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Abstract

The first half of this thesis is dedicated to the study of generalizations of probability
theory which include quantum theory and many of its alternatives. This research
program seeks to understand quantum theory by exploring it ‘from the outside’,
where it sits within a landscape of all operationally defined theories. We approach
this problem with a new perspective: generalized decoherence. Quantum theory
recovers classical theory via decoherence, where a ‘classical limit’ is achieved by
a quantum system interacting with its environment, losing its quantum coherence.
Typically it is the emergence of the classical world from the quantum that is studied.
We reverse this paradigm and ask - how does the existence of a classical limit define
the structure of quantum theory, or any other post-classical theory? We derive the
existence of entangled states as a necessary feature of any theory that allows for the
emergence of the classical world in this way. We then use our framework for gen-
eralized decoherence to explore the properties of theories that can ‘hyperdecohere’
to quantum theory. We find that any such theory must be very exotic compared to
quantum theory, violating either the postulate of tomographic locality, reversibility,
causality or purity. In the second half of this thesis we turn our attention to the
second law of thermodynamics. We present a framework for deriving the second
law under general constraints and explore two pertinent examples, constraining the
fluctuations in work and constraining the size of the thermal bath and deriving the
second law in these cases. Bounding fluctuations results in a unified free energy that
contains the single-shot and Helmholtz free energies as limiting cases. Bounding the
size of the thermal bath results in a finite-bath second law that is more general that
previous attempts and draws connections between non-asymptotic thermodynamics

and second-order information theory.



i



List of publications

The work presented in this thesis contains material from the following publications

Al-Safi, Sabri W., and Jonathan Richens. “Reversibility and the structure of the

local state space.” New Journal of Physics 17.12 (2015): 123001.

Richens, Jonathan G., and Lluis Masanes. “Work extraction from quantum systems

with bounded fluctuations in work.” Nature communications 7 (2016): 13511.

Richens, Jonathan G., John H. Selby, and Sabri W. Al-Safi. “Entanglement is nec-
essary for emergent classicality in all physical theories.” Physical review letters 119.8

(2017): 080503.

Richens, Jonathan G., Alvaro M. Alhambra, and Lluis Masanes. “Finite-bath cor-
rections to the second law of thermodynamics.” Physical Review E 97.6 (2018):
062132.

Lee, Cairan M., John H. Selby and Richens, Jonathan G. “Quantum theory cannot

be extended”. In preparation

1l



v



Acknowledgements

First and foremost I would like to thank my supervisor Lluis Masanes for taking
me on and supporting me throughout my PhD. You're the smartest man I know,
and in more ways than one I feel incredibly lucky to have been your student. I only
write so little here because you taught me the value of brevity and simple, effective

writing (which I renounce for the remainder of this thesis).

None of the work in this thesis would have happened without the gang of peers who
patiently listened to my excited / half baked ideas and shared their own, better
ideas. First there’s John Selby, whose brilliant and lucid thinking, along with his
mad squiggles, will surely lead to the next revolution in something or another.
Thanks for teaching me to think and draw. Then there’s Ciaran Lee who seamlessly
combines the brains of a bona fide genius with the ‘schlick” salesmanship of a future
cult leader. Thanks for teaching me causality in a train station cafe Nero and for
introducing me to the delights of Barry’s tea. A special thanks to Sabri Al-Safi, a
real researcher whose collaboration initiated my journey into quantum foundations
research. Thanks for teaching me that proofs have to actually be true. I still don’t
quite believe it. Thanks to Alvaro Alhambra and Thomas Galley for being inspiring
colleagues and offering support and chats over the years in the dungeon. Finally,
thanks to Dan Goldwater for being a good friend and introducing me to anarchist
sci-fi and sad disco. Ill be poorly imitating your beliefs and aesthetic for years to

come.

A special thanks to Saurabh Johri for giving me a shot at doing something re-
ally exciting. I didn’t think I would find anything more interesting than quantum
physics - you proved me wrong. Thanks for taking a chance, and for overlooking my

unorthodoxies as I adjust to civilized life.

For Liza, Pete and Eve, this thesis is for you. You are the three reasons I'm writing
this in the first place. For Megan, this thesis is also for you. Thank you for keeping

me sane and giving me inspiration when I needed it most.



vi



Dedication

For Pete

vil



viil



Contents

Abstract
Acknowledgements

1 Introduction
1.1 What is this thesis about? . . . . .. .. .. ... ... 0.
1.2 Overview . . . . . . . L
1.3 Statement of Originality . . . . . . . .. ... ... ... ... ....

1.4 Disclaimer . . . . . . . .,

2 Generalized Probabilistic Theories
2.1 Operational description of experiments . . . . . . . . ... ... ...
2.2 Probabilities from circuits . . . . . .. ..o
2.3 Tensor product composition . . . . .. ... ...
24 Causality . . ... .
2.4.1 Recovering the convex sets formalism . . . . .. .. ... ...

2.4.2 Transformations . . . . . . . . . ..

X

10



CONTENTS

24.3 Composition . . . . . .. ...

3 Generalized Post-Classical Theories

3.1 Decoherence . . . . . . . ..

3.2 Decoherence in theories without entanglement . . . . . .

3.3 Deriving the existence of entangled states . . . . . . . ..

3.3.1 proof of the main result . . . ... ... ... ..

3.3.2 Single-system consequences of decoherence . . . .

3.3.3 Composite system consequences of decoherence

3.3.4 Proof of main theorem . . . .. ... ... . ...

3.3.5 Discussion of results . . . . . ... ... ... ..

4 Hyperdecoherence

4.0.1 Existing no-go theorems . . . . ... .. ... ..

4.0.2 No-go theorem on hyper-decoherence . . . . . ..

4.1 Discussion . . . . . .o

4.2 Conclusions . . . . . . . ..

5 Thermodynamics of individual quantum systems

5.0.1 Thermal baths . . . . . . .. ... ... .. ...

5.0.2  Thermal operations . . . . . . ... .. ... ...

5.0.3 Thermal operations with non-constant Hamiltonians

5.0.4 Work, heat and transformations . . . . . . . . ..



5.0.5 Landauer erasure: a simple illustration . . . . . .. .. .. .. 114

5.1 Fluctuating work . . . . . . . ... oL oo 115
5.2  Deterministic work extraction . . . . . .. .. ... .. 0L 121
5.3 Towards a unified free energy . . . . . . . .. ... ... 123
5.4 Finite bath corrections to the second law . . . . . ... .. ... ... 139
5.4.1 Finite bath corrections to the second law . . . . . . . .. ... 141

5.5 Conclusions . . . . . . ... 145
Appendices 147
.1 Thermal operations . . . . . . . .. ... ... 148
.1.1  determining the optimal map . . . . . .. .. ... ... ... 148

.1.2  Finding the optimal partition . . . . . . ... ... ... ... 154

1.3 Optimal work of formation . . . . . . . ... ... ... .. .. 160

1.4 Optimal partitions . . . . . .. .. ... ... ... ... .. 164

1.5 Asymptotics . ... 165

1.6 Fluctuation bounds . . . . . . . .. ... ... L. 167

1.7 c-bounded work and the Jarzinski equality . . . . .. ... .. 169

.2 c-bounded Carnot efficiency . . . . . .. .. ... ... ... 171
.3 Finite bath second law . . . . . . .. .. ... ... 175
3.1  finite bath thermal operations . . . . . . ... ... ... ... 176

A Permissions . ... Lo 183

X1



Bibliography 183

x1i



List of Figures

2.1

2.2

Diagram depicts a particular run of an experiment. The classical
pointers are shown as coloured lights on the devices. The experiment
involves two devices that prepare systems A; and A, in one of two
possible states, a device that then performs one of three possible
transformations on these systems and then outputs systems B; and
B, and a final device that performs a joint measurement on these

systems, resulting in the outcome ‘red’. . . . . . . . ... ... L.

Convex set depicting a state space €24. p; and ps are extremal points
in the set - pure states. Note that p; is exposed, as it lies on the
supporting hyperplane given by e(z) = 1, x € Q4, however ps is
unexposed (there is no hyperplane that supports it, it sits between a
continuous curve and an edge). The minimal face containing p; and
ps3 is the edge e(x) = 1. State o = pp; + (1 — p)p2, but also note that
p1, P2, p3 all refine o (as indeed do all states in the convex set, as o is

internal). . . . . ..

2.3 Qutrit subspace . . . . ...



LIST OF FIGURES

3.1 Taking the local state space of the PR-box / gbit and composing it
with a O-dimensional state space under the direct sum results in a
square-based pyramid state space. Its decomposability (note that by
construction spanK; NspanKy = 0) results in the existence of a 'non-
disturbing measurement’. This measurement has effects e and its
complementary effect u — e which deterministically distinguish states
on the square base with the state atthe point of the pyramid. It is
possible to measure if an unkown state is in €2; or 5 without dis-
turbing it. However, {2; generates an indecomposable sub-cone, and
thus there can be no consistent measurement that can give informa-
tion on an unknown state in €2; without disturbing it. As shown in
[4], there are reversible interactions that correlate two such systems
without altering the state of one of them, allowing non-disturbing

measurements to be dynamically constructed as in Definition 21 . . . 64

3.2 The square state space (the local state space of PR-boxes [110]) has
a face lattice of extremal states p;, = 1,...,4, and edges which are

‘picked out’ by local extremal effects £;(p) =0. . . . ... ... ... 66

5.1 figure from [95], reprinted with permission. . . . . . . .. ... .. .. 114



LIST OF FIGURES

XV

5.2

2.3

How c-bounded work extraction and state formation varies further
from equilibrium. Figure shows the unbounded work W(p), the c-
bounded work content W () (p) and the c-bounded work of formation
W}C)(p) for the state p = p|0)0| + (1 — p) [1)X1] with Hamiltonian
Hs = E|0X0] with 8 = 1, E = 0.1 and ¢ = 0.7. In the above
figure = denotes the probability 1 — p of the system being in the
excited state |1). Note that despite choosing a c-bound that allows
for fluctuations of the order of the maximal work that can be extracted
from the pure state p = 1, in general we can extract much less that
this amount. There is a discontinuity in W (p) at = 0 where we
recover W (p) = W) (p). Notice also that closer to the thermal
state the dissipation (difference between the W) (p) or Wl(pc)(p) and
W) (p)) is greater for state formations than work extraction, and

this reverses as the state moves further from the Gibbs state. . . . . .

How c-bounded work extraction and state formation varies with c
for a fixed initial / final state. figure shows Wéc)(p) and W (p)
v.s. c for the trit state p = 0.7|0X0] + 0.2 |1)X1| + 0.1|2)2| with
Hamiltonian Hy, = E; |0)0] + E» [1)X1]| with £} = 0.1, Ey = 0.2.
[ is set to 1. x denotes the value of ¢, which we tune between 0
and 1.5. For small ¢ the dissipation |[W©)(p) — W) (p)| for the
formation protocol is greater than for the extraction protocol, and
for large ¢ the relationship is inverted. Note that for ¢ > 0.9 it
possible to thermodynamically reversibly prepare state p but not to

thermodynamically reversibly extract work fromit. . . . .. ... ..



5.4 The corrected Carnot efficiency for various values of ¢ for a single
qubit heat engine. Figure shows the c-bounded Carnot efficiencies
vs. Ty for single qubit engine with gap £ = 0.1 and T = 1. The
black line gives the unbounded Carnot efficiency. The Blue lines give
the c-bounded efficiencies with there corresponding ¢’s marked on the
figure. The dashed lines give the maximum attainable efficiency in

the limit of asymptotic temperature difference between 5c/8y — oo . 137

5 Lorenz curve depicting work of formation of a state. Figure shows the
thermally sharp state whose single-shot work content gives the work
of formation of state p’. This also represents the maximal average

work that can be extracted from p/ . . . . . ... oo 167

Xvi



Chapter 1

Introduction

1.1 What is this thesis about?

This is a thesis of two halves. In the first half we study the physical laws that
give rise to the structure of quantum theory. Since the early 20" century we have
known that nature is non-classical, but we have not known exactly why this should
be the case, and why it should specifically fall to quantum theory to explain this
non-classicality. The work presented in these first chapters was initially motivated
by a simple question: could a pre-quantum physicist, armed with only the knowledge
that the world is non-classical and some basic physical principles, derive part or all
of quantum theory? Or to put it simply, is quantum theory inevitable given some

set of physical principles?

To answer this question, we construct a new class of post-classical theories - the-
ories that can recover classical theory through a process analogous to dynamical
decoherence. We show that one of the most non-classical features of quantum the-
ory, entanglement, is an inevitable feature of all post-classical theories and hence
is required for the emergence of the classical world. We then extend our frame-
work to characterize post-quantum theories - theories that can recover a quantum

limit through ‘hyperdecoherence’. We use this approach to derive the strongest
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constraints to date on what these theories can look like. Ultimately we show that
any post-quantum theory of this form must violate at least one of four well mo-
tivated physical postulates that are obeyed by quantum theory; reversibility, local

tomography, causality or purity.

Why is this interesting? Our first result, the inevitability of entanglement, would
allow a physicist with no knowledge of quantum theory to derive the existence of
entangled states, armed only with the knowledge that nature is non-classical. This
constitutes the first derivation of entanglement from a minimal and physical set of
principles. Similarly our second result, a no-go theorem on post-quantum theories,
allows a physicist to derive some of the ‘odd’ features of any possible post-quantum
theory, just from the assumption that quantum theory breaks down at some level.
This gives us a principled way in which to speculate about what post quantum

theories could look like.

In the second half of this thesis we turn our attention to the foundations of quantum
thermodynamics. Historically, the laws of thermodynamics have proven very suc-
cessful at describing macroscopic thermodynamic protocols and systems like heat
engines and thermal baths. However, as we start to construct these systems at the
mesoscopic and microscopic level, we can no longer make the same assumptions
that we make when describing large-scale, classical thermal systems. Not only do
quantum effects come into play in these new regimes, but classical phenomena such
as work fluctuations and finite size/time effects can no longer be ignored. To build a
new framework for describing thermodynamics in this new ‘small scale’ regime, we
need to take these effects seriously and to clarify what the key theoretical concepts

like heat, work and entropy really mean in this regime [6, 130, 108, 2].

We focus on the second law of thermodynamics, which encodes the ultimate lim-
itations on the thermal operations we can achieve with a system as it interacts
with a thermal environment. We show how the standard second law can be derived

from the postulates of energy conservation and microscopic reversibility alone, and
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present a new framework for deriving the second law under arbitrary additional con-
straints. We then derive corrections to the second law under two constraints that
are very pertinent to small scale systems, bounding the size of fluctuations in work
and bounding the size of the thermal bath. First we derive a new expression for the
work that can be extracted from a quantum system when we bound the size of work
fluctuations. We then turn our attention to removing the standard assumption that
the thermal bath is infinite in size, and derive bounds on the optimal work that

can be achieved using a thermal bath with a finite volume / time interaction with

a bath.

Why is this interesting? There has been a great deal of work recently on how
we define work for individual quantum systems, which has resulted in two distinct
approaches. In the first approach, work fluctuations are allowed to be arbitrarily
large [124] whereas in the second approach, work is constrained to be a deterministic
quantity [2, 71]. The ‘bounded-fluctuation free energy’ that we derive contains
these two approaches as special limiting cases within a single unified framework.
From a practical perspective, our results can be applied directly to the ongoing
development of small scale heat engines and refrigerators [89, 123, 49, 117, 31] which
due to their size are inherently fragile and cannot accommodate arbitrarily large
work fluctuations. Moving on to the finite-bath second law, our results present a
universally applicable upper bound to the work extracted by a protocol operating in
finite space and / or finite time. This is particularly relevant to systems like small
scale heat engines that operate over very small time scales and interact with small

regions of their environments.

Before introducing the structure of this thesis, it will be useful to discuss some of
these statements with a little more depth. First we clarify the goals of the first
section of this thesis, namely; what we mean by physical postulates and laws, how

we go about finding them, and what our results mean in a broader context.

In the first section of this thesis we work within the framework of generalized prob-
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abilistic theories [15, 67, 37]. This framework encapsulates all possible theories of
nature that can describe the probabilities of experimental outcomes, and allows us
to study the features of quantum theory ‘from the outside’, i.e. from within the
space of all possible theories. To understand why it is useful to consider quantum
theory from this perspective, it is first necessary to consider the current formalism

of quantum theory.

Quantum theory emerged gradually over the last century, and the current dominant
formalism was penned by Von Nuemann in “Mathematische Grundlagen der Quan-
tenmechanik” over 80 years ago [101]. It is difficult to see any resemblance between
the pleasing formalism of Von Nuemann’s quantum theory and its messy predeces-
sor, matrix mechanics [22]. Although the formalism has progressed, the physical
understanding has (until recent years) stayed put. A nice formalism is poor sub-
stitute for understanding. If you ask someone to explain what quantum theory
means and they start talking about Hilbert spaces and C* algebras then, while they
can do quantum theory, I don’t consider this to be a satisfactory understanding of
quantum theory. Von Nuemann quantum theory is no more explanatory than ma-
trix mechanics. One of the goals of quantum foundations research is to reconstruct
quantum theory from within an operation framework, such that its fundamental

physical principles become evident [67, 14, 33].

Why should it be useful to consider quantum theory from within a different for-
malism? Firstly, this relates to the goal of deriving the physical principles behind
quantum theory. A physical principle is a statement of the constraints obeyed by
a theory that makes reference only to operational primitives, such as the possible
states, transformations and observations that can be achieved when operating within
that theory. Special and general relativity are good examples of theories that were
built from physical principles. These theories were originally operationally defined
theories of clocks and rigid rods, from which a mathematical formalism was later
developed. For example, the no-signalling principle and the equivalence principle

are operational constraints with a clear physical interpretation. We cannot hope
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to truly understand quantum theory without knowing how to formulate it in terms
of physical principles, no more than we could understand special relativity without

knowing that the speed of light is absolute.

But do we really need to understand quantum theory in order to develop it, and
perhaps one day go beyond it? There is actually a good historical justification for
believing that we do not need this deeper understanding in order to make progress.
Most physical laws have been constructed without a preexisting understanding of
their underlying assumptions. For example, almost every physical law makes use of
the notion of causality at some level, whilst the precise mathematical and operational
statement of ‘A causes B’ has only existed for 30 years [106]. Newton’s theory of
gravity does not rely on Pearl’s do-calculus. However, this doesn’t mean we can
continue to ignore foundational questions and expect to make progress. We can
develop causal laws because we have an innate understanding of classical causality
pre-baked into our cognitive models of the world [127, 55]. With the advent of
quantum physics we have entered a new territory where our classical notions no
longer apply. This is an unprecedented situation in the history of science; we have

lost the privilege of resting on our intuitions.

The second benefit of reformulating quantum theory is that different formulations
give us different perspectives on the same object. This is invaluable if we try to go
beyond quantum theory, e.g. to alter one or more of its postulates. Naive attempts
to extend upon quantum theory from the perspective of its mathematical postulates
have failed by violating very fundamental physical laws. For example, relaxing
the postulate of unitarity to give non-linear quantum theory leads to violations
of the no-signalling principle [1]. Be reformulating quantum theory in terms of
different physical postulates we can relax its structure in different (and hopefully
more fruitful) directions. In the latter part of the second half of this thesis we make
some steps towards achieving this goal, by deriving a set of physical principles obeyed
by quantum theory that must be relaxed in order to construct viable post-quantum

theories.
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Where is this part of the thesis placed within a broader context? There has been
significant work on understanding the mathematical objects of quantum theory -
primarily focused on how we should interpret the quantum wavefunction (see [29]
for a survey on the consensus of interpretations). We refer to this body of work
as interpretational foundations. We focus on a different approach which involves
looking for these aforementioned physical postulates. Put simply, we don’t care
what a wavefunction is, so long as we can say ‘this plus this plus this equals quantum
theory’, and where every ‘this’ is a physical principle. There has been great progress
in this area, mostly occurring in the past 20 years [65, 67, 95, 33, 45, 116, 70, 69,
34, 120, 14], but a consensus on the correct physical postulates of quantum theory

has yet to be reached.

Most of this progress has been focused on deriving the entirety of quantum theory
from some physical postulates [14, 33, 120]. In this thesis we take a different tack.
If quantum theory is not the bedrock of theory-space, then it is likely that some
of its features carry over to whatever supersedes it. There is then an advantage in
considering its features in isolation. By features, we mean the objects of physical
statements, like entanglement, coherence, entropy, and so on. Furthermore, we
consider how these features emerge between theories. For example, if quantum theory
is a super-theory of classical theory (classical theory is a sub-theory of quantum

theory), what does this tell us about its physical features?

The first half of this thesis sets out to begin this line of research. We give rigorous
and general definitions of sub-theories and super-theories and the processes that
map between them. This framework is then used to derive our main results. To
date, the only well studied super-theory / sub-theory relation is that of quantum
theory to classical theory, but there could be a rich hierarchy and structure of
generalized probabilistic super and sub theories waiting to be explored using the

methods outlined in this thesis.

How do these two parts, thermodynamics and quantum foundations, thread to-
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gether? There are some physical postulates that appear again and again in a variety
of physical laws. The central theme of this thesis will be one of these postulates
- reversibility. The postulate states that when a system evolves from one state to
another, it is (at least in principle) possible to return it to its original state. This
seemingly innocuous assumption imparts very strong constraints on the allowed dy-
namics and kinematics. As we will show, quantum theory and quantum and classical
thermodynamics are completely contingent on the assumption of reversibility. For
example, we show that if we can violate reversibility then we can systematically
violate the second law of thermodynamics. In the first section, reversibility is a nec-
essary assumption in all of our proofs. In the second section, we use the postulate of
reversibility as the primary constraint in deriving the second law of thermodynamics

and the second law with corrections.

We now outline the content of this thesis.

1.2 Overview

e Chapter 2. In this chapter we outline the framework of generalized probabilis-
tic theories (GPTs), which will be used to derive the results in chapters 2 - 4.
This framework is broad enough to describe any theory that can assign prob-
abilities to the outcome of any currently conceivable experiment. We detail
the fundamental processes (preparations, measurements and transformation),
and describe how these can be composed in series and parallel to form experi-
ments. We start with a diagrammatic, operational description of experiments
(process theories) and use this to derive the convex sets formalism of GPTs.
We introduce the key physical principles that we consider in the following

chapters, namely tomographic locality and causality.

e Chapter 3. In this chapter we present our framework for describing the process

of decoherence in general theories. We use this to define the notions of sub
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and super theories, and define a new class of post-classical theories; theories
that can recover classical probability theory through the process of non-trivial
decoherence. We then use these results to derive the necessity for the existence
of entangled states in all post-classical theories. To do so we define the class
of ‘non-disturbing’ measurements and show how the existence of these mea-
surements constrain systems to be classical. This chapter contains the results
from [115] and [4] and the results are derived using the convex sets formalism

of GPTs.

Chapter 4. In this chapter we extend the framework presented in chapter 4
to consider the possibility of hyperdecoherence. That is, the possibility of the
existence of post-quantum theories that recover quantum theory through pro-
cesses analogous to dynamical decoherence. We review current results along
these lines [86], and outline how we will remove some of their assumptions.
We then prove that any theory that hyperdecoheres to quantum theory must
its self violate either the postulates of causality, reversibility, purity of the
sub-theory, or tomographic locality. We finish this chapter of the thesis by
briefly discussing these postulates in depth and what it could mean to try to

construct a theory without them.

Chapter 5. In this chapter we turn our attention to the foundations of quan-
tum thermodynamics. We introduce the key components of our framework for
describing heat baths, work extraction and the second law of thermodynam-
ics under general constraints. We briefly discuss the current standard work
extraction protocols, namely single-shot and standard (Helmholtz) work ex-
traction. We then present our case for constructing a single unified free energy
that encapsulates these two formalisms as limiting cases. We provide a deriva-
tion of our unified free energy. Finally, we use our formalism to remove the
assumption of infinite heat baths. We present a general definition of large but

finite baths, and derive a corrected second law under these assumptions.
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1.3 Statement of Originality

Except when otherwise acknowledged and referenced within the text, the following
thesis is my own original work that took place during my PhD at Imperial College.
It has not been already submitted to satisfy any degree requirement at this or any
other university. The copyright of this thesis rests with the author and is made
available under a Creative Commons Attribution Non-Commercial No Derivatives
licence. Researchers are free to copy, distribute or transmit the thesis on the con-
dition that they attribute it, that they do not use it for commercial purposes and
that they do not alter, transform or build upon it. For any reuse or redistribution,

researchers must make clear to others the licence terms of this work.

Jonathan Richens

November 2018

1.4 Disclaimer

In this thesis I present the results of the following papers, first-authored by myself
[113, 114, 115]. In some instances I will quote results directly from these papers. I
do not include any results that are not my original work unless otherwise stated, and
any direct quotations are cited to their original source. In some places passages from
my own publications, [113, 114, 115], have been quoted verbatim. In these few cases
the original text was written by myself and has been re-printed with permission by

the publishing journals.



Chapter 2

Generalized Probabilistic Theories

In this chapter we present the framework of generalized probabilistic theories (GPTs).
This is the framework within which we will derive all results in Chapters 2-4. We
introduce this framework diagrammatically at first, as this gives the most intuitive
explanation for the more standard convex sets formalism of GPTs, which we then
use to derive our results in Chapter 3. The diagrammatic framework we employ,
which follows that laid out in [33, 32], allows for some proofs to be greatly simplified

and we employ it extensively in Chapter 4.

2.1 Operational description of experiments

Intuitively, an experiment is described by a collection of experimental devices that
are connected to each other in series and parallel. In a run of the experiment
the systems that we are conducting the experiment on (a photon, an atom, etc)
move between these devices in a fixed causal direction (forwards in time). The
experimenter can intervene to change the setting of the devices, and can read out any
information returned by the devices, which we associate with classical pointers on
the device. For example, the output of a device could be ‘detector clicks’, indicating

the presence of a particle being detected in some position. In general we expect

10
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that over many runs of an experiment the output to vary, as described by some

probability distribution.

For example, one such experiment is depicted in Figure 2.1. A preparation device
prepares a pair of systems independently, in one of two states with some probability.
The preparation device indicates which state was prepared by switching on a green
light or a red light. These two systems then undergo some transformation, for
example some interaction takes places between them with some probability. This
system is then passed to a device that performs a two-outcome measurement on the
systems, indicating the outcome of that measurement by switching on a green or

red light.

Ay

B
As

Figure 2.1: Diagram depicts a particular run of an experiment. The classical pointers
are shown as coloured lights on the devices. The experiment involves two devices
that prepare systems A; and Ay in one of two possible states, a device that then
performs one of three possible transformations on these systems and then outputs
systems B; and Bs, and a final device that performs a joint measurement on these
systems, resulting in the outcome ‘red’.

As we will show, even this seemingly innocuous description of what an experiment
can look like imparts strong constraints on the type of theory that can describe the
experiment and, conversely, the type of theory any such experiment can test. For
example, we are tacitly making the assumption of causality (which we introduce

later).

Our goal is to arrive at a rigorous framework for describing experiments like Fig-
ure 2.1 regardless of the specific laws that describe the systems and devices we have
access to. That is, we desire a theory-independent framework for describing exper-
imental outcomes. This framework must be capable of capturing the predictions

of classical probability theory, quantum theory, and any other self-consistent the-
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ory that can predict the outcomes of experiments. The framework should present
a minimal and mathematically rigorous description of these experimental devices,
how they can be composed, and how we then infer the probabilities of experimen-
tal outcomes. This framework, which we now present, is precisely the ‘generalized

probabilistic theories’ (GPTs) framework.

In the following, we present a derivation of the key components of the GPT frame-
work from diagrammatic definitions. This allows us to arrive at the mathematical
constraints imposed on GPT’s in a clear and logical way, rather than simply stating
mathematical assumptions. For reference, the approach to GPT’s presented here

most closely resembles that given in [34, 32, 33].

