystems to randomly select an
i€ {1,2,...,22M=D} according to the uniform distribution and then communic-
ate the result to all the other qubits, so that together they each perform their
local unitary corresponding to U/. This is a type of one way single qubit LOCC
and so Il € O.

The action of II on any N qubit state p is given by the following theorem.

Theorem 7 For any N qubit state p and Il(p) as in Eq. (4.16),
1 3
H(p) = 5 <]1®N +> c,;a?N> (4.18)
=1
where ¢; = Tr(poP™) € [~1,1] [TRB4].
The proof of this theorem is provided in Appendix C. Since II(II(p)) is described
by & = Tr(Il(p)o®Y) = ¢, it is then clear that II(II(p)) = II(p) so that II is a

projection. The set of resource guarantor states defined by II, i.e. all those left



CHAPTER 4. BOUNDING THE QUANTUM 87

invariant under the action of II, is given by

3
9:{73 ‘ w:;V<]I®N+ZciJZ®N>}, (4.19)

=1
QN

where ¢; = Tr(wo;”") € [—1, 1], so that we can describe any w € G by the triple
of real numbers {cy, ¢, c3}. Every w has a maximally mixed marginal state with
respect to any combination of qubits into a subsystem,

1 3
Tro, (@) = Trne., <2N (]I®N + Z Ciaf@N>>

=1

1 3
= Q—N (Tr\Qa (H®N) + ;CiTl"\Qa (O'?N)>
N~ Ke 1
— 2N ]I®KO‘ = 2TQH®KQ7 (420)

since the Pauli matrices are traceless, where Tr\q, (@) is the partial trace over all
but subsystem @), for any subsystem @), consisting of K, qubits. It is then said
that the @w are N qubit states with maximally mixed marginals and are called
M3, states, where we associate § = M3;. The resource non-increasing projection
I(p) € G is then called the M3 -fication of p. Note that the M3, states have been
investigated independently in Ref. [151].

The characterisation of the M3, states depends on whether N is even or odd.
For even N all the M%, states commute with each other, i.e. [@y,ws] = 0 for
any w; € M3 and wy € M3. This means that the N even M3, states share
a common eigenbasis, which is given in Ref. [TRB4]|. The eigenvalues of such a

w € M3, are the following:
1 1
{ {1 +c + (—1)N/202 + 03} y T {1 +c — (—1)N/202 — 03} s

oN
L [1—01—(—1)1\[/262-1-03}},

o [1 — 1+ (=1)M ¢y — 03] )

where each eigenvalue is % level degenerate, i.e. with % eigenvectors corres-
ponding to the same eigenvalue. Hence, every w is a mixed state for even N > 2.
By imposing that every w with triple {c1, ¢o, c3} is positive semidefinite, i.e. that
the above eigenvalues are non-negative, it can be seen that the triple {c, co, 3}

must lie within the tetrahedron 7 _;)v2 with vertices

{11 =DM 1, = (=DM, =11 {1 ()Y, =13 {1, = (=), 13
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Figure 4.3: The M3, states in the {c1, c2, c3} space (shown in green) are contained
within the tetrahedron 7(_qyn/> for even N (left, for odd NN/2) and the unit ball
B; for odd N (right). The M-separable M3, states for M > [N/2] are contained
within the unit octahedron O; with vertices {£1,0,0}, {0,£1,0} and {0,0,£1}
(shown in red), while all M3, states are M-separable for M < [N/2]. The M3,
states are an example of resource guarantor states given by the resource non-

increasing projection of Eq. (4.16).

When N = 2, the M3 states coincide with the well known Bell-diagonal states,
consisting of mixtures of the four maximally entangled pure Bell states [2, 152].

On the other hand, when N is odd, the M3 states do not commute since they
no longer share a common eigenbasis. The eigenvalues of the N odd M3, states
are QLN(I +7) where r := \/m, with each eigenvalue % level degenerate.
Hence, for odd N > 1, every w is a mixed state (for N = 1, the M3, states
coincide with the set of all qubit states). It can be seen that the M3, states for
odd N lie in the unit ball B; in the {c;, o, c3} space, an extension of the Bloch
ball representation of a qubit discussed in Section 1.2.4. Figure 4.3 shows the

M3, states in the {c, o, c3} space for even and odd N.

Step Two

3
In this step we identify the M-separable M3, states, Sg\v{/v . This is done analytically
by finding the M3 -fication of all the M-separable states, as is shown in the proof

of the following theorem.
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Theorem 8 For any N, the set of M -separable M3, states Sﬁv is either [TRBA4]:
o the set of all M3; states, for any M < [N/2];

o the set of M3, states represented in the {ci,ca,c3} space by the unit oc-
tahedron Oy with vertices {+1,0,0}, {0,£1,0} and {0,0,£1}, for any
M > [N/2].

The proof of this theorem is also provided in Appendix C. It tells us that the M3
states are always M-separable for any M < [N/2] so that in this case E1/ (@) = 0
for all @ € M3, which means in particular that E5°(II(p)) = 0 and our lower
bound on the multiqubit entanglement of a general state p is trivial. However,
when M > [N/2] the M3 states are not always M-separable. Figure 4.3 shows
the M-separable M3; states for M > [N/2] in the {cy, ¢, c3} space. Indeed, if the
triple {c1, c2, c3} of @ does not lie within the unit octahedron Oy, or equivalently
if |e1]+|ca|4]es| > 1, then w is M-inseparable. In such a way, if the triple of I1(p)
for an arbitrary state p lies outside of the unit octahedron Oy, then we can find

nontrivial lower bounds on E+?(p). Hence, the next step focusses on calculating
Eyf (w) for any @ € M3, and M > [N/2].
Step Three

Now we calculate E5° () for any @ € M3, and M > [N/2] by making use of
the simplification from Eq. (4.10), i.e. that

Ev (w) = inf Ds(, ). (4.21)
ses N

From Theorem 8, if w has a triple {c1, ¢a, c3} such that |c1| + |ca| + |e3] < 1 then
w € Sﬁ\’ and E}?(w) = 0. The case of |cy| + |ca| + |cs| > 1 is dealt separately
for even and odd N.

For even N, the M-inseparable M3 states can be found in the {c;,cs,c3}
space by the four corners of the tetrahedron 7 _;)v/2, which are all local unitarily
equivalent so that it is only necessary to focus on one of them. We make use of

the universal properties of contractivity and joint convexity of the distance Dy
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to evaluate Eﬁ‘s (w) for any Ds. This is achieved by finding one of the closest
M-separable M3; states ¢, € Sﬁv to w that universally satisfies the infimum
in Eq. (4.21) for any Ds. Figure 4.4 shows a zoomed in diagram of one of the
four corners of the tetrahedron 72_1)1\7/2. The closest M-separable M3, state ¢
to an M3; state w can be found in the {ci, co,c3} space by extending the line,
which connects the corresponding corner of the tetrahedron 7_;y~/> with @, onto
the plane given by the face of the M-separable octahedron O;. One can then
evaluate the distance between w and ¢, and find that for any Dy it is always a
monotonically increasing function fp, of the height h := 3 (Zle lei| — 1) above
the M-separable plane. The plane height h, is non-positive for all M-separable
M3, states within the octahedron O;, while 0 < h, < 1 for the M-inseparable
M3, states. This then gives a closed formula for the M-inseparable multiqubit

entanglement of w,

D () 0, he <0 (or M < N/2); (4.22)
fps(he), otherwise.
Particular instances of fp,(hs), for each distance Ds given in Table 1.1, are shown
in Table 4.1. We sketch the details of the derivation of this result in the following,
which follows from Appendix E of Ref. [TRB4].

For odd N and M > [N/2], there is not a universal closest M-separable M3,
state for every distance Ds, although the closest separable state is still independ-
ent of the choice of M and N. We focus in particular on evaluating E5/7" () for
the trace distance Dr,. The trace distance between any two N-odd M3, states has
the useful property of being equivalent to (half) the Euclidean distance between
their two vectors in the {c|, co, c3} space, so that the closest M-separable M3
state ¢ to any M-inseparable M3, state w is simply, in the {ci, co,c3} space,

the Euclidean orthogonal projection onto the unit octahedron ;. We then have

that
0, he <0 (or M <[N/2]);
B (w) =4 =, 0 <hs <3l¢]/2 V5 (4.23)

mjin %\/\cj|2 + 3(2he — |¢j])?, otherwise,
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S R ey

Figure 4.4: An enlargement of the tetrahedron 7 _yy~/2 of NV even M3, states in the
{e1, ¢a, c3} space onto one of the corners given by the M-inseparable M%; states for
M > N/2 (left), and an enlargement of the unit ball By of N > 1 odd M3, states in
the {c1, ca, c3} space into one of the octants given by the M-inseparable M%; states
for M > [N/2] (right). The red planes represent the border of the unit octahedron
O, of M-separable M3; states. For even N, the closest M-separable M3, state ¢
to any w is given by extending the line connecting the corner of the tetrahedron
T(—1)~/2 through @ onto the M-separable plane, with the corresponding distance
Ds(w,sw) a function of only the plane height h, above the M-separable plane.
Instead, for odd N, the closest M-separable M3, state according to the trace
distance is given by the Euclidean orthogonal projection onto the M-separable

plane. The blue surfaces represent surfaces of constant entanglement.

see Fig. 4.4. The second line of Eq. (4.23) represents the case when the M-
inseparable M3; state is orthogonally above one of faces of the M-separable oc-
tahedron O; (represented by w; in the figure, with ¢, the closest M-separable
M3, state), while the third line of Eq. (4.23) represents the case when the M-
inseparable M3, state is closest to one of the edges of the octahedron O; (repres-
ented by s in the figure, with ¢, the closest M-separable M3; state).

We return now to the even N and M > N/2 case and sketch the mathematical
proof of the result of Eq. (4.22), following Ref. [TRB4], i.e. that E;’(w) is simply
a monotonic function of the plane height h, for any Ds. First, it is clear from the

joint convexity of Ds that the closest M-separable M3, state to any M-inseparable
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Ds fD5<hw)

Trace he

1
2

Hellinger (squared) 2 —+/1—hgy — V14 hy

Bures (squared) 2—V1—hg —V1+hy

Infidelity Y- y1-n2)

%{(1 — hy) logy(1 — hy)

Relative entropy
+ (1 + ha) logy(1+ her)|

Table 4.1: The M-inseparable multiqubit entanglement F1? (w) of an M%; state
with even N and M > N/2, as given by Eq. (4.22), is a monotonic function
fp,(he) of the plane height h, whenever hg > 0.

M3, state o must lie on the corresponding surface of the M-separable octahedron
;. Now, consider the two M-inseparable M3, states t; and w, shown in Fig. 4.4
sitting on the same plane with height h,, along with the two corresponding M-
separable M3, states ¢, and ¢, given by extending the line connecting the
corner of the tetrahedron 7_;)x/> through o, and @y, respectively, onto the M-
separable plane. We think of @, as a general M3 state on this plane while w; is

the particular M3, state at the centre of the plane. It can be shown that
Ds(w01,$my ) = Ds(wa, S ) (4.24)
This is done by identifying two quantum operations Aj;, and At such that

Ain(w2) = w1 Aout(wl) = Wy

Ain(ng) = Sy Aout(gm) = Swa

so that from contractivity of Ds

D5(w27§W2) > Dg(Ain(ZUQ),Ain(CWQ)):D(;(?Dl,§w1)
D5<w17§W1) > D5(A0ut(w1)7AOU_t(§w1)):D(s(w?vgim)' (425)
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These two quantum operations are given in Ref. [TRB4]. Now consider the dis-
tance between wy and an arbitrary M-separable M3, state ¢ on the M-separable

plane. It can be found that A;,(¢) = ¢, so that
Ds(@2,6) 2 Ds(Ajn(@2), Ain (<)) = Ds(@1, 1) = Ds(@2, ), (4.26)
which tells us that ¢, is the closest M-separable M3; state to ws, i.e.
B (@2) = Ds(w2, 6 (4.27)

for any ws. This is the main result of Appendix E of Ref. [TRB4]. It can
further be shown that E1™(ws,) is a monotonic function fp, of the plane height
he, which relies on the fact that Ds(ws,Sw,) = Ds(w1,Sw,), With Ds(w1, $w, )
a function only of the plane height, and also joint convexity of Ds, which then
imposes that the distance to the M-separable plane must increase with the plane
height.

Before proceeding to discuss the final step, we note that the set of M-separable
M3, states can be expressed in a general way as any operator w > 0 with Tr(w) =

1 satisfying the following finite number of conditions

Tr(woi, ® 04y ... ®03,) =0 ¥ {ir,io,...in} # {i,i,...i}, i €{0,1,2,3]},

—Tr (wa?N) +

Tr (wa?N> + (=) (WU§N> + Tr (wa?N> <1,

Tr (wa?N) — (=1)N?Ty (wa®N> — Tr (wa?N> <1,

—Tr (wai@v) — (=D)M?Ty (wag@N) + Tr (wa?N) <1,
(1) (

wofN) <1 (4.28)

This equation, combined with Eq. (4.6), tells us that the robustness of M-
inseparable multiqubit entanglement for M3, states is the solution of an SDP
and can therefore be evaluated numerically. Nevertheless, we focus here on the

analytical results found for the distance-based approach.

Step Four

As we have seen, every N qubit state p is transformed into a corresponding M3,

state w = II(p) with EL°(w) < EL?(p). This lower bound may be improved
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by varying p over the unitaries that are local with respect to each qubit, which
are the free unitaries of M-inseparable multiqubit entanglement. For any unitary
Us acting locally on the qubits such that Uy = @Y, U@ for the single qubit

unitaries U@, we have EL (UgpUL) = ED¥(p). Furthermore,
Eif (@) < Eyf (UspUL) = Exf (p) (4.29)

where @ = II(UgpUL) is an M3, state with & = Tr(UgpUbo®Y). Hence, we aim
to perform the optimisation

sup Ex () < Eyp (p), (4.30)

®

giving the best lower bound on the M-inseparable multiqubit entanglement of p
by using M3-fication. To understand this optimisation, we turn to the correlation
tensor Ry i, iy = 1r(p 04y ®0:,®...®0;,) € [—1,1] used to describe any N qubit
state in Eq. (1.61), with i; € {0,1,2,3} for j € {1,2,..., N}. The correspondence
between the special unitary group SU(2) and special orthogonal group SO(3) [20]
says that for any qubit unitary U(®) there is a corresponding orthogonal 3 x 3
matrix O such that U7 - U = (OW7) . &, where 7t = {ny,n3,nz} € R3
and ¢ = {01, 09,03} is the vector of Pauli matrices. Then, the correlation tensor

of U®pUé is

3
) 1 2 N
Ri1i2"'iN = Z R]l]Q]NO’L(1])1O’L(2])2 e O’L(Nj)N (431)
Jij2-in=0

For even N, the optimisation in Eq. (4.30) may be achieved by finding a local
unitary Ug so that the plane height hs = 1(322_, [¢|—1) is largest, or equivalently
by solving

sup (‘51| + |62| + ‘53|) = Sup (|R11...1| + |R22...2| + |é33...3|) . (432)
Ug {0}

This optimisation can be solved analytically for N = 2 and is given by the
orthogonal matrices that diagonalise the correlation matrix R; ;, due to the sin-
gular value decomposition [153]. For N > 2 this optimisation can be carried
out numerically, and can be greatly simplified if p is invariant under all per-

mutations of the N qubits. If so, the correlation tensor is fully symmetric, i.e.
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R = Ry(i ip-in) for any permutation ¥ of the indices. When this is the

1192 IN
case, it is known that Eq. (4.32) may be solved by restricting the optimisation to
identical orthogonal matrices OV = O® = ... = OW) [153]. A 3 x 3 orthogonal
matrix O can be fully described by three real angles {6, v, ¢} which correspond

to the qubit unitary

it . o=
I cosge "2 —zsmge L) A
o L o= g it (4.33)
—isin ze' 2 cos ze' 2

2 2

Hence, if p is invariant under all permutations of the N qubits, then one only

needs to optimise over three angles to solve Eq. (4.32).

4.2.2 Application and Comparison

The lower bounds to the M-inseparable multiqubit entanglement provided by
M3, states can be evaluated for important instances of N qubit states. The
Greenberger-Horne-Zeilinger (GHZ) [154] and W states [73] are well established
examples of N qubit states that are of importance both theoretically and exper-

imentally [20, 73, 155-161] and are given by, respectively,

\GHZ™) ! (]00...00) + |11...11)), (4.34)

2
WY = ——(]00...01) +1]00...10) + ...+ [01...00) + [10...00)),

VN
where |blb2 R bele> = |b1>®‘b2>® . ®|bN,1>®|bN> with bj c {0, 1} for allj <

-5

{1,2,...,N}. Table 4.2 gives the lower bound to the M-inseparable multiqubit
entanglement of these states for any M > [N/2] provided by optimising EYs (%)
of the corresponding M3, states @ = I(Ug |GHZMY (GHZM|UL) and & =
IL(Ug |[WMWY (W UL) over local unitaries Ug, for various N. Since both the
GHZ and W states are permutationally invariant with respect to permutations of
any of the N qubits, we can use the already discussed simplification of restricting
to identical qubit unitaries, i.e. Uy = U®N for the qubit unitary U given in
Eq. (4.33), and hence only optimising E1/ () over three angles {6, 1, ¢}, which

are also given in the table.
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N State {617 627 53} Z?:l ‘6]‘ {97 w7 ¢}
(3) 8 /8 _ /8 2 -1(1)\ 57 =
T IGHZE) GRTE e E  BEAYE SR LI N 353
3 — T
= wey (L -1 1) V3 {eos(L),0,3}
T IGHZ®) {1,1,1} 3 {0,0,0}
z W) {5,5.5} 3 {cos™1(%),0,7}
(5) 1 1 T ow
ToIeHZ®) {5500 V2 {05 %}
(5) a1 T 7 101 T
= (W) {9\/5’ 9\/5’9\/5} 3v3 {COS (ﬁ),0,4}
©|GHZ®) {1,-1,1} 3 {0,0,0}
= W) {0,0,—1} 1 {0,0,0}

Table 4.2: Lower bounds to the M-inseparable multiqubit entanglement for
any M > [N/2] of N qubit GHZ and W states for various N. The lower
bounds are given by the M3, states @ = H(Ug |GHZWN)) (GHZW)| Ué) and
& = I(Ug |[WWN)) (W) Ué) satisfying the optimisation in Eq. (4.30) with triple
{¢1,¢2,¢5} and plane height hsy = %(Ef’zl |¢;] — 1), so that the lower bound
EDs (&) may be evaluated by using Eq. (4.22) for even N and Eq. (4.23) for odd
N. Due to the permutation invariance of the GHZ and W states, the optimisation
need only be performed over the three angles {6,, ¢} describing the unitary in
Eq. (4.33). Note that hz > 0 only when Z?:1 |¢;] > 1. For a more comprehens-
ive application of our lower bounds found through M3 -fication to a collection of

important N qubit states, see Ref. [TRB4].

For even N the lower bound to the M-inseparable multiqubit entanglement
provided for the GHZ state is maximum at hg = 1. In particular, for the relative
entropy distance we have E17” () = 1 for M > N/2, which can be compared to
the exact value for the multiqubit entanglement of E3/ = (|GHZMN)Y (GHZWN)|) =
1 calculated in Refs. [TRB4, 162-164] for any M. Our lower bound is then tight
for any even N when M > N/2. On the other hand, the lower bound to the
M-inseparable multiqubit entanglement for W states decreases with increasing
N and eventually becomes trivial beyond N = 5. This suggests that the lower
bounds provided by performing M3-fication are more suited to GHZ-like states

than W-like states, which is perhaps expected intuitively since the GHZ state
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is actually an eigenstate of any M3 state. Improved lower bounds to the M-
inseparable multiqubit entanglement for W states may be found by tailoring the
entanglement non-increasing projection II to project onto a different family of
entanglement guarantor states.