Firstly we introduce the primitive notion of a physical system, which for now we
denote with Roman capitals A, B, .... The experimental devices act on these phys-
ical systems, and the path of these systems between devices are depicted by wires

labeled by the system type

A (2.1)

Although it is possible for devices to change the type of a system, for example a
device that takes in a system of type A, discards it, and prepares a system of type
B, we do not allow wires of different types to be directly connected, as the type of

a system is preserved unless some process acts upon it such as to change it’s type.

We refer to a particular device as a process. In general a process can result in
multiple different events, such as a preparation device that can prepare a given
system in by sampling from some ensemble of possible states. We label the set of
possible events associated with a process by a classical pointer X. We assume that

the pointer of a given process has a finite number of configurations, : € X where X
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is a finite set. Each value of the pointer corresponds to a different event associated
with this process, namely preparing a specific state, performing a transformation or

returning a measurement outcome.

Definition 1 (Processes). A process O denotes the single use of a piece of exper-
imental apparatus with input systems labeled A;, A, ..., Ay and output systems
labeled Bi, Bs, ..., By. When the device is used it produces outcome ¢ from a
possible finite number of events in a finite outcome set X, with each operation rep-
resented by the event operator J;. We often denote a process by the associated set

of events {O; }iex-

Diagrammatically, we represent such a process as as

{0i}iex

(2.2)

An important class of processes are those that prepare a system, or collection of

systems, in some initial state. We call these processes preparations.

Definition 2 (Preparations). A preparation p is a process with no inputs and one
or more outputs. The associated set of events {p; };cx correspond to a specific state

prepared in a giving run of the experiment.

Diagrammatically, we represent preparations as ‘cups’. As the {O;};cx represent
different state preparations, we drop the calligraphic notation and represent states

with Greek letters

@— = {@_ } e X (2.3)
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For example, the preparation {p; };cx represents an apparatus that prepares a system
in a state belonging to the collection of states indexed by i € X, along with some

probability distribution over this ensemble.

Measurements are described by processes that have one or more wires in and no wires
out. That is, we can represent a measurement on system A as a ‘black box’ process
that takes in system A and returns some classical probability distribution, typically
discarding the system in the process'. The events associated with measurements are
referred to as effects, where an effect specifies a particular outcome of a measurement

process.

Definition 3 (Measurements). A measurement £ is a process with one or more
inputs and no outputs. The associated set of events correspond to a specific mea-

surement outcome and are called effects {e;}icx.

We depict measurements and effects as ‘caps’

- o).

Processes with both inputs and outputs are referred to as transformations, which
we denote with calligraphic capitals 7. Using the notation of [32], we denote the
set of states on system A as St(A), the set of effects on system A as Eff(A) and the

set of transformations from A to B as Trans(A, B).

Now that we have defined the necessary processes to describe an experiment, we need
some way of composing them together to form experimental circuits. Composition
of two processes in series can be achieved between two processes if the outputs of

one have the same system type as an inputs of the proceeding process. For example

I Although, as we will see, there are important classes of measurements that do not discard their
input systems



2.1. Operational description of experiments 15

consider the process {A; }icx that takes in systems of type A and outputs systems
of type B, and process {B;} ey that takes in systems of type B and outputs systems
of type C. These can be composed with process A proceeding B (but not vice-versa

unless C' = A). Algebraically, we denote this composition as

{Aitiex o {Bj}jey = {Ai o Bj}ijjexxy (2.5)

e.g. the composed processes now form a process from A to C' with events indexed by
the product set (i,7) € X x Y. In our diagrams we chose by convention for time to
flow from left to right (or from bottom to top), and as such the series composition

of process A followed by process B is depicted as

— {Aitiex {Bj}jevy

Note that as ‘time’ flows from left to right in circuit diagrams, the series composition
of processes never admit causal loops (acyclicity). If we composed processes A and
B in parallel, the result would be a process acting on the composite system AB and
outputting a composite system of type BC. We denote this parallel composition

with the symbol ®.

{Aitiex ® {Bj}jey = {Ai ® Bj}ij)exxy (2.7)

which is depicted simply as
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- {Ai}ieX

{Bj}jey

(2.8)

Note that as it stands ® only represents the diagrammatic operation of parallel
composition of processes at this point. In general ® need not correspond to the
standard vector tensor product, although we will introduce additional postulates
that constrain it to be this. Diagrammatically, it is trivial to show that under these

laws of composition, series and parallel composition operators are associative

(Ai o Ck) X (Bj o Dz) = (.Ai & Bj) o (Ck ® Dl) (2-9)

2.2 Probabilities from circuits

For these processes to meaningfully represent experiments we need to be able to
represent the probabilities of any event that can happen in the experiment. This
requires that we introduce a final object, the scalar, which is a process with no
input or output wires. One example of such a process is a closed circuit with no free
inputs or outputs remaining, which is a scalar that corresponds to the probability
of the events depicting in the circuit having occurred in a run of the experiment, for

example the circuit
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C 7
ED 210

is a closed diagram of events, representing the scalar P(k, [, ¢, 7) which is the joint

probability of the events i, j k, [ occurring in a run of the experiment.

The correspondence between closed circuits and probabilities imparts additional con-
straints on the operational process theory described in the previous section. This
correspondence between closed circuits and probabilities can be summarized by the
assumption that any operational theory should be capable of predicting the outcome
of experiments, and we refer to operational theories as generalized probabilistic the-

OT1ES.

Definition 4 (Generalized probabilistic theory). A generalized probabilistic theory
is a set of processes {O;} that are closed under series o and parallel ® composition,
such that each closed circuit containing processes {A4;}iex, {Bj}jev, {Ck}rez, -
corresponds to a set of probabilities {p, }acxxyxzx... S:t. pa € [0,1] ¥ a and obeying

the law of total probability ZanxYxe.,. Pa = 1.

Note that by Definition 4, for a closed circuit that separates into two or more inde-
pendent closed circuits, the probabilities associated with these independent circuits

factorize, as the sets of event indexes factorize over the two circuits.

XXYXZx =Xy xYVIXZ xX...,.Xox Yo X Zyx ... (2.11)

For example, in the circuit below depicting single events for all processes the joint

probability for the overall circuit factories into independent probabilities for the two



18 Chapter 2. (Generalized Probabilistic Theories

independent circuits.

p

3

D
~ P(i, j, k) x P'(m, 1)
C 7
prm E (2.12)

¢ [

The introduction of probabilities imparts a linear structure on operational theories
which, as we will now show, allows us to construct a real vector space representation
for processes. In the following we use the ‘Dirac’-type notation to denote states
|pi) 4 € St(A) and effects (e;] € Eff(B) and denote the closed circuit between a state

and effect as

(ejlpi) = P(i, j) (2.13)

which is clearly linear as (e;| (o |p;) + 5 |pr)) = a (e;|pi) + 5 (e;|px), where for ease of
notation we suppress the system type index A. All effects (e;| € Eff(B) thus define
a linear functional on the set of states |p;), € St(A), for example (e;| defines the

function ¢;

& lp) = (e5lp) ¥ |oy) (2.14)

The following proof is from Appendix 1 of [65], following the notation in Appendix

A of [15]. The set of linear combinations of these functionals, f = Y uTk€k, Tk €

R, extend Eff(A4) to a real vector space which we denote V4 := span{é;}, where

f e VA, Likewise (linear combinations of) states are linear functionals § mapping

Eff(A) to probabilities, and we can extend the set of states to a linear vector space

V= span(St(A)) where § € Vi, § = S 7% pr. The action of f € VA on § € Vy is
W

(by construction)
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F@) = rerioen(pr) =D riris (exlow) (2.15)

Kk’ kK’

We now consider the more general processes with both inputs and outputs. Con-
sider a general process with inputs A and outputs B (which can be multiple wires

representing multiple systems)

(2.16)

O is a function O mapping open circuits with open wires A, B to probabilities. The

most general circuit we can write down that O acts on is of the form

(2.17)

Any circuit involving O can be put in this form by noting that other processes map
states to states and effects to effects and can be absorbed into ¥; and &;. Likewise,
the wire C' (which can represent many systems and wires) in included as O can be
composed in parallel in a general circuit?. Denoting the set of processes transforming
from A to B as Transf(A, B), we can extend this set of a real vector space as before,
Vi = span(O;) with vectors given by the functions H = >k O which act on the

open circuit diagrams as

2Later we will see this general set-up is needed to describe processes in theories that do not
obey the postulate of tomographic locality
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Ok

= Zrk v, &j

X,
=
o

(2.18)

Thus every transformation H from system A to B induces a map He from Vae to

Vpce for all systems C', as defined by
He | 0) 0= (HRD) D), € St(BC) VY |¥),, € St(AC) (2.19)

where I denotes the identity transformation ’do nothing’, which corresponds to the

circuit element

(2.20)

We now show that, like preparations and effects being linear functionals on V4 and
VA, 7:lc is a linear map for all systems C. Given some f => Tk\ilk € Vap the

function He f acts on the open circuit as

>
1
1
1
1
S
I
ﬁ
=N
=
5
1
1
1
1
N
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where the equality is implied by the fact that (H®I) |£;) is an allowed affect (depicted

with the dashed line) and then applying equation 2.15. Therefore

ﬂcf = 7:[() (Z Tk\i/k> = Z TkH ® I |\1Jk) (2.22)

k k

which implies that Hc is a linear map.

We now introduce the postulate of finite tomography, which is in generally assumed a
priori when constructing generalized probabilistic theories, and show that it implies

that the vector spaces we have constructed for our processes are finite dimensional.

Postulate 1 (Finite tomography). There exists a minimal, finite set of open circuits

{C:}r_, s.t. for any H € Transf(A, B) if

Ci(H) = C; (Zrk(’)k> Vi=1,....n
k

implies H = > rpOy
k

The operational meaning of this postulate is that for any process (be it prepara-
tion, measurement of transformation), we can identify the process (e.g. perform
tomography) with a finite number of experiments. For example, we can perform to-
mography on a preparation (state) with a finite number of measurements, or perform
tomography on a process with a finite number of input states and measurements on
the output. Furthermore, the postulate asserts that any two processes that cannot
be differentiated from each other by finite tomography are operationally equivalent.
This can be taken as part of the definition of an operational theory, as although
the real physical details of two experimental devices can be different, they can be
represented by the same mathematical object. For example, a measurement utiliz-
ing a beam splitter or an operationally equivalent experiment using a Stern-Gerlach
divide, or the coherent state of an electron spin being operationally equivalent to

the polarization state of a photon.
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The statement of minimality implies that the set of circuits are linearly independent,
C; # Y, 4 o Cy and as such the probabilities they given when composed with H
cannot be determined from a proper subset of these probabilities (which would allow
us to construct a smaller minimal set of circuits). {C;}!; is often referred to in the

literature as a fiducial set [66].

Theorem 1. In generalized probabilistic theories obeying finite tomography V' is

finite dimensional

Proof. The following proof closely follows the proof outlined in section 1.2 of [40].
First we show that there exists a set of n linearly independent transformation vectors
{H 7, H; € V4, where n is the size of the fiducial set {Cy}7_,. To see this,
first note that any vector space (finite or infinite dimensional) has a basis, and
V4 is spanned by the set of transformations by construction, and therefore linearly
independent transformations must exist. Secondly, linear independence implies that
there is no set of real coefficients A; such that fi(H;) = fr(3_; A\H;) = >, Ajfr(H;)
for all fi. Therefore there are at least n such vectors, as the fiducial set {fx}7_; is

a minimal set.

To show that dim(V4') = n, we show that all F € Transf(A, B) can be written as

a linear combination of these {H,}?~' . By finite tomography, this means that for

each F there must exist a set of real coefficients {«;}! ; such that

fe(F) = f (Z a%) vk (2.23)
i=1
which can be expressed as the matrix equation

f1(F) fitHy) 0 fi(Hy) a
o . s (2.24)

3From here we follow the clearest proof of this result that we could find, given in [40]
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There is a unique solution to these equations (therefore satisfying our hypothesis) if
the above matrix is invertible, which is true if the columns are linearly independent.
That is, if there exists some set of \; such that >, \;fi(#;) = 0 V k, this linear
independence would necessarily imply that \; = 0 V 2. We now show that this linear
independence condition follows from the linear independence of the {#;}" ; and

finite tomography. The independence condition can be are-arranged to give

L) = =3 i—jfkmj) vk

j>1

= £ (— En: i—ifﬂj) vk (2.25)

§>1

and therefore by finite tomography, H; = > i—i%a As H,; are linearly independent
j>1

by construction, A\; = 0 V 7. Therefore every transformation has a unique decompo-

sition over {#H;}", which therefore form a complete basis for V', with dimension

n. O

As we have seen, finite tomography constrains V4 to be finite dimensional, with
a dimension given by the cardinality of minimal set of fiducial circuits. Consider
a preparation process |p) ,, for which V' = V4. The dimension of V is therefore
finite dimensional, with its dimension given by the number of fiducial measurements
required to perform tomography on A. Likewise for a measurement process, the
effect (€], belongs to vector space V4, whose dimension is given by the size of the
fiducial set of states. We can connect states in V, with effects in V4 by the identity
process (e.g. an empty wire), therefore dim(V,) = dimV4. V4 therefore satisfies by

construction the criteria of a dual space of V4, V4 = (V4)* [60].
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2.3 Tensor product composition

In quantum and classical theory, if we have two systems A and B whose local states
belong to V4 and Vg respectively, any joint state of the two systems belongs to the
vector space V4 ® Vp. Previously we have used ® purely symbolically, to represent
the parallel composition of two processes, but for these theories ® is promoted to
the vector tensor product. In general, we cannot assume that systems and processes
will compose in this way. As we will see an addition postulate, tomographic locality,
is required to equip a generalized probabilistic theory with this composition law. In
this section we introduce tomographic locality and derive the tensor composition
law. First we state the version of tomographic locality employed in the process-
theory framework, which can be seen as a special case of finite tomography. It relies

on the notion of a local open circuit

Definition 5 (Local open circuit). A local open circuit is an open circuit where all

inputs and outputs are connected to states and effects acting on single systems

3

- 2D
@A—N i@ (2.26)

Cy ~

Tomographic locality is the postulate that finite tomography can be performed for
any process using only local process tomography. That is, we can distinguish all
processes by the probabilities given by their composition with local open circuits.
Operationally speaking, there exists experiments that can completely characterize a
process O with inputs Ay, As, ..., Ay and outputs By, Bs, ..., By by varying input
states on the input wires locally and performing local measurements on the output

wires. Diagrammatically, the probabilities yielded by local process tomography of
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O are of the form

&

< An By B

(2.27)

For example, in quantum theory this would correspond to the ability to perform
process tomography on a CP map without necessarily requiring the use of entangled
states and effects. It is well known that quantum and classical theory obey tomo-
graphic locality [68, 15], and intuitively the violation of tomographic locality implies
the existence of some non-local degrees of freedom®. Starting with Postulate 1, the

statement of tomographic locality is as follows

Postulate 2 (Tomographic Locality). For any H € Transf(A, B), there exists a

fiducial set of local open circuits {L} such that

implies that H = > r;0;

Local tomography equips a GPT with a tensor product composition given by the
vector tensor product. First we illustrate this for the case of preparation processes,
and show that Vap = V4 ® V. The following proof is adapted from [40] and [15].
Consider |¥) € St(AB), local tomography implies that the fiducial measurements
are a collection of effects of the form {Cj; = |e;) |e;) }j)exxy where {|e;)}icx and
{le;)}jev are the fiducial sets of systems A and B. As C;; € VAP are linearly inde-

pendent, there exist a set of vectors @Q;; € Vap s.t. (Qi;|Crki) = dixdj;. Furthermore

4This point is discussed further in the Discussion section of Chapter 4
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();; forms a basis for V4 and we can choose @Q);; = Q; ® Q; where Q;, (); are simi-
larly constructed as (Q;lex) = dix and (Q;le;) = ;. As these form a basis, we can

construct a linear sum of the Q; ® Q); s.t.
Zﬂ'j (Qz ®Qj’€k®€l) = (\If|ek®el) VI{, l (2.28)
ij

which by local tomography implies that W = Z 1;Qi ® Q;. As @); form a basis for
Vaand Qj for Vg, W € Vi@V VU € Vyp lgmd therefore Vig = V4 ® V. The
proof is identical for effects (€|, € VAP. For transformations H € Transf(A, B),
the proof is identical except we construct basis Q; for V4 and @7 for V2, the result
being that H € V4 ® VB, In general, a process O with input wires Ay, Ay, ..., Ax
and output wires By, By, ..., By belongs to the vector space V4, @ Vy, ®---@Vy, ®
VB VB g...@ VBM (see [15, 33, 32] for detailed proofs)

2.4 Causality

Although the diagrammatic framework presented so far describes sequences of pro-
cesses, composed in series and parallel, these sequences are not necessarily causal
sequences. Diagrams naturally represent our innate perception of the directionality
of time, with processes on the left of a diagram preceding those on the right. If we
take this position literally, the diagrams suggest an explicit causal ordering to events
in the experiment. This is very natural; after all the process theory framework is an
operational framework for describing experiments, and experimental apparatus are
typically arranged in a strict causal ordering. This is not however a prerequisite;
the postulate of causality has to be put in by hand, and it is operationally possible

to construct GPT's that violate our notions of causality to various degrees.

Theories with indefinite causal ordering have received much attention lately [8, 102,
81, 51]. One motivation for this is the belief that in quantum gravity the metric

of spacetime (which dictates the ultimate causal ordering of events) will be subject
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to the laws of quantum uncertainty, and hence events within that spacetime may
exhibit indefinite causal ordering [66]. There are several notions of acausality, which
fall broadly into the categories of device dependent causality (see for example [35])

and device independent causality (see for example [102]).

The former case refers to situations such as the use of quantum switches in quantum
circuits, whereby the ordering of two unitaries depends on the state of an ancillary
qubit. If the ancilla is in a superposition of the two indicator states, the unitaries are
applied in a superposition of orderings. The result is a superposition of two different
circuits as opposed to a single circuit with fixed orderings. In this case although
processes may appear to violate a causal ordering locally, at the level the entire
system there is a definite causal ordering. In the latter case, acausal correlations
are correlations that violate a causal inequality [25, 7, 103, 23]. For example, causal
probability distributions for two variables A and B are those that can be generated
by taking a convex combination of distributions that are themselves compatible with
A and B obeying a causal ordering, e.g. A >= B (A cannot signal B) or B > A (B
cannot signal A). Correlations that cannot be decomposed in this was are said to

be acausal, and violate a causal inequality [7].

For this work it will be sufficient to consider an even weaker notion of causality,

which is obeyed by both classical and quantum theory as well by the above cases

[8]°.

Postulate 3 (Causality). The probability of a preparation event is independent of
the choice of measurement. E.g. for preparation process {px}i_,, the probability

weight of the preparation event py for measurement {e; }Jj\il given by

pe= ) (eslon)

J

5Tt is shown in [59] that the process matrix formalism of [102] cannot achieve signalling in time,
which is possible when violating the causality axiom
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is the same for all measurements on the system

> (esloe) = (Eilpe)  Y{len)}, {len}

J %

This assumption, which for historical reasons is called the causality postulate, de-
mands that the choice of a measurement has no effect on the outcome of a prepara-
tion, which can be interpreted as demanding ‘no signaling from the future’ [46]. This
postulate can be roughly understood as following from that fact that the choice of
measurement takes place in the causal future of the preparation process, and there-
fore cannot have any influence on the outcome statistics of the preparation®. It
is shown in [32] that Postulate 3 is equivalent to the existence of a deterministic

effect process. That is, there exists a unique process which we denote as (u| or

—I! (2.29)

where the scalar given by composing this effect with a state is the same for all states,

diagrammatically as

e.g. (ulp) = (ulp’) ¥ p, p' or

vV p, p' € St(A) (2.30)

Lemma 1 (Characterization of causal theories (from [32])). A theory is causal if

and only if for every system A there exists a unique deterministic effect (e s.t.

(ealpa) =1V pa € Qa

Proof. Suppose there exist two deterministic effects for system A, (e4]| and (€4].
Since deterministic deterministic effects have single outcomes, the causality condi-

tion (Postulate 3) gives that

6This also requires us to assume the postulate of Reichenbach’s principle, which states that the
existence of correlations observed between random variables A and B when intervening on variable
A implies that there is some causal influence from A to B
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(ealpa) = (4lpa) Vpa €Qu (2.31)

which implies that (ea| = (¢/4]. Therefore all theories that obey the causality postu-
late satisfy the hypothesis. Next we show the converse. Suppose the deterministic
effect is unique. By coarse-graining over all measurement outcomes one recovers a

single-outcome effect, e.g. the unique deterministic effect, and

Z (ajlpa) = Z (brlpa) = (ealpa) (2.32)
k

J

by the uniqueness of the unit effect. Therefore if a theory has unique unit effects it

obeys causality O

The postulate of causality imparts some useful and intuitive properties on any theory
obeying it. For example, given a state belonging to two parallel-composed systems
it allows us to define unique marginals on subsystems. As we can think of the
above effect as a ‘discarding map’, this gives rise to the operational interpretation
of marginal states - the states that are left over when we discard some subset of

subsystems.

Definition 6 (Marginal state). For |¥) ,,, the marginal state on system A is given

by performing the discarding map on system B (given by the unique deterministic

A @L
B
_| | (2.33)

effect T® |u)).

The unique deterministic effect allows us to define the set of normalized states, which

are all states obeying
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@4“' - (2.34)

which in turn allows us to define the state space €24 of any given system A. Given
the set of states st(A) € V4 we can define the positive pointed cone generated by

this set

Kia={\v) |vest(A), >0} (2.35)

and the state space is given by the interception of this cone with the unit effect

Qa=A{lv) | (ulp)=1,|v) € Ka} (2.36)

Normalization of preparations also extends to general processes. Normalized pro-

cesses obey

— o —Ir = —I

(2.37)

For processes with many output wires, this just amounts to applying the unique
deterministic effect to each output wire”. Although the GPT framework allows us
to consider super-normalized processes, we consider only normalized states and pro-
cesses to be physically realizable. In quantum theory, this normalization condition
implies that all quantum channels must be trace-preserving (or identity preserving
in the Heisenberg picture). The deterministic effect in quantum theory is given by
the identity operator and the inner product between states and effects is given by
the trace. Likewise the normalization of effects implies that effects (given by POVM

elements {P;};cx) sum to the identity operator ) .. P; = I. This leads to the

"This construction of a multi-wire discarding effect is a unit effect, and if there was a different
multi-wire unit effect with would violate causality
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normalization of measurements [32], which states that a measurement is physical

and normalized if and only if its effects {(e;|}icx obey

> (el = (ul (2.38)

This is nothing more than coarse graining measurement outcomes (summing effects)
and noting that, as the measurement must have some outcome, that the maximal
coarse graining is a unit effect (returns probability 1). One important consequences
of causality is that it implies the spatial no-signaling principle. This principle states
that it is impossible to send information between two observers without using a
signaling channel, e.g. by using only shared states and applying local processes on
the subsystems that the observers have access to. Diagrammatically, no signalling in
causal theories follows from the probabilities of local events factorizing over parallel

wires.

Definition 7 (No-signaling principle). A theory obeys the no-signaling principle if,
V |¥) 45 shared by Alice and Bob, and all processes {A; };cx locally implementable
by Alice and likewise {B;};ey for Bob, the probability of Alice obtaining outcome

i’, given by

A A
=D wi” (2.39)
J

where

AB
pz('j )= (ulap Ai ® B [¥) 4p (2.40)

is the joint probability of events (i,j) for Alice and Bob, is independent of Bobs

outcome j or choice of process {B;};cy.

The following proof is from [32]. First note that the probability of an event C; acting
on state [¢) is given simply by p; (u| C; [¢)). The probability of Alice observing event

718
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P =" (uly (ul A @ By ) 4

= (U|A (Ai ® Z (U|B Bj) |‘I’)AB

= (ul4 Ailp) 4

where |p) , is Alice’s marginal state (Definition 6), and we have used the normaliza-

tion of processes.

2.4.1 Recovering the convex sets formalism

In the following section we drop the ‘Dirac’ notation of states and effects, writing
(e] = e and |w) = w, and their inner product as e(w) or w(e) equivalently. The
introduction of the postulates of local tomography and causality have allowed us to
define the state space {24 for any given system A. In the convex sets framework (see
for example [15]), indeterminacy is assumed, which means that if we can prepare
two states p, p/ € Q4 then we can prepare any convex combination of these states,
e.g. pp+ (1 —p)p € Qa, p € [0,1]. For example, by flipping a coin and choosing
one of two preparation processes. This extends the state space {24 to a convex set
in V4, and likewise K 4 to a convex cone. When presenting our results we will often
refer to the state space as a convex set - however our results do not rely on the
assumption of indeterminacy but merely on the geometric properties of the state

space €24, which are equally captured by the convexified state space.

As noted in the previous section, the effects span the vector space V4 that is the
dual space to the state vector space VA = (V,4)*. By construction (2.15), the effects

form a cone K4 in V4 defined as

KA = {)e|e € Eff(A), A >0} (2.41)
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where span(K4) = V4 and span(K*) = V4. Because the pairing of a state with an

effect gives a positive real number (and vice versa) by (2.15), we have the inclusions

Ky C (K4 (2.42)

K4 C(K,)* (2.43)

where (K4)*,(K4)* are the dual cones of K4 and K4 respectively (see [15] for
examples). (K#)* is the set of all linear functionals taking the cone of effects to the
positive reals, and (K 4)* is the set of all linear functionals taking the cone of states
to the positive reals. In some physical theories, the inclusion is an equality K4 =
(K4)*, which means that all mathematically consistent effects are contained in the
cone of effects®. In general this may not be the case. However the assumption that
K4 = (K ,)*, referred to as the no-restriction hypothesis, is often used as a strictly
mathematical postulate [74]. Because it lacks a physical justification, we make no use
of this postulate in any of our results. Violation of the no-restriction hypothesis by a
theory implies that there are some effects that, although mathematically consistent,
nevertheless cannot be physically realized in the theory. An example would be
qubit quantum theory under the restriction that the only observables are those

corresponding to elements of the Pauli group, resulting in stabilizer quantum theory

[9].

The state space )4 is recovered by the subset of normalized states belonging to the

cone K4

Oy = {we Kq|u(w) =1} (2.44)

Regardless of whether or not there exists in the theory the preparation process that

8by ‘mathematical consistency’ we refer to the effects being linear functionals that take states
to the unit interval
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prepares a given statistical mixture of states (by sampling a classical probability
distribution to select from a set of preparation events, or preparing the mixture by
taking a marginal of some entangled bipartite state), considering the convexified

state space allows us to define some familiar and useful notions such as purity.

Even without assuming indeterminacy, we can define some familiar properties related
to indeterminacy, such as the notion of purity. Purity is defined by the refining set

of a state

Definition 8 (Refinements). o refines p, denoted o > p, if there exists a set of

states {0;}iex and a classical probability distribution {p;}icx s.t.

P = ZPz‘Ui
and o € {0;};cx. The refining set of p, R(p), is the set of all o satisfying this criteria

In indeterminate theories, R(p) has an operational interpretation, as it gives the set
of states that can be used to probabilistically prepare p. This immediately gives
us a definition of pure and mixed states. Pure states are states whose refining set
contains only themselves, all other states are mixed. Refining sets form the faces of
the convex set 24 [58]. The standard definition of a face from convex geometry can

be phrased in terms of refining sets as follows.

Definition 9 (Faces). A face I’ of a convex set A is a set of points a € A s.t. for

any a € F, if ' € R(a) then ¢’ € F.