Our lower bounds further apply to noisy versions of the GHZ and W states,
e.g. by mixing the GHZ state with white noise

l—gq
peinz(a) = q|GHZN) (GHZM| 4 =717, (4.35)

the corresponding local unitary optimised M3 state is given by ¢+ %I[@N with
plane height ghs— 152, where @ = II(Ug |GHZ™M)) (GHZ™)| UL). Hence, for the
N even GHZ state with hg = 1, the lower bound to the M-inseparable multiqubit

entanglement of pg\gz( ) for M > N/2 is non-trivial for ¢ > This can be

Wl

compared to the established separability threshold for pGHZ( )of g >1/(1+
2N=1)[62] when M = N. This separability threshold tends to zero with increasing
N, while our threshold of ¢ > 3 for a non-trivial lower bound remains constant
with NV, so that we are unable to detect global multiqubit entanglement in an
increasingly large region of q. However, our framework focuses on quantification
of multiqubit entanglement in terms of lower bounds rather than the verification
of multiqubit entanglement, which is itself an important topic [62, 68, 70, 165—
170].

Furthermore, our results for M3, states are particularly appealing experi-
mentally. Any M3, state @ € M3, is specified by the three real coefficients
{c1, ¢, c3} € [—1,1] which may be measured in an experiment by finding the ex-
pectation values (o), = Tr(wo™) for i € {1,2,3}. Hence, to provide a lower
bound on the M-inseparable multiqubit entanglement for any N qubit state p
by finding the optimised M3, state & = H(U@)Ué), one need only measure the

triple {¢1, ¢, G2} given by three expectation values
N
(05} = Te@0™) = TlUapULof) = UL 0s) = (@ 01" )
=1 P

where @2, 5§a) = T 0PN Ug is an observable corresponding to a local unitary

rotation of the tensor product of Pauli matrices. The three expectation values
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of @Y, 5 for i € {1,2,3} may be found experimentally by each qubit subsys-
tem performing a local measurement in a rotated Pauli basis {5(*}3_; and then
communicating the results. Since the state p of the experimental system may not
be known (i.e. if full state tomography has not been carried out), the choice of
locally rotated Pauli basis may be given by assuming that p is the target state of
the experiment and finding the solution of Eq. (4.30). It can thus be said that our
lower bound is provided with three local measurement settings. This compares
well to other results aimed at providing experimentally friendly lower bounds to
multiqubit entanglement [129, 145-148, 171-176], which typically require at least
on the order of N local measurement settings. Furthermore, a strength of our res-
ult is that it provides lower bounds for all distance-based measures of multiqubit
entanglement and for any M > [N/2]. A detailed comparison of our result to
other works is given in Ref. [TRB4].

To demonstrate the relevance of our lower bound on M-inseparable multiqubit
entanglement to experiments, we apply our findings to some real experimental
data. Previous experiments have created and analysed Smolin, Dicke, GHZ and
W states, as detailed in the following. Table 4.3 provides lower bounds on the M-
inseparable multiqubit entanglement of these experimental states for M > [N /2]
in terms of the trace distance. In each case, our lower bounds are non-trivial.
We now provide further details on the reported experimental states. Generalised
Smolin states p(SN) of even N > 4 qubits [151, 177, 178] are special instances of M3,
states with correlation triple {(—1)/2, (—=1)"/2, (—=1)"/2} occupying one of the
corners of the tetrahedron ﬁ_l)N/z in the {¢1, co, c3} space, so that we have exactly
quantified their entanglement through our approach. A noisy Smolin state p(SN) (q)
can be formed in an analogous way to Eq. (4.35) by mixing with white noise, and
is also an M3, state sitting on the line connecting the {(—1)"/2, (—1)N/2 (—1)N/2}
vertex with the origin in the {c;, o, c3} space. A noisy Smolin state of 4 qubits
has been generated in Ref. [179] using a quantum optics setup. Symmetric N

qubit Dicke states [180, 181]

DY) = —= S0 o 1)) (4.36)
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are superpositions of states with k qubits in the excited state |1) and N — k
qubits in the ground state |0), with {II;(-)}Z, denoting all the Z := (]]X) dis-
tinct permutations of k tensor products of |1) and N — k tensor products of |0)

(where (N

k) is the binomial coefficient). The even N half excited Dicke states,

i.e. with k = N/2, are particularly relevant in many-body physics [181] and have
a corresponding M3; state with triple {1, 1,1}, hence giving the maximum plane
height of h,, = 1 and the optimum lower bound to M-inseparable multiqubit
entanglement possible through M3,-fication. Noisy versions of these half excited
Dicke states have been generated for six qubits in two separate quantum optics
experiments [182, 183]. Finally, noisy GHZ and W states have been generated in

a series of trapped ion experiments [184, 185].

4.2.3 Alternative Projections

As we have seen, the M3, states are M-separable for any M < [N/2]. In particu-
lar, the M3, states are always 2-separable and hence do not exhibit the strongest
form of entanglement with all of the N qubits entangled together. Even if one
were to pick a 2-inseparable state p, the projection onto the M3, states IT(p) would
be 2-separable. Hence, it could be argued that in this respect the M3-fication
projection is too strong since it always destroys the genuine N qubit entangle-
ment. To remedy this, we can choose an alternative entanglement non-increasing
projection with a different corresponding set of resource guarantor states.

Consider an ONB of GHZ-like states

4y L
|ﬁi>'_ﬁ

where ¢ € {1,2,...,2¥"1} and {|i)}¥", is the N qubit computational basis in

(12N £ oP™) i) (4.37)

binary order. The standard GHZ state of Eq. (4.34) is given in particular by
|37). Any state with its eigenbasis given by this ONB can be written in terms of
its eigenvalues and eigenvectors as

2N—1

£= gpﬂﬁﬁ (B (4.38)

i=1
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Target State Ref. Fidelity (%) >0y 1¢] Eor
o$P(0.51)  [179]  96.83 +0.05 1.16 £0.01  0.040 %+ 0.002
D) [182] 56 4 2 1.640.3 0.15 £ 0.08
D) [183] 65 + 2 1.69+0.04  0.17+0.01
IGHZW)  [185] 80.3 2.25 0.312
W®) [185] 19.4 1.24 0.0589
W), [185] 31.4 1.39 0.0963

Table 4.3: Lower bounds to the M-inseparable multiqubit entanglement for
M > [N/2] of N qubit noisy Smolin, Dicke, GHZ and W states generated in the
laboratory for N =4 and N = 6. The lower bounds are given by the correspond-
ing M%; state @ with triple {1, é,&} and plane height he = $(320_, |&| — 1),
with the lower bound E5¢ (&) evaluated using Eq. (4.22) in particular for the
trace distance. The experimental data for the Smolin and Dicke states directly
provided the corresponding M3; state @ through measurement of the observables
a?N , without allowing for optimisation over local unitaries. Instead, full state
tomography was provided for the GHZ state and W states (consisting of two data
sets A and B), allowing for a numerical optimisation of the plane height hs over
local unitaries. The fidelities according to Eq. (1.30) of the experimentally gener-
ated state with the target state are also reported, showing that in some cases the
generated state is particularly noisy. However, note that we do not need to assume

that the experimentally generated states are of a particular class to provide our

lower bounds.

with the eigenvalues {p;t}li forming a probability distribution. Such states are
called GHZ-diagonal and are denoted by the set Gy. The GHZ-diagonal states
are particularly relevant to study genuine multiqubit entanglement and it has
been shown that their biseparable states are all and only those for which we have
Pmax = Max; + p; < 1/2 [68]. Furthermore, the so-called genuine multiparticle
negativity and genuinely multipartite concurrence, which are two other measures
of 2-inseparable multiqubit entanglement not discussed here, have been evaluated
for GHZ-diagonal states [146, 172] and can be seen to coincide up to a factor

of 2 (more details are provided in the following). However, the distance-based



CHAPTER 4. BOUNDING THE QUANTUM 101

measures of 2-inseparable multiqubit entanglement have been evaluated for GHZ-
diagonal states only when using the relative entropy distance when restricted
to three qubits [164]. It therefore seems fitting to see if our framework may
be applied to the GHZ-diagonal states, focussing on 2-inseparability and the
distance-based measures.

Actually, the first two steps of our framework have been established. It is well
known that there exists a 2-inseparable multiqubit entanglement non-increasing
projection Il which projects any N qubit state p onto the set of GHZ-diagonal
states so that II(p) € Gn with eigenvalues given by [146]

pi = (B1plB) - (4.39)

We call such an entanglement non-increasing projection GHZ-diagonalisation,
with the GHZ state II(p) € Gy an entanglement guarantor for p so that we have
E5(I1(p)) < E5(p). The second step of our framework has already been discussed,
with the set of 2-separable GHZ-diagonal states given by [68]

SgN = {§ € gy ‘ Pmax i= mixpgt < 1/2} C Gn. (4.40)

The primary contribution of our framework is in the simplification provided in the
third step to calculate the distance-based 2-inseparable multiqubit entanglement
of any GHZ-diagonal state £ € Gy: Eq. (4.10) means that one of the closest
2-separable states ¢ to a GHZ-diagonal state is itself GHZ-diagonal, i.e. ¢ €
SgN . Furthermore, we can use joint convexity of the distance to see that ¢ is
on the border of SgN with maximum eigenvalue exactly equal to % With this
simplification, the infimum in Eq. (4.14) may be evaluated analytically for each of
the distances given in Table 1.1. The result is that for any £ € Gy with maximum

eigenvalue ppax,

0, max < 1/2;
EPi(€) = P = 1/ (141)

9D; (Pmax), otherwise,

where gp, is a monotonically increasing function of pp.x for each Ds, whose

explicit form is given in Table 4.4.
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D5 9Ds (pmax)

Trace Pmax — %

Hellinger (squared) 2 — /2 (\/ I = Pmax + \/pmax>
Bures (squared) 2 -2 (\/ I — Pmax + \/pmax>

Inﬁdehty % - \/pmax(l - pmax>

1 + max 10 max
Relative entropy b s2P

+ (1 - pmax) IOgQ(l - pmax)

Table 4.4: The 2-inseparable multiqubit entanglement E2’ (€) of a GHZ-diagonal
state £ € Gy, as given by Eq. (4.41), is a monotonic function gp,(Pmax) of only

the maximum eigenvalue ppyax of & whenever ppayx > 1/2.

Analysing our results, it can be seen that Table 4.4 allows for an exact quan-
tification of the genuine multiqubit entanglement of any N qubit GHZ state since
|GHZWNY (GHZWN)| € Gy with puax = 1. Tt can also be found that the genuine
multiqubit entanglement of the GHZ-diagonal states according to the trace dis-
tance coincides with the genuine multiparticle negativity and half the genuinely
multipartite concurrence, thus furnishing these measures with a geometric inter-
pretation within this class of states. Furthermore, it is interesting to see that the
distance-based measures of genuine multiqubit entanglement shown in Table 4.4
are only functions of the maximum eigenvalue p,., of the GHZ-diagonal state, so
that pnax not only characterises the presence of genuine multiqubit entanglement
in the GHZ-diagonal state but can also be used to measure the amount — as had
already been acknowledged for the genuine multiparticle negativity and genuinely
multipartite concurrence.

To provide lower bounds on the distance-based genuine multiqubit entangle-
ment of any state p, one therefore only needs the maximum probability from
Eq. (4.39) given by the maximum eigenvalue of the corresponding GHZ-diagonal
state II(p). The final step of our framework is then to optimise the lower bound

to the genuine multiqubit entanglement of p over local unitaries Ug, which in this
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case just means optimising pumax = max; + <ﬁii]U®pUé|ﬁii> over U, i.e.

MAX Praxe = max (B [Us pUL|57) = max (GHZ™|UspUL|GHZ)

(4.42)
where in the second equality we use the fact that the |53) are local unitarily
equivalent to the GHZ state |[GHZN)) = |p7). This quantity is the maximum
fidelity, according to Eq. (1.30), of the GHZ state with p rotated in some local
basis. As before, the local basis may be found experimentally with prior know-
ledge of the target state of the experimental system. It is then known that
the fidelity with the GHZ state may be measured with N + 1 local measure-
ment settings [186]. Hence, N + 1 local measurement settings can provide a
lower bound on the 2-inseparable multiqubit entanglement. This can be com-
pared to the 3 local measurement settings needed to provided lower bounds on
the M-inseparable multiqubit entanglement for M > [N/2]. Indeed, it may be
expected that an increased number of local measurement settings is needed to
detect the strongest form of entanglement. It is also clear from Eq. (2.25) that
Ex(I1(p)) < Es(p) < Eyn(p) for any M, ie. that the lower bound Fs(II(p)) on
2-inseparable multiqubit entanglement through GHZ-diagonalisation gives lower
bounds on M-inseparable multiqubit entanglement of the state p. However, the
lower bounds on M-inseparable multiqubit entanglement provided through M3 -
fication are still preferred for M > [N/2] since fewer lower measurement settings

are required and the lower bounds can be nontrivial even for biseparable states.

4.3 Applying the Framework to Multiqubit Co-

herence

The projection of N qubit states onto the M3, states has not only been used to
provide lower bounds to the resource of multiqubit entanglement. It has been
shown in Ref. [TRBG6] that M3-fication is also a coherence non-increasing pro-
jection (when the free operations are chosen to be the incoherent operations) for

any N if one considers multiqubit coherence with respect to the computational



CHAPTER 4. BOUNDING THE QUANTUM 104

basis of each qubit, i.e. the product ONB {liyis...iyx)}] as specified by

01,62,y N=07

the following theorem.

Theorem 9 The projection I1 of M3 -fication in Eq. (4.16) is an incoherent oper-

ation with respect to the reference ONB {|iyiy .. .iyx)} i.e. there exists

11,22,...,a N =07

an operator sum representation of I with Kraus operators {K;}; such that (3.1)

holds [TRB6].

The proof of this theorem is provided in Appendix C. This theorem completes
the first step of applying our framework to the resource of multiqubit coherence.
The second step of the framework is immediate since the incoherent M3 states

are given by
1
In, = {w ‘ W= oy (]I®N + aU?(?N)} C My (4.43)

for any a € [—1,1], i.e. the states on the c3 axis in the {ci, s, c3} space. For
the third step of the framework we can calculate the distance-based measures
of coherence CP4(w) for any w € M3. To do this, the result in Eq. (4.10)
can be used to see that one only needs to minimise the distance from w to the
set Jya, of incoherent M3, states to evaluate CP5(w). In general, there is no
universally closest incoherent M3 state to w for any D;. However, CP7(w)
for the trace distance D, and @ € M3, can be evaluated simply and found to
coincide with (half) the [; norm of coherence [TRBY] (note that this coincidence
does not hold for states in general). Furthermore, it was shown in Ref [TRB2]
that the robustness of coherence is equal to the I; norm of coherence for @ € M%,,

i.e. so that

\/ 2+ c3 N odd
CF(w) = O (w) = 2077 () = aTe ? (4.44)

max{le, o} N even,

where w has the triple {c1, ¢z, c3}.
In the final step of our framework, we know that C(II(p)) < C(p) for any
measure of coherence that is monotonically non-increasing under the action of

incoherent, operations (since the M3 -fication II is an incoherent operation), i.e.
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for measures that satisfy Requirement (ii) with the free operations O as the inco-
herent operations. The distance-based measures of coherence and the robustness
of coherence satisfy this monotonicity property for the incoherent operations, and
so M3-fication can be used to give lower bounds on the coherence of a state p
according to these measures. One can then optimise the lower bound given by
C(TI(Y(p))) < C(p) with TI(Y(p)) € M3, over the unitary incoherent operations
TeO[l].



Chapter 5

Harnessing the Quantum

From a practical perspective, the ultimate goal in the study of quantum systems
is the development of technologies that use the resources of the quantum to per-
form tasks in a way that is measurably superior to the performance of presently
available technologies. However, it can be a contentious subject to certify whether
a given quantum technology can truly outperform its existing counterparts. In
this chapter we concentrate on the identification of operational tasks for which
quantum resources are known to quantitatively represent the figure of merit, i.e.
such that the performance of the task is necessarily improved with the presence of
the resource than without. The subsequent objective of manufacturing a quantum
technology to carry out such an operational task and the question of its relev-
ance and superiority over existing technologies (which typically use only classical
resources) is left for future study [187].

We show how the quantum plays a role in two different operational tasks
within quantum metrology. Metrology is the science of measurement, and one
of the objectives is to work out how to perform measurements to the highest
possible precision [188]. In quantum metrology, a quantum system is used to per-
form such a measurement [189-191]. We focus on the metrological tasks of phase
discrimination, a type of quantum channel discrimination [21-24], and phase es-
timation as a type of quantum parameter estimation [25-29]. In particular, the

robustness of coherence is shown to represent the figure of merit in a phase dis-

106
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crimination game where a quantum probe is passed through a black box that
encodes a set of possible phases according to a particular unitary with a fixed
reference eigenbasis [TRB1, TRB2]. Conversely, it is then shown that the per-
formance of this task can place quantitative lower bounds on the robustness of k
coherence [TRB3]. The respective roles of quantum coherence and entanglement
in parameter estimation are then discussed. We proceed to study the estimation
of a phase imprinted on a bipartite quantum probe by an interferometer accord-
ing to a least informative unitary generated by a family of Hamiltonians with
fixed spectrum but variable eigenbasis, where it is seen that both the quantum
correlations and quantum entanglement can represent the figure of merit under
different scenarios [30, TRB7]. It is then shown that the corresponding quantum
entanglement can never exceed the quantum correlations [TRB7|, establishing

the expected hierarchy between two types of non-classical correlations.

5.1 Phase Discrimination

Following Refs. [TRB1, TRB2|, we begin by describing the setup of a phase
discrimination (PD) game. Consider a d-dimensional quantum system described
by the state p and a unitary transformation that acts on the system by imprinting
a phase ¢ as Ty(p) = U¢pU;5 where Uy = e with H := Y9, j |e;) (e;| defined
with respect to an ONB {|e;)}9_,. Suppose that we have a black box which
imprints one of m different phases {¢y}7-, according to a known probability
distribution {px}7-, and the objective is to work out which of the phases was
applied, i.e. to find the value of k, see Fig. 5.1. We call this a PD game, which
is defined by the set of pairs © := {(pk, ¢x) 7, corresponding to each realisation
of the black box. Since the probability distribution {py}7, is known, one option
to play the PD game is simply to guess that the phase applied was £™** given by

the maximum probability pgmax := max{pg }7* ;.

However, this does not make any use of the state of the quantum system after
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po;o%pk

(M3,

Figure 5.1: A PD game is set by the pairs © = {(pg, ¢x)}}; describing a black
box (represented here by the dial with four settings) which applies one of a set
of phases {¢y}}", with probability distribution {py}7*, according to the unitary
Y4,. The objective of the PD game is to guess which phase k£ was applied. To do
this, a quantum system in state p is used to probe the black box and a POVM
{M;};, is applied to the output state pg with the aim of inferring k. It has been
shown that coherence in the probe system is needed for the maximum probability of
successfully guessing k to exceed pgmax, which is given by simply guessing the phase
applied corresponding to the maximum value of the known probability distribution
{pr}7,. Furthermore, the maximum possible advantage of using a coherent probe
over an incoherent one is quantified by the robustness of coherence according to

Eq. (5.8) [TRB1, TRB2).

interacting with the black box
Pe = Zka¢k(p)' (51)
k=1
Instead, we can use the quantum system as a probe of the black box and guess
the value of k from the output state pg. To this end, we define a POVM { M},
with M, > 0 for all k and Y_;r; M), = I (see Section 1.2.3), and associate each My
with the phase ¢. The probability of observing the outcome k from the POVM



CHAPTER 5. HARNESSING THE QUANTUM 109

{M}}, is then

Tr(Mppe) = ipij(Mdeu (0))

=1

= o Te(Mp Y, (p)) + D 0 Tr(Mi Yy, (p))
J#k
= poin (p) + 18 (p), (5.2)
where we separate the success probability pg';, (p) of observing k when the phase
k was applied from the failure probability pfglek (p) of observing k when the phase
k was not applied. Then, to find the overall probability of successfully guessing
the phase from the POVM { M, };L, we sum pgy; (p) over all k, i.e.
Po vy () = > 0% (p) =D ok Te(M Yy, (p)).- (5.3)
k=1 k=1
This success probability is dependent upon the choice of POVM { M}, and
so the maximum success probability is given by

Succ — Succ m . 4
P (p) {Ar}k?ilpe,{m}k:l(p) (5.4)

The right-hand side of the above equation may be written as an SDP in the
standard form reported in Ref. [125], so that the maximum probability of success
can be efficiently evaluated numerically.

Now suppose that our probe system is initially in an incoherent state § €
J with respect to the reference ONB {|e;)}%_; given by the eigenbasis of the
Hamiltonian H generating the unitary. It holds for any choice of POVM { M},
that

p%tc{hk};n:l(fs) = Y peTr(M Yy, (6))

k=1

= Z kaI‘(Mk(g)
k=1

pkmaXTr (Z Mk(s) — pkmax’ (55)
k=1

IN

which follows since, for any ¢y,

Y4, (0) = Uy, 0U = Uy Ul =4, (5.6)
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because § and Uy, commute due to sharing a common eigenbasis given by the
reference ONB. Hence, one finds p3'°°(d) = pymax for any J, which may be achieved
with the trivial POVM { My}, consisting of Mymax = Tand My, = 0 for k # k™,
This means that incoherent states do not help in the PD game because using them
gives a probability of success that is never greater than what is achieved from
simply guessing that the phase £™** was applied. We then define for any 6 € J

Pa(T) := sup pgc(d) = prmax. (5.7)
o€l

On the other hand, for any coherent state p ¢ J with respect to the reference
ONB {|e;)}4,, one might intuitively expect that the sensitivity of the probe
system to any of the phase imprinting unitary transformations Yy, , i.e. Ty, (p) #
p for any k, can be used to increase the maximum probability of success beyond
prmax. This expectation was put on a firmer footing in Refs. [TRB1, TRB2| where
it was shown that the maximum possible advantage over all PD games © of using
a coherent state p ¢ J over any incoherent state is given by the robustness of

coherence, i.e.

SUCC
max pgauCC(P)
o pgy(d)

=1+ CR(p), (58)

d
The maximum advantage is achieved for the PD game ©* := {(é, ¥>}k—1'

Hence, we have identified quantum coherence in the ONB {|e;)}%, set by the
Hamiltonian H generating the unitary as the necessary resource to improve the
performance of the PD game, with the robustness of coherence exactly quantifying

figure of merit as the optimum advantage in performance.

5.1.1 Lower bounding the Robustness of £ Coherence

We have seen that if the probability of success in the PD game exceeds pjymax then
the probe system must have coherence. This fact may be used to provide a lower
bound on the robustness of k coherence for any k € {2,3,...,d} [TRB2, TRB3],
ie.

P (p) R
max { U= ) 1,0} < CHp). (5.9)
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Figure 5.2: The robustness of k coherence CF(p) (vertical axis) for a 5-dimensional
quantum system in terms of the maximum probability of success p3c(p) (hori-
zontal axis) given by using the quantum system as a probe for the optimal PD game
or = {(é, #) }Z:l. The points correspond to 10% pure states randomly drawn
from the uniform distribution according to the Haar measure [20] and 10 mixed
states randomly drawn from the uniform distribution according to the Hilbert-
Schmidt measure [20, 131], with both C¥(p) and pEic®(p) evaluated as the solu-
tion to an SDP. Lower bounds according to (5.9) are also plotted as the solid lines.
We show C{*(p) and the corresponding lower bound in particular for k = 2 (red),
k = 3 (green), k = 4 (blue), and k = 5 (orange). Note that since we consider
the optimal PD game, for the case k = 2 equality holds in (5.9) so that the lower

bound is saturated.

This lower bound is particularly interesting because it quantitatively links the
robustness of k coherence with an operational task: one needs only to play the PD
game and find the corresponding proportion of correct guesses of the phase to get
a lower bound on Cf(p). Figure 5.2 illustrates the lower bound by comparing the
robustness of k coherence Cf¥(p) for k € {2,3,4,5} with the maximum probability
of success pg<e(p) in the optimal PD game ©* using a 5-dimensional probe system

for 103 pure states as well as 10® mixed states (which ensures the plot is well

distributed amongst all values of pge(p)).
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5.2 Parameter Estimation

Now we focus on the role of the quantum in another important area of quantum
metrology: parameter estimation [25-29]. In parameter estimation the goal is to
estimate a parameter associated with a given system, which can be achieved when
the following standard set of steps are performed: (1) a probe is prepared, (2)
the probe is allowed to interact with the system so that the parameter becomes
imprinted on the state of the probe, (3) the probe system is measured. The
output of many repetitions of such a scheme is a sequence of data points upon
which one then constructs an estimator which gives a value for the estimate of
the parameter with a corresponding precision.

In quantum parameter estimation, both the probe and the system whose
parameter is to be estimated are quantum systems. Consider a quantum probe
initially in the state p that interacts with the system of interest according to
the quantum operation Ay, which imprints the parameter to be estimated ¢ €
R onto the probe and resulting in the output state A,(p). The probe is then
measured by a POVM {M,};, with M; > 0 for all ¢ and Y, M; = I, where the
probability of outcome i is given by pa, s, (p) = Tr(M;A,(p)). After v repetitions
of this procedure, an estimate of ¢ is then found from an estimator ¢. There
exists a wealth of literature addressing the technical points of constructing an
estimator of the parameter [28, 189, 190, 192-194]. Here we restrict to unbiased
estimators, which have an expectation value that is equal to the actual value of
the parameter to be estimated. In this case, it is known that the precision of
an unbiased estimator is limited in the conventional frequentist approach by the
Fisher information [28, 192]

Fr,,(p) =) ! ) (apAgjji(p)) : (5.10)

) pALP,Mi

In particular, the Cramér-Rao bound says that

1

AP > ———
VFAvv{Mi}z(p)

(5.11)

where A%p is the variance on the estimator ¢. Hence, there is a lower bound on

the variance of the estimator ¢ so that we cannot perform parameter estimation
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to arbitrary precision. The Cramér-Rao bound can be saturated in the limit of
asymptotically large repetitions of v by the maximum likelihood estimator [28,
192].

However, this procedure depends on a choice of POVM {M;};. We may instead
define the quantum Fisher information as the maximum Fisher information over

all choices of POVM [189, 190, 194], i.e.

Fy,(p) = max i, (), (p)- (5.12)

The quantum Fisher information gives the ultimate limit on the precision of
the estimator ¢ independent of the choice of measurement strategy used in the

estimation procedure. It can be evaluated as

Fy,(p) = Tr(Ap(p) L3, (p)): (5.13)

where Ly, (p) is the symmetric logarithmic derivative given by the operator sat-

isfying
Lo (0A(0) + Aplp)La, () _ 9, (p) _
2 do .
which can be given by [28]
i| O A ;
=2y, PR, (5.15)
i,j

7 Di +pj
pi+p;#0

with Ay, (p) = X2 pi [pi) (pi| the spectral decomposition of the output state A, (p)
according to Eq. (1.26). Furthermore, the set of pure state projectors onto the
eigenbasis of Ly _(p) provides the optimal POVM satisfying the maximisation in
Eq. (5.12) over POVMs for the quantum Fisher information.

5.2.1 Quantum Coherence and Quantum Entanglement

Here we discuss how quantum coherence and entanglement in the probe system
can play a role in parameter estimation in terms of the quantum Fisher informa-
tion. Phase estimation is a particularly well studied type of parameter estimation
given when the probe interacts unitarily with the system, i.e. according to the

transformation Ay(p) := Yy(p) = UypU, J, so that a phase ¢ is imprinted upon the



CHAPTER 5. HARNESSING THE QUANTUM 114

probe, where Ug = ¢ for some self-adjoint Hamiltonian operator H [26, 27].
The corresponding quantum Fisher information is given by Fy(p) and is inde-
pendent of the value of the phase ¢. The necessity of quantum coherence here is
immediate, if p is not coherent with respect to the ONB given by the eigenbasis
of the Hamiltonian H then p and U, commute so that Y,(p) = p. Hence, the
phase is not imprinted upon the probe and cannot be estimated. In fact, the
quantum Fisher information Fy(p) is understood to be a measure of asymmetry
with respect to transformations of Uy [1, 86, 195-197], refer to Section 3.1.2 for
a discussion of the link to quantum coherence.

To see the role of entanglement, we suppose that we want to estimate the
phase of a qubit unitary U, by using an N qubit probe and applying this unitary
in parallel to each of the qubits, resulting in the combined Hamiltonian H™) [26,
27]. The resultant quantum Fisher information is then Fy(p) for the N qubit
state p. This may be compared to the alternative strategy of using a qubit probe
in the optimal state pj,,; to carry out the estimation of ¢ after one application
of the unitary, and repeating this process N times with corresponding quantum
Fisher information N Fy (pj,;;;). What is relevant here is how the quantum Fisher
information scales with N. The linear scaling with /N given by the second strategy
is called the standard quantum limit and represents the ultimate precision on the
scaling of an estimator when repeatedly using a single qubit probe for parameter
estimation by applying a single interaction of the unitary. We can then investigate
whether the first strategy of using an N qubit probe can surpass the standard
quantum limit. Whenever the N qubit probe has no entanglement, so that its

state ¢ € Sy is fully separable, it can be shown that [198, 199]
Fran(€) < NFEu(pgupt)- (5.16)

Hence, entanglement is necessary to surpass the standard quantum limit. In fact,
the quantum Fisher information Fiyv) (p) has a quadratic scaling with N for some
entangled N qubit probes p (see for example the GHZ state in Eq. (4.34)) [199-
201]. This scaling is known as the Heisenberg limit and represents the ulti-

mate scaling on the precision of an estimator when using an N qubit probe for
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parameter estimation [26, 27]. The necessity of various levels of M-inseparable
multiqubit entanglement in the probe for an improved quantum Fisher inform-
ation have been investigated in Refs. [199-202]. On the other hand, it has also
been found that entanglement in the N qubit probe is not sufficient to always

surpass the standard quantum limit [203].

5.2.2 Quantum Interferometry

Interferometry is a useful testbed for the study of phase estimation in quantum
metrology. Consider a quantum interferometer consisting of two arms A and B,
along with a bipartite (d4 X dp)-dimensional probe in state p*? whose subsystems
are sent down the corresponding arms of the interferometer. By passing through
the interferometer, a phase ¢ is imprinted onto subsystem A of the bipartite

$HA generated by the

probe according to the unitary transformation Ug‘ = ¢
Hamiltonian H#. The output state of the interacted probe is then Ay(p?P) =
Ty(p?) = (US @ TP)p*P(US @ TP) and the objective is to estimate the phase
¢. As already discussed, an estimate of the phase can be found by performing
suitable measurements on the interacted bipartite probe, repeating the process
many times, and finding the corresponding value of an estimator ¢. The quantum
Fisher information Fja(pAP) then provides the ultimate limit on the precision
of this estimator. We now see that this scenario provides the perfect setting to
investigate the role of the quantum correlations and entanglement in the bipartite
probe for phase estimation in terms of the quantum Fisher information Fja(p?).

Indeed, it can be informative to consider the suitability of a bipartite probe
pAPB for estimating the phase imprinted by the interferometer. Instead of fixing
the local Hamiltonian H* generating the imprinted phase ¢, we can consider the
suitability of p*” when the phase is imprinted by any unitary with a Hamiltonian
from a chosen family. One possible family of Hamiltonians is given by {H{},

corresponding to all the Hamiltonians with a fixed spectrum of eigenvalues I" but

with a variable eigenbasis, i.e.

{(H{} = {H{ | H{ = Udiag(")U'} , (5.17)
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for any unitary matrix U, with diag(I') a diagonal matrix given by the fixed d4-
dimensional spectrum I'. Such a family arises when the choice of eigenbasis of
the Hamiltonian generating the phase is not certain, as may be the case when
the interferometer is subjected to environmental fluctuations or operated by an
adversarial third party [30]. Following a series of works in Refs. [30, TRB7, 114,
204, 205], we can then consider the suitability of pAP for estimating the phase
imprinted when the unitary is generated by any of the Hamiltonians { H#} with
spectrum I'. The suitability can be gauged by the worst-case scenario quantum
Fisher information, given by

PR(A") 1= { int Fug (o), (5.18)
which represents the ultimate precision on the estimator of the phase imprinted
by a least informative Hamiltonian amongst the family {H#}. This quantity is
called the interferometric power of pAZ [30]. Note that a convenient normalisation

factor of i is included.

Quantum Correlations

In this setting, when the interferometric power of a bipartite probe is zero we
know that it is not always suitable to estimate the phase imprinted by the in-
terferometer. It has been shown that when the spectrum I' is non-degenerate,
then the interferometric power is zero for all and only the classically correlated
CQ states given in Eq. (2.9) [30, 114]. Hence, quantum correlations with respect
to subsystem A of the bipartite probe are necessary and sufficient to guarantee
that the probe is suitable for phase estimation amongst the family of unitaries
generated by {H#}. The interferometric power has then been suggested as a
measure of quantum correlations [30]. It is clear that P (p?) is a real and non-
negative function satisfying Requirement (i), being zero on the free states for the
resource of quantum correlations. However, it has not yet been fully established
whether PI(pA8) satisfies Requirement Q(ii). It was shown in Ref. [30] that the
interferometric power is monotonically non-increasing under all local quantum

operations on subsystem B and invariant under local unitaries on subsystem A.
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Hence, to fully establish Eq. (3.12) from Requirement Q(ii), it is necessary to see
that the interferometric power is monotonically non-increasing under all LCPOs

on subsystem A. We show that this is true whenever subsystem A is a qubit.

Theorem 10 For a (2 X dg)-dimensional bipartite system it holds for all LCPO

A8 po acting on subsystem A that
Pi(AZpo @ I%(p"7)) < Pi(p"") (5.19)
for any state pAP and any dp [TRBT].

The proof of this theorem is provided in Appendix C.

On the other hand, whenever subsystem A has a dimension larger than 2,
the LCPOs acting on A are either completely decohering or isotropic [107, 108],
see Section 3.1.2. As we have already discussed, the local completely decoher-
ing operations destroy all quantum correlations, which means that P (A&, ®
I8 (pAB)) = 0. It is then necessary only to consider the local isotropic operations
(see Eq. (3.11)) on subsystem A to test Requirement Q(ii) for the interferometric

power when d4 > 2. We now see that the interferometric power is monotonically
“

non-increasing under local isotropic operations Adp,(p?) = t®4(p?) + (1 — 1) ”

whenever ¢ € [0,1] and ®4(p#) is a unitary transformation on subsystem A in
state p, which results simply from the convexity of the quantum Fisher inform-

ation.

Theorem 11 For a (da x dg)-dimensional bipartite system, it holds for all LCPO
A& po acting on subsystem A of the form Adpo(p?) = t®4(p) + (1 — t)%, with
t €[0,1] and ®*(p?) a unitary transformation acting on any state p* of subsystem
A, that

P (M o © T2(545)) < P(p7) (5.20)

for any state pAP of the bipartite system and any dy and dg [TRBT].

The proof of this theorem is also provided in Appendix C. It is not yet clear
whether monotonicity of the interferometric power holds also for local isotropic

operations when ®# is unitary but ¢ € [,0[, or when ®# is antiunitary for
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any t € [— ﬁll} Our results therefore go part of the way towards proving that

the interferometric power satisfies Requirement Q(ii).

Quantum Entanglement

We now discuss the role of quantum entanglement for estimating the phase in
our worst-case scenario quantum interferometer. Consider the variance of the

Hamiltonian H{ with respect to the bipartite probe in state pA?
2
Viga (p*7) = Tr ((H{)? @ 1°p7) — (Tr (H{ @ 17p77))" . (5.21)

If the probe is in a pure state [1)47) then it is known that the variance is equivalent

(up to a factor) to the quantum Fisher information [199], i.e.

Via (1927) (047]) = iFH?(|¢AB> (W™7). (5.22)

Suppose that we define the following quantity for pure states |¢45) as
EY([947) (v7]) = o8 Viga ([047) (7). (5.23)
r
Due to Eq. (5.22), it is clear that this quantity coincides with the interferomet-
ric power, ie. E'(JpAP) (AP]) = Pi([vA7) (v1P]), so that BT (|AF) (A7)
gives the ultimate precision on an estimator of the phase imprinted onto a bi-
partite probe in the pure state [¢)42) by the least informative Hamiltonian from
the family of Hamiltonians {H{'}. It has been shown in Refs. [30, 114] that
ET(]1p4B) (pAB|) behaves like an entanglement monotone for pure states [2], i.e.

ET(|pAB) (AB|) = 0 for any pure product state [p48) = |[¢4) ® |¢P) and

AB |, ABY (,,AB| ( [7AB\t
3 AR K1) £ (R ) < B0 )

)

for any pure state [¢A8) and any set of product operators {KAP}; such that
KAP = KA®TP with ¥, (KA KA =14 or KAP =14 @ KP with Y;(KP)TKP =
I5.

We can then extend the definition of EV to mixed states p*f by using the

convex roof construction [20, 206-208]. Consider all decompositions of pAZ into
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a convex combination of pure state projectors {|[AB) (A8}, i.e.
P = 3 g ) (08 (524

for some probability distribution {¢;}; as in Eq. (1.22). The convex roof extension
of E' considers the decomposition of pA® into pure state projectors with the
minimum average E', i.e.

EN(p"P) = inf D @B (i) (i) (5.25)

{a:}i (A WAPY 5
PAB=3" qilw B (B

It can be shown that this quantity is a measure of entanglement, which we call
the interferometric entanglement. Indeed, the interferometric entanglement is
a real and non-negative function that satisfies Requirement (i), since for any

AB c SAB

p we simply consider the decomposition of pA? into product pure state

projectors according to Eq. (2.18) to give ET(pA8)

= 0. Furthermore, it was
shown in Refs. [2, 102] that the convex roof extension of any function that be-
haves like an entanglement monotone for pure states, such as the interferometric
entanglement, satisfies Requirement (iv). Since the convex roof extension is by
definition a convex function [208], the interferometric entanglement also satisfies
Requirements (ii) and (iii). Hence, the interferometric entanglement satisfies all
the given requirements to be a measure of entanglement. Furthermore, we con-
sequently see that the interferometric power satisfies the desirable feature of a
measure of quantum correlations discussed in Section 3.1.2 of coinciding with an
entanglement measure for pure states.

The interferometric entanglement of a bipartite probe in state p“? can be seen
to represent one of the roles of entanglement in quantum interferometry. It can
be understood to quantify the smallest average precision of optimal estimators
of the phase corresponding to imprinting onto the pure states {|)#%)}; by least
informative Hamiltonians Hi' with spectrum I', where the average is taken over
the probabilities {¢;}; such that p*? = 33, ¢; [¢*") (/'"|. On the other hand,
as we have seen, the interferometric power quantifies the precision on an optimal

estimator of the phase imprinted through a least informative Hamiltonian H#
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with spectrum I' onto the bipartite probe in the mixed state pAZ. We may then
compare the two quantities and find that the interferometric entanglement can
never exceed the interferometric power, which is shown to be true in the following

theorem.