In other words, faces contain all refinements of points within the face. The set of
faces of a convex set A includes the improper face (A its self), and every convex
subset of A that satisfies Definition 9. The 0-dimensional faces, or vertices, trivially
satisfy Definition 9. These vertices are exactly the pure states of {24, as they are
states that are refined only by themselves. Borrowing the language of convex sets,

we will sometimes refer to them as extremal states. Faces can have sub-faces, and
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therefore the set of faces obeys a partial ordering. This partial ordering of faces
(given by the inclusion operation) is referred to in the literature as the face lattice
of A. This is the lattice constructed by taking the set of faces Faces(A) under the
standard set intersection A (the non-empty intersection of two faces is its self a face,
a sub-face of the two intersecting faces) and the inclusion Vv, where F'V G denotes
the minimal face containing faces F' and G [58]. That is, F'V G is the smallest face

H st. F,G C H. See Figure 2.2 for examples.

An important property of faces is whether or not they are exposed or non-exposed.
An exposed face F is a face of a convex set such that there exists a linear functional

er(-) on Vy, s.t.

>0 Vv JRS Q4
er(p) = (2.45)
=0 VpeF
As linear functional equations of the form er(p) = 0 define hyperplanes in Vjy,

this can be equivalently stated as ‘an exposed face has a supporting hyperplane
whose intersection with the convex set is the face’. See for example figure 2.2. A
non-exposed face satisfies Definition 9 but has no such supporting hyperplane. As
the cone of effects K gives the set of linear functionals satisfying equation (2.45),
the physical significance of non-exposed faces is that there cannot exist an effect
that deterministically identifies the states belonging to the face. That is, there
exists no effect ep(-) such that ep(p) = 0 or 1 for any p € F. For example, as we
will see in quantum and classical theory for every pure state there exists an effect
that deterministically identifies it, and therefore all O-dimensional faces are exposed,
whereas in the example given in figure 2.2 there exists a pure state p that lies on
the intersection of an edge F' and a continuous curve of pure states. Therefore any
effect that deterministically identifies this state also identifies all states on the edge,
e(p) =0 = e(w) Vw € F, and therefore the face given by the pure state p

is non-exposed. Even in quantum theory there are non-exposed faces of dimension
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greater than 0. For example in qutrits there are 1 dimension faces of mixed states

that an non-exposed and hence cannot be measured with probability 1 [18].

P1 e(z)=1  p3

e(r) =0

Figure 2.2: Convex set depicting a state space 24. p; and p, are extremal points in
the set - pure states. Note that p; is exposed, as it lies on the supporting hyperplane
given by e(x) = 1, z € Qy4, however p, is unexposed (there is no hyperplane that
supports it, it sits between a continuous curve and an edge). The minimal face
containing p; and ps is the edge e(x) = 1. State o = pp; + (1 — p)p2, but also note
that pi, pe, p3 all refine o (as indeed do all states in the convex set, as ¢ is internal).

Refinement also allows us to talk about mixedness. Mixed states are states that
can be decomposed as convex combinations of other states, and therefore can (in
principle) be prepared by probabilistic preparations of their refining states. The
refining set of a mixed state o gives its minimal face, denoted Vo. Given a face, the
internal states are those which lie inside the convex set (not on the boundary), and
are refined by all other states in the set. Therefore, given a face F', internal states
can be defined as states that belong to F' and whose minimal face is F. In general,
given a state space {24 we we refer to the internal states of the entire convex set (24

as internal states, without specifying {24 as the face we are referring to.

The structure of quantum and classical theory allows us to define concrete notions
of purity. For example, the mixedness of a qubit can be meaningfully defined by its

trace-distance from the unique maximally mixed state. The existence of this state
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derives from the fact that quantum and classical theory are transitive, in that all
pure states are related by a group of transformations G. This then induces a unique

maximally mixed state p by the Haar measure over the group of transformations

= / T(s)dT (2.46)

Teg

for some arbitrary pure state s. However, it is known that notions of mixedness
like the trace distance require a lot of addition structure to be assumed for a given
generalized theory (for example, see the see the axioms required for diagonalizing
states [37]). For our purposes it is sufficient to use a notion of mixedness that applies

naturally to all convex operational theories without assuming additional postulates.

Definition 10 (Strict purity). A state p is strictly purer than another state o if

p = o and o ¥ p.

The meaning of this definition is simple: if p > o then o can (at least in principle) be
obtained by preparing some random preparation involving p. However, if o % p the
converse is not true - there is no way of in principle preparing p using some random
preparation involving o. This is clearly the weakest and most general notion of
a mixedness partial ordering, and follows naturally from the partial order given
by refinements of states and therefore applies to all convex operational theories.
Geometrically, p is strictly purer than o if p belongs to a proper face of the minimal

face of o.

Having outlined the main concepts in the convex sets formalism of GPTs, we now

give some simple examples.

Example 1 (Classical theory). Consider a finite N dimensional classical system,
where N is the number of pure states {w;};—1.n. These are perfectly distinguishable,

in that there exists a single measurement with effects M = {e;}i=1n s.t.

ei(wj) = (5@' V i, j
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As e; are positive linear functionals on €4, it follows that {w;};=;. n are mutually
linearly independent under all partitions, span(X’) N span(z’f’ ) = 0 where X is some
subset of the pure states and X is its compliment. The convex hull of N such vectors

is a simplex, with the pure states forming an orthogonal basis of V. Consider for

example the classical trit, N = 3

w2

w3 w1

Notice the cone of effects and effects are isomorphic K4 = K4. As K4 C (K,)*,
this implies the cones are self-dual [97]. Furthermore as the extremal states and
effects correspond, the state space is strongly self-dual. However Q4 2 Q4 as there
are also the extremal effects u — e; = e5 + e3 etc, making 6 extremal effects in total,

then an additional two extremal points from the effect v and the 0-effect.

The faces of an N-simplex are exposed (N — 1) simplexes®. For example the faces of
the classical trit are its edges and vertices, which are classical 1 and 0 dimensional
systems respectively. The pure states (vertices) are purer than the states on the
edges (mixtures of two pure states) which are in turn purer than the internal states

(mixtures of all three pure states) by definition 10.

Example 2 (Qutrit quantum theory). Consider the state space of the quantum

three-level system (qutrit). The state space is given by the set of trace 1 positive

9Tt is simple to see that the proper faces are exposed by constructing the effect that returns 0
for points only on that face. For example, the edge of the classical trit connecting the wg and w;q
pure states is picked out by the effect u — eo where ey picks out the state wo



2.4. Causality 39

semi-definite Hermitian operators on a three-dimensional Hilbert space - which can

be represented as a convex set in an 8-dimensional real vector space [18].

The geometry of the manifold of this state space is too complicated to describe
fully here. For example, unlike the qubit there are mixed states on the topological

boundary, such as the state

100
p=10 10 (2.47)
000

in the basis {|0) (0|, |1) (1],|2) (2|}, which is ‘picked out’ by the effect £ = u —
|2) (2| where u is the operator I and the circuit probability is given by the trace
tr(Ep). Furthermore there are non-exposed faces. For example, Figure 2.3 depicts
a projection of the qutrit state space onto a 3-dimensional subspace [19]. The edge,
drawn in red, is non-exposed as any effect that picks it out will also pick out the

’semi-circular’ face below it (blue).

N

Figure 2.3: Qutrit subspace

2.4.2 Transformations

So far we have focused on preparation and measurement processes, which describe
the ‘kinematics’ of a given operational theory. Of equal importance are the dynamics
of the theory, which detail how systems evolve and interact. We have previously

defined the transformation process T € transf(A, B), which is a process with input



40 Chapter 2. (Generalized Probabilistic Theories

wires A and output wires B. We have shown that 7 must be a linear map from vector
space V4 to vector space Vz and, as these spaces are spanned by their corresponding

states 4, Qp, T is uniquely defined by its action on these states (finite tomography).

T:Qa—=Qp; wer T 1wa (2.48)

To achieve this, 7 must obey the following necessary conditions.

Definition 11 (Conditions for transformation operations). 7 = {7; }icx constitutes
a physically valid map from A to B if the following conditions are satisfied for all

1€ X

i) Positivity, 7; : K4 C Kp
ii) Normalization decreasing, ug(7T; : wa) < ua(wa) ¥V wa € Qg

iii) Normalization preserving > up(Tx : wa) = ua(wa) V wa € Qa
k

Condition i) is required to ensure that T : Q4 +— Qp is achieved with positive proba-
bility, as points that lie outside of the positive state cone yield negative probabilities
on at least one effect. Condition ii) ensures that for each possible event in the map
the physical states, be they normalized or sub-normalized (e.g. with an attached
probability weight), are not mapped to unphysical super-normalized states. Finally,
condition iii) ensures that the overall process occurs with probability 1 - one of the

i € X events ‘must happen’'C.

The set of physically valid maps obeying Definition 11 is in general larger than
the set of physically implementable maps. For example, in reversible quantum and
classical theory the dynamics are given by unitary maps and doubly stochastic maps
respectively. The reversibility of these maps follows from the physical principle of

dynamical time-reversibility, and imparts additional constraints on 7T .

O10te that the probability of the process ’failing’ can also be encoded as an event
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Definition 12 (Reversible transformations). A transformation 7 € transf(A, B) is

reversible iff
i) It has identical input/output wires, B = A (up to arbitrary permutations of
wires)
ii) Jvalid 77! s.t. T oT =1 where I is the trivial (identity) map.
The first condition states that the input and output state spaces must be isomorphic
(with the isomorphism given by 7), and the second condition states that an inverse

transformation exists, recovering the initial configuration of the state space from its

image under 7. Graphically, these conditions can be summarized as

a)

-
-
-
-
-

| o~

b)
B B A
oA Al pla AT\/A
A . C A

|Uu
o
Sy
Q
|U:J

v X (2.49)

where a) shows two processes, one with mismatched outputs, and b) shows the first
process being put in a form that matches inputs and outputs by permuting the

output wires.

A A A
T 7 A
A (2.50)
As the experimenter with access to transformations 77,75, ... is free to compose

them in any order allowed by their input/outs, and by Definition 12 the reversible
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transformations have compatible input /outputs, have inverses and include the iden-
tity transformation, then the set of reversible transformations forms a group Ga.
Furthermore, as the set of normalized states €24 is closed and compact, the action of
G4 on (4 is given by a compact group. The existence of a group of reversible trans-
formations is a very non-trivial feature, and in quantum and classical theory we will
see that the existence of reversible transformations impart very strong constraints

on the state spaces containing these theories.

When composed with an effect, 7 can also be seen as inducing a transformation on

the effect space, e.g. eo T € Q4, which follows trivially from the diagram equation

- D

__________________ : (2.51)

e.g. performing a valid transformation with an open input (state) wire and perform-
ing a measurement on all output wires is itself a valid measurement. It follows from
Definition 11 and causality (Postulate 3) that u o T = u, as 7 maps normalized
states to normalized states and by the uniqueness of the unit effect. Furthermore,

is T is reversible it must be a reversible transformation on all effects, Q4 o T =2 Q4.

Example 3 (Quantum theory). Transformations are given by linear maps between
Hilbert spaces ® = >, ¢ where ¢y : Hq — Hq are trace non-increasing completely
positive maps. Furthermore ), ¢, must be trace preserving. Likewise, these trans-
formations can be seen as acting on the measurement operators (Heisenberg picture),
with their action given by the adjoint maps gb,z. Reversible maps have the additional
property of unitarity, ®' = ®~!, and their action on Hg4 is given by the special

unitary group SU(d).
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2.4.3 Composition

So far we have used basic diagrammatic reasoning coupled with the postulate of
local tomography (Postulate 2), to show that the vector spaces V4, Vg for systems
A and B compose in parallel under the standard tensor product, s.t. all W € A® B
belong to the vector space V4 ® Vg. What kinds of states populate these joint state
spaces? Clearly we can construct states by sampling from the local state spaces
individually or by taking correlated samples. The states sampled independently
from the local distributions are called product states, as they factorize directly over

the tensor product by construction

Cbprod =

@— (2.52)

These states are the most ‘local’ states, as they contain no correlations between sub-
systems. More generally, we can sample from the local state spaces in a dependent
way. For example, if {a,ad'} € Q4 and {b, '} € Qp, we can construct a state whereby
we sample from 2,4, and then deterministically sample from €2p, such that a = b
and @’ = V. This results in the joint state pa @ b+ (1 — p)d’ ® b’ where p is
the probability of sampling a from €24 under our preparation procedure. These are

called separable states, and they are convex combinations of product states.

@_
@— (2.53)

Whereas product states exhibit no correlations between subsystems, separable states

¢sep = Zp(aa b)
ab

can carry classical correlations between sub-systems. That is, they carry the cor-
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relations from the preparation sampling procedure, which we call classical as we
generate them by sampling from a correlated classical probability distribution. As
we know from quantum theory, separable states aren’t the only states permitted by
nature. Quantum systems can exhibit entangled states in their joint state spaces.
These are states that do not belong to the set of separable states (product states

belong to the set of separable states trivially).

@_
Q— (2.54)

Qbent ?é Z p(a> b)
ab

Although quantum theory has these entangled states, we seek a physical justification
for why nature should have entangled states, beyond them being mathematically
possible. This is one of the questions we present an answer for in [115] and review

here in Section 3.3.

The postulates of local tomography and no-signalling alone are insufficient to specify
the joint state space Q45 (see for example [110]). There are multitude possible joint
state spaces that satisfy local tomography. For example, we can choose to compose
quantum bits such that their joint state spaces have no entangled states - this would
still be a valid tensor product, but clearly it is not the only one. That said, local
tomography and no-signalling are sufficient to specify the state spaces that contain
the maximal and minimal number of entangled states. These extremal cases are

known as the minimal and mazimal tensor products.

Definition 13 (Minimal tensor product). The minimal tensor product Kgngn) =

K4 ®min Kp is the cone generated by the set of product states

K4 @min Kp = span (wa ® W)
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The minimal tensor product specifies the smallest possible bipartite state space
formed when combining A and B. Physically, it corresponds to a state space com-
prising of product states only, and given the definition of entangled state given in
(2.54) represents the unique joint state space of A and B that contains no entangled
states. On the other end of the spectrum, the maximal tensor product gives the
largest number of entangled states [15]. This is simply the maximal set of states
that can satisfy i) local tomography and ii) causality (namely, that marginal states
belong to the set of allowed states on the given subsystem and iii) obeys no-signaling
(which is implied by causality). As shown in [15], the maximal tensor product cone
can be generated by taking the dual of the effects cones combined under the minimal

tensor product

Definition 14 (Maximal tensor product). K4 ®uax Kp = (KA Qmin KB)* where
KA’B _ (KA,B)*

In general, the joint state space 245 is given by a set of states that lie in-between

the maximal and minimal tensor products

KA ®min KB g KA®KB g KA ®max KB (255)

Example 4 (Classical theory). It is known that classical theory is the unique GPT
s.t. the maximal and minimal tensor products coincide [15]. Therefore, there is
no way of combining classical systems such that they obey local tomography and

causality whilst permitting entangled states.

Example 5 (Quantum theory). The quantum tensor product is clearly not minimal,
as bipartite quantum state spaces include entangled states. However, it is also not
maximal. To see this, note that there are elements of the tensor product of two
Hilbert spaces H 4 ® Hp that are not density matrices, but entanglement witnesses.
These are locally positive, in that they all positive under all local POVM elements.

However, there exist entangled effects for which they are negative (hence being
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entanglement witnesses), and therefore they cannot be consistently included in the

state space unless these effects are removed from the effect space [73].

Example 6 (Boxworld). In [110], the question was posed ‘is the no-signalling prin-
ciple sufficient to constrain bipartite correlations to obey Tsirelson’s bound’ [38].
The authors construct a GPT known as boxworld, which is defined in the maximal
tensor product. This GPT achieves the strongest correlations possible in the bipar-
tite scenario with two-outcome measurements, achieving a Bell inequality violation
of 4 (whereas quantum systems are constrained to have a Bell inequality violation

of 24/2 (Tsirelson’s bound)).

In this thesis we focus on the existence of entangled states, rather than their prop-
erties and uses. For the sake of brevity, and because it is not necessary for the pre-
sentation of our results, we do not define Bell non-locality or discuss the possibility
of using entangled states to violate Bell inequalities. Nor do we discuss the practi-
cal uses of entangled states, such as in quantum cryptography, super-dense coding,
teleportation, quantum computing and metrology. See the review [27, 26, 54, 79
for thorough definitions and discussions of these topics. It will be sufficient for our
purposes simply to operationally define entangled states as states that cannot be

prepared by generating (correlated) combinations of local states.

We finish this chapter by presenting examples of how the concepts outlined in this

chapter can be used to construct non-classical GPTs.

Example 7 (Polytopic theories). Consider a GPT where a single system has two
fiducial measurements with binary outcomes. What does this state space look like
geometrically? These two fiducial measurements imply the existence of four faces of
4, such that the minimal face of any two of these is 24. If we assume no restriction
on 04, then Q4 is identified as a four sided polytope. Denote these effect pairs (z,|
where x € {0,1} denotes the choice of measurement and a € {0,1} denotes the
binary measurement outcome. €24 has four pure states p,, s.t. (¥'w|psa) = a' Va

where V represents the Boolean OR operation. The state space is depicted below.
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(2.56)

This state space is the local state space of the PR box [110], also referred to as the
gbit state space [15]. Now, lets propose that these state spaces are combined under
the maximal tensor product. Therefore, all joint states that give valid probabilities
for local effects are included in the joint state space. Consider a joint state |®4p)

such that

1/2 ifadb=2y
(@a| & (| [Pap) = (2.57)

0 otherwise

It is simple to check that this state provides valid probabilities under all local mea-
surements, and therefore such a state must belong to Q4 ®max 5. A version of the

CHSH inequality [39], presented in [110], is

Zp(a,b|xy:0)+2p(a,b|x.y:1) <3 (2.58)

a=b a#b

Quantum bits can violate this inequality by achieving a LHS of 2v/2, whereas it
is simple to check by (2.57) that the gbit achieves an LHS of 4, which is also the
maximal possible by the law of total probability. Clearly |®4p) is entangled, as
all separable states obey all Bell inequalities by construction. The ghit belongs to
the Boxworld family [121, 110], which is the collection of GPTs that saturate the

upper bound on the strength of multipartite correlations imposed by causality, local
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tomography and the no-signalling principle.

What about the dynamics of this theory? In [57] it was shown that these gbits have
no reversible interactions, meaning that 37! = T (Q4 Qmax 2B) = Ta (24) Rmax
Ts (25). Therefore it is impossible to generate these super-quantum entangled
states, or any entangled or correlated states, if we assume that all dynamics are

reversible.

This has lead some to postulate that there is a trade-off between the strength of
non-locality in GPTs and the richness of the reversible dynamics [57] and the pos-
sibility of protocols such as entanglement swapping, teleportation and dense coding
[121]. In [4] we extended the results in [57] to all polytopic theories composed un-
der the maximal tensor product. Consequently, even theories that are known to
achieve sub-quantum violations of (2.58) (see for example [73]) are found to have no
entanglement-generating reversible dynamics in the maximal tensor product. This
suggests the trade-off between dynamics and entanglement is more complicated than
initially hypothesized, and exploring this trade-off will be one of the topics explored

in this thesis.



Chapter 3

Generalized Post-Classical

Theories

In the previous chapter we outlined the framework of generalized probabilistic the-
ories. Starting from a purely diagrammatic formalism we have recovered the convex
sets formalism of state spaces, effect functionals and tensor products. In the fol-
lowing we will use either of these interchangeable representations of GPT’s when
convenient. Establishing the prior results required that we introduce certain postu-
lates, such as local tomography and causality. We now turn our attention to a new
postulate which, though strong mathematically, has a clear physical motivation. We
call this postulate the existence of a classical limit, and to discuss it we must first

discuss decoherence.

3.1 Decoherence

We postulate that in any reasonable theory of nature, systems must be able to
behave classically. In some limit, the theory should be able to explain purely clas-
sical experiments. The generalized probabilistic theory framework fundamentally

relies on the assumption that we have a classical interface with the world. We can

49
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choose, using classical randomness and control, which experiment to perform. We
can characterize states, effects and transformations in terms of the classical prob-
ability distributions that we obtain from measurements. Ultimately this classical
interface should be explainable from the theory itself, rather than being an exter-
nal structure we impose a priori. This is the case in quantum theory, where we can
view the classical interface as an effective description of decohered quantum systems.
Loosely speaking, quantum theory gives us classical theory ‘for free’ by decoherence,
rather than having quantum and classical theory as two separate theories describing

distinct physical systems and processes.

We postulate that any reasonable GPT should have this property too, i.e. should
have an decoherence mechanism analogous to that found in quantum theory. We
now consider the key features of quantum to classical decoherence which we then

use to define decoherence for generalized theories.

For each quantum system Q with Hilbert space dimension d there is a decoherence
map Do and classical system with state space Ay(g) which is achieved under the

decoherence map

d

Dalp] := Y [i){ilpli) il (3.1)

i=1
where {|i)(i|}i=1. 4 is a basis of the systems Hilbert space’.

The decoherence map describes the physical process of decoherence, which in quan-
tum theory arises when a system interacts with an environments that is inaccessible
to the experimenter. The quantum system becomes correlated with the environ-
ment in such a way that its marginal following the interaction is constrained to a
sub-space that describes a classical system (simplex). There are in general many

ways this can happen. To give a canonical example, consider a quantum system

INote that the Hilbert space dimension is not equal to the real space dimension when represented
as a GPT. The Hilbert space dimension gives the information dimension of the quantum state
space, the largest number of perfectly distinguishable states
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|Wg) in an initial product state with an environment |£)

) = |Ug) @ |E) = (Z)\k|sk>®]eo> (3.2)

where {|sg)} is some basis for the system Hilbert space and {ej} is some basis for
the environment Hilbert space. Imagine some interaction unitary U that correlates

the observables given by these bases, such that

U:|sk) ®leg) = |sk) @ |ex) (3.3)

The post-interaction joint state is of the form

W) = Aelse) © Jex) (3.4)

and the joint density matrix of the system and environment is

=D AeNilks) ke) (K| (K|

kk'

If we now trace out the environment (apply the unit effect), the resulting reduced

state on the system is

= el > M lks) ) (| (sl ea) (3.5)

l kE’

Using the orthonormality of the environmental basis (e;|e,) = dj, gives
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pls = [l [sk) (s
k

Without specifying the precise environment state or interaction unitary, we can just
describe this process as a CPTP map on the system. The interaction in (3.3) is very
specific to quantum theory, and we cannot expect all of its mathematical features
to generalize to all theories. However, it has the following key properties which we
argue should apply to any analogous decoherence process independent of the theory.
Firstly, we conjecture that like quantum decoherence, generalized decoherence arises

from an interaction with some environment that is then discarded.

Postulate 4 (Physical decoherence). The decoherence map results from systems
interacting with some inaccessible environment (e.g. an interaction followed by

"discarding’ the environment system)

CHzpF -5 s
Q ‘lll (3.6)

Note that we do not place any constraints on the structure of the environment or

the type of interaction Z. For example, the interaction given by (3.3) results in
perfect correlations between the specified system and environment basis states, but
this need not be the case in general. We assume the state on the environment can

2

be chosen to be pure®. The other features of general quantum decoherence maps

that we adopt are detailed below.

Definition 15 (Decoherence maps). Purely decoherence maps, in quantum and

general theories, obey the following properties

2it is trivial to show that if these decoherence maps exist, we can construct decoherence maps
with mixed environment states
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1. Physicality: the decoherence map is a physical map, arising from a reversible
interaction with some environmental system that is then discarded, and hence
must satisfy all of the constraints on transformations in a GPT. In particular,

it must be linear and map states to states.

2. Idempotence: in quantum theory the decoherence map destroys the coherences
between the basis states, and so applying it a second time does nothing. There-
fore, applying it twice is the same as applying it once and Dg[Dslo]] = Dslo]
VoeQs.

3. Purity-decreasing: the decoherence map arises from correlating with an envi-
ronment and, when discarding the environment state, losing the information
encoded in those correlations. As such the decoherence map cannot increase
our knowledge of the input state. Therefore D[p] cannot be strictly purer than
p for all input states p. For example in quantum theory a decoherence map
will not map mixed states to pure states. A state p is strictly purer than state
oif p = o and o # p and if Dg[p] > p, then p = Ds[p], else Dg[p] is strictly

purer that p.

It is easy to see that conditions 1, 2 and 3 are satisfied by quantum decoherence
maps. In general, maps obeying these conditions could describe decoherence to any
sub-theory. For example they could describe how a post-quantum theory decoheres
to quantum theory [86]. This scenario is explored in Chapter 4. In this chapter, the

‘sub-theory’ will be classical theory.

A sub-theory is defined not only by its set of states, but also its transformations and
measurements. Thus we can define the sub-theory given by a specific decoherence

map as follows

Definition 16 (Theory and sub-theory). A theory K is defined by a collection of

processes specifying all possible preparations, transformations and effects possible
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in the theory

Al A1
A2 A2
| An , An

B, By
Bo By
By , By

JK (3.7)

We also specify a tensor product ® with which we can construct multipartite state

spaces. Given a decoherence map D, we can define a D-sub-theory of K by the

collection of processes given by applying the decoherence process to all wires

Pp (3.8)

We denoted this theory Kp. Note that as D belongs to the set of allowed processes in

a causal theory under Postulate 4, Kp C K, with equality iff D is trivial decoherence

(i.e. reversible)?

We are interested in decoherence maps that take systems S to classical systems.

Returning to the quantum decoherence map, Dy takes the quantum state space Q

to a d-dimensional simplex (where d is the Hilbert space dimension of Q).

3clearly if D is reversible then Kp =2 K. We will prove triviality by showing D = 1.
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therefore all states p are mapped to convex mixtures over a set of perfectly dis-
tinguishable state {|7)(i|}%,. The map is the identity map on the set of perfectly
distinguishable states, and it is simple to show that the image of Q under Dy is
dense. Therefore the image is the convex set described by a classical simplex (see
Example 1). Likewise, classical measurements can be constructed by decohering a
system followed by performing a quantum measurement on it, and classical trans-
formations are just quantum transformation with decoherence maps applies to all
wires. As such, we say that quantum theory contains a classical sub-theory, in that
all the elements of classical theory (states, transformations and measurements) can
be attained by composing the processes of quantum theory with a decoherence map

which its self belongs to the set of quantum processes.

Definition 17 (Classical theory). (finite dimensional) Classical theory is a theory
by Definition 16 whereby Qy = Ay, the effect space QY obeys the no-restriction
hypothesis, ® = ®uin(necessarily, as the maximal and minimal tensor product co-
incide in classical theory), and the transformations on an 2y are given by the N

permutation group

Definition 18 (Decoherence to classical theory). A theory decoheres to classical
theory if it has a decoherence map (Definition 5) for each system which obeys the

following constraints

1. State space: the most obvious constraint is that image of the state space under
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the decoherence map is a classical state space:

Ds(§2s) = Angs)

. Effect space: For every effect in classical theory there is some effect in the full

theory that behaves as the classical effect when we restrict to Ay (s). This can

be formalized as for all e...ical there exists e € £s such that

€classical — € © DS

. (Reversible) Transformations: For any reversible classical transformation T

there is a corresponding reversible post-classical transformation with the same
action on the image of Dg. Formally, for all classical reversible transformations

Telassical there exists some reversible 7' € Tg such that

Tclassical =ToD S

. Composites: finally, we expect decoherence to act suitably with composition,

i.e. if system S; decoheres to Ay via Dg, and system S; to Ay via Dg,, then

the composite system S} ®S, can decohere to Ay®@ Ay = Ay via Dg, ® D, .

Example 8 (Classical sub-theory of qubit quantum theory). Consider quantum

theory for qubits, which decohere to classical theory for bits by applying the standard

dephasing map in a given basis {|0)0],|1)1]|}. The decoherence map is described

by

Ds(p) = tr (pl0){0]) [0)(O[ + tr (p[1)(L]) [1)(1] (3.9)

which can be achieved by performing a CNOT unitary controlled on the system,

acting on an ancillary environmental qubit, followed by tracing out the environment

qubit.

Measurements in the basis provide the classical measurements, with effects |0)(0]
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and |1)(1]. Two qubits can decohere independently to classical bits, which can then
interact as all reversible classical interactions (permutations of the join state space)
can be achieved by the classical CNOT and bit flip operations, which are provided by
the quantum CNOT unitary and the Pauli-X unitary. Also note that the dephasing

map obeys all conditions in Definitions 15 and 18.

We can now define what we mean by the existence of a classical limit.

Postulate 5 (Classical limit). A theory K has a ‘classical limit’ iff there exists a
decoherence map D consistent with Definitions 15 and 18 such that we recover a
classical sub-theory Cp C K where Cp is the full classical theory satisfying Definition

17.

As is often the case when specifying a set of postulates, there are pathological cases
that, whilst satisfying the criteria mathematically, do not satisfy it in spirit. For the

classical limit postulate there are two such cases.

1. Trivial classical limit: D is the identity map (or any reversible map), resulting

in K = C (classical theory). Classical theory has a classical limit trivially.

2. Trivial decoherence. The process given by discarding a system and preparing

some fixed pure state

___________

___________ | (3.10)

satisfies our criteria (the resulting ’classical subspace’ is a 0 dimensional clas-

sical system). However, this cannot be considered true decoherence.

We call the identity map and the discarding map trivial decoherence and all other
decoherence non-trivial. We will be interested only in theories that obtain a classical

limit through non-trivial decoherence.
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3.2 Decoherence in theories without entanglement

We are now in a position to explore the properties of theories obeying Postulate 5.
The reason we are interested in exploring post-classical theories, i.e. theories with
non-trivial classical limits, is that these are precisely the theories that can describe
nature. It was known long before the advent of quantum theory that our classical
understanding of the universe was incomplete, from observations such as black body
radiation [109] and the stability of atomic nuclei [88]. So regardless of our knowledge
or lack of knowledge of the underlying theory, we know that classical theory is only
an effective description of nature that breaks down at some level. On the other hand,
we know that objects can behave classically. The classical world that we experience
must emerge somehow from some an underlying non-classical theory. One example
of a theory that can explain this is quantum theory, but it is by no means the only
possibility and is still arguably an abstract mathematical theory whose postulates
do not have universally agreed upon physical interpretations. Could one derive
quantum mechanics, or at least some partial features of quantum mechanics, simply

from knowing that a classical description of the world is incomplete?

Our results mark a first step along this line of research. On the one hand, we
seek a solid explanation for the counter-intuitive features of quantum theory. On
the other hand, as any theory of nature should be able recover the classical limit,
characterizing post-classical theories also characterizes all possible theories of nature
including post-quantum theories. The ultimate goal of deriving the full formalism
of quantum theory from the existence of a classical limit (and perhaps some other
postulates) would be a grand result. We will focus on a more humble goal, asking

the question
“Is entanglement an inevitable feature of any post-classical theory?”

Entanglement is perhaps one of the most counter-intuitive features of quantum the-

ory. In the famous Einstein Podolsk Rosen paper [48] the authors argue against the
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completeness of quantum theory, not due to the violation of local realism (discovered
much later [17]), but from the very existence of entangled states. It has long been
known that we can simply write down theories, other than quantum theory, that
contain entangled states (e.g. [110]). However the possibility of entanglement is less
interesting from a foundational perspective than the necessity for their existence.

In the following we will answer the above question in the positive. Namely that

“The existence of entangled states is necessary for the existence of a

non-trivial classical limit”

That is, without the presence of entangled states, no non-classical theory can behave
classically. The existence of the classical world is contingent on the existence of
entangled states - an ironic result that flies in the face of the rejections of quantum
mechanics by Einstein et. al. in [48] precisely because entanglement violated their
classical sensibilities. On the one hand, this just shifts the question of why entangled
states exist to the question of why nature is non-classical. On the other hand, one
can simply choose their favourite feature of non-classical theories (for example, the

no-cloning theorem) and arrive at the same conclusion.

3.3 Deriving the existence of entangled states

We prove our result by disproving the contrapositive; that in theories without en-
tanglement the decoherence map is a trivial decoherence map. First, we must define
what we mean by theories without entanglement. Recall that the minimal tensor
product (which we restate here in terms of the state cones) gives the unique method
for combining locally tomographic GPT’s such that there are no entangled states in

the bipartite state space (Definition 13).

Min tensor product: For two systems A and B with state cones K, and Kp

respectively, the bipartite state cone formed when combining the systems under the
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minimal tensor product, denoted X, which is defined as

Ky,X Kpg Z:COHV[VA®I/B|I/A€KA, VBGKB] (311)

e.g. it is the cone generated by the bipartite state space formed by taking all product
states of the two systems. Any theory with arbitrary systems A, B, ... that compose
in parallel under the min tensor product is a theory without entanglement, and vice

versa.

Another method for composing two state cones that will be important for our proof

is the direct sum.

Definition 19 (Direct sum). The direct sum of two cones, denoted K4 @ Kp, is
given by
Ky Kp=conv[{a®0,0Db|lac Ka, be Kp}]

where the @ on the RHS is the standard vector direct sum and 0 is the zero-vector

which gives the point of the two cones

One can visualize the direct sum as embedding the two cones in affinely independent
spaces with the same 0 point (the point of the cone) and taking the convex hull. In
quantum theory, systems composed by the direct sum represent systems with super-
selection rules [137]. If for a given quantum system there is some observable that is
conserved under all reversible dynamics, then in the eigenbasis of this observable all
allowed density matrices obeying this conservation rule (valid preparations) must
be block-diagonal, with each component within a block spanned by the eigenstates
corresponding to a single value of this observable. This constraint on the density
matrices arises because there cannot be coherent superpositions over these conserved
quantities, and hence all off-block-diagonal amplitudes must be zero in the corre-
sponding eigenbasis. The blocks of the density matrix generate the affinely indepen-
dent state cones in the Hilbert space. We say that the state space of the quantum

system decomposes into these disjoint subspaces, or ‘super-selection sectors’, where
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(without loss of generality) if we allow the observable to take values O = {0,1,2,...}

the statespace decomposes into Q4 = Q4(0O=0) QO =1)D....

These notions generalize naturally to GPT’s. The spans of the super-selection sec-
tors are affinely independent cones and the state-space cone K4 satisfies Definition
19. Conversely, in any GPT we can define a state space that decomposes as a direct

suln as

Definition 20 (Decomposable state space). A state space 24 is decomposable iff

its cone it can be written as the direct sum of its sub-cones (Def 19)

N
K,y = @ K;
=1

s.t. spanK; NspanK; =0V i #j

We can interpret the sub-cones that K4 decompose over as being independent sub-
spaces, and if we label them with an index ¢ = 1,..., N then this index represents
a ‘classical degree of freedom’ (a degree of freedom that cannot exhibit coherences).
This gives rise to the notion of a classical observable, which is formalized nicely
in the GPT framework by the notion of non-disturbing measurements, which are

processes that act as an identity map on the system.

Definition 21 (Non-disturbing processes). A process {O;}icx is a non-disturbing

process on system A if it can be written in the form

CH b
GH_ F CHowr (3.12)

for all |a) € Qa.

Trivial non-disturbing process are where O;(a) = O; V a, i € X. In this case, the

environment state |b) evolves independently of the system state. These processes
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are not only non-disturbing, but are non-interacting. Examples include where O is
the identity process, or the parallel composition of two local processes. More general
non-disturbing processes can exist, and these by construction allow the environment
to gain some information about the state of the system without disturbing it. This
‘information leaking’ is formalized by the notion of a leak or partial cloner [119],

which is defined diagrammatically as

Definition 22 (Partial cloners / Leaks). A leak or partial cloner is a process with
multiple output wires such that discarding all but one output wire leaves the identity

map on that wire

@_Ai - @— (3.13)

Intuitively, any non-trivial partial cloner / leak allows for the construction of a
non-disturbing measurement. The state of the system is undisturbed by the partial
cloner / leak, whist (so long as there exists some O;(a) that is dependent on the
input state of the system) tomography can be applied to the environment state,
recovering (partial) knowledge about the state of the system?. A trivial partial

cloner / leak is just another word for a trivial non-disturbing process®.

Theorem 2 (Decomposability and non-disturbing measurements (from [15])). For
any system A with state space (4, the existence of a non-trivial non-disturbing

measurement {O; };,cx implies that the state cone K4 decomposes as

KA:@KZ-

1€X

and, likewise, the decomposability of K 4 implies the existence of a (mathematically

4such as its inclusion or exclusion in some subset of states
5This is just a diagrammatically more abstract object, as it makes no explicit reference to some
input ancillary system
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consistent) non-disturbing measurement as described®. .

A good example of a theory with decomposable state spaces is classical theory. In
fact, classical state spaces are completely decomposable, in that the cone generated by
a classical simplex Ay with pure states s;, i = 1,..., N, decomposes into the direct
sum of the cones generated by each individual pure state. To see this, note that in the
classical state space all pure states span a 1d space that is affinely independent from
the space spanned by all other pure states. Thus in classical theory there exists a
non-disturbing measurement that simply ‘reads off’ the state of the classical system,
without causing any back-action. This is the most extreme case of decomposability
/ non-disturbing measurements, and uniquely singles out classical state spaces as
the only state spaces that are totally decomposable over all pure states. In quantum
systems with super-selection rules, there exist non-disturbing measurements that
check which super-selection sector a given state lies in. In a more general setting,

we can define GPT’s that are decomposable but non-classical (see Figure 3.1 )

The non-existence of non-disturbing measurements can be seen as a generalization
of the no-cloning / no-broadcasting theorems of quantum theory to more general
measurements which achieve partial cloning [12], where some information on an

unknown preparation can be determined without disturbing it.

A result that will be important for our proof is the distributivity of the min tensor

product over the direct sum

Lemma 2. The min tensor product X distributes over the direct sum &

QAR (Qp & Q) = (U EQp) & (2 K Q)

5Note that decomposability implies the mathematical existence of a non-disturbing measure-
ment. It may be that although this measurement is consistent, it is not included in the set of
allowed measurements in the theory
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0

Figure 3.1: Taking the local state space of the PR-box / gbit and composing it with
a 0-dimensional state space under the direct sum results in a square-based pyramid
state space. Its decomposability (note that by construction spanK; NspanKsy = 0)
results in the existence of a 'non-disturbing measurement’. This measurement has
effects e and its complementary effect u—e which deterministically distinguish states
on the square base with the state atthe point of the pyramid. It is possible to measure
if an unkown state is in €2y or €2y without disturbing it. However, ) generates an
indecomposable sub-cone, and thus there can be no consistent measurement that
can give information on an unknown state in €2; without disturbing it. As shown in
[4], there are reversible interactions that correlate two such systems without altering
the state of one of them, allowing non-disturbing measurements to be dynamically
constructed as in Definition 21

Proof. Consider three state spaces €24, Q25 and . We want to show that

QR (Qp & Q) = (U EQp) & (2 B Q)

this follows immediately by expanding both sides using Definitions 13 and 19, using
the distributivity of the vector direct sum and tensor product, and noting that

0®s=0®O0 for all vectors s. O

Another important part of the proof concerns characterizing the reversible trans-
formations present in post-classical theories. To do this, we must first make a few
statements about the action of reversible transformations on state space. Recall
that a face f € faces(€4) is a convex subset of 24 that contains all of its refining
points. First, we show that reversible transformations on the state space must map

faces to isomorphic faces

Lemma 3. Reversible transformations map faces to isomorphic faces, with the

~Y

isomorphism given by the reversible transformation 7'(f) = f' = f.
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Proof. Consider some o’ € f’ then [’ is a face if for any decomposition, a’ = pa) +
(1 — p)d), a} are also in the set f’. Note that a’ = T'(a) for some a € f and as T is
reversible, this means that a = T~1(a’) = T~ (pa} + (1 — p)a}y) which by linearity of
T~ implies that a = pT~*(a}) + (1 — p)T*(a}). This provides a decomposition of
a and as f is a face this means that T~!(a}) € f and so a are both in f’. Therefore

f"is a face. It is clearly isomorphic to f as T provides the isomorphism. n

The face lattice [132] is the lattice formed by composing elements of the face set
under the operations of intersection A and the join (minimal face) V. The previous
result implies that the face-lattice is invariant under reversible transformations —
not a surprising result, seeing as reversible transformations preserve the state space

which has a fixed face lattice.

Lemma 4. A reversible transformation 7" on A induces an automorphism of the

face lattice Face(A).

Proof. Lemma 3 shows that faces are mapped to faces, then reversibility of T im-
plies that this mapping of faces must be one-to-one and therefore induces a lattice

automorphism. N

An immediate corollary of this is that:

Corollary 1. T(ay V az) = T(ay) V T(as)

That is, the minimal face of two faces is mapped to the minimal face of the two
image faces. As an example, consider the local state space of the gbit, with two
faces being opposing edges. The minimal face of these two edges is the entire state
space, and their images under a reversible 7" i) are both edges (by Lemma 3) and

ii) have a minimal face that is the entire state space (the square) (by Lemma 1).

We now give a simple example the illustrates the methods we will employ in our

proof. In [57], it was shown that no reversible interactions exist between square
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Py o P2
Eau
P3 1h;04

Figure 3.2: The square state space (the local state space of PR-boxes [110]) has a
face lattice of extremal states p;, « = 1,...,4, and edges which are ‘picked out’ by
local extremal effects &;;(p) = 0.

state spaces, and in [5] this was generalized to arbitrary box-world state spaces.
These proofs made use of a theorem from the theory of error correction [80], which
states that any transformation which preserves adjacency on tuples of states can be
composed using only local operations and the swapping of subsystems - and there-
fore cannot generate correlations between subsystems. Any such transformation is
therefore non-interacting. Adjacent states are product states which differ on a sin-
gle sub-systems (having a ‘Hamming distance of 1’). For a transformation 7" that

preserves adjacency, we have that for all states p;, p;

Tp@p)=p@p = T(p@p))=pp@p or pp (3.14)

In [57, 5] the authors note that boxworld state-spaces, combined under the maximal
tensor product, have effect spaces combined under the minimal tensor product (see
Section 2.4.3). As the square state space is self-dual, this describes two square effect
spaces combined under the minimal tensor product. Given Corollary 1, it is simple
to see that these effect spaces (and therefore the dual state spaces) cannot reversibly
interact. Consider the extremal effects of the square effect space, F; and Fj3, that

do not share an edge. Consider a transformation on two adjacent extremal effects
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T(E® E;) =E,® E, (3.15)

T(E® E;) =E.® Ey (3.16)

Where. E, # E., E, # E,;. Consider the linear functional p, ® pg + p. ® pg, where
p. is the functional s.t. p,(E) = 0 = FE = E,. This functional exists by
the extremality of F (it represents an supernormalized separable state), and by its
construction it returns value 0 only on the separable effects F,® Ey, E.® E, and their
convex combinations. Therefore these image states define a face, which is an edge.
As the minimal face of the pre-image effectsis FQ I;VE® FE; = F® E;V E;, which
is the full effect space on subsystem 2, by Corollary 1, T" cannot be reversible unless
the effect space on subsystem 2 were an edge, i.e. a 2 dimensional classical system.
In [4], we use this simple observation to extend the results of [57, 5] to a wide range
of theories where composition is given by the minimal and maximal tensor products
and the subsystems are restricted to being bit-like (all fiducial measurements have

two outcomes) [4].

For more general systems than these, we require more constraining postulates than
simply the existence of reversible interactions. For example, consider a subsystem
that is the minimal tensor product of two convex sets, C' = AKX B. There exists a
reversible transformation T(A'XC) =T(AAKAX B) = AKX A'X B where A’ = A
( T is a permutation of these sub-systems A and A’). Two adjacent states in the
pre-image, @} ® ay ® b and @] ® az ® b, need not be mapped to adjacent states
in the image (for example if a local transformation is applied to A following the
permutation). Although this may seem like cheating, a composite C is still a valid
state space, and discriminating composite from non-composite systems is a difficult
problem [53]. In [115] we take an different route that rules out these pathological
cases. As we will show, demanding a classical limit impart strong constraints on the

kind of reversible transformations you can have,
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3.3.1 proof of the main result

We now present the proof of the existence of entangled states from the existence
of a non-trivial decoherence map as defined in Definition 18. The following proofs
derive follow those given in our publication [115]. What we prove is that any theory
that can decohere to classical theory and does not have entangled states must be a
composite of a classical system with a non-classical system, (s = Ay ® €y, and the
decoherence map simply discards any non-classical subsystems (trivial decoherence).

More succinctly,

Theories with non-trivial decoherence

must have entangled states.

First we consider the constraints decoherence places on the geometry of single sys-

tems. We show that the state space {25 has the following geometric properties

3.3.2 Single-system consequences of decoherence

Result 1: If Ds[Qs] = Ax where Ds obeys Definitions 15 and 18 then the state
space Qs has the following properties
1. Every classical pure state s; is contained in a face that is its refining set f;.

2. These faces decohere to their associated pure classical state and any state that

decoheres to the classical state is in the face: Dg[s] = s; <= s € f;.

3. The faces corresponding to distinct classical pure states are disjoint: f; N f; =
0 Vi#j.

4. These faces are all isomorphic: f; = f; Vi,j.
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5. These faces are ‘exposed’: there exists an effect E; such that E;(s) =0 <

SEfi.

6. The minimal face containing all of these f; is the whole state space: \/, f; =S

Proof. We prove these results by a series of Lemmas. Consider a state space Q2s
with a decoherence map Dg such that Dg[Q2s] = Ax. We label the vertices of this

classical state space as s; € Vertex[Ay]| fori =1,..., N.

Lemma 5. Every classical pure state s; is contained in a face f; that is the refining

set of s;.

Proof. Follows from the definition of a face. O

Lemma 6. Every state in f; decoheres to s; and every state that decoheres to s; is

in fi: Dsls|=s, < s; € fi.

Proof. Consider some state s € f;, this means that s is in the refining set of s; that
is, s = s; and s; = Y pa0s Where op = s. Then linearity and idempotence of
Ds, Ds[s;| = Y, PaDslos] and therefore Dg[s| = Dsls;] = s;. However s; is, by
definition, a vertex of the image of Dg which implies that Dg[s] = s;. Conversely,
assume that D[s] = s;, and for the sake of contradiction assume that s ¢ f; which
implies that s ¥ s; = Ds[s]. Define a state 7 := ps; + (1 — p)s. Clearly s; > 7 but
7 % s;. However Dg[r| = s; and therefore 7 ¥ Dg[r]|, Ds[r] = 7. Thus Ds[7] is

strictly purer that 7 violating the purity-decreasing postulate 3 of Definition 15. [

Lemma 7. The f; corresponding to distinct pure classical states are disjoint: f; N

fi=0Yi#j.

Proof. By Lemma 6 we know that Ds[f;] = s; and so f; is contained within the
preimage of s;. Hence, if the s; and s; are distinct then their preimages are disjoint

and so f; N f; = 0. o
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Lemma 8. The f; are all isomorphic: f; = f; V1,j.

Proof. In classical theory there is a reversible transformation  [s;] — s;, hence, by
Postulate 3 of Definition 18 there is a reversible transformation in the post-classical
theory T} [s;] — s;. As Ty is linear it must map the refining set of s; into the refining

set of s; and, as T is reversible this defines an isomorphism between f; and f;. [

Lemma 9. The f; are exposed faces: there is a linear functional E; such that

Ei(s)>0Vse Sand Ei(s) =0 < s € f;.

Proof. In classical theory we have effects (i.e. linear functionals that are non-
negative on the cone) E; such that E;(s) > 0 Vs € Ay and Ei(s) = 0 <~
s = s;. By Postulate 2 of Definition 18 these arise from the post-classical theory as
E; = ¢;0 Dgs and so by idempotence of decoherence we have F;o Dgs = FE;. Therefore,
Ei(s) = Ey(Dg[s]) > 0 Vs € S and E;(s) = Ej(Dgls]) =0 <= Dgls] = s; —
s € fi. m

Lemma 10. The minimal face that contains Ay is the entire state space: \/ZN:1 fi=

S.

Proof. Consider some state in the interior of the state space i.e. p € Int[S]. This
means that every other state refines p, i.e. s > p V s € §. Now consider Dslp],
and note that if a state is refined by an interior state then it too is an interior
state. Therefore, for Dg[p] to not be an interior state it must be that p % Dg[p] but
Dslp] = p, this therefore violates the purity-decreasing Postulate 3 of Definition 15.
Therefore, Dg[p] must also be an interior state. As Dg[p] € Ay is interior to S then

the minimal face that contains Ay must be the entire state space. O
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3.3.3 Composite system consequences of decoherence

Next we consider the consequences of decoherence on composite systems. Essentially,
as the resulting classical systems must be able to interact under classical dynamics

we can use this to construct the following constraints

Result 2: Consider bipartite systems S X' S which decohere via Ds X Dg to
Ay KAy = Apn2. In order for the decohered systems to be able to interact via
reversible classical interactions, the systems in the super-theory must obey the fol-

lowing constraints.

1. The classical faces in Result 1 f; have linearly independent spans Span|[f;] N

Spanl | fi] = (0} ¥

2. The minimal face containing a set of faces {f;} is just the convex hull of these

faces, \/, fi = Conv[{ fi}]

Proof. Let us consider the bipartite state space SIS which decoheres via DsX Dg to
Any XAy = An2. For example, one can consider these two state spaces decohereing

independently and then being brought together.

Lemma 11. The refining set for s; ® s; is f; ® f;.

Proof. In the minimal tensor product a generic state can be written as ) paq®bq.
Therefore, if s; ® s; = Y Palla ® by then by considering the two marginals by
applying u ® I and [ ® u (i.e discarding each of the sub-systems in turn) we get that
Si = ) . Dala and s; = Y pabs, and so a, € f; and b, € f; hence the refining set

fOI' S; ® Sj iS jllSt fz ® fj’ D

Lemma 12. There exists a reversible transformation 7" such that

k@ fim fi®fi Vi#j

Je® fi—= ;@ f;
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Proof. For a classical bipartite system Ay XAy there is a reversible transformation

achieving the permutation of classical states

kRS> sE®8 YVi#]

Sk®8jl—>8j®8j

therefore by Postulate 3 of Definition 18 there must be a reversible transformation
T, which has the same action as 7 on the image of Dgs. By the same argument as
in the proof of Lemma 8 this must extend to the relevant refining sets as given by

Lemma 11, hence taking T' = T, we obtain our result. ]

Lemma 13. The minimal face containing a set of faces {f;}/; is the convex hull

of these faces, \/[_, fi = Conv[{f;}I"]

Proof. We prove this result via induction, the n = 1 case is trivial as it simply
states that f; = Conv[{f;}]. Now for the induction, assume that f := \/7—' f; =
Conv[{f;}"=}] then the effect E := 3" F; is such that E(s) =0 <= s & f. Now
define the effect

e:=E,FE+F, ®E,

and note that e(a®b) =0 <= a®b e {fiQf, fu® fu}. Hence, Conv[{fi & f, f @

fn}] is a face and so we have

Fi®fV fo® fo=Conv[{f® fi, fn @ fu}].

Now consider the transformation 7" such that,

R fi—= fi®f; 1=1,....,.n—1

f1®fn'_>fn®fn

T
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which exists by Lem. 12. Therefore we have

RO(GVE) =Lefv L],
= Conv[{f1 @ f, fr @ fu}]
é fi® Conv[{ﬁ fn}]

Hence we have

V fi= PV fu = Conv[{f, fu}] = Conv[{fi}ii]
as we required. O

Lemma 14. If the spans of f; and f; are equal then they must be the same face:

Span[f;] N Span[f;] = Span[fi] <— i=j.

Proof. Firstly note that as f; & f; the dimension of the spans are the same, hence

this is equivalent to the statement that
Span[f;] = Span[f;] <= i=].

The <« direction is trivial so we focus on the = direction. Consider some state
X € fj, by assumption we have x € Span[f;] and so x = ) Za X« Where z, € R and
Xa € fi. Therefore E;(x) = >, zaLi(xa) = 0 and so x € f;. This is true for any

state of f; and an identical proof holds with ¢ and j swapped, therefore f; = f;. [

Lemma 15. Span[f;] N Span[kg'fk] = {0} Vi

Proof. First note that given vector spaces U and V with subspaces A, B C U and
C,D CV that
(A C)N(B® D)= (ANB)® (CND).

(see for example Lemma 1.4.5 of [44]). Now consider the transformation 7" from
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Lem. 12.
h®fim fifi 1#i

i@ fi= fidfi VE#i

Define A = Span[fi], B := Span[fi] and C := Span[U,; fi]. As T is a linear
reversible transformation it preserves the intersection of these subspaces. Equating

the intersection of the subspaces in the pre-image and the image under 7T gives

T
o~

A® (BNC) (BB)N(A®C)

=(ANB)®(BNC)

This can only be satisfied if AN B = A or BNC = {0}. The first case is ruled out
by Lemma 14, whereas the second case implies that Span[fi] N Span[U,_; fx] = {0}

as we require. O

3.3.4 Proof of main theorem

We can now combine Results 1 & 2 to prove our main theorem

Theorem 1: If a theory decoheres to classical theory (Def. 18) in the minimal
tensor product, then each state space {2s — which decoheres via Ds to Apy(s) —is of
the form As X Ay (s) and the decoherence map is Ds = (zs o us) a5 X 1Ay s> Where

xs is some fixed state of the system and ugs is the discarding map for the system.

Proof. Given the previous results we have shown that the state space can be writ-

ten as Qs = \/fV:1 fi where the f; are linearly independent. Moreover, \/I_, f; =
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Conv[{f;}?4]. The conjunction of these conditions implies that the cone generated

by S decomposes into the direct sum [11]

N
Qs =P fi
=1

Moreover, as the f; are all isomorphic we can define A =2 f; V ¢. Consider the state

space
S =AKX Ay
N

Using Ay = @ p; where p; is a zero-dimensional face, and distributivity of X over
@ (Lemma 2)1_‘;'6 can write

N

Qs = GB AN p;
i=1

Finally, as p; is zero dimensional, p; X A = A and therefore

N
Qsl = @Az = QS
i=1

That is, S is just the composite of some possibly non-classical state space A with a
classical state space Ay where the state of Ay labels which state s; a state decoheres
to. Therefore, the output state of the decoherence process depends only on the state

of the classical component. Hence, can be written in the required form,
D5 = (ZL‘OU)A@HAN.

where u is the discarding effect and z is some fixed state of A. O

Result 3: For any theory that decoheres to classical theory as per Definitions 15
and 18, and whose composition rule ® is given by the minimal tensor product X, all

state spaces are of the form

Qs =fKAN
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and the decoherence map is of the form

DSZ (SOU)f@lAN

where u is the discarding effect and s is some fixed internal state of f. FE.g. deco-

herence of non-classical systems comprises of discarding them.

Therefore, if we restrict ourselves to considering non-classical theories without en-
tanglement, the only decoherence-to-classical map possible is the trivial map where
we discard our non-classical systems. For example, in quantum theory this would
correspond to all quantum systems regardless of their state or dimension decohere-
ing to the zero-dimensional classical state, and the resulting classical theory being

trivial.

3.3.5 Discussion of results

We have shown that if a theory has a non-trivial decoherence mechanism then the
theory must have entangled states”. This shows that entanglement, rather than
being a surprising feature of nature, is an entirely inevitable feature of any post-
classical theory of nature. The results presented in the previous section are the first
step towards fully characterizing all post-classical theories. For example, a natural
question to ask what other features of quantum theory can be reproduced simply by
demanding that the theory has a classical limit? Beyond the existence of entangled
states, we expect there to be other general characteristics of this class of theories
that warrant further study. There are myriad other physical features that could be
implied from the existence of a classical limit such as information causality [105],

bit symmetry [97] and macroscopic locality [100] to name but a few.