Theorem 12 For any state p*B of any (da x dp)-dimensional bipartite sys-
tem [TRBT],
EY(p"") < Py(p""). (5.26)

The proof of this theorem is provided in Appendix C, and relies on the recently
found property that the quantum Fisher information is (four times) the convex
roof of the variance [209, 210]. We hence have a hierarchy between quantum cor-
relations and quantum entanglement, as measured by the interferometric power
and interferometric entanglement, respectively. Such a hierarchy between two
measures motivated from the same operational perspective is very appealing since
it allows for a comparison between the two resources and lends further credence to
the idea that quantum correlations beyond entanglement are the relevant resource
in worst-case scenario quantum interferometry.

Figure 5.3 shows a comparison between the interferometric power and the
interferometric entanglement for 10° randomly generated states of a two qubit
probe. Whenever the subsystem A is a qubit, both the interferometric power and
interferometric entanglement have a simplified form. The interferometric power
has been calculated in Ref. [30] and is given by Eq. (C.67) in Appendix C. In-
stead, the interferometric entanglement coincides (up to a factor) with another
established measure of entanglement called the I-tangle [TRB7, 211, 212], which
is defined for pure bipartite states [¢4P) as two times the local linear entropy
2 (1 —Tr ((pA)z)) of the marginal state p* = Trp(|AP) (v*B|) and for mixed
bipartite states through the convex roof extension. The factor governing the coin-
cidence between the interferometric entanglement and I-tangle depends upon the
choice of spectrum I, of which the typical choice for a 2-dimensional subsystem

is ' = {—1,1} so that the factor is unity. In this case, when subsystem B is
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Figure 5.3: A comparison between the interferometric power (vertical axis) and
the interferometric entanglement (horizontal axis) for 10° states (blue points) of a
two qubit probe randomly drawn from the uniform distribution according to the
Hilbert-Schmidt measure [20, 131]. With the spectrum set to I' = {—1,1}, the
interferometric power was calculated according to Eq. (C.67) while the interfero-
metric entanglement reduces to the two qubit tangle 7(p4?) in Eq. (5.27). The
lower bound provided by Theorem 12 is shown as the red line and is saturated for
any pure state. For example, the pure states [¢A5) = (|00) + a|11))/v/1 + a2 for
a € [0,00] have Py (|pAB) (pAP]) = 7(|¢AP) (pAP]) = 125, € [0,1] and so span

the full range of the lower bound.

a qubit, the interferometric entanglement and I-tangle reduce to the tangle (or

squared concurrence) [20, 213, 214]

7(p*P) := max {0, \; — Ay — A3 — Ay}’ (5.27)

where \; > Xy > A3 > )\, are the eigenvalues of \/ pABGAB [ pAB with pAB =

(02 ®09)(pAB)* (02 ® 03), 05 the second Pauli matrix and (p*?)* complex conjug-

ation of pAB in the standard basis.



Chapter 6

Preserving the Quantum

The effects of noise in a quantum system have long been studied: from decoher-
ence [12, 215] (i.e. the loss of coherence) to the sudden death of entanglement
at finite timescales [216, 217], types of the quantum are typically sensitive to
the presence of noise. Even operational aspects of the quantum are known to
deteriorate with noise: Fig. 6.1 shows an example of how the ultimate precision
in phase estimation in terms of the quantum Fisher information can transfer
from the Heisenberg limit to the standard quantum limit with the presence of
noise [TRB8, 218-226]. Of course, if we are ever to harness the quantum then it
will be necessary to develop methods to preserve and protect it from detrimental
noise. A number of such methods have already been devised [227-231].

In this chapter we study a mechanism to preserve the quantum by preparing
the noisy quantum system in a particular family of initial states. The quantum
resources of this system are then constant, or frozen, despite the presence of noise.
We describe the dynamical conditions for the so-called freezing of quantum coher-
ence [TRBY], quantum correlations [TRB10], and quantum entanglement [TRB4,
35, 36], focussing in particular on the distance-based approach to quantifying the
quantum resources discussed in Section 3.2.2. The dynamical conditions for freez-
ing are specified by two components: (i) the noise acting on the system, and (ii)
the initial states of the system. These conditions are universal in the sense that

they do not depend upon the distance Ds chosen to quantify the resource.
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Figure 6.1: The quantum Fisher information Fi,(p) (blue line) given by using an
N qubit probe in an initial state p to estimate a phase ¢ imprinted by a noisy
qubit unitary acting on each of the qubits [TRB8|. With the initial probe set
as the genuinely entangled GHZ state p = |GHZN)) (GHZW)|, the expectation
is for the quantum Fisher information to scale with the Heisenberg limit as N?
(see Section 5.2.1). However, the presence of noise in the imprinting unitaries
causes a transition from the Heisenberg limit scaling (green line) to the standard
quantum limit scaling linear with N (red line). The phase imprinting operation
Ay is given by a noisy qubit unitary imprinting ¢ = 0.1 with a Hamiltonian that
has an eigenbasis given by an ONB randomly chosen from the von Mises-Fisher
distribution [232] on the Bloch sphere centred on the ng axis with noise parameter
k = 2 (see Ref. [TRBY] for further details). Numerous investigations have been
carried out on how to maintain a scaling with IV of the quantum Fisher information
for an N qubit probe that is superior to the standard quantum limit despite the

presence of noise [TRB8, 218-226].

6.1 Quantum Coherence and Quantum Correl-
ations

Here we restrict to two qubit systems composed of subsystem A and B in state
p4P and use the distance-based approach discussed in Section 3.2.2 to measure
the resources, see also Fig. 3.6. Quantum coherence is measured relative to the
computational basis given by {]|00),|01),|10),|11)} according to the distance-

based approach in Eq. (3.65) as CP5(pA8). Quantum correlations are measured
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with respect to both subsystems using the distance-based approach in Eq. (3.66)
as Q15 (p*P), although the following analysis can apply as well to Q4 (pAP)
and Q5°(p*P). The dynamical conditions that lead to freezing are the same for
quantum coherence and quantum correlations. We now provide these conditions
and show that freezing occurs for any choice of Dy satisfying the required prop-
erties of contractivity and joint convexity. An example of the freezing effect is
then provided using the squared Bures distance Dp, to quantify the resources,
and we then conclude this section by giving a physically motivated explanation of
freezing as well as a comparison of our findings to other established results [31-33,

TRBI11, 34, 144, 233-241].

6.1.1 Noise

We suppose that each qubit is subjected to bit flip noise, a type of noise analogous
to what is typically experienced by a classical bit [7]. Here, the bit flip noise causes
a qubit in state |0) to “flip” into the state |1) (and vice versa) with a probability
of ¢, with ¢ € [0,1]. Now, since each type of noise corresponds to a quantum
operation, the bit flip noise transforms the qubit in state p according to the
operator sum representation A(p) = >°2 | K;pK! with Kraus operators {K;}2,
given by [7]

K1:\/1—q]1, KQZ\/a(Tl. (61)

The bit flip noise can be understood from the perspective of open quantum sys-

tems [242] as a time dependent interaction of the qubit with an environment [243].

1—e 7t
2

The environment causes the qubit to bit flip with a probability ¢ = , where
v € [0,00] is the strength of the noise and t € [0, 00] is the time of interaction.
We then denote the action of bit flip noise after a time ¢ with A;. Considering
now bit flip noise applied to both qubits of our two qubit system in state pAZ,
and assuming that the bit flip noise is of identical strength for each qubit and
independent of the other qubit, the action of the bit flip noise is

1

AP (7)== M@ M(p™T) =37

2
i=1j=
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It can be seen that AP is an incoherent operation with respect to the two qubit

computational basis and is also an LCPO, so that in general for any ¢
CP (AP (p"F)) < CPo(p"7) AB(AP (1) < QX (), (6.3)

i.e. the bit flip noise can never increase the quantum resources. We now give
conditions in terms of initial states pf for which CPs(AAB(pAB)) = CPs(pAB)
for all t and QL% (ALP (pAP)) = Q4% (p*P) until a fixed ¢, for any choice of distance

Ds.

6.1.2 Initial States

The initial states that manifest freezing are given by a subclass of the two qubit
Bell-diagonal (BD) states, which consist of mixtures of the four pure Bell states [2,
152]. The BD states coincide with the set of M3 states given in Eq. (4.19) for
N = 2. Hence, we consider the BD states w? € BD := M3 in terms of the
triple {c1, ca, c3} with ¢; = Tr(w?Po!®cP) € [—1, 1], which is contained within a
tetrahedron 7_; with vertices {1, —1,1}, {-1,1,1}, {1,1,—-1}, and {—1, -1, —1}.
When each qubit of the two qubit system in an initial BD state is subjected
to bit flip noise, the state of the evolved system remains BD [31, 34]. If the initial
BD state has triple {¢1(0), c2(0), ¢3(0)}, then the evolved BD state has triple

{e1(t), ca(t), e3(t)} = {c1(0), e 2" ey(0), e e3(0)}. (6.4)

Hence, the action of bit flip noise in the {ci, c2, c3} space is to evolve the BD
state along a line connecting the initial triple {c;(0), c2(0), c5(0)} with the point
{c1(0),0,0} on the ¢; axis, which is reached at an asymptotically large time.
The subclass of initial BD states that can have frozen coherence or quantum
correlations are referred to as the freezing states. The freezing states are given

by the initial triple

{€1(0), ¢2(0), ¢3(0)} = {€1(0), =1 (0)es(0), 3(0) } (6.5)

for any ¢;(0) € [—1,1] and ¢3(0) € [—1, 1], and evolve under bit flip noise accord-
ing to

{er(t), ca(t), e3(t)} = {e1(0), —e 27 ¢1(0)e3(0), e 7 e5(0)}. (6.6)
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o

0
C1

Figure 6.2: The freezing surface (blue meshed surface) in the {c1, ¢, cs} space of
BD states (green tetrahedron corresponding to 7_1). The blue and green lines
show the time evolution according to Eq. (6.6) of two initial BD states with triple

%, —%, 1} and {1, %, — 1}, respectively, on the freezing surface, which both evolve
towards the ¢; axis while remaining on the freezing surface. Both initial BD states
have frozen quantum coherence for all time, while only the BD state corresponding
to the blue line has frozen quantum correlations, which are frozen for 0 < t <
—% ln% according to Eq. (6.7). More generally, every initial BD state on the
freezing surface has frozen quantum coherence for all time, while only initial BD
states on the freezing surface with a trajectory of evolution crossing the red curves

(i.e. so that |c3(0)] > |e1(0)]) will have frozen quantum correlations until the

threshold time t*.

The freezing states form a so-called freezing surface within the tetrahedron 7_;
in the {c1, 2, c3} space, as shown by Fig. 6.2. Note that the evolved state of an
initial BD state (with triple) on the freezing surface, according to the qubit bit

flip noise, is itself a BD state on the freezing surface. We see in the following
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that any BD state on the freezing surface has frozen quantum coherence for all
time [TRBY], while BD states on the freezing surface where |c3(0)| > |¢1(0)| have

frozen quantum correlations until a threshold time [31, TRB10, 34]

(6.7)

after which the quantum correlations generally decay exponentially with time.

6.1.3 Frozen Quantum Coherence

We now evaluate CP5(AAB(wAB)) for any time t and any state w4? € BD
on the freezing surface, with the intention of showing that CPs(A1P(wwAB)) =
CPs(wB). Tt is clear from Eq. (6.6) that the triple of AAP(wAP) is for any
t given by {ci, —cics,c3} for some ¢ € [—1,1] and ¢3 € [—1,1], i.e. on the
freezing surface. Hence, evaluating Cs (A2B(wwB)) is given by the evaluation of
CPs (@AB) for any BD state ww?? on the freezing surface. To simplify notation,
we herein adopt the convention of referring to a BD state directly by its triple.
The objective is then to calculate CP5({c;, —cics, c3}).

Following the discussion in Section 4.3, we know that one of the closest inco-
herent states to a given BD state is itself a BD state. Furthermore, the incoherent
BD states with respect to computational basis given by {|00) , |01) ,[10),|11)} are
described by {0, 0, a} for a € [—1,1]. Hence, we have for a general BD state (not
necessarily on the freezing surface)

CPs({cy, ca,c3)) = '[nf Ds({¢1,¢2,¢3},{0,0,a}). (6.8)

a€c(—-1,1]

For the trace distance Dr, and the relative entropy distance Dgg [47], it can be
shown that one of the closest incoherent BD states to the BD state {cy, ¢, c3} has
the triple {0, 0, c3}. However, this does not hold for all choices of Ds. For example,
Fig. 6.3 shows a plot of the trace distance, squared Bures distance, and relative
entropy distance between a BD state {—%, —%, —%} and the incoherent BD state

{0,0,a} as a function of a. Here it can be seen that the closest incoherent BD

state according to the squared Bures distance does not have triple {0, 0, —%}
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Figure 6.3: The distance Ds between the BD state {—%, —%, —%} and the inco-
herent BD states {0,0, a} for & € [—1,1]. The solid lines correspond to the trace
distance Dy, (red), squared Bures distance Dp, (green), and relative entropy
distance Dgrg (blue). Instead, the vertical dashed lines locate the minima of the
distances and hence give the value of « for the closest incoherent BD state. While
the trace distance and relative entropy have the closest incoherent BD state with
triple {0, 0, —%}, the closest incoherent BD state according to the squared Bures
distance has triple {O, 0, —%}

Remarkably, by restricting to BD states {c1, —cic3, 3} on the freezing surface,
one can prove for any contractive distance Dy that the closest incoherent BD state

is always {0, 0, c3}, i.e.

Ds({c1, —c1c3,¢3}4,{0,0,a}) > Ds({c1, —cies,¢3},{0,0,c3}) (6.9)

for any o € [—1, 1] [TRB9]. We now sketch the proof of this result, which uses sim-
ilar methods to those discussed in the third step of Section 4.2.1. Fig. 6.4 also il-
lustrates the arguments pictorially. First, we have Ds({c1, —cics, 3}, {0,0,a}) >
Ds({¢1,0,0},{0,0,0}). Indeed, from Eq. (6.6) with ¢ — oo it can be seen that
that A2MB({cy, —cie3,e3}) = {c1,0,0} and also A2B({0,0,a}) = {0,0,0}. Hence,

the contractivity of Ds gives

Ds({c1, —crc3,¢3},{0,0,a}) > D(;(AfoB({cl,—clcg,cg}),AfoB({O,O,a}))
= Ds({c1,0,0},{0,0,0}), (6.10)
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Figure 6.4: A pictorial representation of the arguments used to identify the closest
incoherent BD state to any BD state on the freezing surface. Both squares rep-
resent the flattening of one quadrant of the freezing surface so that the c¢; axis
is horizontal and the c3 axis is vertical. In the first square, Dél) represents the
distance between {c1, —cics, ¢} and {0, 0, o} for some « € [—1, 1], while Dgz) rep-
resents the distance between {c;,0,0} and {0,0,0}, which are the result of AAP
on {c1,—cics,c3} and {0,0, a}, respectively. We then have from contractivity of
the distance that D((;l) > Dgz). In the second square, D((;S) represents the distance

(2)

between {c1, —cic3, s} and {0,0,¢3}, while Dy is the same as for the first square.

We can use the quantum operation AfsB to transform from {c;,0,0} and {0,0,0}
to {c1,—cics,c3} and {0,0,c3}, respectively, so that D§2) > D((;g). Overall, we
have that Dgl) > D((;z) = D((;S) for any «, thus identifying {0,0, c3} as the closest

incoherent BD state to a BD state {c1, —cics, c3} on the freezing surface.

see the first square of Fig. 6.4.

On the other hand, there exists a quantum operation AgB such that
AP ({c1,0,0}) = {c1, —cicz, 3} A2P({0,0,0}) = {0,0,c3}. (6.11)

The quantum operation AéB acts globally on both qubits and is given explicitly
in Ref. [TRBY], where it was derived using the method outlined in Ref. [244].
The contractivity of Ds then gives

Ds({e1,0,01,{0,0,08) > Dy(A2P({e1,0,0}), A2%({0,0,0}))

= Ds({c1,—cie3,¢3},{0,0,c3}), (6.12)
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refer to the second square of Fig. 6.4. The above inequality and (6.10) together

imply

Ds({c1, —crc3,¢3}4,{0,0,a}) > Ds({c1,0,0},{0,0,0})

> Ds({c1,—c1c3,¢33,{0,0,¢3}),  (6.13)

which is the desired inequality in (6.9). Furthermore, it can be seen that the

chain of inequalities in (6.13) reduces to an equality when a = ¢3, i.e. so that

D5({Cl7 —C1C3, Cg}, {0, O, 03}) = Dg({cl, 07 0}, {0, 0, 0}) (614)

Combined with (6.9), this means that the BD states on the freezing surface with a
fixed value of ¢; are all equally distant from the c3 axis. This is a crucial property
for the freezing of quantum coherence since the qubit bit flip noise maintains BD
states on the freezing surface but does not alter the ¢; value, as can be seen in
Fig. (6.2).

The quantum coherence of a BD state {c;, —cic3, c3} on the freezing surface

is then
CD5({61, —Ci1C3, 03}) = aei[I}fl‘ 1 D(;({Cl, —C1C3, 03}, {0, 0, O(})
= D(;({cl, —6103,63},{0,0,C3}). (615)

From Eq. (6.14) and the joint convexity of Ds, we find that CP¢({cy, —cics,c3}) is
simply a monotonic function hp,(|c1]) of |¢1|. Particular instances of hp,(|c1|), for
each distance Ds given in Table 1.1, are shown in Table 6.1. Now we can consider
the quantum coherence for the time evolution of a BD state on the freezing surface
according to Eq. (6.6) with triple {c;(0), —e™7%¢;(0)c3(0), e 7 c3(0)}. It holds
that

O ({e1(0), e~ e1(0)es(0), 7" e5(0)}) = hp,(Jea (0)]), (6.16)

which is not a function of ¢ and thus constant for all time. Hence, we have
permanent frozen quantum coherence for any choice of distance Dy (satisfying

the required properties of contractivity and joint convexity).
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Ds hp,(lea])
\

lc

[y

Trace

¥l

Hellinger (squared) 2 — \/1 — |er] — \/1 + |

Bures (squared) 2 — \/1 —|e1] — \/1 + |1

Infidelity 5 ( m )

1@~ Jer]) logy(1 — [ )

Relative entropy
+(1+ Jea]) Togy (1 + [ea)]

Table 6.1: The multiqubit coherence CPs (@A B) of a two qubit BD state w8 ¢
BD on the freezing surface with triple {c;, —cic3,c3} is a monotonic function

hp,(|c1]) of |e1| set by the choice of distance Dy.

6.1.4 Frozen Quantum Correlations

Just like for quantum coherence, we want to evaluate Q4% ({c1, —cics, ¢3}) so that
we can find QY% (AP (wAB)) for any time t and any @? € BD on the freezing
surface. For quantum coherence, we used the discussion in Section 4.3 to see
that the closest incoherent state to any BD state is itself a BD state. This relies
on the fact that M3 -fication, which for N = 2 projects every two qubit state
onto the BD states, is an incoherent operation (as proved in Theorem 9). To
find an analogous result for quantum correlations, i.e. that the closest CC state
to any BD state is itself a BD state, M3-fication would need to be a type of
quantum operation unable to create quantum correlations. However, it is not yet
known whether this is the case. Nevertheless, it was shown using an alternative
approach in Refs. [33, TRB10] that the closest CC state to any BD state is itself
a BD state, provided that the distance Dy is contractive, jointly convex, and also

transposition invariant with respect to any basis, i.e.