Another potential avenue for future work would be to see if the results presented in

"The following discussion, paraphrasing from [115], was originally written by myself as first
author
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this paper can be extended to bona fide device-independent notions of non-locality.
In particular it would be interesting to determine if, perhaps by introducing addi-
tional physical postulates, it would be possible to derive the existence of non-local
correlations that violate Bell inequalities. The existence of entangled states is in gen-
eral a necessary but insufficient condition for observing violations of Bell inequalities.
For example, non-separable states are present in the local theory of Spekken’s toy
model [126]. On the other hand, it has been shown that all entangled states in
quantum theory display some hidden non-locality [28, 94]. By determining the ad-
ditional structure present in quantum theory that gives this correspondence between
entanglement and non-locality, it could be possible to derive the violation of Bell
inequalities from purely physical postulates. Given the simplicity of the postulates
used to derive the existence of entangled states, it is plausible that the postulates

that give rise to Bell non-locality are similarly mundane.

In the next section we explore another related research line. We use the ideas laid
out in the previous section to study how a quantum limit could constrain any post-
quantum theory. Much like assuming a classical limit, we assume that in any deeper
theory that quantum theory, systems must be able to behave like quantum systems

in some limit.
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Hyperdecoherence

In the previous section we postulated the existence of decoherence-to-classical pro-
cesses and derived the existence of entangled states. From this we can conclude that
any ‘post-classical’ theory, that is any extension of classical theory to a richer theory
(e.g. quantum theory) via a decoherence map, must contain entangled states. Our
definition of decoherence maps (Def 15) is weak enough that it can be applied to

any causal theory with reversible interactions between systems.

The proofs in the previous chapter rely on the strong constraint that the sub-theory
imposes on the super-theory. The next logical step is to try and relax these con-
straints. Instead of making the sub-theory classical, what if we just ask that it is
causal? Or that it obeys tomographic locality? This allows us to consider more gen-
eral super-theory to sub-theory relations, through what we call a hyperdecoherence
map. For example, we can define all super-theories of quantum theory as GPTs
for which there exists a hyperdecoherence map (obeying Definition 15) that recover

quantum theory as a sub-theory.

The exploration of possible post-quantum theories, and post-classical theories other
than quantum theory, is hindered by the fact that it is very hard to construct a self-
consistent theory from scratch. However, by considering this space of possible GPTs,

ordered under the hyperdecoherence map, we can explore the general structure of

78
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these theories without having to explicitly construct them. To see this, consider the
space of all GPTs. This is depicted in figure 7?7 as a cone whose point is the trivial
theory with no states, effects or transformations. The existence of a generalized
decoherence map imposes a partial ordering on this space. For example, we know
that quantum theory is a super-theory of classical theory. Furthermore, we know
that all post-classical theories are ‘entanglement theories’ (i.e. theories that contain
entangled states’). However, the general ordering of theories under decoherence
remains unexplored. There are extensions of quantum theory, for example ‘higher
order interference’ quantum theory [125, 122, 85, 13, 43, 14] and quartic quantum
theory [138], but it is unclear if these theories can hyperdecohere to quantum theory

in a physically consistent way.

In this chapter we derive a general rule that strongly constrains this partial ordering

of theories. Namely that

If theory Y hyperdecoheres to theory X, Y =X, and X and Y obey

causality and local tomography, then X=C'T.

That is, the only sub-theory of all causal theories is classical theory. This surprising

result immediately implies the following

There is no causal, pure, locally tomographic extension of quantum

theory via a hyperdecoherence map.

These proofs can be seen as an extension on and improvement of the result in
[86]. Before presenting our results we briefly discuss the results in [86] and the

assumptions the authors use.

4.0.1 Existing no-go theorems

In [86], the authors consider all super-quantum theories that decohere to quan-

tum theory under the same assumptions on the decoherence map as we present in
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Definition 15. They also impose the following additional constraints on the set of

post-quantum theories that they consider

Postulate 6 (Purity of the sub-theory). All state that are pure in the sub-theory
are pure in the super-theory. I.e. if we have a quantum system with state space (g
and pure states |pg) € 25", and a system in the super-theory 25 that decoheres

to Qg by D [Qsq] = Qq, then |pg) € Q" V |pg) € Q5™

On top of this assumption, they assume that the post-quantum theory obeys the

purification postulate [32]

Postulate 7 (Purification). A GPT obeys the purification postulate if, for every
state on a single system |p4) € €4, there is a pure state on the bipartite composition

of that system with some ancillary system B, |¥4p) € Q4 ® Qp, such that

1. purity: |pa) is the marginal of |V 45])

b o
s/ Y (1)

2. All such ‘purifications’ of the state |p4) are connected by local reversible op-

erations on the purifying system

! e I
o
=

Sy
PN

(4.2)

First, lets consider the assumption that Postulate 6 holds. This essentially asserts

that pure sub-theory states (e.g. pure quantum states) are maximally informative.
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There are no states in the super-theory that refine pure quantum states. This is
true for a classical sub-theory of quantum theory. For any given basis a qubit
can decohere to a classical system where the pure states of the classical system
correspond to the pure states of the qubit that are invariant under the decoherence
map. This assumption is non-trivial, as one can easily imagine an extension of
quantum theory where all quantum states are an incomplete description of the state

of a system, obtained by taking a mixture of states in the super-theory.

We make use of the same assumption in our proof. The following example shows why
this assumption is required - to get rid of ‘fake decoherence’ processes. Consider the
following decoherence map, which can be constructed in quantum theory by defining
the system in the super-theory be the tensor product of two identical quantum
systems, Sguper = A ® A, and the system in the sub-theory be the one of the sub-
systems tensored with some fixed state |e), Ssuy = A ® e. The hyperdecoherence
map is equivalent to simply applying the discard and prepare process to one of the
sub-systems. In quantum theory, we can achieve this reversibly if the state |e) is

internal, as there is some entangled state that purifies it.

AA A A
Dy = = i
AA 1a A )

(4.3)

where

SRR

We achieve the hyperdecoherence map, which entails discarding the second subsys-

tem and preparing a new state e, by performing a partial swap operation with an
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environment state W. As the partial swap is a reversible transformation, this is
consistent with our assumptions. Furthermore it is simple to show that this map
is idempotent (by composing the first term in (4.3) with its self) and causal (as
quantum theory is causal). Clearly this does not constitute an interesting decoher-
ence processes, as the sub-theory is nothing more than a state in the super-theory

combined with some mixed state.

We now show that, depending on our choice of ¥, the hyperdecoherence is trivial
(there is no interacting with the environment) or the state e is mixed. In the latter
case, all states in the sub theory are mixed in the super theory, and this map violates

Postulate 6.

Consider the case there ¥ is a product state. It is simple to show that in this case

7T separates

o o - -

P - -

(4.5)

As any convex combination of a separable process is a separable process, all non-
entangled ® result in trivial decoherence maps. In causal and locally tomographic
theories, all entangled states have mixed marginals [32]. Thus, our fake hyperdeco-

herence satisfies all of the above assumptions except Postulate 6. It appears at first



83

glance that the primary function of Postulate 6 is to exclude these fake decoherence
processes. We hope that in the future this postulate can be replaced by some as-
sumption that ensures the system is not tensor-decomposable!. Finding postulates
for the existence of sub-systems is an open problem [53], and beyond the scope of
this thesis. On the other hand, there could be interesting extensions of quantum
theory whereby pure quantum states are states of partial knowledge (mixed) in the

super-theory.

The second assumption is quite strong, as it is shown in [33] that quantum theory
can be derived from the purification postulate along with a few other assumptions.
Purification is presented as the defining postulate that separates quantum theory
from other possible candidates. Ideally, we would want a no-go theorem for the
existence of post-quantum theories that does not assume one of the key postulates

of quantum theory.

A discussion of the physical meaning of this postulate is given in [36]. The first
part of the postulate states that any mixed (e.g. random) system can be seen as a
sub-system of some global pure state. This is well physically motivated as it is neces-
sary to allow for local randomness to coexist with global determinism and reversible
dynamics. For example, local randomness and reversible evolution of systems are
possible in classical theory, but require some initial randomness and hence a global
state that is mixed. The fact that in quantum theory mixed states can be ‘purified’
as entangled states gets around this, allowing for global determinism alongside local
randomness and reversibility. The second element of the postulate, that all purifica-
tions are related by reversible transformations on the purifying system, is a strong,

mathematical assumption.

In the following section we give a proof of the same result in [86] but removing
the assumption of Postulate 7. The only substantial assumptions remaining are

causality, purity of the sub-theory, and local tomography.

1Our result will then be that the systems in sub-theories obtained through hyperdecoherence
processes are tensor and/or direct sum decomposable
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4.0.2 No-go theorem on hyper-decoherence

First we state our assumptions on the hyperdecoherence process. The only de-
parture from our previous definition of decoherence in Def 15 is that we explicitly
demand that the interaction process is reversible, and Postulate 6. We constrain
the sub-theory to be non-classical (no non-disturbing measurements), which is true

for quantum systems.

The intuition behind our proof is as follows. The decoherence map is idempotent
on the states belonging to the sub-theory. Therefore it satisfies the definition of a
partial cloner / leak (Definition 22). Therefore, if this interaction cannot be used
to construct a non-disturbing measurement in the sub-theory (as we assume the
sub-theory has no non-disturbing measurements), the partial cloner must be trivial
(non-interacting). Our proof then centres around showing that, given the interaction
is non-interacting for input systems belonging to the sub-theory, it must be non-
interacting for input systems lying in the super-theory state space as well. Formally,
we will show that, given Z is a trivial partial cloner in (), it must likewise be a

trivial partial cloner in the super-theory,

‘ 657 (4.6)

That is, the reduced transformation on the system is reversible and hence the deco-
herence is trivial, Qguper = Qsup, With the isomorphism given by the the (reversible)

reduced map on the system.
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Lemma 16.

o] |
T = L Vp € Qsup
VY o

pure

«ub » idempotence implies

Proof. Starting with a pure state in the sub-theory p € Q2
that this state is invariant under the decoherence map. Applying the decoherence

map twice gives

8.
e@ \*/ %’7 657 (4.7)

We can then decompose the unit effect into an arbitrary sum involving any effect

e € (super

L
v "5

where

S e s
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where we have applied the causality of the decoherence map to remove it from the
definition of p;. As p is pure in the sub-theory, and we have a decoherence map
on the left output wire so the sub-normalized states also belong to the sub-theory,
the convex sum in (4.8) must be trivial. As any e € Q%'P°" can appear in this

decomposition we have

T@ @3@

Ve e Qe

55 &0 o0

Applying tomographic locality then gives

T | @]

Lol = 7 | =| 1 | vpeanye
¥ YUY U© o
This then extends to all p in the sub-theory by linearity O

Lemma 17. £, =LV p

Proof. This follows immediately from the non-existence of non-trivial partial cloners
on the sub-theory and the postulate of tomography. If £, depended on the sub-
theory input state then by tomography there exists some measurement that can

discern and distinct images of £ under £,. O

Result 1. If the decoherence map is a trivial partial cloner in the sub-theory, then



87

the decoherence map is trivial. There exists a reversible transformation R s.t.

T

Proof. By Lemmas 16 and 17, the image of the environment state is fixed for all

sub-theory inputs on the left wire

o] |
7 - L] VpeQu
@ e‘g \¢/ (4.12)

Let L(E) = &'. First, choose p € QP by Postulate 6. Local tomography implies

super
that all states with pure marginals are product state (Lemma 19 of [32]). Therefore
Z(p®E) = p®E by local tomography, then by the reversibility of Z we have
that £ € QPe . As £, = L then the image of the environment state is pure for

all p € Qg By Definition 15, the sub-theory contains an internal state of the

super-theory. As such we can choose p € Qi;fl';)er and decompose the interaction as

T | T
:Zpi L

@ @ \&J (4.13)

Where the decomposition involves arbitrary super-theory input states. As &’ is pure,

this convex sum must be trivial.
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e@ i =é7 Vs € Qhe,
@ 657 (4.14)

Therefore by local tomography we obtain

T =

‘ e‘? (4.15)

As the image of 7 :: s ® € has a pure marginal, then by local tomography it is a

product state (Lemma 19 of [32]). As Z is reversible then the image of the system
under the decoherence map is isomorphic to the pre-image, e.g. Z is a locally

reversible transformation and Qgyper = Qgup

The consequences of Result 1 are clear. If we wish to extend a theory to a super-
theory via a hyperdecoherence map, then the original theory must allow for non-
trivial partial cloners, and hence non-disturbing measurements. As quantum theory,
for example, does not permit non-disturbing measurements, then it cannot be ex-

tended to a theory that is causal and locally tomographic.

4.1 Discussion

Our result puts very tight constraints on what any post-quantum theory could look

like, assuming it recovers quantum theory by hyperdecoherence. The necessity for
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Postulate 6 are discussed in Section 4.0.1, and only plays a role of excluding fake
decoherence maps. Here we briefly discuss the other two physical postulates, causal-
ity and tomographic locality, and what a super-theory that violates these postulates

might look like.

Causality: As defined in Postulate 3, causality is the assumption that preparation
outcomes are independent of the choice of measurement later applied to a prepara-
tion. As we showed in Chapter 1, we can enforce causality by assuming the existence
of a unique deterministic effect. What would a theory look like without causality?
Acausal foil theories have been constructed; for example in [46] an acausal theory

2. However, the

is constructed which obeys tomographic locality and determinism
theory violates the no-signalling principle. This is perhaps unsurprising as acausal
theories can allow for ‘signalling from the future’; in that measurements in the causal
future of a preparation can affect the outcome of that preparation. In [47] it is show
that causality is required for constructing a partial ordering on events. That is,
if events are time-like separated (event A precedes event B, A > B) or space-like
separated (A ¥ B, B # A). The ‘past cone’ of an event B is the set of all events
that causally precede B, e.g. A = B. This ‘no signalling from the future’ principle is
stated as ‘the marginal probability of any event is independent of any event outside
of its past cone’, and it is shown that the postulate of causality is required by the
no-signalling from the future postulate. However, in [59] it is shown that it is possi-
ble, at least in principle, to construct theories that violate causality and in doing so

allow ‘future’ events to influence ‘past’ events, without allowing for signalling from

the future to the past.

Characterizing acausal theories is an active field of research, and goes beyond the
scope of this thesis. Suffice to say that causality is a fundamental physical postulate,
a central assumption of the scientific method, and (as shown in [47]) is experimen-

tally falsifiable. It remains an open question as to what reasonable acausal theories

2By determinism, we mean that events occur with probability 1 or 0. Thus, one can construct
deterministic theories that are non-the-less acausal
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exist. Clearly if we are to relax the postulate of causality to go beyond quantum
theory we can expect a significant departure from the formalism of quantum and

classical theory, and the causal process theories outlined in Chapter 1.

Tomographic locality: If a theory violates tomographic locality it can still obey
tomography as defined in Section 2.2. That is, performing tomography with local

open circuits is insufficient to characterize a process
)? ? ? # Y I I N
A # A = B
% éﬂ

B
Ty T T

Ve, € Q¥ e; € QY 5, €Qp, 55 € Q0

However, if we retain the basic postulate of finite tomography then

VR, U, € QRPQ7<I) (S QRPQ

There are well known examples of GPT's that violate local tomography, probably the
best known being real quantum theory [128, 78, 10, 16, 133]. Real quantum theory
is constructed by replacing the complex field with the real field in standard quantum
theory. As a consequence, states and effects correspond to real symmetric matrices,
and transformations are completely positive maps that preserve the space of real
symmetric matrices. In [14] it is shown that real quantum theory is causal and
permits reversible interactions between sub-systems whilst violating tomographic

locality. In [136] it is shown that real quantum theory can surpass quantum theory
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in certain information transfer protocols.

An extension of quantum theory that violates local tomography would likely have
some interesting properties. For example, the existence of non-local degrees of free-
dom. To illustrate this, we consider an example from real quantum theory (following
an example given in [40]). The simplest systems in real quantum theory are rebits,
which are the state spaces of qubits restricted to the ‘equator’ (i.e. the ring of real

numbers). Consider some arbitrary state p on this ring, and the transformations

T:(-) and Ty(-) s.t.

Ti(p) = %p + %YpY (4.16)
Ty(p) = 31 Tr(o) (4.17)

where Y is the Pauli-Y matrix and p can be written in the form

0 — P q
Y = ., p= (4.18)

1 0 qg 1—0p
T5(+) is a ‘measure-prepare’ transformation that traces out the state (applies the unit
effect) and prepares the state 1/2I, so clearly this is an allowed transformation. It is
simple to check that Y pY is a real symmetric matrix trace-one for all real symmetric
trace-one matrices p, so is an allowed transformation, and 7’ (-) is just the mixture
of this transformation with the identity map, so it an allowed transformation. It
is simple to check that T1(p) = Ta(p) V p that are real symmetric and trace one,
therefore these two transformations cannot be distinguished by inputting different

states p and performing local measurements on the (identical) output states.

Consider the Bell state [¢") (¢F| where |¢F) = 1/v/2[|00) £ |11)]. Clearly this

belongs to the bipartite rebit state-space by construction®. Consider the image of

3we take all states in QT with real coefficients wr.t. some basis. In this case we choose the
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this state under the action of 71 () ® I and Ty(+) ® L.

T @16 (6 ]) = 5 |67 (67| + 5 [07) (o) (1.19)
T, @I(|¢o") (¢7]) = %]I@]I (4.20)

where |[¢*) = 1/3/2[|01) £ |10)]. Performing the two-outcome measurement with
effects {|¢™) (@t + ™) (W], |¢7) (¢~ |+ [¥T) (¥ T|} distinguishes these two states,
therefore the two processes can be distinguished by non-local tomography. As noted
in [40], as the image of |¢™) (¢T| are locally indiscriminable but can be non-locally

discriminated, we can define a ‘non-local observable’

Q=(Ni®I-T2®1)(|¢*)(¢*]) (4.21)

where, by construction, Tr [QFE; ® Fy] = 0 for all local measurements (real sym-
metric matrices F1, F3). One can compare this to the situation in quantum theory,
where all states can be distinguished by local measurements and all observables have

support over local states [68].

Of course, we cannot pretend that our treatment for extending quantum theory is
totally general. There are two remaining possibilities worth mentioning. Firstly, it is
quite possible that quantum theory emerges from a deeper theory via some process
different to hyperdecoherence. Just because classical theory emerges from quantum
theory through ‘dynamical’ decoherence (e.g. interactions with an environment),
does not mean the same must be true for hyper-quantum theory. For example,
there are extensions of quantum theory that include indefinite causal ordering [102],
and it is unclear if such extensions need a dynamical decoherence mechanism to

recover quantum theory, rather than recovering quantum theory under a restriction

computational basis without loss of generality.
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to causal dynamics?. Secondly, our proofs rely on the reversibility of the interaction
that gives rise to hyperdecoherence. It is possible at least in principle that there are
truly irreversible processes in nature, and these could give rise to an irreversible deco-
herence map. However the assumption of reversibility is of fundamental importance
in the theory of thermodynamics. Indeed we show in the following Chapter that
without reversibility we can freely erase information, which allows us to circumvent

the second law of thermodynamics.

4.2 Conclusions

In the previous chapters we have introduced the framework of generalized probabilis-
tic theories (GPTs) - a framework general enough to encapsulate quantum theory
along with any reasonable theory that can describe the outcomes of experiments.
We then introduced the theory of decoherence and hyperdecoherence for general-
ized probabilistic theories, the first describing how GPT's can recover classical theory
through dynamical decoherence (interacting with an inaccessible environment), and
the second describing how we can recover more general theories (such as quantum
theory) by a similar process. We then presented two new no-go theorems; the first
establishing that the existence of entangled states max exist in any theory that can
decohere to classical theory, and the second establishing that any theory that can
hyperdecohere to quantum theory must violate either the postulate of causality,
purity of the sub-theory or tomographic locality. We have then briefly discussed
the implications of these no-go theories within a wider context, namely the research

program of exploring possible extensions of quantum theory.

One possible avenue for future research would be to combine these two approaches.
It is simple to see that, as quantum theory decoheres to classical theory, any post-

quantum theory must be able to do the same. We have seen that the existence

4Tn this case, we would recover causal quantum theory because, experimentally, we are restricted
to performing experiments that admit an absolute causal ordering
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of a classical sub-theory imparts very strong constraints on the allowed reversible
dynamics and kinematics of post-classical theories. It is likely that the same is
true for the existence of a quantum sub-theory. In our second no-go theorem the
only properties of quantum theory that we made use of are the non-existence of
non-disturbing measurements, local tomography and causality. It is possible that
stronger constraints exist if we make explicit use of the structure of quantum theory

(its states, effects and transformations) as we did for classical theory in Chapter 3.

Another avenue of research would be to attempt to remove or relax the assumptions
of causality and tomographic locality. Indeed the results presented in Chapter 4
currently remain unpublished due to ongoing work to remove the assumption of
local tomography. The postulate of purity of the sub-theory is the first assumption
we should seek to relax in future work, as it appears to only play a role in excluding

some invalid hyperdecoherence processes.

Finally, the techniques developed in Chapters 3-4 could be employed to explore other
non-classical features of quantum theory, and determine if these features can be
derived from the existence of a classical limit. It would be fascinating if many of the
features of quantum theory could be reconstructed from the existence of a classical
limit alone. Or indeed if quantum theory can be singled out as the only post-
classical theory under some assumptions such as causality and local tomography.
This hypothesis is highly speculative, but we have presented strong evidence for the
power of our approach. It is likely that if a full reconstruction of quantum theory is

not possible by this approach, we can nevertheless recover some of its features.

In all of the results presented in the previous two chapters an indispensable ingre-
dient has been the assumption that, fundamentally, all dynamics are reversible. In
the following chapters we turn our attention to the foundations of thermodynamics
in quantum and classical theory. Classical and quantum theory both obey the pos-
tulate of reversibility, and we will see that this postulate is an essential precursor to

the second law of thermodynamics.



Chapter 5

Thermodynamics of individual

quantum systems

5.0.1 Thermal baths

The central object that gives rise to the bounds and limitations we derive in this
chapter is the thermal bath. A thermal bath is a large system, typically taken to
be of infinite volume/dimension, that has reached a state of thermal equilibrium.
Before we can rigorously define these statements, it is useful to give some simple

descriptions of some of the basic principles describing these systems.

A microscopic state (or microstate) of a system is a single assignment of all of
its possible degrees of freedom. For example, in a classical N-particle system, a
microstate can be represented as a vector containing the instantaneous positions
and momenta of all particles (and could specify additional conserved quantities such
as angular momentum). Let x denote a microstate. As we are typically interested
in counting microstates by their energy, we will often treat the energy eigenstates
of the system and its microstates interchangeably. We assume that the system
is closed, meaning that no energy passes in or out, and we can describe it with

a single Hamiltonian. The Hamiltonian H assigns an energy to each microstate,

95
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and we can define an energy shell as the set of states with a given energy E, {x :
H(x) = E}. The density of states Q(E) is a function giving the volume of the
energy shell, Q(E)dE = Vol{x: F < H(x) < E+dFE}. A classic assumption in
statistical mechanics is that the equilibrium state of large systems can be described
by the microcanonical ensemble, whereby all microstate probabilities have the same

probability for all microstates of the same energy!.

ﬁ, H(x)=F

p(x) = (5.1)

0 otherwise

The Shannon entropy of the microcanonical ensemble is then given by S(E) =
In Q(E) (we work in natural units, with the Boltzmann constant set to 1). We can
trivially include an additional variable V', which represents a dimensionless volume
(for example, particle number), in order to allow comparison between identical sys-
tems of different sizes, i.e. Q(E,V). As we will see, under the assumption that
a system is in thermal equilibrium with a larger system, and the global equilib-
rium state is described by the microcanonical distribution, we can derive that the

probability of a microstate follows the Gibbs distribution 2

Definition 23 (Gibbs distribution).

—BE
px) =——, Z=> e’ (5.2)

IThis is a very non-trivial assumption, that can be reached by several arguments. The most
simple being to assume the assuming the mazrimum entropy postulate, whereby you assign as the
equilibrium state the maximum entropy state (which, for a given energy, is the micro-canonical
ensemble). Other standard arguments involve assuming ergodicity, which states that (over suffi-
ciently large periods of time), the time spent by a system in a given region of the state space with
fixed energy is proportion to the volume of that region [134]. The assumption of ergodicity allows
us to equate temporal averages to ensemble averages, and the equilibrium states of the system are
those that are invariant under time translations. One such invariance state is the microcanonical
ensemble. However, quantum and classical systems are in general non-ergodic. This discussion
goes beyond the scope of this thesis, and we take this assumption as it is a key assumption of the
articles referenced in the following sections upon which this research builds.

?In systems that have thermalized with a bath of inverse temperature 8, the distribution of
microstates is typically given by the Gibbs distribution (see [62] for a resource-theoretic derivation).
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We now present our definition of a thermal bath. For now we will give a very
idealized definition of a thermal bath, imparting as few constraints as possible until

later®. Note that the following definitions and proofs are taken from my publications

[114] and [113].

Definition 24 (Heat bath). We define a heat bath as a large system with a continu-
ous energy spectrum defined by a Hamiltonian Hg. The density of microstates of the
bath is given by Q(E, V) = e3*V) where S(E, V) is the entropy of the microcanon-
ical ensemble for a given energy F and (dimensionless) volume V. Furthermore, we

demand that

1. The entropy is extensive, S(kE,kV) =kS(E, V)V k >0
2. The dimensionless volume V' is large

3. The bath is in a Gibbs state with inverse temperature (5, s.t. a microstate

with energy F has an associated probability Zgle_ﬂE

What is the intuition behind these assumptions? Assumptions 1 and 2 are stan-
dard assumptions for a thermal bath. The second assumption, which only becomes
important later, simply states that the bath is a large system in some sense. The
first assumption is non-trivial, but is certainly justified if the system is weakly in-
teracting, in that the mutual information between any two partitions is negligible
by comparison to the sum of the entropies of the two partitions. Then the approx-
imation is valid by the additivity of entropy for independent distributions. The
third assumption can be addressed as follows. A thermal bath is a system that has
reached thermal equilibrium with an even larger system of inverse temperature (.
For now, we take the limit V' — oo, which we will remove in section 5.4. Consider

a microstate x of our bath with energy Hp(x). As the bath and the larger system

3This is not to say that systems not meeting our criteria cannot be considered heat baths -
there are many treatments that consider thermal baths that allow for the exchange of resources
other than energy [64, 61] and formalisms that allow for single quantum systems act as heat baths
[124].
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that contains it are together in isolation, their total energy Fj is conserved. There-
fore the larger system has energy Fy — Hp(x), for which there are Qg(FEy — Hp(x))
microstates that it can occupy. In other words, the number of microstates of the
combined system, for which the thermal bath is a subsystem in microstate x, is
Qs(Ey — Hp(x)). As the joint system is governed by the microcanonical ensemble,

we can conclude (from the law of total probability) that

p(X) o QB<E0 B HB(X))

= S (B — Hulx)) o

Using Q(E) = e*F) we recover

p(x) x Qp(Ey — Hp(x'))

= exp (Sp(Ey — Hp(x')))

)

x exp (—GF) (5.4)

~ exp (SB(EO) -

where we expanded the entropy as a Taylor series to first order, and used the def-
inition of the temperature 5 = 0S(F)/0F|g=g,- We can neglect the higher order
terms in the Taylor series as (we show later) they are identical to zero in the limit
V' — oo. Later on we remove this ‘infinite-size’ approximation by including higher

order terms in the Taylor series of the entropy.

5.0.2 Thermal operations

So far we have been working with a classical description of systems. The results
discussed in this thesis will be essentially classical, although we will show that they

port directly to semi-classical quantum systems (which we define later) and provide
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upper bounds for generic quantum protocols involving coherences. In our frame-
work, we have an (initially isolated, quantum) system with density matrix pg and
Hamiltonian Hg and want to determine the possible dynamics of this system when
in contact with a heat bath with Hamiltonian Hpg, whereby the composite system-
bath system is isolated. This enforces that any interaction between system and
bath, which is described by a unitary transformation U, conserves the total energy

Hs+ Hp .

Definition 25 (Energy conservation (1 law)). The joint state of the system and
bath, ps ® pg, evolves according to a unitary on the joint Hilbert space Hg ® Hp,

which obey the commutation relation

[U,Hs—l—HB]:O (55)

Any such unitary can be seen as an energetically ‘free” operation on the joint system-
bath system, in that it requires no net injection of work into the isolated system and
bath. Finding the allowed transformations of the system amounts to characterizing
the set of operations that correspond to the reduced dynamics of these unitaries
on the system. These operations, which we refer to as thermal operations, are the

possible quantum maps on the system obeying Definition 25.

Definition 26 (Thermal operations on the system). A quantum map £(+) on system

S in contact with a thermal bath is achievable only if

Eps) = Trp [U(ps @ 75)UT] (5.6)

where U is an energy conserving unitary as per Definition 25 and 75 is the thermal

state of the bath

1
5 = —e PP (5.7)
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where Hp is he Hamiltonian of the bath, § is the inverse temperature of the bath,

and Z is the partition function of the bath Zp = Tr [e #7=]

An important corollary of our definition of thermal operations is that they leave
systems that are in the thermal state of their Hamiltonian and with inverse temper-
ature [, invariant. In other words, once a system has fully thermalized w.r.t a heat
bath, there are no unitaries on the joint system (operations that require no energy

import) that can change the state of the system out of its thermal state.

Corollary 2. Given a thermal operation £(-) and a system S in thermal contact
with a heat bath of inverse temperature S and in a thermal state w.r.t the baths
temperature 7 = exp {—FHg}, then the state of the system is invariant under the

thermal operation

5(7’3) =178 (58)

Proof. Using the definition of the energy conserving unitary and the definition of

the thermal state yields

6_BHS e_ﬁHS

g Zg

U, 7s ® 75]

I
S

I
o

(5.9)

where we have used the fact that [U, Hs + Hp] = 0, the diagonality of the thermal
states w.r.t the joint energy eigenbasis (by definition), and that [A,B] = 0 <«
[A,eP] = 0. Therefore
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E(rs) =Trp [U(1s ® TB)UT]
= Trp [(1s ® 75)]

=0

So the thermal state of a system, with respect to the bath it is in equilibrium
with, is dynamically invariant as expected. A key component of our results is that
thermal operations commute with energy conserving unitaries that represent time
translations of the system. This was first noted in [91], where the authors show that
this compatibility imparts strong constraints on thermal operations. For example,
the impossibility of creating coherent states from non-coherent states using thermal
operations. For our work, it is used to show that (under the assumptions of thermal
operations) we can ignore all coherences when deriving the set of thermal operations,

allowing us to consider quasi-classical states only, which we define below.

Definition 27 (Quasi-classical states). ps is quasi-classical if

We now show that when characterizing thermal operations we can restrict our at-

tention to quasi-classical states

Lemma 18 (Time translation invariance of thermal operations). We say that a
quantum channel on the system Hilbert space Hg represents a time translation if it

is of the form

Ry() = emiflst () ¢iflst (5.11)



102 Chapter 5. Thermodynamics of individual quantum systems

Thermal operations commute with all time translations

E(Ri()) = Ra(E (")) (5.12)

Proof. We use Definition 25, and defining that at ¢t = 0 (before system and bath
interact) the bath is in a stationary state with respect to its Hamiltonian Hg. Com-

posing the thermal operation with a system undergoing time translation yields

S(Rt pS TrB Ue™ ZHstp €1H5t®7_ UT}
= Trp [Ue 5! pge’st @ e Htrpe P U]

[

[

=Trp [Ue™ (Hs+Hp)t . & TBei(HSJFHB)tUT]

= Trp [6 i(Hs+Hp)t Ups @ Uil HerHB)t]
£

= Ru(€ (ps)) (5.13)

We now show that thermal operations commuting with time translations allows us
to restrict our attention to quasi-classical states. First, we define the decoherence

(dephasing) map

Definition 28 (Decoherence in the energy eigenbasis). We define the following
decoherence map, which is equivalent to taking the Haar measure of the group of

time translations generated by the systems Hamiltonian

T
= _ —iHgt iHst

Ds(p Tlg{)lo T /Rt )dt = Tlgrolo e (p) e stdt (5.14)

-

T .
Taking the limit Tlim % [ e7“Tdt = 0 for w # 0, all rotating terms in the density
- -T

matrix, e st (p) efst vanish and we are left with the state that is invariant under
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time translations. This map therefore destroys all coherences in the energy eigen-
basis other than those corresponding to rotating terms for w = 0, i.e. degenerate
sub-spaces in the energy spectrum. Therefore, Dg(p) will commute with the Hamil-
tonian for all input states p and is therefore always a quasi-classical state, as per
Definition 27. Whilst in general there could be states with coherences on degenerate
eigenstates, we can use an energy preserving unitary on the system alone to rotate
these degenerate subspace so that the state is diagonal in the energy eigenbasis.
Because we are interested in determining the optimal work cost of transforming
quantum states under thermal operations, we can always apply the dephasing map
defined in Definition 28 and a energy preserving unitary to the system, without

incurring any additional energy cost.

From now on, we restrict ourselves to these ‘diagonal states’, which can be written
as p = Y. p(s)|s)s| where {|s)} are the energy eigenvectors of Hg, Hg|s) = F|s).
The impsact of this is that it is sufficient to consider systems that are diagonal in the
energy eigenbasis when determining the ultimate limitations of thermal operations,
and do not have to concern ourselves with the intricacies of how coherences impede

the set of allowed thermodynamical transformations (see for example [91, 92, 83,

108, 41]).

Lemma 18 allows us to further simplify our treatment of thermal operations. For
these states we can characterize thermal operations in terms of a class of classical
stochastic maps, rather than having to consider the full set of unitary transforma-

tions describing the system-bath interaction.

Theorem 3 (effect of thermal operations on the system). Given a thermal operation
e(+) acting on quasi-classical state p, the image o0 = €(p) is also a quasi-classical state.
Furthermore, the energy level populations of the image state o = ) q(s")|s')(¢|

are related to population of the initial state p = > _p(s)|s)(s| by

q(s') = t(s'|s)p(s) (5.15)
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where t(s|s) = (s'|€ (|s)(s]) |§') is a stochastic matrix with the following properties

o positivity: t(s'|s) >0V s,s

e stochasticity: >, t(s'|s) =1V s

o Gibbs-preserving: Y, t(s'|s)e PFs | Zg = e PP [Z4 ¥ &

Proof. Definition 28 and Lemma 18 imply that the dephasing map commutes with

all thermal operations

€(Du(-)) = D (£()) (5.16)

which implies that the image of a thermal map acting on a quasi-classical state is

also a quasi-classical state

= Dy (o) (5.17)

We can then decompose the quasi-classical state o as a convex sum over the energy
eigenstates o = Y q(s")|s'Xs|, where ¢(s") := (s'|o]s’) and obey > q(s") = 1,
q(s') > 0. By the same argument we can decompose p as p = Y p(s)|s)(s|. Using

the above definition of ¢(s’) we arrive at
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a(s) = (o)
= () = (s]E (§p<s>|s><s|> )
= 3 IsoD) 5905
= sl

positivity and stochasticity follow from the properties of positivity and trace-preserving
of quantum maps respectively. The Gibbs preserving property is proven in Corollary

2. [l

The work storage system

Having reached a simple characterization of the allowed transformations on an iso-
lated system and bath, we now introduce an ancillary system which we refer to as a
weight. By including a weight, we can allow transformations that change the total
energy of the system and bath, with the weight acting as a store for any residual
energy shed by the system and bath, or as a battery to provide energy for a system-
bath transition that cannot occur spontaneously. We refer to the energy stored in
the weight as ‘work’. Historically the weight has been thought of as a mechanical
system such as a mass on a chord, that raises or lowers against the force of gravity.
This is a common definition of a work system and can be abstracted as a work
Hamiltonian Hy = [ dz|z)(z| (where e.g. the orthonormal basis {|z), Vo € R}
represents the vertical position of the weight). The following results and definitions

are published in [114, 113].

Introducing the weight requires two additional assumptions

Definition 29 (Classical work). Before and after performing the global energy
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preserving unitary U on the joint state of system, weight and bath, the state of the

weight is measured, obtaining outcomes |z) (initial) and {|z 4+ W;)} with probability

pw, = (& + WilTrs 5 [U(ps ® pp @ x)z)U] [z + W;)

(final). In general, we allow the work to be a fluctuating random variable, (W) =

Definition 30 (Independence on the ‘position’ on the weight). The global unitary

U commutes with the translation operator on the weight

U, Aw] =0

The generator of the translations of the weight Ay, is canonically conjugated to the
position (or potential energy) of the weight, [Hy, Aw| = i, where Ay, is a Hermitian

operator and acts as e W Wz), = |z + W)V, W eR

The first assumption is that the work we expend or extract in a thermodynamic
operation is essentially classical - i.e. measuring the work system destroys any
coherences between its eigenstates (the weight has a non-degenerate spectra). This is
known in the literature as the two point measurement scheme, and is the traditional
definition of work in quantum thermodynamics (see [30] for a review). There have
been recent attempts to consider non-classical descriptions of work [76, 90, 108].
These approaches have their own limitations, and the problem of finding a definition
of ‘quantum work’ remains an important open question, beyond the scope of this

thesis.

The second assumption is required to ensure that we cannot use the weight as a
source of free energy. For example, it could be that the weight is inadvertently used
as a source of non-uniformity [56]. The second assumption implies that the unitary U

cannot reduce the entropy of the joint system-bath combined. As unitaries conserve
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total entropy of system, bath and weight, this constraint implies that they cannot
decrease the entropy of the weight, which guarantees that the weight is not used as

a source of purity. We now show that the above condition ensures this

Lemma 19 (Weight independence). If [U, Ay] = 0, then for every state of the

weight py there exists a probability distributions p(w) such that

Trw [Ups ® pp @ pwU'] = /dw p(w)uwpspul, (5.18)

where u,, are unitaries on the joint system-bath state. Therefore, as u,, are entropy-
preserving, U cannot reduce the entropy of the joint system-bath state. (Theorem

1 from [96])

Proof. By Definition 30, [U,Isp ® Aw] = 0. This implies that we can tensor-

decompose the unitary as

U= /dz A, ® AW (5.19)

where A, is a family of operators on Hg ® Hp. Unitarity implies that

Isp @Iy = UUT = / dzd? A, Al @ G=)Aw (5.20)

which implies that

/dZAZAZH = Tsp6(x) (5.21)

where 0(z) is the Dirac delta function. Let us now characterize the reduced map on

system and bath.
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Trw [Upss ® pwU'] = /dz d2' A.psp Al Tr [ei(z—z’)AWpW

= /dz dz' AZpSBAZ,/dkp(k)eik(zZl)pw (5.22)

where p(k) := (z|pw|k) and |k) is an eigenstate of the translation operator Ag|k) =
k|k) ¥V k € R. Define the family of operators uy, := [ dz e™*, we can write the above

reduced map as

Tri [UpsB ®pWUT} = /dk’p(l{)UkpSBult (5.23)

All that is left is to show that u,z = u,;l

ukuz = /dz dz A, A, e*E=%)
= /dzdx ALA, e

= /dwé(m)ﬂe‘im =1

5.0.3 Thermal operations with non-constant Hamiltonians

So far, we have only considered thermal maps that preserve the Hamiltonian of the
system. Thermal operations are general enough to include the case where the final
Hamiltonian of the system Hy differs from the initial Hamiltonian Hg. This can be
shown by including an ancillary qubit X, which acts as a ‘switch’, as described in

[71, 3]. The total Hamiltonian is given by
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Hiyp = Hs ®10) (0] + Hg ® |1) (1| + Hp + Hw (5.24)

We impose that the global energy conserving unitary performs the switching

Upsws @10)x(0]) = plswp @ [1) x (1] (5.25)

for any initial psy . This implies that

U=V®&I|1), 0]+ V]0) (1] (5.26)

Where V and V are unitaries on the system, bath and weight. The condition

[U, Hyot] = 0 implies that

U(Hs+ Hp+ Hy) = (Hy+ Hp + Hy) U (5.27)

Note that U does not necessarily commute with Hy,s = Hs+ Hg + Hy, but satisfies
(5.27). Therefore the reduced map on system, bath and weight can be written as
g(pSBW) = UpSBWUT (528)

where U satisfies (5.27).

Thermal operations on system and bath

We finish this section by extending our analysis of the thermal operations on the
system to a set of analogous constraints for the thermal operations on the system
and bath. As we showed in Lemma 19, the reduced map on system and bath is

a probabilistic mixture of unitaries. In Lemma 18 we showed that the dephasing
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map commutes with the thermal operation reduced map on the system. It is trivial
to extend this dephasing map to the system and bath, and (as the trace over bath
plays no role in Lemma 18) the result extends to the reduced thermal operation
on system and bath. That is, we can restrict our self to considering quasi-classical
system and bath states. We now proceed as in Theorem 3. We define the following
stochastic matrix, which characterizes the reduced thermal operation on system and

bath, where we denote the bath energy eigenstates as |E).

t(E'S|Es)=Tr|(|s'Ns'| ® Qper) U <\s>(s| ® chg) ® pW> Uﬂ (5.29)

() is the projector onto the (degenerate) eigenspace of Hp that has energy E, and
the density of states is Qp = Tr [@g|. The elements t(E’ s'| E' s) can be interpreted as
the probability of the joint system and bath microstate undergoing a transition from
|s) @ |E) to |s') ® |E') under the action of U. We arrive at the following constraints

on the map, analogous to Lemma 3.

Theorem 4 (thermal reduced map on system and bath). The reduced thermal map
on system and bath is characterized by the stochastic matrix t(E’ s'| E's) which obey

the following necessary and sufficient conditions

1. stochasticity on the system

> p(s)pu(E)HE' S| Es) = q(s') Vs

EFE'’s

2. law of total probability

Zt(E’s'|Es) =1 VE,s

E's’

3. positivity
t(F's'\Es)>0 VE' s E s
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4. reversibility

Y HE'S|Es)QUE) =QE) Vs, E

Es

Proof. Condition 1 is the statement that the reduced map on the system is consis-
tent, in that it maps the system to its final (quasi-classical) state 0 = >, q(s’)|s' X',
and where we have used the fact that the system and bath are initially in a product
state, p(s, F) = p(s)py(E). Conditions 2 and 3 are standard conditions for stochas-
tic matrices. Condition 4, as we will see, is the condition that is responsible for the
second law of thermodynamics. We assume that the bath has a very large number
of microstates of energy E and E'. ) t(E's'|E s)S)(E) is then equal to the fraction
of bath microstates with energy FEj, that are mapped by the thermal operation to
bath microstates with energy E’, and therefore if we sum over all initial energies
E we count all of the microstates mapped to energy E’. As the map is reversible,
it is a bijection on the set of system-bath states, and therefore the number of mi-
crostates with energy E’ before and after applying the thermal operation remain the

same. O

5.0.4 Work, heat and transformations

We have now defined the basic set-up in which we will analyze a variety of ther-
modynamic protocols - a thermal bath, an (athermal) system, and a work storage
system or ‘weight’ that tallies the change in energy of the system and bath at the end
of their interaction. In our work, we focus exclusively on work extraction and work
of formation protocols. In the former we either allow heat to flow from the bath to
the system, thermalising (or partially thermalising) the system, and extracting work
into the weight along the way, whereas in the latter the interaction consumes work
stored in the weight, in order to move the system further from thermal equilibrium.
Common examples of protocols falling into these categories include cooling (work of
formation), and isothermal expansion (work extraction). For now, we will consider

the case where we have a single thermal bath at some fixed temperature 3, but later
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we will see that single-bath protocols can be used as steps in multi-bath protocols,

such as constructing Carnot engines.

We will consider these protocols under additional constraints to the work. In gen-
eral, the work will be a a fluctuating random variable W. If it is allowed to freely
fluctuate, we could denote this as W indicating that we allow fluctuations of
arbitrary size. In many applications, there is a desire to bound the size of these fluc-
tuations - for example if we are working with small or fragile machines that cannot
accommodate arbitrary energetic fluctuations, or if we are interested in determining
the deterministic work content of a system (the single-shot work, where the work
distribution is guaranteed to be perfectly concentrated [71, 2]). If we bound the
fluctuations in the work to be smaller than some threshold |W; — (W)| < C, we
denote this as W(). If we demand that the work is deterministic (i.e. the work
distribution is non-zero at a single value), we denote this as W, and if we allow
for some very small € fluctuation, we denote this as W (note, this is often referred
to as an € probability of failure, but this is nothing more than allowing the work
to be of the form (W) = (1 — €)W + € x 0, and thus have a single fluctuation with
W; = 0). Regardless of the specific constraints we place on the work, we can define

the following optimal work measures, which are tied to specific protocols of interest

Definition 31 (Work of transition). Given two quasi-classical states pg, og, the
maximal work gain associated with the transition pg — og under a thermal opera-

tion is W,_,,, defined as

Wyso = max {(W) =Trw [HwTrsp [€ (ps ® pp ® |0);-(0])]]

st. Trow [€(ps ® ps ©0),,(0)] = & (5.30)

In other words, it is the minimal work done on the system S by a thermal operation

that achieves the transformation on the system pg — og.
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Note that, in general, the system will end up in a correlated state with the weight
(i.e. separable, due to measuring the work system, but not in a product state). In
the case that work is deterministic, the final system-weight separable state must be
a product state, and the above optimization simplifies to finding the maximal final

weight energy W.

Definition 32 (Work content). The work content of a system is the maximal work

extracted by a thermal operation, without constraining the final state of the system

W, = max {(W) = Trw [HwTrs,p [€ (ps © pp @ [0)y, (0])]]} (5.31)

As we will show, if work is allowed to fluctuate freely, any thermal operation that
extracts the full work content of the system leaves it in the thermal state w.r.t the
inverse temperature of the bath. Therefore (in this case) we can think of optimal

work extraction as analogous to thermalizing the system.

Definition 33 (work of formation). The work of formation is the minimal work
cost of forming the state pg from its thermal state w.r.t the bath, 74 = Z e 8Hs

using thermal operations

Wiy = max {(W) = Trw [Hw Trs5 [€ (s @ pp © [0}y (0])]

st Trow [€ (s @ pp ® |0y, (0))] = p (5.32)

!
where 7¢ = Zle PHs
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5.0.5 Landauer erasure: a simple illustration

Before we move on to deriving the fundamental bounds on the work cost of thermal
operations, it will be useful to illustrate how our framework can be used with a
simple example. Perhaps the simplest and often studied protocol is Landauer erasure
[84, 20]. In this protocol a 2 dimensional system in an unknown state (i.e. the
maximally mixed state p = 1/2[0)(0]+ 1/2]1)(1]) is ‘erased’, by resetting the state of
the system to a fixed pure state (e.g. o = |0)0]). In this simple case, we see what
the optimal thermal operations (defined by {t(E’, s'|E,s)}) look like quite easily.
A thermal operation is essentially a probabilistic permutation of the joint states of
system and bath. In figure 5.1 we show the joint depict the joint system-bath states
by drawing the bath microstates (growing by Q(F) o< e’F for an infinite bath), and

stratifying them along the two sub-spaces of the system, |0) and |1)

Q
| 0)
] 2OPOGO
Final OO0 *o:.
E
Q
Initial
E

Figure 5.1: figure from [95], reprinted with permission.
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In figure 5.1, the initial joint microstates of system and bath are shown, with the
states with energy E < Ej coloured green in the subspace spanned by |0), and blue
in the subspace spanned by |1). The work cost of erasure can clearly be seen. As
the thermal operation is reversible (a bijection on the infinite-dimensional joint state
space), the final joint state has to accommodate all of the initial microstates, and
we have to map the initial joint system-bath states to bath states of higher energy
to do so. The thermal operation maps all states to the subspace spanned by |0), i.e.
the probability of finding the reduced state of the system in |0) is 1. In other words,
t(E', §'|E,s) =t(E'|E,s)d(s")°.

Consider the case where we want to perform erasure with a deterministic work cost
(as we will see later, for erasure this is also the optimal work cost if we do not
constrain fluctuations). Then we require that t(E',s'|E,s) #0 = E' = E,+ W.
Consider the energy subspace of the final state of the bath Hg(xp) = E. This must
contain the image states from bath energy levels E — W, as shown in figure 5.1.
As there are two such energy levels (due to the two system sub-spaces present in
the preimage), reversibility implies that Q(E) = 2Q(E — W) which implies W =
S~ tlog 2, which is Landauer’s bound. This is not the most general case, as the work
as been constrained to be deterministic. However, the proofs in the following section
follow the same logic - using reversibility and knowledge of the density of states of

the bath to determine the optimal work.

5.1 Fluctuating work

We can now derive some of the standard results of thermodynamics within our
framework. These are the results that we will then go on to extend in later sections.
Firstly, we deal with the case that work stored in the weight is allowed to fluctuate
arbitrarily. Without placing any constraints on the weight, the only resulting con-

straint on what transformations can be achieved between quasi-classical states is the
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corresponding work cost. In other words, the only constraint is that there must be
enough work stored in the weight to accommodate the work cost of transition W,_,,.
It is often also said that a system in contact with a thermal bath can only undergo
a transition spontaneously if doing so generates surplus work, W,.,, > 0. Using

Theorem 4 we now quantify the optimal work achievable in a given state transition.

Lemma 20 (Work of transition with infinite bath and unbounded fluctuations).

The work extracted by a thermal operation t(E’s'|E s) is upper bounded by W,_,,

where
Wyso = F(p) = (o) = 5T(E(ps © pa) (5.33)

where
fww:mw—%ﬂm (5.34)

where S(p) is the Shannon entropy of the quasi-classical state p = Y. p;|i)(i], S(p) =
— > . pilogp;, U(p) = Tr[H,p] and Z(S : B) is the mutual information between the
final states of the system and bath. Furthermore, in the case that the thermal bath
is infinite, there exists thermal operation that achieve upper bound with zero mutual

information

Wy = Flp) - F(0) (5.35)

Proof. The expected work extracted by a thermal operation characterized by t(E’ s'| E s)

is given by the expected reduction in the energy of the system and bath

(W) = Z p(s)pp(EVH(E'S'|Es)[(E — E') + (€5 — €g)] (5.36)

EFE'ss’
where Hg|s) = €|s) and py(FE) = Z, 'Q(E)e ?F is the probability of finding the

bath in the energy subspace E. For any t(E’s'|E s) we can rewrite this expression
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for the expectation value of the work in terms of the following variables that are

independent of the initial bath energy F

R(E',s|s) ==Y p(E)t(E $|Es) (5.37)
2 p(ENU(E'S'|E s)(E — E)
Q(E'§'|s) =~ R 5T (5.38)

Which allow us to re-express the (W) associated with t(E's'|E s) as

(W) =Y p(S)R(E'S'|s)Q(E", §'|s) + AU(S) (5.39)

E’ss’
Where AU(S) = Y ppree P(S)Po(E)H(E' S'|E s)(es — €5) = Y. p(S")(€s — €y) is the
change in the internal energy of the system under the map (where we have used
constraints 1 and 2 of theorem 4. Next we rephrase condition 4 (reversibility) of

theorem 4 in terms of these new map variables

Va)
~
sy
&y
03\
&
N
s
=
5
Ct3|
=
T
&

E'S'|s) YopDe(EN(E'S|Es)(E - E)
=2 ) P [ﬁ R(E'S']3)

—pb(E’) (5.40)

We can now determine the optimal (W) by maximizing (5.39) w.r.t this constraint
along with the others in Theorem 4. As we will see, it will be sufficient to con-

struct the Lagrangian with the reversibility constraint alone and then apply the
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stochasticity constraints to the optima of this Lagrangian

L= 3 s RES|)QE. 15 +AU(S)S A, ( S REla M)
E'ss! E's
(5.41)

where A\ ¢ are the Lagrange multipliers for the the constraints

po(E") > > R(E'S|s)exp (BQ(E's's)) from (5.40). The solution to dpL = 0 yields

Q(E', s s) = %log ()\pE('j)5> (5.42)

substituting this back into the Lagrangian and taking the derivative w.r.t the La-

grange multiplier A\g/y and equating to zero gives

1 py(E') _ m(E)
ApgB Y. P(s)R(E's'ls) P(E'S)’

(5.43)

where for the last equality we used the definition of R. This gives the optimal @

Q(E's's) = %log (%) : (5.44)

And thus the optimal work

(W) < AU + = EZ P(s)R(E's'|s)log (%) : (5.45)

which can also be written as
(W) < AU— —AS — = EZ P(s)R(E'S|s) log (ﬁ((j))) (5.46)
3 Z P(s)R(E's'|s) log (%) , (5.47)

E'ss’

where AS = S(p) — S(o) which, under constraints 1-2 of Theorem 4 simplifies to
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(W) < —AF — = Z P(E's") log (%) =—-AF— %I(g(ps ®@pp)) (5.48)

This bounds gives an absolute upper limit on the work that can be extracted by
a thermal operation. Note that the upper bound is just the standard second law,
(W) = —AF, but with a correction coming from the correlations that remain be-
tween system and bath after they have interacted. Clearly, the system and bath
ending up completely uncorrelated is a very idealized situation, and we will show is
only possible in the limit that the thermal bath becomes infinite. Note that we made
no assumption on the structure of the thermal bath, other than the convexity of its
density of states. As we will see, this means that our bound applies to finite bath
models, and the finite bath corrections that we later derive are essentially bounds on
the minimal correlation achievable between system and bath when extracting some

expected work.

Clearly, by the positivity of quantum and classical mutual information, there is a
hard upper-bound on the work of —AF. We now show that for infinite baths this

upper bound is attainable.

Lemma 21. For infinite baths, where Q(F) o e’”, there exists optimal thermal
operations that saturate the inequality (W) > —AF. All such thermal operations
are of the form

t(E's'|Es) = f(E's's)0(E — E' — fg + fs)
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where f(E's's) obeys

S HE-fo+fuss) =1 Vs (5.49)
Y P(s)f(E's's) = P(s) Vs (5.50)
S 0< f(E's's) < 1 VE'Ss (5.51)

where f, = —371log P(s) is the fine-grained entropy.

Proof. In order to achieve (W) = —AF'| a thermal operation t(E’s'|Es) must sat-
urate the upper bound derived in Lemma 20 with zero mutual information. First

note that in Lemma 20 the optimal Q(E’s’s) are (uniquely)

rrN l o P(S)pb(El)
Q(E's's) = 51 g (—p(E’s’) ) . (5.52)

As the mutual information is a distance measure for probability distributions the
upper bound reduces to —AF' if and only if P(E’'s") = p,(E")P(s") and therefore,

for all optimal thermal operations

1 P(s)
E's's) = =1 = fo— fo. 5.53
QEss) = Sow (pr) = £~ 1 (5.53)
where we define the fine-grained entropies as f; := —log p(s) (also referred to as the

‘surprise’ or ‘surprisal’). Finally, note that the thermal operation only construct an

optimal @ if the reversibility constraint (5.40) is saturated. This requires that

RUZSYS) o B sy~ BESLS) [ nlB)UE'S | Bus) (B~ )
2 i) ) Rl S e R(E'sTs)
(5.54)

Therefore the sum over E in the exponent must have only a single term by convexity,

and therefore t(E’s'|Es) must be a delta function killing the sum over E. This,
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combined with the definition of Q(E’s’s) implies that t(E's'|E's) is of the form
t(E'S'|Es) = f(E's's)0(E — E' — fg + fs) (5.55)

where f(E's's) is a function that, by substituting (29) into Constraints 1-3 in The-

orem 4 yields

S HE—fo+foss) =1 Vs (5.56)

N P(s)F(E'Ss)p(E' + fo— f) = P(s)m(E) Vs E (5.57)

S

0< f(E's's) < 1 VESs (5.58)

IN the following we denote v := 32/C. In the limit v — 0 the distribution p,(E)

tends to a constant. Hence, equality (5.57) becomes (5.50). O

Lemma 21 shines a light on why we can miraculously ignore the correlations between
the system and bath when working in the infinite bath limit, and just consider the
reduced map on system. Whats-more, we have managed to phrase the problem of
computing the optimal work as a convex optimization problem, which we are now
free to throw additional constraints into. The obvious assumptions to attack with
additional constraints are the infinite size of the bath, and the infinite fluctuations
of the work. In the following section we use our framework to derive the main results
of single-shot work extraction [2, 71], where work is constrained to be deterministic.
We start down this path by deriving the simplest constrained work - the single-shot

work where the work fluctuations are constrained to be zero.