Ds(pT,07) = Ds(p, 0) (6.17)
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for any two states p and o. For a qubit state with a vector n := {ny,ng, ns}
in the Bloch ball representation discussed in Section 1.2.4, it can be seen that
transposition with respect to the computational basis corresponds to a reflection
of the vector n in the plane defined by the n; and ng axes. More generally, for
d-dimensional quantum systems it can be understood that Eq. (6.17) corresponds
to invariance of the distance Ds under reflections in a (d(d+1)/2—1)-dimensional
hyperplane of the (d* — 1)-dimensional state space of the system [TRB10], which
is a natural property that is satisfied by all of the distances given in Table 1.1.
The BD states that are CC have the triple {s,0,0}, {0,s,0} or {0,0,s} for
any s € [—1, 1] [33, TRB10], corresponding in the {cy, ¢z, c3} space to the axes of
the BD tetrahedron 7_;, as can be seen in Fig. 6.2. Hence, we have for a general

BD state (not necessarily on the freezing surface)
QBillercacad) =min{ inf Di(e,cx,c2) 00D,

inf Ds({c1,c2,c3},{0,5,0}), 1[11{ . Ds({c1, c2, 3}, {0,0, 8})} . (6.18)
se[—1,

s€[—1,1]

This quantity can be evaluated analytically for certain Dy. For the trace distance

Dr,., we have
1.
QL ({c1,c0,03}) = ilnt{\q!, |cal, 3|} (6.19)

where int{|c1], |c2], |c3|} denotes the intermediate value of {|c1], ||, [cs]} [112, 144,
245, 246]. Nevertheless, for other Dy it can be difficult to evaluate Eq. (6.18).
However, by restricting to BD states {ci, —cics,c3} on the freezing surface,
Eq. (6.18) can be evaluated for any distance (satisfying the established proper-
ties). We know that inf,c(_11) Ds({c1, —cic3,¢3},{0,0,5}) = hps(|ci|) from the
previous section, which is just the quantum coherence with respect to the two

qubit computational basis. Furthermore,

Ds({c1,—c1c3,¢3},{5,0,0}) = D(;(U{Cl,—01C3,03}UT,U{3,0,0}UT)
= Ds({e3, —cic3,¢1},{0,0,s})
> Ds({cs, —cics, a1}, {0,0,c1})
= hps(les]), (6.20)
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where in the first equality we use the invariance of any Dy under unitary trans-
formations U, which is imposed by the contractivity of the distance. Then, in
the second equality we set U to be the local unitary U := (I + i0s) @ (I + io)

whose action is
U{ci, —cies, cs}UT = {c3, —cies,c1} U{s,0,0}U" = {0,0,s}. (6.21)

In the inequality we use the result from Eq. (6.9), and in final equality we use
Eq. (6.14) and joint convexity of Ds to give the monotonic functions hp, given
in Table 6.1. The result is that inf,e;_y 1) Ds({c1, —cic3,c3}, {5,0,0}) = hp,(|cs]).

Finally, we see that

Dé({clv —Ci1C3, CS}; {07 S, 0}) 2 D&(A?oB({Cla —C1C3, 03})7 AI:OB({()? S, O}))
= Ds({c1,0,0},{0,0,0})
= hD5<|Cl|)7 (622)
where in the final equality we again use the joint convexity of Djs to rewrite

Ds({c1,0,0},{0,0,0}) as the monotonic function hp,(|c1]).

The result of these calculations is that

T5({c1, —cics,es}) = min {hp,(|c1]), hp,(|es|)} - (6.23)

Now we again consider the time evolution of a BD state on the freezing surface

with triple {c;(0), —e~?"¢1(0)e3(0), e *7c3(0)}. Indeed,

QR({er(0), e~y (0)ca(0), e 0)))
= win {hp, (jes O)]), b, (jes (e} (6:24)

Following from the monotonicity of hp;, there are here two scenarios: (i) |c3(0)| >

lc1(0)] and (ii) |c3(0)] < |e1(0)]. In the first scenario, we have that

hps(le1(0)]) 0<t<th

QR ({e1(0), —e 2 e1(0)¢5(0), e ey (0)}) = L
hos(les(0)]e21) £ > ¢,

(6.25)
Hence, the quantum correlations are frozen at a value of hp,(]c1(0)|) for a finite

time period until the threshold time ¢* given in Eq. (6.7), while after ¢* the
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quantum correlations decay asymptotically. On the other hand, in the second

scenario we have that for all %,
an({e1(0), —e7er(0)e3(0), e e3(0)}) = hp,(|es(0)]e="), (6.26)

meaning that the quantum correlations are never frozen and simply decay asymp-
totically. We thus conclude that frozen quantum correlations occur with any
choice of distance Dy (satisfying the established properties) for a BD state on
the freezing surface for a finite time, provided that the initial condition |c3(0)| >

|c1(0)] is satisfied.

6.1.5 Freezing Example

AB

Here we study the freezing effect for a particular initial BD state w”” on the

3

freezing surface with triple {z, —%, 1}, that evolves under qubit bit flip noise so

that at time ¢t € [0, 0c] the state is w?(t) with triple {2, =2~ e=*'"}. This
evolution corresponds in the {c1, co, 3} space to the blue line in Fig. 6.2. Focus-
sing in particular on using the squared Bures distance to quantify our quantum

resources, we have

2
2—3,/2 0<t <t
QRE (@P(t) = Vi B (6.27)
2—VI—e 2t —\/T+e 20 t >t
where t* = —% In % Note that the quantum correlations according to the squared

Bures distance have also been calculated for any BD state in Refs. [33, 247, 248].

We can also compare with the two qubit entanglement given in Eq. (4.22),

s T osier
0 t

BP0 (=4 (1)) =

v

t*,
(6.28)
where t* = %ln 2.

Furthermore, in Ref. [TRB11] the distance-based total and classical correla-

tions according to Eq. (3.68) and Eq. (3.69), respectively, of any BD state were
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evaluated using the squared Bures distance. Although the explicit form of the
classical correlations for any BD state is too cumbersome to report here, we have

in particular for any BD state {c1, —cic3, c3} on the freezing surface

COYE ({e1, —eres, es}) = max{hpy, (|c1]), hpy, (Jes)) ), (6.29)

with hAp,, the monotonic function of the squared Bures distance in Table 6.1.

For the time evolved BD state @2 (¢) on the freezing surface, we then have

2—V1—e 2t — /14 e 2 0<t<tr
2-3,/2 t> 1,

The total correlations for any BD state were evaluated in Ref. [TRB11] using a

CCLE (@"(1) = (6.30)

numerically supported ansatz. The result is too detailed to report explicitly here.

Figure 6.5 plots all of the above quantities for a bit flip noise strength of
v = 1. We then see an interesting interplay between the quantum and classical
correlations: the quantum correlations are frozen until time ¢* and then decay
to zero asymptotically, while the classical correlations decay until time ¢* and
are then frozen forever afterwards. Instead, the quantum coherence is frozen for
all times, and coincides with the quantum correlations until ¢* and the classical
correlations after ¢*.

The interplay between the quantum correlations, classical correlations and
quantum coherence observed in Fig. 6.5 is not just a result of using the squared
Bures distance to measure the resources, and can be observed for other choices
of distance. In the following we highlight some of the other works identifying the
freezing behaviour of these resources [31, 32, 34, 144, 234, 235, 237, 249]. This
general interplay may be understood by identifying a so called pointer basis [215,
237, 249-252], which is the ONB in which states of the quantum system tend to
become classical mixtures under the presence of noise: representing the emergence
of a classical system. In the case of bit flip noise on two qubits, the pointer basis is
the plus-minus product ONB {|++) , |+—) ,|—+),|——)} corresponding to tensor
products of the eigenbasis of oy, i.e. |£) = %(|O) +|1)). The quantum coherence

measured with respect to the pointer basis will decay with time asymptotically
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Figure 6.5: The time evolution of quantum coherence (red line), quantum correl-
ations (dashed green line), entanglement (blue line), classical correlations (dashed
orange line), and total correlations (purple line) of a two qubit BD state in initial
triple %, —%, 1} undergoing qubit bit flip noise of strength v = 1. The quantum
coherence is frozen for all time, while the quantum correlations are frozen until
time t* = f% ln% (dashed vertical black line) and then decay to zero asymptotic-
ally. The classical correlations begin decaying, but then freeze for all times after
t*. Instead, the entanglement decays to zero in a finite time * = In2 (dot dashed
vertical black line). Note that the quantum and classical correlations, when frozen,

coincide with the quantum coherence, but have been drawn slightly offset so that

all three lines are always visible.

to zero. However, we measure quantum coherence with respect to the two qubit
computational basis. Since even the pointer basis states are coherent with respect
to this basis, it is natural to expect some coherence of the initial two qubit system
to be preserved under the bit flip noise. What we find is an initial state of the
two qubit system so that distance-based quantum coherence is ezactly frozen for
all time.

On the other hand, as alluded to in Section 2.2.1, quantum correlations may be
seen as the presence of coherence in all local product ONBs. Furthermore, we have
discussed in Section 3.2.2 that measures of quantum correlations can be recast as
measures of quantum coherence minimised over all local product ONBs [TRB12,

84, 141, 142], as noted in Ref. [TRB9]. The coincidence in Fig. 6.5 of the squared
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Bures distance-based quantum correlations and quantum coherence for 0 < ¢ < t*
hence shows that a local product ONB minimising the quantum coherence is given
by the two qubit computational basis. Since the quantum coherence is frozen
with respect to this basis, the quantum correlations must be too. Then, after t*
it can be seen that a local product basis minimising the quantum coherence is
the pointer basis, so that the quantum correlations coincide with the quantum
coherence in this basis and decay asymptotically to zero.

Turning now to the classical correlations in the distance-based approach of
Eq. (3.69), the BD state {0,0, e 2"¢3(0)} is one of the closest classical states to
the evolving BD state {c;(0), —e~?"¢1(0)c3(0), e *"c3(0)} on the freezing surface
before t*, while the BD state {c;(0),0,0} is one of the closest classical states
after t*. If these two classical states before and after t*, respectively, satisfy the
infimum in Eq. (3.69) over closest classical states for calculation of the classical
correlations (as is the case for the Bures distance), then the observed behaviour
of the classical correlations in Fig. 6.5 may be explained simply. Indeed, we
may expect that the distance of the classical BD state {0,0,e 2" c3(0)} to the
set of product states PAP decays with time as this BD state approaches the
uncorrelated maximally mixed state, hence giving the observed behaviour of the
classical correlations before t*. On the other hand, it can be seen that the classical
BD state {c;(0), 0,0} is at a constant distance from the set of product states P45

thus giving the observed freezing of classical correlations after ¢*.

6.1.6 Comparison to Other Results

Before proceeding to discuss the dynamical conditions for the preservation of
quantum entanglement, we first discuss the body of works identifying and charac-
terising frozen quantum coherence and quantum correlations, hence highlighting
the exact contributions of Refs. [TRB9, TRB10]. A study of the evolution of
quantum correlations and classical correlations using the conventional entropic
approach [9, 10] was provided in Ref. [34], which spurred a series of works [TRB6,
31-33, TRB11, 144, 233-238] investigating frozen quantum and classical correla-
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tions measured using both the entropic and distance-based approaches in various
dynamical settings. The contribution of Ref. [TRB10] was to establish that the
dynamical conditions discussed here lead to freezing universally for any distance-
based measure of quantum correlations (whose distance satisfies the required
properties of contractivity, joint convexity, and transposition invariance). In-
deed, we do not rule out the existence of alternative dynamical conditions for
freezing by focussing on particular distance-based measures.

The identification of frozen quantum correlations further led to the identi-
fication of frozen quantum coherence in Ref. [TRB9]. Again, while particular
measures of coherence may exhibit freezing under a larger range of dynamical
conditions, we show that two qubit BD states on the freezing surface subjected
to qubit bit flip noise will universally have frozen quantum coherence for any
distance-based measure (with a contractive and jointly convex distance). Fur-
thermore, we have identified the universal freezing of distance-based measures of
coherence for N qubit M3, states, of any even N, by finding the corresponding
freezing surface in the M3, tetrahedron T(_1yns2 for bit flip noise on each qubit. In
this thesis we restricted to BD states (M3 states) to allow for a simple comparison
with quantum correlations. The interested reader may refer to Refs. [236, 238]
for a discussion of the freezing conditions of quantum correlations beyond N = 2.

Subsequently, there have been theoretical findings on frozen quantum coher-
ence [239-241] and also the demonstration of its occurrence in experimental sys-
tems using a nuclear magnetic resonance (NMR) setup involving two and four
qubits [TRB6]. We note that the distance-based freezing of quantum coherence
and quantum correlations occurs universally also if the system is instead subjec-
ted to qubit bit-phase flip or phase flip noise [7]. In this case, for the freezing
effect to manifest, one can measure quantum coherence with respect to the plus-
minus product ONB {|++) ,|[+—),|—+),|——)} and choose initial two qubit BD
states in a correspondingly rotated freezing surface of the tetrahedron 7_; [TRBY,
TRB10]. Phase flip noise is equivalent to phase damping, which is one of the two
dominant sources of noise in an NMR system along with amplitude damping [253].

The experiment in Ref. [TRB6| hence investigated freezing under phase damping,
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and thus illustrated its occurrence under a natural and experimentally relevant

type of noise.

6.2 Quantum Entanglement

It has long been accepted that quantum entanglement is more fragile than general
quantum correlations in the presence of noise [34, 105, 116, 217, 243, 254, 255]:
quantum entanglement tends to decay to zero at finite times while quantum cor-
relations can survive for asymptotically large times, as can be seen for example
in Fig. 6.5. However, some recent findings [35, 36] have identified a type of noise
called collective dephasing, for which entanglement can show a strong resistance
towards. Collective dephasing arises physically when a collection of spins are
placed in a spatially homogeneous electromagnetic field that has imperfect fluc-
tuations in the field strength, a situation typically encountered in the trapped
ion experimental setup [256-258].

In Refs. [35, 36], it was shown that two qubit BD states can exhibit frozen
entanglement for all times under the action of collective dephasing. Again, since
BD states are M3, states with N = 2, Section 4.2.1 tells us that the entangled BD
states are given by the four corners of the tetrahedron 7_; not contained within
the octahedron Oy in the {cy, co, ¢35} space, see Fig. 4.3 [152]. Then, the action of
collective dephasing (for a set electromagnetic field direction) on any entangled
BD state w”? with triple {ci, ¢z, c3} in a corner of the tetrahedron is to transform
the BD state along a path with constant plane height hgas = 2(322_, |¢;| — 1).
From Eq. (4.22), we know that any distance-based measure of entanglement is
just a monotonic function fp,(hgas) of the plane height has for any contractive
and jointly convex distance Dy, and is hence frozen for any time under collective
dephasing. The freezing of an entanglement measure for collective dephasing was
first noticed in Refs. [35, 36] in particular for the two qubit concurrence, given
by the square root of the tangle in Eq. (5.27), which for BD states is exactly the
plane height h_as.

Given such findings for two qubits, it is then natural to consider the possibility
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of frozen multiqubit entanglement in an N qubit system, as has been investigated
in Refs. [35, 36, 259]. Focussing on the results presented in this thesis, we may
consider the freezing of multiqubit entanglement in M3, states, being the natural
extension of BD states to N qubits. Indeed, we know for even N that the M3,
states with plane height he := $(X7; |¢;] — 1) all have the same distance-based
multiqubit entanglement E]\Df for any contractive and jointly convex distance Ds
and all M > N/2. Hence, any noise source whose action is to preserve the plane
height of the M3%; states will lead to frozen multiqubit entanglement. Whether
this is the case for collective dephasing on the N qubits is left as a topic for
further investigation. On the other hand, in Ref. [TRB4]| we have identified two
quantum operations that preserve h, i.e. Aj, and Ay, as described in the third
step of Section 4.2.1. However, Aj;, is a convex combination of local unitaries and
thus a type of LOCC, while Ayt is a collective operation on each of the N
qubits. It is then not clear whether either quantum operation corresponds to a
physically relevant source of noise. Hence, the identification of frozen multiqubit
entanglement within M3, states of N qubits in the presence of physically realistic

sources of noise remains an open question.



Chapter 7

Discussion

The quantum mechanical world has become a major focus of modern scientific
research. Its interest stems primarily from the potential to impact substantially
upon the present development of technologies. Findings in quantum mechanics
can also have interdisciplinary relevance: informing young evolving fields such
as quantum biology [260-263], as well as more traditional fields like thermody-
namics [264-266]. At the heart of its importance is the quantum: properties of
quantum systems that do not emerge from the principles of classical mechanics.
This thesis has focused upon the characterisation of some well established types of
the quantum: quantum coherence, quantum correlations, and quantum entangle-
ment. We began in Chapter 1 by comparing finite dimensional classical systems
with finite dimensional quantum systems. From there, each type of the quantum
was highlighted in Chapter 2 as a property arising only from the quantum form-
alism. We then set out to investigate three questions often posed by the scientific

community:
1. How much of the quantum is there?
2. What can the quantum be used for?
3. Can the quantum be preserved in the presence of noise?

These questions were investigated in Chapters 3 to 6. A summary of the findings

presented in this thesis can be found in Fig. I.2. We now discuss our findings.
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Question 1

The objective of Chapter 3 was to describe methods to answer Question 1. Types
of the quantum may be quantified by using the rigorous formalism provided by
quantum resource theories [13-15], which motivate requirements for measures
of quantum resources based on the restrictions imposed, leading to the sets of
free states and free operations. We outlined the resource theories of quantum
coherence [1], quantum correlations [11, TRB12, TRB13|, and quantum entan-
glement [2], specifying the requirements typically imposed upon measures of these
quantities. However, one issue at present is that the free operations of quantum
coherence and quantum correlations have not yet been fully agreed upon by the
scientific community [1], although there appears to be an increasing consensus
for the so-called strictly incoherent operations [84, 85] as the free operations of
quantum coherence. It is hoped that this issue can be resolved conclusively in
the near future.

Another important aspect of quantum resource theories that we have not dis-
cussed is the characterisation of the intraconversion between resource states using
free operations. For bipartite entanglement, such a characterisation is achieved
for pure inseparable states in terms of majorisation of Schmidt coefficients |7,
267]. However, for mixed states the characterisation is not as clear [268]. It could
be of interest to extend this analysis to quantum coherence and quantum cor-
relations (some results exist already for quantum coherence [85, 87, 269]). The
interconversion between different quantum resources is also worthy of further
investigation and has been recently considered in Refs. [53, 137, 141, 270, 271].

In the second part of Chapter 3, we introduced two general approaches to
measuring a resource. It is important to emphasise that there exist many altern-
ative ways to measure a quantum resource and the interested reader is directed
to the reviews in Refs. [1, 2, 11, TRB12, 57, 58, TRB13| for further information.
We considered first the robustness of a resource, which is the minimum amount of
classical mixing needed to recover a free state from a resource state. We showed

that the robustness of a resource satisfies the minimal requirements of a resource
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measure, and furthermore can be evaluated as the solution to an SDP if the
corresponding resource theory is equipped with a resource destroying quantum
operation. When the resource destroying quantum operation is self-dual, then it
is simple to see that the robustness can be quantitatively witnessed by a class
of experimentally accessible observables. It is hence of future interest to identify
which quantum resources have a resource destroying quantum operation [128].

We also defined and partially characterised the robustness of coherence and
the robustness of k coherence [TRB1, TRB2, TRB3]. Evaluation of the robust-
ness of k coherence for all pure states is left as a line of future investigation.
Instead, the robustness of quantum correlations has never been defined and it
remains an interesting question to investigate the implications of measuring the
robustness when the resource theory has a non-convex set of free states. Finally,
we then explained the well established distance-based approach [18, 19] to quan-
tifying a resource and showed its adherence to the minimal set of requirements.
As an addition to this, we provided a well defined expression for the classical
correlations.