5.2 Deterministic work extraction

Single-shot work, introduced in [2] and [71], is simply the optimal work associated

with a given thermodynamic process (e.g. minimal work of formation, maximal
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work content) when we constrain the work from being a random variable to being
deterministic. This approach can then be extended to allow for a small € probability
of failure, where we extract work W with probability 1 —e or our protocol ‘fails” with
probability €, as in [2, 71, 63, 118]. Ultimately, this is allowing the work to fluctuate,
with some small probability but perhaps with very large fluctuation size. In this
section we derive the single-shot work in the limit ¢ — 0, i.e. truly deterministic
work, and then in the proceeding section generalize this to allow for (constrained)

fluctuations in a more natural way than allowing for a probability of failure.

We will focus on two protocols that allow the single-shot work to be written in a
closed form, the work of formation and work content (as we will see later, constrain-
ing the size of work fluctuations makes work of transition difficult to calculate). For
now, we will simply present expressions for the single-shot work, although later we

will derive them simply from our own formulae.

Definition 34 (Single-shot work content). The optimal deterministic work that can
be extracted from quasi-classical state p in contact with an infinite thermal bath of

inverse temperature (3 is given by

p

for p =37 p(s)[s)sl, Zs = 30, e7P and H,s) = E,|s), and p(s)° = 1 if p(s) > 0,

1 1 _
WFEO) = —log Zs — 3 log (Zp(s)oe 'BES) (5.59)

else 0.

Definition 35 (Single-shot work of formation). The minimal work required to trans-

form thermal state 7 to quasi-classical state p is given by

Wfpo) = min {—% log (p(s)e_BEsZS)} (5.60)
where p =) p(s)|EXEs| and Hg|s) = Els).

The single-shot work content is very prohibitive, in that no work can be extracted
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deterministically from states of full rank, regardless of how athermal the initial state
is. Likewise, the work of formation is highly restrictive. Whereas the fluctuating
work of formation is given by the difference in the Helmholtz free energy between

the thermal and target state, which can be expressed as

W) = F(p) — F(r) = —% Zp(s) log (p(s)e 7Fs) — %log Zg (5.61)

the single shot work of formation takes the most negative (i.e. highest work cost)
element of this convex sum (as we will see, this is equivalent to the worst case
work fluctuation in WIE?O) ). In all states (bar the thermal state and pure states)
W}O) < ngoo) = —Wp(oo) < —Wp(o). This discrepancy between the work cost and work
content of states in the single-shot regime results in thermodynamic irreversibility
when transforming between states. Furthermore, the set of allowed thermodynamic
transformations in the single-shot regime are severely restricted. In this regime, it
is possible for a state to undergo a transition deterministically (and without sup-
plying work) on the condition that a family of ‘second laws’ are satisfied [24]. Some
transitions can only be achieved by supplying work in both forward and backward
directions, resulting in a partial order on the set of states with respect to deter-
ministic work. This is in stark contrast to when we allow work to fluctuate freely,
whereby all states can be inter-converted in a thermodynamically reversible manner,

mediated by a single second law, AW < —AF

5.3 Towards a unified free energy

We can now present one of our main contributions. We derive a free energy that
interpolates between the two cases outlines in the previous section - deterministic
and freely fluctuating work. The work presented in this section have been published
as [114]. To motivate this result beyond a pleasing unification of the two exist-

ing schemes, we prove the following result concerning thermodynamically reversibly
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thermal operations (that is, thermal operations for which W,_,, = -W,_,, = —AF.

Theorem 5 (Divergence of fluctuations in thermodynamically reversible protocols).
There exists a thermodynamically reversible thermal map (W,., = —W,,, =

—AF) with work fluctuations bounded by [(W) — w| < ¢ if an only if

BB,
i ji;/iew, < PAFHD g (5.62)

where s, s’ enumerate the energy eigenstates of the initial / final system Hamiltoni-

als.

First, we derive a simplified set of thermal operations that have minimal fluctuations.

Lemma 22 (Optimal thermal operations have minimal work fluctuations). For any
thermal operation with reduced map on system and bath given by t(E's'|Es), we

can define another thermal operation

t(E'S|E,s) =t(s|s)d (B'— E—Q(s,5)) (5.63)

Q(S/, S) - ZE’Epb(E)t(E15,|E5)(E/_E) (564)

t(s’|s)

where t('s|s) = > pp Do(Ep)t(E's'|E's) is the reduced map on the system and Q(s, s')
is the heat extracted from the bath under the state transition s — s’. This map

satisfies all constraints of Theorem 4, and satisfies

(W) = W) (5.65)

max ‘(W} - w’ < max |[(W) — w| (5.66)

where w are the values of the given work distribution. I.e. the two thermal operation

have identical expected work, but #(E’s'|E, s) has smaller work fluctuations. The
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reversibility constraint on t(E’s'|E's) becomes

L= t(s']s)e@) (5.67)

S

Proof. First, we show #(E's'|E, s) is a legitimate thermal operation. Constraints 2
and 3 of Theorem 4 are immediately satisfied by ¢(s'|s). To see that constraint 1 is

satisfied, we substitute in our definition of ¢(E's'|E, s), giving

Zp Sp(ENHE'S'|Es) = pls)ps(E'+ Q(s, 9))t(s'|)
= pls)t(s]s)

=q(s") Vs (5.68)

where we have used the fact that, for infinite baths, Q(FE)p,(E) = p(E) = p(E' +
Q(s',s)) = const. Finally, for infinite volume heat baths constraint 4 (reversibility)

reduces to

AUE') =Y HE's|Es)QE)

Es's

—Z Q(E 4 Q(s, s))

= Z )ePRENQ (B (5.69)

where the Q(E’) terms cancel, yielding the simplified reversibility constraint.

finally, (5.65) follows trivially by substituting #(E's'|E,s) into the expression for
work (5.36). For a given system transition s — s, the work value associated with

t(E'S'|E,s) is Q(s',s) + Ey — E,. This is a convex combination of the work values
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for t(E's'|E, s) for fixed s,s', and therefore (as (W) = (W)) have fluctuations from

the mean that are bounded by the fluctuations associated with ¢(E's'|E, s).

Proof of Theorem 5. We proceed by deriving the work fluctuations associated with
the optimal thermal operation, as defined in Lemma 22. As we have shown that these
thermal operations have both optimal work (and are therefore thermodynamically
reversible) and minimal work fluctuations, their work fluctuations give a tight bound
on the minimal thermal operations that achieve thermodynamic reversibility. For
our simplified maps, the constraints of Theorem 4 simplify to a set of constraints on

the reduced map on the system

1. stochasticity

a(s) =Y pls)i(s'ls) v & (5.70)

2. law of total probability

1= ts|s) Vs (5.71)

3. positivity
t(s']s) >0 Vs,s (5.72)

4. reversibility

1= Zt(s/|s)eﬁ(w(s’s/)+E5’_E3) (5.73)

s

Where we have substituted w(s, ') = Q(s, ') — Ey + E; which is the work associated
with the transition s — s’. It will be useful to relax the reversibility equality to an
inequality

1> t(s'|s) e/ P —Betulslo) (5.74)

where saturation of the inequality implies that the map is an allowed (thermal) op-

eration?. In all future calculations we make use of this relaxed constraint and show

4This follows from
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that our solutions saturate the inequality.

The average work associated with the optimal map achieving the quasi-classical

state transition p — o is given by

W = Zp(s)t(s’|s)w(s’, s) (5.75)

It turns out to be sufficient to optimize this under the reversibility constraint (5.74).

The Lagrangian is

L= pls)t (s, +Z>\ ( -t (’ys)emw(s’vsHEa—Ed) (5.76)

ss’ ss’

We will denote AE(s,s') = Ey — Es. Maximizing with respect to w(s’, s) gives

w(s', s) = %log (W) (5.77)

Extremizing with respect to Ay and applying (5.70) and (5.71) gives

(5.78)

Substituting this into (5.77) gives the optimal work

s)e AE(s,s")
S pto(s19 s (") = o) - Pl (5.79

p(s)

Notice that the result is independent of our choice of t(s'|s), i.e. any map that takes
us from p — o gives the same optimal work. This is simply a statement that the
free energy is a state variable (i.e. is path independent). The work W) is the

average of the work values, given by

| = L (P8)EPREC)
w(s',s) = 51 g (—q(s’) ) (5.80)
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Note work values with p(s) = 0 are set to zero (they have zero probability of oc-
curring in the work distribution). Note that the fluctuations diverge as the initial
/ final state moves further from equilibrium. It is easy to check that substituting
our solutions for w(s’, s) into (5.73) saturates the inequality, therefore this map is

achievable with thermal operations.

Lemma 22 shows that no thermal map can achieve this (W) with smaller worst case
fluctuations. Having explicitly calculated the work values, we have derived neces-
sary and sufficient conditions for a thermal map to exist that achieves the optimal
work (i.e. the thermodynamically reversible work) given that the fluctuations are
constrained [(W) —w| < ¢. (5.62) then follows immediately by constraining (5.80)

to lie in the interval AF 4 ¢. [

Note that for any finite ¢ there exist states such that Theorem 5 cannot be satisfied.
These bounds have strong consequences for the minimal fluctuations that can be

achieved with a thermodynamically reversible protocol. For example

lim log N efEy =~ dm log o = 5.81
p(sl)lgo o8 q(s")elBs q(sl’ggo o8 q(s")ePEy o0 ( )

Therefore as an energy level occupation probability of an eigenstate of either the ini-
tial or final quasi-classical state tends to zero the work fluctuation associated with
reversibly transitioning to or from this energy level diverges, negatively for work
extraction and positively for state formation. In either case we require ¢ — oo in
order to satisfy inequalities Theorem 5 for all state transformations.

Theorem 5 tells us that the further from equilibrium the initial or final states are,
the larger the work fluctuations will be in thermodynamically reversible protocols. If
we desire smaller fluctuations in work, we must incur an intrinsic work cost to do so.
Note that cooling a system close to its ground state is an example of transitioning

from the thermal state to a far from equilibrium state. Defining the ground state
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as |min) = r%ign{|s) | Es = Tr[osHg|}, then reversible cooling is the transformation
p — |min}min|, which amounts to purifying the state. The work fluctuations asso-
ciated with any intermediate state of the system p’ with Tr [p/|min)(min|] = 1 —e will
have fluctuations that diverge like log e. Similarly, if we want to extract work form a
far from equilibrium state using a thermodynamically reversible transformation we
encounter the same divergence in fluctuations. The fluctuations can diverge even if
the average work remains small (for example, if the system is a qubit with trivial
Hamiltonian then W < 3711log2). These divergences have been previously noted in

the study of absolute irreversibility [52, 99, 98].

Previous criticisms of the inadequacy of the standard free energy have focused on
the definition of work [42, 2, 71]. Theorem 5 provides an additional criticism to the
standard Helmholtz free energy, in that necessitates divergent work fluctuations,
which are clearly an un-physical prediction. We now turn our attention to how we

can remove these fluctuations in a principled way.

Theorem 6 (c-bounded work). From [114]. The c-bounded work is defined as the
maximum expected work associated with p — o s.t. [(W) —w| < ¢ where w are the
values of the work distribution. For a system S in contact with an infinite thermal
bath, the c-bounded work content and work of formation of quasi-classical state p

are

1 1 c
Wi = GlogZs = glog3p(s)e 0 (5.82)
¢ 1 p(s /
Wy = y[Z%log(p<s>e5Esz)+c<1—Xu)] (5.83)
u seXy
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where .

%log (p(s)ePB) — v, sX,

09 =S 1e se X, (5.84)

—c, s € X;

\

where X, X, are partitions of the set of system eigenstates by a criterion described

in Appendix 1.

Proof. See Appendix 1 O

First we describe the terms in (5.82). Z’ = Y, e £+ is the partition function of
the final Hamiltonian H§. The second term can be viewed as a generalization of the
min free energy (Definition 34) that allows for fluctuations in work 6. The only
difference to the min free energy is the term ¢f9° included in the summation. IS
is the fluctuation of the work value from the c-bounded average W) (p) given that
the system was initially in state |s). In order to find the fluctuations associated with
the optimal c-bounded work extraction protocol we must partition the energy levels
into three disjoint subsets {1,2,...,d} = X, UX, UAX_ (where d is the dimension of
the quasi-classical state,) representing the energy levels with positive X', negative

X_ and ‘unbounded’ X, fluctuations®. We also define

Xy = Yoex,p(s) (5.85)

Xi = Tonnls) (5.56)

The algorithm for determining the partition A, UX, UX_, which requires the check-
ing of at most d—1 inequalities, is described Appendix 1.2. Once we have determined

the partition, the fluctuations are given by

5These fluctuations are still bounded. However their bounds are not active - the optimal solution
is the same as that achieved without bounds on these fluctuations
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(

5log(p(s)e™™) —v, se X,

0 = +e, sex, (5.87)
\—c, seX_
where
1
v = X, (Fy+c(Xy — X)) (5.88)
Fu(p) = p(s) log(p(s)e™™) (5.89)
s€Xy

where F,(p) is the (unnormalized) free energy calculated for the unbounded parti-

tion only. Note that W () (p) can be written in the more compact form

1 1
W (p) = 5 log Z' — 5 log (Xue ™™ + Z e + Z_e ") (5.90)

where

sEX L

are the partition functions calculated over the positive and negative bounded parti-
tions respectively. In Appendix 1.3 we find that in the optimal work extraction and
state formation protocols the final / initial state of the system is the Gibbs state,
which is diagonal in the energy eigenbasis. Hence equations (5.82) and (5.83) give
the optimal work for arbitrary quantum states. For a two-level quantum system

d = 2, the work content can be expressed succinctly as

W (p) = (5.92)

(

5logZ' — S log [t (1 4 e PEF/PEON] i ¢ < €

%log AR %log [e7P¢ (1 + e PE=e/PEON]if ¢ > —¢

% log Z' + F(p) otherwise
\
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where

€= 3In(1=p(s1)) ~ F(p) (5.93)

Without loss of generality we have assumed above p(s1) > p(s2) and we define
E = E; — E5. The above expression derives from (5.90) and the partitioning algo-

rithm given in Appendix 1.2.

Returning to the c-bounded work of formation, (5.83) and the algorithm for finding
the state space partition giving the c-bounded work of formation (5.83) is detailed
in Appendix 1.2. Note that the Hamiltonian of S’, the final state of the system, is
given by H¢ = > E}|7)j]. The work of formation for a two level system can be

succinctly stated as

5log Z — F(p), c>¢

Wi (p) = (5.94)

%log (peBE'Z) +c%, c< &

where p =p|0)0|+ (1—p) [1)X1], p > 1/2 and Hg = E'|0X0| is the Hamiltonian of

the initial Gibbs state.

We now summarize some of the properties of the c-bounded work.

Corollary 3 (recovering the standard free energy). The c-bounded work converages

to the standard (Helmholtz) work in the limit ¢ — co.

lim W (p) = W) (p) = —AF

c—00

and

lim W7 (p) = Wi (p) = AF

c— 00



5.3. 'Towards a unified free energy 133
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Figure 5.2: How c-bounded work extraction and state formation varies further from
equilibrium. Figure shows the unbounded work W (p), the c-bounded work content
W (p) and the c-bounded work of formation W' (p) for the state p = p [0X0]+ (1 —
p) [1)(1] with Hamiltonian Hg = F |0)X0| with 8 =1, £ = 0.1 and ¢ = 0.7. In the
above figure x denotes the probability 1 — p of the system being in the excited state
|1). Note that despite choosing a c-bound that allows for fluctuations of the order
of the maximal work that can be extracted from the pure state p = 1, in general
we can extract much less that this amount. There is a discontinuity in W (p) at
x = 0 where we recover W) (p) = W()(p). Notice also that closer to the thermal
state the dissipation (difference between the W) (p) or Wl(pc)(p) and W®)(p)) is
greater for state formations than work extraction, and this reverses as the state
moves further from the Gibbs state.

Proof. Direct consequence of Lemma 5.62 [

Corollary 4 (recovering the single-shot free energy). The c-bounded work converges

to the single shot work in the limit ¢ — 0.

lim W) (p) = Wil ()

min
c—0

and

L W () = W™ (p)

c—0

Proof. See Theorems 10 and 11 in Appendix .1.5 O]
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== W9p) — W(p) -= W9(p)
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Figure 5.3: How c-bounded work extraction and state formation varies with ¢ for a
fixed initial / final state. figure shows ngc) (p) and W) (p) v.s. ¢ for the trit state
p=0.7]0X0] + 0.2 [1)1| + 0.1 |2)2| with Hamiltonian H, = E; [0X0| + E2 [1)(1| with
E,=0.1, E5 =0.2. fisset to 1. x denotes the value of ¢, which we tune between 0
and 1.5. For small ¢ the dissipation |1V (p) — W) (p)| for the formation protocol is
greater than for the extraction protocol, and for large ¢ the relationship is inverted.
Note that for ¢ > 0.9 it possible to thermodynamically reversibly prepare state p
but not to thermodynamically reversibly extract work from it.

Therefore the c-bounded work recovers the standard and single shot work in these
limits for all initial and final states and Hamiltonia. We can use the c-bounded work
to derive the following fundamental limitations on the magnitude and fluctuations

of work that can be extracted from an infinite bath

Theorem 7. The c-bounded work is related to the non-fluctuating work by inequal-

ities

W) < WO(p)+e (5.95)
W) = W) — ¢ (5.96)

becoming strict inequalities for ¢ > 0

Proof: See lemmas 27 and 28 in Appendix .1.6.
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These inequalities imply a fundamental trade-off between work and fluctuations. In
order to do better than single shot work extraction / state formation, our work must
have fluctuations that are greater than the increase in work / decrease in work cost
with respect to the deterministic work. In Appendix 1.7 we show that the c-bounded
work distributions that give W (p) and WI(,C)(/)) obey the Jarzinski equality [75].
In Supplementary Note 5 we prove that (I:I_I% W®©(p) = WO (p) and similarly for
Wi (p).

It is simple to see that for any finite ¢ a partial ordering of the states w.r.t work
emerges. A simple way to observe this is to choose a qubit state p with Hamiltonian
Hg and a thermal qubit state 7 with Hamiltonian Hg # Hg such that neither state
thermomajorizes the other (see [71] for examples). For any two such states there is
a value of ¢ below which W) (p) (for p — 7) is negative and WF(C) (p) (for 7 — p) is
positive, i.e. it costs work to perform both the forward and backwards transitions.
Note that there are states with the same standard free energy that exhibit a partial
order for finite ¢. Allowing the weight to fluctuate freely allows us to transition
between these states freely. This is an example of how weight is not just a resource
for extracting additional fluctuating work but in accommodating dynamics, even
when on average its displacement remains zero. It is an interesting open question to
determine how much we must allow work to fluctuate to allow a transition p — o

to be achieved without costing work.

Qubit Carnot engine. We now present an application of our result - computing
the c-bounded Carnot efficiency for a single qubit Carnot engine model. This is the
maximal efficiency the qubit engine can reach given that fluctuations in the work it
produces are bounded by ¢. We use the same single qubit engine model as described
in [124]. The engine operates by moving a qubit p with Hamiltonian Hy = E |0)X0]
between two baths of inverse temperature Sy and So, with Sy < Bc. The qubit
has state pyc = Zy\ce P 0)0] + Z3; [1)1] when in equilibrium with the hot

/ cold bath, where Zyc = 1 + e P7cE. The engine cycle begins with the qubit
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in thermal equilibrium with the cold bath. In the first half of the cycle it is then
placed in contact with the hot bath and work is extracted. In the second step of the
cycle the qubit is returned to the cold bath and work is extracted a second time.
In Appendix 2 we show that, in the case that fluctuations are not bounded, it is

possible to reach Carnot efficiency with this engine, as shown in [124].

TlCarnot = 1—- 5_H (597)
Be

In the case that c is finite, the work extracted in the first half of the cycle is given

by
L log (Zx + tr[Hspc) Bu—Bc) ifA>¢
Wl(c)(p) _ Bu (Zc> B ( Ba ) (598)
ilog (Mﬁ) s lfA S C
where
E _
A= 7 <ﬂcﬁ—HﬂH) (5.99)

if A < ¢ we simply extract the difference in free energy between the two thermal
states, otherwise we extract the c-bounded work of pe in contact with the bath fg.

Similarly, on the second part of the cycle we extract

Llog (Z2<) + tr[H,py) (282 [ if B > ¢
Wi (p) =4 % <ZH> < o ) (5.100)

%log (ZCG—W) ,ifB <c

e—°BCZH 1o EBC

where

_ E (Bc—PBu
B_ZH( = ) (5.101)

Note that satisfying (5.99) implies that (5.101) is also satisfied, therefore breaking
inequality (5.101) is the condition for achieving Carnot efficiency in this model. Also
note that B gives the minimum worst case fluctuation of the work extracted by this
engine when operating thermodynamically reversibly. The efficiency is given by the
ratio of the heat flow from the hot bath to the total work extracted in the cycle. The

heat flow from the hot bath is found by applying the 1% law of thermodynamics,
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Qn = AEY(py — pc) + Wl(c) where A(E)(pg — pc) is the change in the systems
internal energy in the first part of the cycle. Therefore the c-bounded efficiency of

the engine is given by
(©) _ 1+ Wy

_ 5.102
AU + W (5102

In the case that ¢ — oo, we recover the Carnot efficiency, which is bounded from

— 016 — 0.06 — 0.02 — o

Figure 5.4: The corrected Carnot efficiency for various values of ¢ for a single qubit
heat engine. Figure shows the c-bounded Carnot efficiencies vs. Ty for single qubit
engine with gap £ = 0.1 and T = 1. The black line gives the unbounded Carnot
efficiency. The Blue lines give the c-bounded efficiencies with there corresponding
¢’s marked on the figure. The dashed lines give the maximum attainable efficiency
in the limit of asymptotic temperature difference between S¢/8y — oo

above by 1, i.e. we recover unit efficiency in the limit that fo/8y — oo. For any

finite ¢ this is no longer the case, with the maximal efficiency give by

FE
© —  lim 7](0) —1—

7 S— 5.103
nmaX ,Bc/ﬁHA)OO 2(26“[‘ E) ( )

This gives an upper limit on the efficiency of the single qubit engine protocol de-

scribed above, which is dependent only on the Hamiltonian of the qubit and the
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parameter c.

As F — 0, nr(r‘f;x — 1, but the work extracted tends to zero as the Gibbs states
associated with the two bath temperatures become indistinguishable. For ¢ — 0 we
get that nr(ﬁgx is bounded from below by 1/2, but at ¢ = 0 no work can be extracted
as the thermal states are of full rank, giving nﬁ?ﬁx = 0. Therefore we find that,
although this engine cannot run at non-zero efficiency in the single-shot regime, if
we allow for arbitrarily small fluctuations it is possible in principle to reach a max-
imum efficiency greater that 1/2 (although the fluctuations in work will still be of

the order of the work extracted, given inequality (5.95)). Similar results relating to

the single-shot regime are discussed in [135].

In conclusion, we have derived tight bounds on the minimal fluctuations in work
associated with thermodynamically reversible protocols, for which the average work
is given by difference in free energy between initial and final states. We have shown
in Theorem 5 that thermodynamically reversible protocols have fluctuations that
diverge in size as the relative athermality of initial or final states increases. We then
derived the c-bounded work content and work of formation of arbitrary quantum
states, which can be understood as modified free energies that interpolate between
the standard and single shot free energies. We have seen that, for any finite c,
some of the phenomenology of single-shot thermodynamics (namely thermodynamic
irreversibility and a partial order of states with respect to work) are present for some
transitions. Furthermore we have found that it is impossible to extract more than
the deterministic work content of a system without necessitating fluctuations that

are greater than the gain in work (and similarly for the work cost of state formation).

An interesting open question is to what extent we must allow work to fluctuate
in order to allow for a given state transformation. Answering this question would
require the extension of these results to processes with arbitrary initial and final
states, including the case where both initial and final states contain coherences

between energy levels, which is ultimately beyond the scope of this thesis. We have



5.4. Finite bath corrections to the second law 139

also used the c-bounded work to study how bounding work fluctuations affects the
efficiency of a single qubit heat engine, and have derived an upper bound on efficiency
of this engine that depends only on ¢ and the engine’s Hamiltonian, establishing a
fundamental trade-off between a the engines efficiency and the fluctuations in the
work it produces. This is particularly pertinent when considering any realistic small-
scale thermal machine, which will only be able to perform thermodynamic protocols

that result in small fluctuations in the energy of the work battery.

All the the results derived thus far assume that the system can interact with all
the microstates of an infinite thermal bath. We now turn our attention to the final
chapter of this thesis, where we remove this strong assumption and re-derive the

second law in the case of a finite thermal bath.

5.4 Finite bath corrections to the second law

In this section we redress our assumption that the thermal bath (Definition 24) has
infinite volume. The results presented in this section have been published as [113].
We consider the limit wherein the bath is a very large but finite system. In fact,
even if the bath is still technically infinite in volume, we should still treat it as a
large finite system. This is because as the system interacts with the bath over a
finite period of time, it will only be able to probe a finite volume of the bath®. We
now restate our assumptions on the heat bath, and proceed as before without taking

the infinite limit.

Definition 24: We define a heat bath as a large system with a continuous energy
spectrum defined by a Hamiltonian Hp. The density of microstates of the bath

is given by Q(E,V) = e%5Y) where S(E,V) is the entropy of the microcanonical

5For example, the interactions between the system and bath are ultimately bounded to lie within
the light cone of the system, the speed of information transfer is bounded by the Lieb-Robinson
bounds [87] and, more practically, heat transfer rate is limited by the thermal conductivity of the
bath
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ensemble for a given energy E and (dimensionless) volume V. Furthermore, we

demand that

1. The entropy is extensive, S(kE,kV) =kS(E,V)V k>0
2. The dimensionless volume V' is large

3. The bath is in a Gibbs state with inverse temperature 5, s.t. a microstate

with energy F has an associated probability Zgle_ﬂE

Assumption 1 (extensivity) implies that the microcanonical entropy varies linearly

with volume,

S(E,V)=Vf(u), u=E/V (5.104)

S(B) " and using

where f(u) is some function of the energy density. Using Q(E) x e
the probability of microstates p(z) o< e #H#(®) (equation (5.4), we assume the bath
microstates are still well described by a Gibbs distribution), the distribution of the

bath energy densities obeys

p(u) o< W=Fu) (5.105)

In the large V' limit we can apply the saddle point approximation to approximate
p(u) by expanding the exponent g(u) = f(u) — Su about its maxima (hence dis-
carding the linear expansion term), g(u) ~ g(ug) + 1/2(u — ug)?g” (ug) , where ug

is the absolute maxima of g(u) as a function of u. This implies that f'(ug) = 3 (to

achieve ¢'(u) = 0) and f"(ug) < 0.

p(u) oV (F(ug)+5 1" (up)(u—up)?)

o e 5 |7 ()| (u—up)? (5.106)
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This is a Gaussian with mean (u) = ug and variance ((u —ug)%) = |V f"(ug)|~". We

can relate f”(ug) to the heat capacity of the bath by

_ o)V Olu)
Ci=Vor =~Ta a5 (5.107)

Starting with f’(ug) = § and differentiating w.r.t 8 gives f"(ug) = 1/ <88L;>. sub-

stituting this into (5.107) yields

Vo 1

¢= T2 f(ug)

(5.108)

Note that f”(ug) < 0 implies that the heat capacity is positive, as is always the case
in “ordinary matter””. Also note that C' o< V, because f(ug) is independent of V.