Chapter 4 was also aimed at helping to answer Question 1. It can be difficult to
evaluate a measure of a quantum resource for a given state of the quantum system,
and instead it may be more reasonable to look for an informative lower bound. We
constructed a general framework to provide lower bounds on measures of quantum
resources [TRB4, TRB5, TRB6]. This framework relies on the identification of
a resource non-increasing projection, which is a free operation that projects the
set of states onto a restricted class of resource guarantor states with necessarily
a non-increased amount of resource. Using this construct, one can employ a
number of simplifications to evaluate measures of the resources for the resource
guarantor states, and thus find lower bounds on the resources present in general
states. We illustrated the application of this framework with the M3-fication
resource non-increasing projection, which can provide lower bounds to multiqubit
entanglement and coherence by focussing on the resource guarantor states given
by the simple set of three parameter M3, states. The lower bounds for multiqubit

entanglement are of particular relevance experimentally, being accessible with
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only three local measurement settings and thus faring well in comparison with
other approaches such as quantitative entanglement witnesses [129, 176]. We
further hope to investigate whether M3, states can be used to provide lower
bounds also for quantum correlations.

The most important question raised by our framework is the existence and
identification of other resource non-increasing projections. Here it may be useful
to develop a clear recipe to formulate other resource non-increasing projections.
For multiqubit entanglement, we plan to study the various projections that can
be given by performing convex combinations of local unitary transformations
composed of tensor products of Pauli matrices, following the particular case in
Eq. (4.16) for the M3-fication. It is clear that each resource non-increasing pro-
jection must make a compromise between the simplicity of the resource guarantor
states and the amount of resources remaining in the resource guarantor states. In-
deed, we know that M3-fication destroys all genuine and some partial multiqubit
entanglement, so that one may need to use other less strong entanglement non-
increasing projections such as GHZ-diagonalisation to provide non-trivial lower
bounds on stronger forms of multiqubit entanglement. It will also be of interest
to investigate the resource non-increasing projections of other types of quantum

resources not discussed here, such as steering and Bell nonlocality.

Question 2

In Chapter 5, we considered Question 2 by identifying two operational tasks in
quantum metrology for which the quantum plays an advantageous role. We first
outlined a phase discrimination game, where the objective is to infer which of
a set of phases is applied to a quantum probe by a unitary with a Hamiltonian
that has a fixed eigenbasis. Here, the aim is to achieve the highest probability of
successfully guessing the phase. One option is to simply guess the phase based
on the maximum value of the known prior probability distribution describing the
likelihood that the phases are applied. Alternatively, one can use coherence in

the probe, with respect to the ONB given by the eigenbasis of the Hamiltonian,
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to improve the probability of success. It was then shown that the robustness
of coherence of the quantum probe exactly quantifies the optimum advantage
of using coherence [TRB1, TRB2]. On the other hand, the performance of the
phase discrimination game can also be used to quantitatively benchmark the
robustness of k£ coherence [TRB3|. Future work will aim to clarify the exact
role of k coherence in the phase discrimination game, as well as looking at the
role of other quantum resources, such as entanglement by adding a correlated
ancilla [272].

We proceeded to investigate the objective of precise phase estimation within
quantum metrology, which can be understood in terms of the quantum Fisher
information that gives the maximum possible precision on an estimator of the
phase. The roles of quantum coherence and quantum entanglement in phase
estimation were examined. Then, focussing on phase estimation in quantum in-
terferometry, we also compared the roles of quantum correlations and quantum
entanglement. A worst-case scenario interferometer was considered, consisting
of an imprinting of the phase by a local unitary acting on one arm of the inter-
ferometer with a least informative Hamiltonian that has a fixed spectrum but
variable eigenbasis. It is already established that the interferometric power rep-
resents one possible figure of merit in this setup [30, 114], which is thought to
represent a measure of quantum correlations. We added weight to this notion by
proving that the interferometric power is monotonically non-increasing under all
local commutativity preserving operations acting on a qubit subsystem passing
through the phase imprinting arm of the interferometer [TRB7]. A monotonicity
under a subset of local commutativity preserving operations acting on higher
dimensional subsystems was also shown. Furthermore, the interferometric entan-
glement was introduced as an alternative figure of merit in this setting. Shown to
satisfy the requirements for a measure of quantum entanglement, we established
a formal hierarchy between the interferometric entanglement and interferometric
power [TRB7|. The next steps will be to consider the roles of quantum correla-
tions and quantum entanglement for interferometers using other types of phase

imprinting operations besides worst-case scenario local unitaries, such as using
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the noisy phase-covariant operations [222]. Furthermore, it may be of interest to
consider phase imprinting operations acting on both arms of the interferometer.

We stress that the two operational tasks highlighted here by no means rep-
resent the exhaustive knowledge of operational roles of the quantum. As before,
the interested reader is directed to the reviews in Refs. [1, 2, 11, TRB12, TRB13]
for further details. It is hoped that additional developments can be made in this
area, given the drive to develop quantum technologies. However, it can be dif-
ficult to identify the operational role of a given measure of the quantum. Prime
examples of this problem are the distance-based measures of a resource, which are
well motivated geometrically but often lacking an operational perspective, aside
from the more abstract concept of state distinguishability. Perhaps the more nat-
ural approach is to instead begin from an operational perspective and construct
a quantity that may then be shown to be a measure of the quantum, as has been

done for example in the interferometric setting [30, 273].

Question 3

The dynamical behaviour of the quantum in the presence of noise was considered
in Chapter 6 [TRBS8|. We investigated Question 3 by showing that types of the
quantum may be constant, or frozen, in the presence of noise under certain dy-
namical conditions. These dynamical conditions are given in terms of initial states
and the type of noise applied to the system. For quantum coherence and quantum
correlations, measured using the distance-based approach, we identified a class of
two qubit Bell diagonal states that lead to freezing when subjected to qubit bit
flip noise. Here, quantum coherence with respect to the two qubit computational
basis is frozen indefinitely, while quantum correlations are frozen until a finite
threshold time and then decay [TRB9, TRB10]. Although the freezing effect was
already identified for quantum correlations [31-33, TRB11, 34, 144, 233-237], our
analysis shows that freezing of both quantum coherence and quantum correlations
occurs under these dynamical conditions universally for any distance-based meas-

ure of the resource. We then proceeded to compare the behaviour of quantum
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coherence, quantum correlations, quantum entanglement, total correlations, and
classical correlations under a particular example of these dynamical conditions,
with all quantities measured using the squared Bures distance. Here, we used the
refined definition of classical correlations given in Ref. [TRB11]. The comparison
highlighted an interplay between quantum correlations, classical correlations and
quantum coherence, which can be physically justified by referring to the concept
of a classical pointer basis [215, 249-252]. Furthermore, the freezing of classical
correlations after a threshold time has been observed for a variety of measures [31,
32, TRBI1, 34, 144, 233-236], and it is worthy of further investigation to establish
whether this freezing may be understood from a universal perspective using the
properties of contractivity and joint convexity in the distance-based approach.

It is of interest to investigate when dynamical conditions for freezing are rel-
evant in real experimental setups. In Ref. [TRB6| we experimentally observed
frozen quantum coherence in a two qubit and four qubit nuclear magnetic reson-
ance system experiencing naturally occurring phase damping noise. Nevertheless,
the ideal scenario would be to harness freezing to preserve the figure of merit of
an operational task powered by a quantum resource when the task is carried out
in the presence of noise. We remark that for N qubit M3, states, the robustness
of coherence is twice the trace distance-based measure of coherence according
to Eq. (4.44), so that the robustness of coherence is also frozen under the same
dynamical conditions as for the distance-based measures (i.e. with N qubit M3,
states on the freezing surface subjected to qubit bit flip noise). Furthermore, in
Chapter 5 we identified the robustness of coherence as a figure of merit in the
phase discrimination task. We have therefore found an operational task that can
run in the presence of noise without deterioration of the figure of merit, and it may
be of interest to investigate further the effects of noise in the phase discrimination
game.

Given the prevalence of N qubit M3, states in this thesis, it will also be
interesting to investigate the behaviour of these states, and their corresponding
quantum resources, under more general sources of noise with potentially non-

Markovian environments [32, TRB11, 144, 233-237, 242]. For entanglement, we
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have already identified a freezing surface of constant M-inseparable multiqubit
entanglement, given by the N even M3, states with M > N/2 that are, in the
{c1, e, ¢3} space, at a constant plane height 2 (3°7_; [¢;]—1), see Eq. (4.22) [TRBA4].
What is not clear is whether there is any realistic type of noise encountered in
physical systems that maintains M3, states on this freezing surface for N > 2 (for

N =2, collective dephasing satisfies this requirement [35, 36]).

7.1 Conclusions and Outlook

We have identified three important questions for the present development of
quantum science and investigated approaches to resolving them, highlighting the
contributions of the author in Refs. [TRB1-TRB13]. These questions are related,
and together form a relevant line of inquiry to help navigate the quantum-classical
frontier. Indeed, quantification of the quantum allows for a comparison of the re-
sources present in quantum systems and thus informs us on which systems carry
the most resources for a given scenario. We can then attempt to address the
usefulness of the quantum in an operational setting and associate the figure of
merit quantifying the advantage of an operational task with a measure of the
quantum resource. However, typical quantum systems are subjected to noise. It
is then necessary to consider ways to combat the negative effects of this noise and
identify conditions for which the quantum can be preserved.

Having discussed these questions in this thesis, it is natural to ask: what
next? Of course, there are still many interesting open questions in the study
of the quantification of quantum resources, their operational roles, and their be-
haviour in open quantum systems. We have given a non-extensive collection of
possibilities for further research, arising from this work, in the discussion above.
More generally, one of the most exciting prospects for the author is the cur-
rent evolution of quantum resource theories and the rigorous framework that
they impose upon measures of the resource. Understanding the interconversion
between different quantum resources may benefit in particular from developments

in quantum resource theories. It will also be worthwhile to study further other
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types of the quantum, such as steering and Bell nonlocality, from the perspective
of resource theories [80, 274]. Maybe even entirely new types of the quantum can
be identified from the resource theoretic approach.

Outside of the familiar realm of quantum information theory, experimentalists
and engineers are now busy attempting to fabricate quantum technologies [275-
279]. The expectation is that these technologies will be commercially viable
over the next few years, and one might argue that the only remaining obstacles
are experimental and engineering rather than theoretical. While this may be
true in some settings, we will always rely on theoretical breakthroughs to bring
fresh new concepts and prevent stagnation of ideas. Nevertheless, it could be
argued that quantum science might be served better by theoreticians tailoring
their research more closely to experiments (however daunting this may at times
sound). One area where theoreticians can play a key role is establishing the
supremacy of quantum technologies over those currently available [187], which
often relies on the field of computational complexity theory [280]. On the other
hand, perhaps the continued study of quantum foundations [281-283] can also
change our perspective over the years to come. What is clear is that we are
in very exciting times for quantum science, there is a lot more to explore and

discover. Let’s see what’s out therel!



Appendix A

Isotropic Operations

Here we provide an operator sum representation of the isotropic operations, taken
from Ref. [TRB7]. The isotropic operations acting on a d-dimensional system in

the state p are written as [107]
I
Alp) = 19(0) + (1~ 1) (A1)

where @ is either unitary, ®(p) = UpUT, or antiunitary, ®(p) = UpTUT, for some
unitary U with pT denoting the transposition of p in the standard basis. In
particular, we provide the Kraus operators { K;}; when U = I. To find the Kraus
operators for a general U, one simply needs to transform the Kraus operators by
K; — UK,;. Note that quantum correlations are invariant under local unitary
transformations, and so here when one considers the local isotropic operations as
a subtype of the LCPO, it is sufficient to work with just the case U = L.

The operator sum representation of A is
Ap) = X KKl (A2)

where {K;}; are a set of Kraus operators obeying the condition Y, KZ-T K, =1
In the following we first determine the allowed range of ¢ for the isotropic oper-
ation A to be CPTP by imposing that the corresponding Choi state is positive
semidefinite [284]. The Choi state is given by [242]

ri= A@ (W) (T4 )) (A3)
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where |V, ) := id >4, |i) ® |i) is a pure (d x d)-dimensional state and T is the

d-dimensional identity quantum operation, with {|i)}¢_, the standard basis.

The unitary case

First we consider the unitary ® case. Considering only U = I, for any (d x d)-
dimensional state p it holds that A ® I(p) = tp + (1 — )% @ Tr1(p), with Tr1(p)
the partial trace of p over the first d-dimensions. The corresponding Choi state
is

1—1

It is simple to see that the unique eigenvalues of 7 are {t + (1 —1t)/d? (1 —1t)/d*}.
By imposing both unique eigenvalues to be non-negative we obtain the allowed

range

— <t<1 Ab
S <t<l, (A.5)

which is tighter than what was reported in [107]. We now provide the operator
sum representation of A. Consider the d?> — 1 generalised Gell-Mann matrices
d2-1

{7 17" [285], and fix the d-dimensional identity matrix as v := I. The d* Kraus
operators {K;}% 5" of A are then

1+ (d?2—=1)t
1—¢ , )
We can now verify the condition Z;ﬁgl KZ-T K; = 1. Since the Kraus operators
are self-adjoint, and since 72 = I and Zi}l V2 = %{DH, we have
el 1+ (@2 -t 2d>—1) |1—t
KK, = ‘ I
e (s e el
1
= ﬁ(‘1+(d2—1)t‘+(d2—1)|(1—t)|)1[. (A.7)

By exploiting Eq. (A.5), we can simplify |1+ (d* —1)t| = 1 + (d*> — 1)t and
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|1 —t| =1—t, hence
1
Zkﬁgz ﬁ@+uﬁqﬁ+w—nu—MH
= L (A.8)

Antiunitary case

Now we treat the more complicated case of ® being antiunitary (again, fixing U =
I). For any (d x d)-dimensional state p, we have A®I(p) = tp™ +(1—1t) @ Tr(p),
where p™ indicates partial transposition of p in the standard basis with respect
to the first d-dimensions [20]. The corresponding Choi state is

d

r=5 Y ) Gle ) il + 5T (A.9)

4,j=1

By inspection the d? eigenvectors of 7 can be found to be |k) @ |k) with & €
{1,2,...,d}, and %(|k>®\l>i\l)®|k>) for all pairs k < [. The unique eigenvalues
of 7 are then {(1 —¢t)/d? t/d+ (1 —t)/d? —t/d+ (1 —t)/d*}, which are all non-
negative when

e L
d—1~ " ~d+1

(A.10)
As before, to write down the operator sum representation of A, we can use the
generalised Gell-Mann matrices {~; ?i]l with the identity vy := I. Now, consider
the set of vectorisations of the generalised Gell-Mann matrices, {7; ?i]l with

U; = vec(7;), where

vee(X) == {(IX[1), (1IX[2) . .., (1IX1d) , 2IX[1), 2IX[2) .., (d|X|d)}
(A.11)
is the vectorisation of X. We can split the generalised Gell-Mann matrices into
two categories based on their corresponding vectorisations: (1) sign(;.7;) = 1,
and (2) sign(v;.7;) = —1. There are (d + 2)(d — 1)/2 generalised Gell-Mann of
type (1) and d(d — 1)/2 of type (2). We call the generalised Gell-Mann matrices
of type (1): {751)}§i—;2)(d—1)/2’ and of type (2): {%.(2)}?&‘”/2. Now we can give
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the d2 Kraus operators {K;}2 5" of A as

14 (d—1)t
Ky = S‘p)%,
1+(d—-1)t
K, = ‘/sz)%@ Vie {1,2,...,(d+2)(d—1)/2}.
[1—(d+ 1)t .
Kiy@ro) -2 = (Qd)%@) Vie{l,2,....dd—1)/2}. (A.12)

We can also consider the condition foial KZT K; = 1. Since the Kraus op-

erators are self-adjoint, and since 72 = I, Zgiﬁm(dil)ﬂ(’%’(l)f = dQ%j*Q]I and

Z?idl_l)ﬂ(%(z))z = (d — 1)I, we have

o ~ 2 g _
Z_ZOKzTKi _ <|1+(Z2 1)t‘+d +j 2X|1+(;id 1)t‘
+(d—1)|1_(§j1>t|)]1
= (a0 -
+d22_d\1—(d+1)t]>]l
_ 21d2<(d2+d)|1+(d—1)t|+(d2—d)|1—<d+1)t\). (A.13)

Then, we may use Eq. (A.10) to simplify |14+ (d—1)t| = 1 + (d — 1)t and
11— (d+ 1)t| =1 — (d+ 1)t, yielding XX K/ K; = L.



Appendix B

Robustness and Semidefinite

Programming

Consider a resource theory with a convex and compact set of free states F
equipped with a resource destroying quantum operation ® such that Eq. (3.40)
holds. Here we show that the optimisation problem in Eq. (3.42), whose solu-
tion is the robustness of a resource, is a semidefinite program (SDP). Following
the general description of an SDP in Refs. [TRB2, 117, 125], consider two d-
dimensional self-adjoint operators X and C' and two d’-dimensional self-adjoint
operators Y and D, along with a linear map W that maps d-dimensional operators
to d’-dimensional operators such that the self-adjoint property is preserved. The

following optimisation problem is the primal problem of an SDP

minimise Tr(CX)
subject to U(X)>D,
X >0. (B.1)

Every SDP has a dual problem, given by

maximise Tr(DY)
subject to vi(Y) <C,
Y >0, (B.2)
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where U is the dual map of ¥, transforming from d’-dimensional operators to
d-dimensional operators. The dual of a map VU is the unique linear map W'
satisfying [20, 46]

Tr(B'W(A)) = Tr(¥1(B)A) (B.3)

for any operators A and B. The solution to the dual problem of an SDP is
generally a lower bound to the solution of the primal problem. Strong duality
is said to hold when the solutions to both problems coincide [117, 125, 127]. A
sufficient condition for this is when the primal problem is feasible and the dual
problem is strictly feasible. The primal problem is feasible when there exists an
X > 0 such that ¥(X) > D, while the dual problem is strictly feasible if there
exists a Y > 0 such that U1(Y) < C.

The robustness of a resource (plus 1) is given from Eq. (3.42) as the optim-

isation problem

RE(p)+1 =  minimise Tr(5)
subject to d(6) =0,
p<a. (B.4)

Following the strategy of Ref. [TRB2], to see that this problem may be written
in the general form of the primal SDP in (B.1), first set C' =1 and X = & so that

TH(OX) = Tr(5). (B.5)

Now set the following operators, represented as (3d x 3d)-dimensional block di-

agonal matrices, as

G 0 0
U(X) = | 0 o6)-¢ 0
0 0 —®(6)+ 0o
p 0 0
D= |00o0|, (B.6)
000
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with the 0 denoting (d x d)-dimensional zero matrix. We have that W(X) > D

is equivalent to & > p and ®(6) = &. Then, since & > p > 0 implies X > 0, we

have shown that Eq. (B.4) may be written in the standard SDP form of (B.1).
To find the dual of this problem, we set Y to be the (3d x 3d)-dimensional

matrix
Y1 x %
* kY3

where Y3, Y5 and Y3 are (d x d)-dimensional matrices and * denotes matrices
that are irrelevant since we are generally dealing with the trace of a product of Y
with a diagonal matrix. We also need to find UT(Y'), which may be found using
Eq. (B.3). Indeed,

Tr(YU(X)) = Tr(Yi6 + Yz (2(6) = 6) + Y3 (—=P(6) +5))
= Tr (V5 + (®(V2) — Ya)& + (—®'(V3) + Y3)5)
= Tr (vi(y)X), (B.8)

where

UHY) = V1+07(Ys) — Yo — @ (V3) + V3

= Y1+ ®N(Yy - Y3) — (Ya — Vi) (B.9)

and ®T is the dual of the resource destroying quantum operation ®. Hence, we

can write the dual problem in (B.2) as

maximise Tr(pY1)
subject to Y+ OT(Yy — Vs) — (Yo — Va) <1,

since Y > 0 implies Y7 >0, Y5 > 0 and Y3 > 0.
Now we see that (B.10) may be rewritten into the form given in Eq. (3.43)
(plus 1) when the resource destroying quantum operation @ is self dual, again

following the strategy of Ref. [TRB2]. First, it holds that Tr(pY;) is maximised



APPENDIX B. ROBUSTNESS AND SEMIDEFINITE PROGRAMMING 157

by having equality in the first constraint, i.e. Y} + ®7(Yy — Y3) — (Yo — Y3) = 1.
By imposing this and noting that any self-adjoint operator Y may be written as
Y=Y, —Yj; for some Y5 > 0 and Y3 > 0, the dual problem becomes a constrained

optimisation over self-adjoint Y,

maximise 1—Tr (p(‘I)T(Y/) - Yf))

subject to dNY)-Y <1, (B.11)

where we impose the constraint ®f(V)—Y = &f(Y,—Y3)— (Yo—Y;) =1-Y; <1
from above since Y; > 0.

Now, if the resource destroying quantum operation is self-dual, i.e. ®f = ®,
then we can simplify the dual problem further to a constrained optimisation over

self-adjoint W, i.e.

maximise 1—Tr (Wp)
subject to W <1,
(W) = 0. (B.12)

To see this, we first note that ® is idempotent on all self-adjoint operators, i.e.
B(®(Y)) = ®(Y) for all self-adjoint Y. This can be shown from Eq. (3.40) by
using the linearity of ® and the fact that Y = Y,—Y; for some Y, > 0 and Y3 > 0.
Now, choose any Y such that ®(Y)—Y < Tandset W = ®(Y)—Y. From the fact
that ® is idempotent, we have ®(WW) = 0. This means that the range of values
in the optimisation of (B.12) includes the range of values in. (B.11), so that the
solution of (B.11) must lower bound (B.12). On the other hand, pick any W <1
such that ®(W) = 0 and set Y = —W. This gives ®(Y) — Y = W < I. Hence,
the solution of (B.12) is a lower bound to the solution of (B.11), which completes
the proof of their equivalence.

Finally, we rewrite (B.12) as

maximise 1—Tr(Wp)
subject to W <,

(W) > 0. (B.13)
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Indeed, it is clear that the solution of (B.12) lower bounds the solution of (B.13).
However, it also holds that the solution of (B.13) lower bounds the solution
of (B.12). To see this, consider any W < I such that ®(W) > 0 and set W' =
W —®(W) so that ®(W') = 0. We have that W/ < W < T and so for any valid W
satisfying the constraints of (B.13) there is a valid W’ satisfying the constraints
of (B.12) such that

1—Tr(W'p) =1—Tr(Wp)+ Te(®(W)p) > 1 — Tr(Wp), (B.14)

since ®(W) > 0 implies Tr(®(W)p) > 0.
It is simple to see that strong duality holds if the resource destroying quantum
operation is unital. A feasible solution to the primal problem is to choose X =

(1 + ¢)I for some € > 0 so that X > 0 and

(I+¢) 0 0 p 00
U(X) = 0o o0o0|=>[0oo0o0]|=D (B.15)
0 00 000

for any p, where we use the use the unitality of ® to see that ®((1+¢)I)—(14¢)l =

0. Furthermore, the dual problem is strictly feasible since one may pick

(1-¢I 0 0
Y = 0 I 0 (B.16)
0 0 I
with 0 < ( <1 so that Y > 0 and
UY)=(1-I<I=C, (B.17)

which follows from the unitality of ® since the dual of any quantum operation
is unital [20]. Strong duality holds in particular when @ is self-dual (and hence
unital). The self duality of ® holds if and only if an operator sum representation
of ® may be found with a set of self-adjoint Kraus operators [286].

To summarise these results, if we consider a resource theory with a convex
and compact set of free states and equipped with a self-dual resource destroying

quantum operation ®, then the robustness of the resource is given by the solution
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of two equivalent optimisation problems in Eq. (3.42) and Eq. (3.43), that are
the primal and dual problems of an SDP. Quantum coherence is an example of
a resource for which the robustness can be posed in such a way [TRB1, TRB2].
Indeed, the set of incoherent states with respect to the ONB {|e;) }&, is convex

and compact, while a resource destroying quantum operation can be given by

Alp) = Z; i) (eslples) (el - (B.18)

Since the |e;) (e, are self-adjoint Kraus operators, we know that A(p) is self dual.

We finally report on the robustness of k& coherence given in Eq. (3.53). So far,
the existence of a resource destroying quantum operation identifying the set J*)
of free states with coherence number less than k& has not yet been investigated
(for k > 2). However, it is still possible to pose the robustness of k coherence as

the solution to the primal problem of an SDP. We consider the problem

Cf(p) = minimise Tr(e) — 1
subject to TC(T~) e J®,
(G

and provide a characterisation of all & such that &/Tr(5) € J*) with respect to
the ONB {|e;) }9_,, proceeding to then show that (B.19) may be posed as an SDP.
Take the set C(k) of all combinations of k indices chosen from {1,2,... d}
with cardinality |C(k)| = (Z), where (Z) is the binomial coefficient, along with
the set of projectors { Ps}sceqr) given by
Py:=>"le;) (e, (B.20)
i€d
where g € C(k) is one combination of k indices from {1,2,...,d}. Here it will be
useful to write any pure state [¢) as

V) = Z Vi les) (B.21)

i€d)y)

with e, i|” = 1, where the set Jjyy € {1,2,...,d} denotes the indices i such
that ¢; # 0. If k = ’3‘@‘ is the cardinality of g}y, then [¢)) has a coherence
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number of k and g}y € C€(k). This notation is useful since it allows us to identify
which of the |e;) the state |¢) is coherent with respect to.
We now prove the following relation

o

Tr(o)

S J(k) = 0= 0y
gee(k—1)
such that V J € C(k — 1)

&>0,

PyogPy = Gy

Gy > 0. (B.22)

First, suppose that we have a @ > 0 such that 6/Tr(5) =: o € I®). Using the

definition of I in Section 2.1.1, we can always write

o =3 a i) ("] (B.23)
with {g:}; a probability distribution and |x™) (v*| € 9% so that

o= ta;[0f") (") (B.24)

where t := Tr(¢) > 0 since ¢ > 0. Now, consider one of the pure states ]@ka)> =

2
wfjk)‘ =1 and |

(k) . .
EjegwwEkB Vi lej) with Eﬁg\wi% |w§k)>| < k. The action of any
Py for J € C(k — 1) is given by
k k
Py =3 el e (B.25)

edn
G803,

so that Py |¢Z(k)> = |¢l(k)> if and only if H| > C J. Furthermore, there is always a

)

(not necessarily unique) J € C(k—1) such that for any ¢ we have J | C J. Hence,

o)
we can distribute each |z/1i(k)> to one choice of § € C(k — 1) so that dymy € 3,
giving the corresponding set Ny C {1,2,...,i} for each J € C(k—1) and allowing

us to define

Gy = 3 tq; [0y (] (B.26)

iENy
By construction, we know that & = Y 5ce(,_1) 09, and for all § € €(k — 1) it holds
that PyogP; = &4. Finally, since each \wgk)) <wi(k)| >0,¢q >0andt >0 we know
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that 65 > 0. This means that we have proved the right-hand direction of the
equivalence in (B.22).

On the other hand, suppose we have a ¢ satisfying the conditions on the right-
hand side of (B.22). It is immediate to see that & > 0 since it is a sum of positive

operators, so it just needs to be shown that &/Tr(5) € J®). We can always write

o B Tr(&;;) 53
Tr(s) 36(%;_1) Tr(6) Tr(d4) (B.27)

Since Tr(ay)/Tr(6) > 0 with Ygeep—1) Tr()/Tr(6) = 1, we have therefore
written ¢/Tr(6) as a convex combination of the states 45/Tr(d4). Hence, if
G4/ Tr(64) € I® for all § € €(k — 1), then we know from the convexity of J*) that
5/Tr(6) € I%). To see that this is so, we write 55/Tr(54) as a convex combination

of pure state projectors, i.e.

Tr =2l i Wl (B.28)

for some probability distribution {¢’}; and an arbitrary set of pure state project-
ors {49 (1|}; (with no prior constraint on their coherence number). Now we

consider the projection

Pyo4 Py - Py TI‘( PH ] 3P3 W)g) <77Z}3| Py
ﬁﬁM%)rﬁ@hﬂ#ﬂ TMZQ%W%WWQ

= 2 ) Ol (B.29)

where

@/ Tr (P v) (0] Py)
Tr (S g Py [07) (40] Py)
Py |v?) (v?] Py

) 4 = T (B 09) (] )’ (B.30)

with {x?}; a probability distribution. It holds that |x?) (x{| € J%®). Indeed, if

. 2
W?) = Ejeﬂw% w?] |ej> with Ejeﬂwa> wla] then
Pylwd)y = 3 Wl les) (B.31)
Jjeand

v?)
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< k non-zero terms. We therefore know that

which is a pure state with ‘3 N 3|¢g>

P35 Py
Tr (Pyo5Py)

since it can be written as a convex combination of pure state projectors {|x?) (x?|}

e J® (B.32)

that have coherence number of less than k. Furthermore, the condition Pjo4P; =
7y in (B.22) requires that

o5 Pyoghy
Tr(65) Tr(Py050)

As we have already discussed, this implies that &/Tr(5) € J*. We have thus

c gk, (B.33)

shown the equivalence in (B.22).

We may then use the equivalence in (B.22) to rewrite Eq. (B.19) as

Cf(p) = minimise Tr(e) — 1
subject to o= Z 7y,
JeC(k—1)

Pyo3Py = 0y Ve G(k - 1),
G, >0V geCk—1),
p<a. (B.34)

To see that C{(p) + 1 may be written as an SDP in the standard form of (B.1)
we first label the set C(k — 1) with indices {1,2,...,n}, where n := (kfl), such
that ¢ € {1,2,...,n} corresponds to one of the J € C(k —1). We then fix X to
be an (n x d)-dimensional self-adjoint operator and define the projectors {Q;}1,
that project onto the i-th d-dimensional block of X so that > ; Q; X @Q; is block
diagonal. Each ;X (Q); will represent the corresponding oj. Now, by defining C'

as the (n x d)-dimensional identity operator and

d d d
V(X) = (Z Tr\iQiXQi> ® (Z QiXQ; — X) ® (X - ZQ@'XQz)
i=1 i=1 i=1
d d
D (Z PQiXQiP; — QiXQi> D (Z QiXQ; — PiQiXQiPi> ;
i=1 1=1
D = p@0@08050, (B.35)

with Try; the partial trace over all but block 7, @ the direct sum operation, P; a

projection onto the i-th block corresponding to Py, and 0 the (n X d)-dimensional
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zero operator. By requiring W(X) > D, the first term of W(X) imposes 6 > p,
the next two terms impose that X is block diagonal with blocks of o5 for J €
C(k — 1), while the final two terms impose that Pjo3P; = 65 for all J € C(k —1).
Furthermore, X > 0 implies that 65 > 0 for all J € C(k — 1). Finally, Tr(CX) =
>geer—1) 11 (65) = Tr (dee(k,l) 63) = Tr(6) with & = Ygce—1) 0. To see that
this SDP is feasible, one only needs to consider the case & = I, with I/d € J®

for any k.
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We now provide the theorems and corresponding proofs of any unproven theorems
in the main text. These theorems and proofs are taken from Refs. [TRB3, TRB4,
TRB6, TRBT].

Theorem 3 For any pure state |1) = S0y |e;) with X0, |;|> = 1, it holds
that [TRB3)]

Ch(lhwh+1 0}, (C.1)

GE(w) (o) > max {

164
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Proof. Here we use the notation discussed in Eq. (B.21) and consider a pure state
1) = Yieg,, Wilei) such that 3ieq l1;]* = 1, with coherence number &’ = ’3|¢>’.
If ¥ < k < d then |¢) (¢| € I® and CE(|¢) (¢|) = 0. Furthermore, it can be
seen that CU (Jb) (1)) < k' — 1 since |1)) can be thought of a k’-dimensional pure
state embedded in a d-dimensional space. Hence,

Ch () (¥l) +1
k—1

—1<0, (C.2)

so that the right hand side of Eq. (C.1) is also zero.
Now consider a pure state |1)) with & > k. Let us write the optimal pseudo-

mixture of |¢) satisfying the infimum in Eq. (3.53) as

W) (W] < (1+ CR(|v) (1]))0H) (C.3)

for some optimal 5% € g% This implies that

(Blv) (Y]o) < (1 + C(1) () (165 |o) (C.4)

for any pure state |¢), which can be chosen in particular to be

1 .
[6) = ——= D €% le;) (C.5)
ﬁje?ﬁw
where 1; = [¢;|e" with 6; € [0,2n] for any j € Jjy. It can then be seen that
. 2
wwwwzk(znwo. (©6)
JE )

On the other hand,

@16® ¢y < sup (8]6®]g)

5k e9(k)

= sup > ai
{aiyadlo®y: i
lp®) (p* |ea®) v ¢

(¢|p™)

(@)

2
)

= sup
[ (9) (3 () €3
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where in the first equality we use the fact that any state 5% € J®) with coher-
ence number less than k£ can be written as a convex combination of pure states
projectors [ ()| € 9®).

To achieve the above supremum, we write a general pure state with a coherence

number of less than & as

W)y = > djle) (C.8)
€D k)
. 2
with ||| < k and jed 0, ;I = 1. Now,
2
2 1 —i0.;
(olp®)" = =] > de ™
3E€d1w) N, (k)
1 2 0.2
=S vED DR 1 D e’
SR ION JED )N, (k)
910 Ny
<
950,
<
k—1
< (C.9)

where in the first inequality we use the Cauchy-Schwarz inequality and in the
final two inequalities we use the fact that |¢)(*)) has a coherence number of less
than k& while [¢)) has a coherence number of k' > k. Equality is achieved in (C.9)

by picking the pure state

) = > €leg) (C.10)

such that 3|¢"“)) C Jjy) and ’HWM = k — 1. We therefore have that

(ploM]g) < sup w(k))’2 _ k= 1. (C.11)

[ (®) (k) €3k

Putting everything together, Eq. (C.4) implies that

k—1

k7

/i/ ( 2 W) < (1+CE(1Y) (D) (C.12)

J€d|y)
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which may be rearranged to

Cf(lw) (v)) = ,{il(z w) 1

jGBWJ)

_ O b+l
k—1 ’

where in the equality we use the explicit form of the /; norm of coherence for

(C.13)

pure states in Eq. (3.50). The right-hand side of this inequality can be negative
for some |v), while the robustness is always a non-negative quantity. Hence, we

include the max in (C.1). The saturability of (C.1) is dealt with by Theorem 4.

]
Theorem 4 For any x € [%, ﬁ} and j € {2,3,...,d} [TRB3|,
GE (o) (G )) = ma { SV GEIDEL 0} g

Proof. For j < k it is clear that |[¢)(z, 7)) has a coherence number of less than k
and therefore C (|1 (z, 7)) (¥ (z,7)|) = 0. Furthermore, it can be seen that from
Eq. (3.50) and Eq. (3.56) that

CH (. 3)) i) = (G- Do+ TG - 122) —1, (C19)

so that the range of the [; norm of coherence for x € [%, \/Jlj] is[j—2,7—1].

Hence, for j < k

Ch ([, ) (W, J)) +1
k—1
so that the right hand side of Eq. (C.14) is also zero.

~1<0 (C.16)

We now restrict to 5 > k. From the range of the [; norm of coherence for

11
T € [W’ \/]71] we know that

Ch([9(x, 4)) (W(x, 5)]) + 1

—1>0. C.17
k—1 - ( )
Hence, we need to show for j > k and x € [%, jl_l] that
Ch ([ (x,

Oy (I (x, ) (¥(x,9)]) =

= —1. (C.18)
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Theorem 3 tells us that the right-hand side of this equation lower bounds the
left-hand side, and so we can prove the equality by showing that the right-hand
side of this equation also upper bounds the left-hand side. To do this, we provide

an operator ¢ that satisfies the constraints

g = > a4y, (C.19)
Jee(k-1)
Pg&gpg = 0y Ve G(k:—l), (CQO)
G5 > 0 Vgeck-1), (C.21)
[z, 5)) (W(z, 5) < o, (C.22)

with Py given in Eq. (B.20), and where

i) = (T2 T v, (C.23)

so that Tr(6) — 1 > Cf¥(Je(x, 7)) (¥(x,5)]), since C([¥(, ) (¥ (w,)]) is the
minimum of Tr(¢) — 1 over all & satisfying the constraints (C.19)—(C.22), see
Eq. (B.34).

First consider the set C; C C(k — 1) of all combinations of k£ — 1 indices from
{1,2,...,7 — 1}, the set €3 C C(k — 1) of all combinations of k¥ — 1 indices from
{1,2,...,7} that are not included in €;, and the set C3 C C(k — 1) of all the

remaining combinations of k£ — 1 indices from {1,2,...,d}. We have that

Glﬂegz(i), €1ﬂ€3 - @, 62063:(9,

Now, for J € C(k — 1) we define

Pngpg \Vlg S el;
G5 = 1 PjMyP; Vg € Cy; (C.25)
0 Vg € Gy,

where M; and M, are (d x d)-dimensional constant matrices with entries a and

b, respectively, and 0 is the (d X d)-dimensional zero matrix. The entries of M



APPENDIX C. THEOREMS 169

and M, are given by

—(k=2)+ (= D)+ k=) — (k= 3)(j — Day/1— (j — D)a?

a = y

(k-1 —k+ 1))

) 1+ (G -1z (—JU + \/W) (C.26)

(k= 1)(123) ’

where (i:;) is the binomial coefficient.

It is clear that each 4 satisfies constraint (C.20) by construction. Further-
more, since for x € [%, ﬁ} we have @ > 0 and b > 0, it holds that each gy
satisfies constraint (C.21). Now we set

= > 0 (C.27)
JeC(k—1)

so that by construction & satisfies constraint (C.19). It can be found that the
eigenvalues of & — [i(x,j)) (¥ (x,7)| are all non-negative: there are j — 2 ei-
genvalues equal to (i:g)a + (é:‘;)b, whose non-negativity follows from the non-
negativity of a and b; d — j + 1 eigenvalues that are zero; and a final non-
negative eigenvalue. Hence, ¢ satisfies constraint (C.22). We therefore know

that Tr(6) — 1 > Ci¥(le(x, 7)) (b (@, j)])-

To calculate the trace of &, we use the fact that

&= M, + My, (C.28)

(-6 (62— (9]0 — [ -(2)]e

where we consider a matrix of dimension j — 1 along with the zero matrix of
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dimension d — 7 + 1. Furthermore,

My, = > 4y (C.30)
€€

(3 (p - (e (G5
() G - G ()
2 () - () ()
e G (2 ()

where we consider a matrix of dimension j along with the zero matrix of dimension

d — 7. We then find that

Tr(5) = Tr(M,)+ Tr(My)
S ) A

= , (C.31)

as given by Eq. (C.23) and hence showing that showing that the right-hand side
of (C.18) upper bounds the left-hand side, thus giving the desired equality and
concluding the proof. Finally, it is interesting to note that as a result of this
theorem, the & in Eq. (C.27) is actually (one of) the optimal operators satisfying
the optimisation in (B.19). O

Theorem 7 For any N qubit state p and Il(p) as in Eq. (4.16),

1 3
I(p) = v <]I®N +> cia?N> (C.32)
=1

where ¢; = Tr(poP™) € [—1,1] [TRB4].

Proof. We fix a sequence of states {po, p1, ... pan—1)} defined by

1

Pii=35 (pjo1 + UjpjaU)) (C.33)

for j € {1,2,...2(N —1)}. By setting py = p it can be seen that pyy_1) = II(p).
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Consider the arbitrary N-qubit state p written in the form

1
p= 27N Z Rlllz 1N0-11 ® Oig « - - ® Oins (034)

21%2...2 =0
where the R} ;, . =Tr(po;, ® 04, ... ® 03,) € [—1,1] with o := I as discussed
in Section 1.3. Convex combination of two arbitrary N-qubit states p and p’ with
weighting ¢ € [0, 1] gives

1 3
gp+ (1—q)p = oF > RFI 11Nq)p Oy @ Ciy . ® T4y (C.35)

ivigein=0
where R%T(L-0)¢ =qR};, i (1 - q)R’,

1192...IN 1192...IN °

We now understand the evolution of the Rffm i

for each step j in Eq. (C.33).
The action of Uy on p is

1 3
U pUf = o > R, 010401 Q 0104,01 ® 04y ... Q 04 (C.36)

ivi...in=0
From oy0,01 = —(—1)50i+51ia- we have that the correlation tensor elements of

UlpUl are R, U1pU] = ( 1)5021+5111+5012+6112RP By using Eq. (033) and

1112...0 N 1192...IN "

Eq. (C.35), it is clear that the R’ of p; are RY

i in if 41 and i are (i) any

1192... 0N

combination of only 1 and 0 or (ii) any combination of only 2 and 3, and zero
otherwise.

Generally, for j € [1, N —1], the R, of p; are R’ . ifi; and i, are (i)

1112...IN 1112...1 N

any combination of only 1 and 0 or (ii) any combination of only 2 and 3, and zero

otherwise. For j € [N, 2(N — 1)] the conditions are analogous, where the R.’,

1192...0N

of pj are R/ ; if i; and i;4; are (i) any combination of only 2 and 0 or (ii) any

combination of only 1 and 3, and zero otherwise. For the final state pynv_1), the

P2(N—1)

only non-zero R, are those for which {iyis...7x} consists of only 0, 1, 2, or

1192...IN
3, and that for these elements Rffgv in = RBP4y i~ Therefore,
1 3
I(p) = pav-1y = o Z Rl 0;,®0;...®0;
1 . 3
= oF I#N 4 ;cia?]v> , (C.37)

where we use R, ;. = Tr(poP™) =: ¢; fori € {1,2,3} and Rf, o= Tr(p) =1. O

1%...7
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Theorem 8 For any N, the set of M -separable M3, states Sﬁv is either [TRBA4]:
e the set of all M3; states, for any M < [N/2];

o the set of M3, states represented in the {ci,co,c3} space by the unit oc-
tahedron Oy with vertices {+1,0,0}, {0,£1,0} and {0,0,£1}, for any
M > [N/2].

Proof. We begin by working in the partition dependent setting and note that
the M3, states are invariant under any permutation of the N qubits. Hence,
for M3, states it does not matter which qubits belong to each subsystem of a
given M-partition {Q,}*, and it is sufficient to specify a partition only with the
cardinalities { K, M, of the M subsystems. This means that the set of {Q, M

separable M3, states 8N

pu can be specified by the set s descrlblng only

{Qa {Ka roll}
the cardinalities {K,}M, of the M-partition. We now 1dent1fy S . In

order to characterise this set, we simply need to identify its representatlon in the

{c1, 2, c3} space. We know from Eq. (4.2) that

M3
8{}?; (1;1:1 - {H(g) ‘ S S S{Qa}ﬁil} (C38)
for any M-partition {Q.}*,, and so we just need to find the possible values of
{c1,c2,c3} for any ¢ € Sy 4 with ¢; = Tr(so?™). Using Eq. (2.21), the vector

¢ ={cy,c9,c3} of any ¢ € Qa1 , is given by

¢ = Tf(“SQN)ITI“[(Zpip?)@p?)@---@pﬁm) U?N]

_ Z]%TY{ ®K1 ®PE ) ®K2 ® . ®p(M)O';8KM}

M
= Db 1:[1Tr (p§a>0§f<a) =>_p chz(f’j-), (C.39)

®Ka

o ) as the j-th component

(@) o

7

where in the final equality we denote c(a-) =Tr ( (@)
of the vector c = {c s 12 , 13)} corresponding to the arbitrary state p
subsystem a. Eq. (C.39) can be simplified further by introducing the Hadamard
product as the componentwise multiplication of vectors, i.e. for @ = {uq, ug, us}

and U = {v1, vy, v3} the Hadamard product is @ o ¢ = {uyv1, ugve, uzvz}. Using
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the Hadamard product simplifies Eq. (C.39) to
= Zpié’i(l) o E;(Z) 0...0 E’Z-(M). (C.40)

Hence, the ¢ vector of any {Q.} ,-separable state is a convex combination of

(oz

Hadamard products of E;-(O‘) vectors corresponding to states p ) of subsystem a.

Since @(a) describes a K, qubit M3, state, we know from the discussion in step

one of Section 4.2.1 that @(a) € B; when K, is odd and @(a) € T(-1yxa/2 when K,
M

(R is represented by the following set
afao=1

is even, and so 8

M?V M
[Ka}2L,

8 = conv (A 0 AP o 0 AN, (C.41)

with

B if K, is odd,

Al = (C.42)

T—1ykarz if K, is even,
where we define the Hadamard product between any two sets A and B as AoB =
{do blae A,be B} and the convex hull conv(A) is the set of all possible
convex combinations of elements in A. The commutativity and associativity of
the Hadamard product allow us to rearrange the ordering in Eq. (C.41) in the
following way

Sﬁz\’a = conv [( O 7?_1)1(”/2> o ( O Blﬂ , (C.43)

K pyeven v:Kypodd
where O7_; A@ = AW 0 A@ o 0 AM),
By writing any vector in 71; as a convex combination of the vertices of T4,

one can easily show that

TaoTa = T
TioTh = T,
TioTa = T, (C.44)
so that
M@ Tepyeure = Toapne, (C.45)

where M_ is the number of K, with odd K,/2. Similarly, one can see that

7;:1 O Bl == Bl- (046)
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Finally, we have that
conv (O, By) =0, Vn > 2. (C.47)
Indeed, since

{{£1,0,0},{0,+1,0},{0,0,+1}} c QO",Bi,
conv{{%1,0,0}, {0, +1,0},{0,0, +1}} = O, (C.48)

we know that Oy C conv (OF,B;). Now we will show that Oy 2 conv (O, B;).

To do so, it is sufficient to see that
boll € O (C.49)

for any l;, = B, which trivially implies that O By € O, and therefore
conv (O, B;1) C conv (0O;) = Oy. Equation (C.49) holds since

0101 | =+ [babsy| + [bsbs| = [ba] [bY] + [ba] [b5] + [bs| b5
=77 = ||| ||| cos b < 1,

(C.50)

where we define 7 = {|by], |ba], |bs|} and 7@ = {|b], |by], |b5]}, respectively, as the
vectors corresponding to b and V' in the positive octant of the unit ball By, and 0
as the angle between these vectors.

Now, due to Egs. (C.43), (C.45), (C.46) and (C.47), and also the fact that

conv(A) = A for any convex set A, we identify four cases:

1. if K, is even for all values of o then

M3
S{[?a voo= conv( O 7}1)@/2>

uiKyeven

= conv (7?71)3\/[,)
= 72_1)3\/[_, (C.51)

where M_ is the number of K, with odd K, /2;
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2. it K, is odd for just one value of a then

S?[Izva u = COn l( Q 7?_1)1%/2)081]

n:Kyeven

= conv (T 0 By)
= By (C.52)

3. if K, is odd for all values of o then

8?21 w = conv < O Bl>

v:Kyodd

4. otherwise,

S?{V[Izi w = conv [( O 7?1)@/2) o ( O [3’1)1

;L:Kueven v:Kypodd

o [Tﬂo ( O Blﬂ

v:Kpodd
= conv [T 0Bio...0B]

— comw ( O Bl>

v:Kypodd

= 0. (C.54)

For any even N-qubit system, only a {K,}*  -partitioning within cases 1,

3 and 4 may be realised. In case 1, i.e. when K, is even for any «, we have
3
8?{%[?’ v = 7?71)3%7, where M_ is the number of K, with odd K,/2. However,
afa=1
3
one can simply see that (—1)*- = (=1)V/2 and thus Sj{wéva s the set T(_yyn/
M
{Ko}dL,

odd N-qubit system, only a { K, }*  -partitioning within cases 2, 3 and 4 may be

MS
Y = Bla

of all M3, states. Otherwise, in cases 3 and 4, we have § = (0;. For any

realised. In case 2, i.e. when K, is odd for only one a, we have 8

{Ka}ol,
3
and thus 8?{; yM is the set By of all M3, states. Otherwise, in cases 3 and 4, we
afa=1
MR _
have S{KQ u = O,.
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My

In summary, for any N, the set of {K,}*L, separable M3 states 8 AL
afa=1

either:

e the set of all M3 states, for any allowed { K, } . -partition such that K, is

odd for at most one value of «;

e the set of M3; states represented in the {cj, ¢, c3} space by the unit octa-
hedron O; with vertices {£1,0,0}, {0,+1,0} and {0,0, +1}, for any allowed

{K,}M | -partition such that K, is odd for more than one value of a.

3
Now we are ready to characterise the set of M-separable M3, states Sg\wf .

Indeed, Eq. (2.24) and Eq. (4.2) together imply that Sﬁv is just the convex hull
My
{Ka M

a=

of the union of all the sets of { K} -separable M3, states 8 1 obtained by
considering all the possible M-partitions {K,}M . Furthermore, one can easily
see that for any M < [N/2] one can always find an M-partition {K,}*., such
that K, is odd for at most one value of o and thus Sﬁv = M3, whereas for any

M > [N/2] this is impossible and thus Sﬁv is described in the {¢, ¢o, c3} space
by the unit octahedron O; with vertices {£1,0,0}, {0, £1,0} and {0,0,+1}. O

Theorem 9 The projection I1 of M3, -fication in Eq. (4.16) is an incoherent oper-

1

i1igin=0s l-€. there exists

ation with respect to the reference ONB {|iyis...in)}
an operator sum representation of 11 with Kraus operators {K;}; such that (3.1)

holds [TRBG6].

Proof. Consider an operator sum representation of IT with 22V Kraus operat-

ors {K;}207" given by
1
~ oN-1

K; Ul (C.55)

with U/ from Eq. (4.17), so that for a given state p

22(N-1) 22(N-1)

1
; KiPKz’T ~ 92(N-1) ; Ui/pUi,T = II(p). (C.56)
It is clear that
92(N—1) 1 92(N—1)
> KlKi= gy o IV =1, (C.57)

i=1 i=1
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so that we have a valid set of Kraus operators.

The condition of (3.1) specialised to coherence is K;6K; /Tr(K;6K)) € J for
all 0 € J and for any 7. It is clear that this holds for the above set of Kraus
operators if and only if U/ (SUZ-'Jr € J for all 4 € J and for any 7. Furthermore, we
know from Eq. (4.17) that any U] can be written as a product of unitaries from
the set {Uj}jz(:]\lf_l) given in Eq. (4.15). Hence, it holds that U/6U;" € J for all
§ € J and for any i if U;oU] € Jfor all § € J and all j € {1,2,...,2(N — 1)}
This is now shown to be the case.

Consider any incoherent state § € J with respect to the reference ONB

{liriz .. ‘iN>}i11,i2 ..... iy=0> given by

1

5 = Z pi1i2miN |Z'12.2 . ZN> <i1i2 e ZN| 3 (058)

11,22,...,4 N =0

{Uj}?(:]\lffl) in Eq. (4.15), it can be seen that

1

UUl = S Py 7(i)win) . in) (w(in)m(ia) . in],  (C.59)

01,12, riN =0
where |7(0)) = |1) and |7(1)) = |0), i.e. that the action of U; is just to perform
a bit flip on the first two qubits. It is then clear that U15U1T € J. Similarly, the
action of U; for j € {1,2,..., N — 1} is just to perform a bit flip on the j-th and
(7 4+ 1)-th qubit so that Uj(SUJT € J. Now, when 7 = N we also have

1

UnoUL = S purisin |7(i0)m(in) - in) (x(in)w(in) .. in] . (C.60)

11,82,..,aN=0

so that UnoU} € J. Moreover, the action of U, for j € {N, N +1,...,2(N — 1)}
is to perform a bit flip on the (j — N + 1)-th and (j — N + 2)-th qubit so
that U;6U] € 9. Overall then, it holds that U;6U! € J for any § € J and all
je{l,2,....2(N-1)}. O

Theorem 10 For a (2 X dg)-dimensional bipartite system it holds for all LCPO

A8 po acting on subsystem A that
Py(AZpo @ 1% (p"7)) < Py(p™?) (C.61)

for any state p*B and any dp [TRBT7].
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Proof. As discussed in Section 3.1.2, the CPOs acting on a qubit are either com-
pletely decohering or unital. When A2, is completely decohering, we know from

Eq. (3.13) that Adpp @ IP(p*P) € C&F so that
0= PR(AA © 15(p*7)) < PL(pP). (C62)

Hence, to establish (C.61) we only need to consider the case when A2 5 is unital,
ie. Adpo(I4) =T4.

Consider the dilation 748 of Adp, ® IP(p?P) into a larger space including
an extra ancillary system C, such that Tro[r48¢] = Adp, @ 18(pAP) [287]. The

following inequality holds
Py(m"59) > Py(Tro[r"5]) = Pi(Agpo @ I(p"7)) | (C.63)

since we know that the interferometric power never increases under any operation
on subsystems other than A [30]. It is then sufficient to prove that P (p"8) >
PY(74BC) to arrive at the desired inequality. To do this, we use the fact that
any unital qubit operation can be equivalently written as a convex combination

of unitaries [288], i.e.
Agro(p®) = 2o pUp (U7 (C.64)

for some mixture of unitaries {U}; with probabilities {p;}; acting on subsystem

A in the state p”. This can be used to explicitly write the dilated state as
TABC — [JABC (4B g |40 (o) (UABCYT, (C.65)
with
[JABC  _ ZUZA 2 I8 @ [i€) (€],
) = S VEI). (C.66)

where {|i”)}; is an ONB of the ancilla C.
We now make use of the explicit form of the interferometric power for states

of a (2 x dp)-dimensional bipartite system given in Ref. [30], i.e. PY(p1P) =
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o?min {\;}7_,, where {\;}3_, are the eigenvalues of the real and symmetric 3 x 3
matrix
Mimg > I i 0 1) 18] @ 1716 . (C6)
gm+qn#0
with pA8 = 3, m |¢2B) (¢AB| written in its spectral decomposition, and &4 the
vector of the three Pauli matrices. We also write any 2-dimensional spectrum
as I' = {f — a, B + a} with o, 5 € R. For convenience, in the following we set
a =1 and § = 0 and consider the standard equispaced spectrum {—1, 1}, but
this proof can hold for any o and /.
The task is then to calculate the matrix M’ corresponding to 742¢. The ei-

ABC

genvalues of 7 are the same as those of p#, while the normalised eigenvectors

of 74B¢ are given by
|PABCY — JABC |pABY ) |0 | (C.68)
We can then write
;1 (Gm — qn)Z ABC | =2A BC |4 ABC ABC |/ =2A\T BC'| 5, ABC
gmta#0
1

_ 2
= 5 3 sl s g 00 U0 0 TPOUAC 61%) )
‘1m+l}n7éo

(62%] @ (o] (UAPCY (34)T @ IFCUABC |648) @ |aC)
= Loy @m0 s 5 YA UA @ 17]607)

2 S Gmtan
QM+Qn§£O

(on 10 (U ()T U @ 17| 7) (C.69)
J

where we have used the fact that U4P% [a®) = ¥, /p:U* @ 17 i), From the
correspondence between the special unitary group SU(2) and special orthogonal
group SO(3), we can see that for each i there exists an orthogonal matrix R; such

that (U)1¢4UA = R;6*. We thus obtain
M =LML", (C.70)

where L = 3, p; R; is a real matrix such that LTL <.
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Finally, let us consider the eigenvalues of M'. If L is non-invertible we know
that M’ has a zero eigenvalue, and hence P} (p8) > Py (748%) = 0. Instead, if
M’ is invertible, consider the unit vector |v) constructed by
(L7) " Jvo)

[[(LT) = o)

vy = (C.71)

where |vp) is the eigenvector of M corresponding to the smallest eigenvalue A, =
min{\;}?_; of M. It is then simple to see that

)\min

)\;nin S <U‘M/‘/U> = S )\mina
[I(LT) =" [vo)|

(C.72)

where X . is the minimum eigenvalue of M’ and we have used the fact that

min

H(LT)_l |U0>H > 1 since LTL < I. Combined with Eq. (C.63), we then have that

Pi(p™") = Mnin = N = Pa(7779) = Pi(AZpo @ 17 (7)), (C.73)

min

establishing the monotonicity of the interferometric power under unital operations
on a qubit subsystem A. The above inequality and (C.62), together imply (C.61).
O

Theorem 11 For a (ds X dp)-dimensional bipartite system, it holds for all LCPO
A& po acting on subsystem A of the form Adpo(p?) = t®4(p) + (1 — t)%, with
t €[0,1] and ®*(p?) a unitary transformation acting on any state p* of subsystem
A, that

PL (A po © T5(p5)) < PL(pA7) (C.74)

for any state pAP of the bipartite system and any dy and dg [TRBT].

Proof. It can be seen that
A

i
Agpo @T7(p"7) =101 @ 17 (p"7) + (1 = 1)~ ® Tra(p™?). (C.75)
A

When &4 is a unitary transformation, i.e. ®4(p?) = U4pA(U4)T for any local
unitary U4, and ¢ € [0, 1], we have that AZp, @ IZ(pA8) is just a convex combin-

ation between U4 @ 1B pAB(UA @ TP)T and 14/ds ® Tra(p?P). From the convexity
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of the quantum Fisher information [199], it holds that

E HA (AéPO ® 17 (PAB))

I[A
= Fya (tUA @ IBpB(UARTP) 4 (1 — t)a ® TrA(pAB)>

]IA
< Py (U @1Pp" (U4 @ 1°)) + (1 — 1) Fipa (dA ® TrA(pAB>>

= tFy (U @1°p"P (U4 0 17)1)

IN

Fya (U @ IPp" (U 17)1) (C.76)

where in the second equality we use the fact that Fja (% @ Tra(pB )) = 0,
which follows by noting that {% ® Tra(pP), HA ® ]IB} = 0. Using the above
inequality, we arrive at the monotonicity of the interferometric power,
1.
Pi(Agro ®17(p"") = 7 inf Fyp (Adro @ 17(0"%))
L. A o 1B AB(TTA o TB\
< E{glg}FH? (0" @ 17p"P (U o 17)F)
= Pi(U*aI%p"P(U" @ 17))

= Py(p""), (C.77)

where in the third equality we use the invariance of the interferometric power

under local unitary transformations [30]. O

Theorem 12  For any state pB of any (da x dp)-dimensional bipartite sys-
tem [TRBT],
EF(p*7) < PL(p"P). (C.78)

Proof. The proof of this theorem relies on the recently proved fact that the
quantum Fisher information is (four times) the convex roof of the variance [209,
210), i.e.

Fa(p'?) =4 inf > aiVia([9i) (7). (C.79)

r {aito {8 AP
pAB=3" qilp AP (B
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It then holds that

Frg0™) = 4ol amy, 20V (027 02D
PAB=37 il P) (P
4 inf ¢ inf Viga(|[wAB) (8
(o} {0 2) (62 1) Z (HA} mp (1077) WD)
pAB=3" il B (v 2B
= 4 inf qiEF wZAB w:‘lB
{ai}i {0 B) (AP} Zl: (‘ >< D
pAB=3" il B) (v 2B

= 4E"(p"P), (C.80)

v

where in the second equality we use the definition of the interferometric entan-
glement for pure states in Eq. (5.23), while in the final equality we use the fact
that the interferometric entanglement is defined for mixed states through the
convex roof construction, see Eq. (5.25). From (C.80) and the definition of the
interferometric power in Eq. (5.18), we arrive at the desired inequality,
PL(p"%) = 1 inf Fya(p"®)
4 {uty T
> nf E' (p"")
= EY(p"P). (C.81)
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