The variance of p(u) can now be expressed as

voy? (5.109)

9 1/2_T\/5
<(U—<U>)> — Ty <

which is small when V is large. Finally, we use our approximate form for p(u) to

approximate the density of states of the bath, Q(E,V) oc e®Fp(u), as

Q(E, V) o exp (BE - VTE2> , (5.110)

where we have rescaled the energy such that (E) = 0, and we define y = =.

5.4.1 Finite bath corrections to the second law

In this section we analyze the transformation power of thermal operations in the
case of a finite bath as outlined in the previous section. First we recap Lemma 20,

which provides a correction to the second law in terms of the mutual information

"A counterexample to this is semi-classical black holes, which have a negative heat capacity [93]
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between system and bath following the thermal operation

Wyso = Fp) = (o) = 5T(E(ps © pu) (5.111)

Note that in our derivation of Lemma 20 we make no assumption on the density of
states of the bath, other than it being convex. This necessary and sufficient condition
is not always useful, because it involves the final state of the bath. However, it
precisely articulates the effect of having a finite bath. Note that a similar bound
was previously found in [50] and [111], albeit under more significant assumptions

such as the bath being finite dimensional and having certain Hamiltonian properties.

In the previous section we showed that when the heat capacity of the bath is infinite,
it is possible to extract average work equal to the free energy difference. In this case,
the system-bath final state is of the form P(s', E') = P(s')py(E’), i.e. the system and
bath end up uncorrelated, and the bath remains in a thermal state. The mutual
information correction of Lemma 20 quantifies the correlations in the final joint
system-bath state P(s’, E'). We now show that this idealized situation cannot be
achieved with a finite bath, and the corrections to the second law that we derive
can be thought of as quantifying the minimal correlations that can be achieves in

the final system-bath state.

The bound in (5.111) requires detailed knowledge of the final system and bath joint
state which is not typically available in a realistic setting (in order to compute the
mutual information). This isn’t an ideal situation, as this detailed knowledge is not
typically available, and we are interested in calculating the optimal work in the case
of a large but finite bath. Equation (5.111) lets us interpret the bounds we derive as
the minimal mutual information generate between system and finite bath in a given
state transition. We now present a necessary condition which only depends on the

state of the system and the heat capacity of the bath C'.
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Theorem 8 (A necessary condition for the possibility of a transformation is).

1

(W) < ~AF — oo

AS? (5.112)

where AS is the change in entropy of the system.

Proof. See Appendix .3.1.

This bound is simple to calculate, and the correction to the standard second law
(2BC)tAS? is quadratic in the entropy change between initial and final states,
giving a simple measure of the thermodynamic irreversibility inherent in all state
transformations that change the entropy of the system. From this, we can conclude

that
Thermodynamic reversibility requires an infinite heat bath.

This upper bound to the extractable work may not be tight in general, although we
explore some cases for which it is. We present tight upper bounds that only depends
on the initial and final states of the system, like (5.112), for the case that the initial
and/or final state is maximally mixed, p(s) = const or ¢(s’) = const. When the
initial state is maximally mixed, this corresponds precisely to the often studied case
of Landauer erasure [84, 20]. For these cases we can refine the work upper bound
in (5.112) to a tight upper bound and show that it is achievable through operations

that are independent of the bath energy (See Appendix B3).

Theorem 3: When the final state of the system is mazimally mized, the necessary

and sufficient condition is

(W) < —AF — M%ASQ , (5.113)
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up to first order in 1/C. When the initial state is maximally mized, the necessary

and sufficient condition is

(W) < —AF — AS? + Varlp]) , (5.114)up to first order in 1/C, where p is the

el
final state of the system. The ‘varentropy’ is defined as

Var[p] =Y " p(s)log”p(s) [Zp ) log p(s ] , (5.115)

and 1s always positive.
Proof. See Appendix B3.

Equation (5.114) gives a tight upper bound to the work cost of Landauer erasure in
the case of a large but finite bath. Note that the correction contains a varentropy
term. Varentropy is best understood by considering the entropy as the expectation
value of the ‘surprise’ (also known as the self-information, or ‘surprisal’) function in
Shannon information theory, S(p) = (—logp(s)). The surprise is the information
gain when sampling state s from a given prior distribution p(s). By (5.115), the
varentropy is simply the variance of the surprise. This expression has turned up
in non-asymptotic Shannon theory (for example [82, 77, 104]), but this is (to my
knowledge) its first appearance in the context of the second law. As the second
law for an infinite bath is phrased in terms of the entropy (a first-order information
measure), its is perhaps unsurprising that non-asymptotic information measures are

required when we remove the asymptotic approximation of an infinite bath.

For thermal states p(s) oc e # the varentropy is precisely the heat capacity of
the system (5.107) of the system (see section 2.2.2 of [112]). For example, consider
the case where we prepare a thermal state of an arbitrary Hamiltonian H§ from the

thermal state of a trivial Hamiltonian. The term Var[p(s’)] gives the heat capacity of
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the prepared system and the correction includes the ratio of this to the heat capacity

of the bath.

1 , 1 Cg
— = 11
26CBAS +2ﬁCB (5.116)

(W) < —AF —

5.5 Conclusions

We have derived upper bounds for the optimal work associated with thermal op-
erations where the bath is large but finite, and tight upper bounds in the case of
Landauer erasure and its reverse process. Our approach has been general in the
sense that we do not need to consider the particular microscopic structure of the
heat bath (e.g. whether it is made of fermions, bosons,...). The only quantities
that play a role are its temperature and its heat capacity. When the heat capacity
diverges, i.e. the bath becomes infinite, one recovers all the standard results, such

as the result in [124, 2].

Other work on finite-size limitations includes [111, 72, 107, 135]. For example in
[111] tight corrections to the Landauer bound are found in terms of the dimension
of the bath, recovering the Landauer limit (W) < AS when the heat bath is infinite
dimensional. There is however a clear difference between bounding the dimensional-
ity of the Hilbert space of the bath, and bounding its volume as we do. To illustrate
this difference, there are situations where the bath is infinite dimensional but with a
finite volume and heat capacity (for example a bosonic bath). In these cases bound-
ing dimension results in trivial corrections to the free energy whereas bounding the
heat capacity provides non-trivial corrections. Furthermore, the fact that the bath
has infinite dimensions is also a necessary condition for the appearance of an infi-
nite recurrence time, which as previously discussed is needed for the emergence of

irreversibility [21] 8. Working in the regime of finite but large environment, we find

8A simple argument goes, if an isolated system must return e-close to its initial state, then
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corrections to the second law that are universal, in that they apply to all conceiv-
able environments, regardless of their constituents, Hamiltonian and Hilbert space

dimension.

One possible area where these results could be applied is to exploring the behaviour
of heat engines operating in finite time. We have observed that the effect of having
access to a finite bath has a marked effect on the minimal achievable dissipation in
some protocols, suggesting that there could be significant finite size effects in small
scale thermal engines. A correction to the free energy should also correspond to a
correction of the Carnot efficiency of ideal cyclic process. Previous work such as
[135, 123, 131] has looked at this question for particular models. An open question
is to determine the work-optimal processes for arbitrary state transformations with
a finite bath. Whereas for an infinite bath the work is a function of the state, and
as a result the work is “path independent”, for finite baths our results suggest the
existence of unique optimal processes. For example, a Szilard engine [129] operates
cyclically on systems with trivial Hamiltonian, and so the optimal work is captured
exactly by equations (5.113) and (5.114). In the case when the dimension of the
working system is greater than two, the variantropy term in (5.114) differs for states
of equal entropy, and so there will be optimal paths through the state space of the
system which minimize varentropy - a constraint that isn’t present in the infinite
bath analysis due to path independence. Determining these optimal paths it tan-
tamount to determining the optimal heat engine protocols operating in finite time

/space, which is an open problem of practical importance.

any transition from that state cannot be seen as irreversible, as one can return without expending
energy
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.1  Thermal operations

In this Appendix we derive the c-bounded work and related results.

.1.1 determining the optimal map

Lemma 23. We can always find an optimal protocol where t(s'|s) — t, = e #Es /7',
<

where Z' = tr[e™?75], and w(s', s) — W, that obeys [ (s) — (W)| < |w(s',s) — (W)

Vs, s

Proof. The average work extracted by a given protocol is given by
W= pls)t(s]s)w(s, s) (117)

where {t(s'|s), w(s’,s)} obey constraints (5.70) (5.71) and (5.73).

Assume there exists some optimal protocol {t(s'|s),w(s’,s)} that satisfies these and

obeys the c-bound

lw(s',s) —W|<c Vs, s (118)
Define a new protocol with
o e BBy
i(s) = —; (119)
w(s) =Y t(kls)w(k|s) (120)
k

The average work extracted by this protocol is

W= S p()ils)ils) = 3 pls)als) = S p()H(s (s’ o (121)

therefore it extract the same amount of work as the optimal protocol. It is also
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obeys the microscopic reversibility inequality (5.73) as

s W(s)—AE. 1 B( X t(kls)w(k|s)—Es
Zt(sl)eﬁ(() AESS):EZG (k )
s s
1
< > " t(k|s)e ks - AEs
sk
1

N
1
<
N7
k

t(k|8)65w(k|5)—5Es+BEk—ﬁEk
sk

e—ﬁEk

=1

where we have used the fact that >, t(k|s) = 1 and the convexity of the exponential
function to get e?¥) < S~ t(k|s)eP*1$)and in the second to last line have used
the reversibility of the original map. Finally, the new protocol also obeys the c-
bound as the work values w(s) are convex sums of the work values w(s’,s) and
therefore max{w(k|s)} > w(s) > min{w(k|s)}. As W is unchanged then the worst
case fluctuations of the new work distribution about the average must be less than

or equal to those of the optimal distribution. O

We now drop the tilde from w(s) and #(s’). It is simple to check that t(s') =
1/Z'e=PEs gatisfies the conditions (5.70) and (5.71). The reversibility inequality
(5.73) becomes

7 > Zeﬁ(W(S)—Es) (122)

and the average work is given by

W =3 pls)us) (123)

We are now in a position to derive W (p). The Lagrangian is the same as em-

ployed in the previous section except that it includes terms bounding all |w(s) —
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> p(si)w(k)| < 0. Due to the exponential in the reversibility term 2’ > Y _ef(w(s)=Es)
we must linearise these bounds so as to avoid generating a transcendental equation

when extremizing the Lagrangian over w(s). We therefore select the bounds

w(s) — Zp(sk)w(k) < ¢ (124)
> plse)w(k) — w(s)

INA
o

(125)

with associate Lagrange parameters j,y and fize. As all fluctuations are either pos-
itive (w(s) > W (p)) or negative (w(s) < W((p)) one of these bounds will always
be trivial for each work value w(s). Including the reversibility constraint (122) we

maximise the average work W = > _p(s)w(s) by extremizing the Lagrangian

L= faw(s)+A (Z’ - efB(w(S)—ES)) e (ps+ fis) (126)

where

fs = p(S) f - (ﬂs - Ms) (127)

where f =1+, (fu, — 1) and we have replaced the old Lagrange parameters with

AN=27"Y" s and ps(fis) = D pss (flss). Maximizing w.r.t w(i) and X gives

BES
w(s) = %log (fs;/\ ) (128)
1
N = 5 (129)

where we have used ) f; = 1. Substituting these into the Lagrangian simplifies it

to

£= 33 flog (£ 2) + €Y (e + ) (130)

s
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Maximizing w.r.t p; and fi; under the condition p; > 0 and fi; > 0 gives

(131)
oL
5- =0 = log (f;c’?) Zp )log (fse?") = —Be
Hj
(132)
a—E—O — —lo (f 5E —1—2 )lo f '8ES)——BC
aﬂ] — g ,] p g s€ -
where we have used
ofs
o, = —p(s) + 0, (133)
dfs
= ple) - (134)

For ¢ > 0, equations (131) and (132) cannot be simultaneously satisfied by any
w(j) = 1/B log (f;e’FiZ") therefore if p; > 0 then fi; = 0 and visa-versa. As

w(i) =1/8 log (fi¢?#Z’") equations (131) and (132) can be written in the form

iy # 0 w(j) — (W) = —¢ (135)

iy £ 0= w(j) — (W) = c (136)

Therefore fluctuations saturate either a positive or negative bound, or saturate no
bounds (p; = fi; = 0). It will therefore be useful to partition the set of energy levels
into those for which the resulting fluctuations will saturate a positive bound 7 € X, |
a negative bound j € X_ or saturate no bounds u € X,. For work values w(7), w(i’)

that saturate a positive bound and w(j), w(j’) that saturate a negative bound we
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have

fi e = fuetr (137)
[P = fpe’ty (138)
fie?F = fuel B2 (139)
fi = p(si)f — (140)
fi = p(s)f + 1 (141)
fu = p(su)f (142)

where (137) comes from summing (131) for p;, pj, (138) from summing (132) for
iy fuir, (139) comes from subtracting (131) for p; and (132) for fi; and (140)—(142)
are just the definition (127) with the conditions fi; = 0, p; = 0 and g, = fi, = 0
applied. (137)—(139) and (142) allow us to simplify (131) and (132) to

g—’fj = 0—log <—fjeJ;Ej) =v+c (143)
g’; = 0—log (cheJ;E) =v—c (144)
, - ﬁ?(%hu@»+dx7——xn——ua@») (145)

Where X =" v p(5), Xo =30 cx (8), Xu = D ocn, P(5), Hulp) = — D v, P(5) log p(s)
and (E,(p)) = > _,cx, P(s)Es. (137)~(142) let us to relate the remaining Lagrange

parameters by

fr = f(p(ss) — p(s;)ePFEny 4 e Ei=Eir) (146)
pie = fp(s))e? ) — p(sy) + pyeFiE) (147)
(148)

PR G 1) (7Pip(s;) — PP Filp(sy)) — pyef e )
’ (T Pl & pls,)e e )
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where k = f — [fi; + p;. Summing (146) over ¢’ and (147) over j' gives

Z e = [(Xy —p(si)e™Zy) + e 7, (149)

Swp o= Fls)e Pz — Xo) + ez (150)
j/

where Z, =37y e PPand Z_ =30 o e PP f =143, i —> ", puy therefore
we can get f in terms of fi; and p; alone
L+ ez, — piePtiz

_ 151
/ p(si)ePFiZy + p(s;)e’FiZ_ + X, (151)

We now have f in terms of fi; and p;, and (148) relates these to eachother, so we
can solve (143) and (144) simultaneously (using k¥ = f — fi; + ;) to find f; and
i, and by (146), (147) all Lagrange multipliers. Substituting (146) and (147) into
(137) and solving for p; gives

B kePEi(e=Pe — p(s;)elFity)
Hi = eBE=a) 1 BB 1 (1 — p(s) — p(s;))eP B ENTY

(152)

and similarly for ji;

_— ke (eP¢ — p(si)eFi )
Hi= eBE=0) 1 eBEO) + (1 — p(s;) — p(s;))ePEAEN T

(153)

Using (151) and k = f — p; + fi; simultaneously solve (152) and (153) to give

VeV — o~ B(Ei—c)
1L (154)
e’ Xy + ZyePe+ Z e b

6—,8(Ej+c) _ p(sj)GV

- 155
Hi e’ Xy, + Z e+ Z_ebe (155)

it is simple to check that (146) and 147 result in exactly the same equation for all
fiy and p; but with the corresponding index. Now armed with the explicit form of
the Lagrange parameters we have solved the Lagrangian. It is easy to check that

for these solutions for fi;, p; the Lagrangian simplifies to £ = > p(s)w(s) where
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w(s) = 1/Blog(f.e’¥Z") where the f; are now of the form

fo=7T1 Bl B) s x, (156)

where

y=e"Xy+ ZyeP+ Z_e7P¢ (157)
Substituting in the above values for f, into £=1/8",p(s)log(f.e*FZ") gives our

final result for work extraction

W©(p) = = (log Z' —log ) (158)

™|

Next we show that v can be written as v = Y, p(s)%e P/ there g is the
fluctuation associates with subspace |s)(s| which, in the e¢-bounded distribution, is
given by

(

5log(p(s)e™) + %, se€ A,
0s =4 4¢, seX, (159)

—c, seX_

\

In general, the c-bounded work is given by the difference between the free energy of

the final thermal state and the c-bounded free energy

FO(p) = —log ) p(s)’e e (160)

.1.2 Finding the optimal partition

In this appendix we derive the inequalities for partitioning the state space into pos-
itively bounded X, negatively bounded X and unbounded X, energy levels, as

required by our main result. We derive the general set of inequalities for any state
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and Hamiltonian and give worked through examples of how to find the partition for
arbitrary 2 and 3 dimensional systems. Firstly we derive the partition inequalities
for work extraction protocols, and then show that the partition inequalities for work

of formation are identical.

The Lagrangian is maximised under the condition that fi; and p; given in (152)
and (153) are positive. Therefore if our optimization gives a negative Lagrange
parameter it is set to zero, removing the corresponding c-bound. The Lagrange

parameters are positive when the following inequalities are satisfied

o8 (ps)e™) > e= % >0 (161)
%log (p(s,)e’®) < _c—% ;>0 (162)
where
8 (1
- (Eﬂm FeX. - X,) <Eu<p>>) (163)

and we have used v > 0. Clearly v depends on how you partition the state space in
to positively, negatively and unbounded fluctuations. In the following we derive a
set of inequalities that determine the unique partition give p and c¢. The following

observations simplify the problem

Lemma 24. For any c-bounded work distribution where bounded fluctuations sat-

urate their bounds, X < 1/2

Proof. Consider a c-bounded work distribution with work values {w(s)}, average
work W = > p(s)w(s), and all work values obey |w(s) — W| < ¢. Break the
work distribution up into work values that give positive fluctuations w(i) > W and

negative fluctuations w(j) < W. Writing the fluctuations as 6; = w(i) — W and
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0, =W —w(j) and substituting into W = )" p(s)w(s) we get
Zp(5i>9i = ZP(SJ')QJ' (164)
i J

which merely states that the average (non-absolute value) fluctuation of a random
variable is zero, as is always the case. Take the case that >° . p(s) > > .cr p(s)
and Xy > 1/2. Clearly Y _, p(s) < 1/2s0 X_ < 1/2. If X, > 1/2 then, as

bounded fluctuations saturate their bounds, (164) gives the inequality

> pls)e< Y pls)fs (165)

SEX_ seX

taking the factor of ) _ X, p(s) to the other side we can write the inequality

¢< ﬁ S pls)6, (166)

sEX_

The right hand side is a convex sum, and all 8, > 0, therefore at least one 6, > ¢
contradicting the fact that the work distribution is c-bounded. Therefore we must
have X < 1/2. A similar argument for the case > .y, p(s) < D v p(s) gives
that X_ < 1/2. O

The second observation is that the inequalities (161) and (162) obey a S-ordering

hierarchy. The 3-odered state, p*?, is defined as

P = (p(s1),p(s2), - p(sr)) , p(s)e™™ > plssan)e™E0) (167)

where R = rank(p) (there is no work value w'™ associated with p(s) = 0). The

B-ordering gives wioo) > wﬁol). Therefore if wgoo) satisfies (161) then so does wﬁ?,

and if w§°°) satisfies (162) the so does w]((fl) From this we can deduce that the
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partition of the state space will look like

piﬂ - (p(sl),p(SQ), < >p(8/€)/a (Sk-i-l)v st ’p(sl—1)>?<sl)v s ’p(sR)) (168)

N N

s P ps
Finally, it will be useful to put the inequalities in to the following form. In the follow-
ing we drop the (0o) superscript from the unbounded work values w!™. Subscript @
will label positively bounded fluctuations and subscript j negatively bounded fluctu-
ations. (161) and (162) can be written in terms of the unbounded work distribution
only (therefore the problem of finding the partition, assuming it exists, is a closed

form)

W (p) < Xu(w(i') —e) + Y p(s)(w(s) —¢)

seXy

+ Z p(s)(w(s)+¢) VieXy (169)

seX_

W (p) > Xy(w(i') + )+ Y pls)(w(s) =)+ Y pls)(w(s) +¢)

seX sEX_

Vi e X (170)

where W(*)(p) is the unbounded average work W) (p) = B~tlog Z' + F(p) and
X, =1—-X, — X _. We now prove that for a given p and ¢ there exists a unique

partition for which all inequalities (169) and (170) are satisfied.

Lemma 25. Given state p, bound value ¢ and inverse temperature [, there is a
unique partition of the state space that gives the optimal c-bounded work. For
R = rank(p) there are at most R — 1 inequalities that must be checked to determine

the partition.

Proof. By 24 we know that X, < 1/2, therefore X,, > 0. The partition obeys the
B-ordering hierarchy (168). Starting from p(s;) count left to right in p*? until you
find the furthest p(sy) s.t. Zle p(s) < 1/2. These will form our trial set for the

bounded positive fluctuations X,. Starting from p(sz) count from right to left until
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you find the furthest p(s;) s.t. Zf:lp(sj) < 1/2. These form our trial set for the
bounded negative fluctuations X_. If this is indeed the correct partition for the state
space, the tightest bounds will be (169) on w(k) and (170) on w(l). The inequalities

are

(1= pls) = S plsi))wlk) =) + 3 pls)(w(d) — o a7y)
+ 3 ps)wl) + ) > W)
(1= pls) = S psi))wll) +¢) + > plsi)w(i) — o (172)

+ 3 pls)(w() +0) < Wip)

Whenever an inequality is satisfied it fixes that fluctuation as being the infinitum
of its set. For example, if (171) is satisfied for w(k) then k € X, regardless of X_.

To see this, consider the case that (171) is satisfied for w(k) but (172) isn’t for w(l)

Xu(w(k-c) + Zp(si)(w(i) -+ Zp(8j>(w(j) +¢) > W(p)
Xu(w(l) +¢) + ZP(Si)(W(i) o)+ ZP(Sj)(w(j) +¢) > W(p)

as w(l) doesn’t satisfy its bound we have to move further down to w(l’ > ). This

makes X, — X, + 35, p(s;) and 37, p(s;)(w(f) + ¢) = 1L, p(sy)(w(f) + ) —

Zgzlp(sj)(w(j) + ¢). The left hand side of (171) gains the term
+ ZP(Sj)(w(’f) —c)— Zp(sj)(w(j) +¢) (173)
v
= n(s;) (w(k) — w(j))
j=l

Asw(k) > w(j) V j=1,...,0 this term is positive and the new (171) is guaranteed

to be satisfied. Therefore we see that there is a unique partition as satisfying an
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inequalities fixes the corresponding (positive or negative) subspace. There are at
most R — 1 inequalities that we need to check, i.e. the “worst case” being when the

state space is unbounded and we check all R — 1 inequalities. O]

In summary, the algorithm for determining the partition can be summarised as

follows

1. B-order the state p** = (p(s1),...,p(sr)) where p(s)?Fs > p(s.11)PP+1 and
R = rank(p). This ordering gives the unbounded work distribution in de-
scending order (w(1),...,w(R)) where w(s) = 8~ log(p(s)e’F=Z") and w(s) >

w(s+1)

2. Take the trial partition where you maximise X, = Zle p(s;) under the con-
dition Xy < 1/2 and X_ = Zf:lp(sj), X_ < 1/2. Check inequalities

k

Xu(w(k) =) + Zp(si)(w(i) o)+ Zp(sj)(w(j) +o)>Wi(p)  (174)

Xu(w(l) +¢) + ) plsi)(w(i) =) + ZP(Sj)(w(j) +o) <W(p) (175)

i=1

3. If (174) is satisfied p(s;) fixes X; = Zlep(si) and similar for (175). Oth-
erwise we perform the next set of inequalities lower in the hierarchy, with
X, = Zf;ll p(s;) if (174) is not satisfied and/or ZLH p(s;) if (175) is not
satisfied. We repeat this process until we find a pair of inequalities that are
simultaneously satisfied, fixing Xy = X, requiring at most R — 1 inequalities

to be checked.

Case: d=2. This is the simplest case, as either p(s;) > 1/2 or p(sg) > 1/2 or they
both = 1/2. In the first case we bound the negative fluctuation, and there is a single
bound to check

w(2) < W) (p) — ¢ (176)
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and in the second case we bound the positive fluctuation if
w(1) > W (p) +c (177)

and if p(s1) = p(s2) = 1/2 when the two fluctuations must be equal (as the average
of the positive fluctuations = the average of the negative fluctuations) and we can

choose to bound one or the other, giving the same free energy.

In the following section we show that the same algorithm is used for determining
the partition for the c-bounded work of formation. Note that, unless all fluctuations

are unbounded W (p) < W(®)(p) and, as shown in the next section, WF(C) (p) >

.1.3 Optimal work of formation

Assume there exists some optimal choice of {t(s'|s),w(s’,s)} that minimize the
work cost whilst obeying the c-bounds and microscopic reversibility (5.73). We
start in the thermal state with p(s) = 1/Ze #Fs and end the protocol in state p

with probabilities ¢(s"). The average work is

W= Z “BEsp(s|s)w(s', s) (178)
where the t(s'|s) must obey (5.70), (5.71) and (5.72).

Lemma 26. We can always choose new protocol parameters (s') = ¢(s') and
Wy =, %w(s’ ,s) that give the same average work as the optimal protocol

and obey all the necessary constraints

Proof. Clearly these choices of #(s') satisfy >°,#(s') = 1 and Y, 1/Ze PE:4(s) =
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q(s"), and the average work is given by

W =Y "1/Ze Pi(s )iy = IS )iy (179)

§'|s)ePEs

_ Z p(s) 19 Z'p)(sl) w(s',s) = W

Note that )", Hs'ls)e PP

—;(L) —— = 150 Wy is a convex sum of the w(s', s). The reversibility

inequality (?7) demands that
D (e AEL) < (180)
which we can see to be true as the LHS is

LHS = ¢(s")ef(@s+Ee) Z e PEs

S

_ q(SI)Zeﬁ(wS/+ES/)

t(s/\s)efﬁES

= q(S/)ZeﬁES/ 66 Ez W"U(S/,S)
t(S,‘S)B_BEs ,

< / A BE Us|s)e "™ gu(s,s)

<q(s')Ze zg: 2

— Zt(sl|8)eﬂ(w(sl7s)_AEss’) < 1

where in the fourth step we have used the convexity of the exponential function
and in the last step we have used the fact that the optimal protocol defined by
{t(s'|s),w(s, )} is reversible.

Clearly the new protocol obeys the c-bounds as wy is a convex combination of
w(s', s) and the average of the work distribution is the same for both maps, therefore

the spread of wy about the average is less than or equal to that of w(s', s). [

Substituting #(s|s) — #(s') = ¢(s') and w(s',s) — Wy into the Lagrangian and
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simplifying gives

L= fouls +Z)\ (1= gls)e™ Ze)
+e> (py + i)

8/

where we have dropped the tilde from wy and fo = q(s')(1 + f) — (igy — ps) and
f=> (ig — pg). i give the bounds on positive fluctuations and p give the bounds

for negative fluctuations. Maximizing w.r.t w(s’) and Ay gives

Ay = max{%,O} (181)
w(s') = —%log <5A5,q(js%eﬁE-s/Z> (182)
= s (a(s) D) o 0 (189

which is the work value given in the unbounded cases (it contains no fi;, j1; terms).
Therefore all fluctuations with fy > 0 are unbounded, with py(iy) = 0, giving

fs = q(s') if unbounded or 0 if bounded. The Lagrangian reduces to

Zfs log (q(s")e"™ Z) +02(ﬂs/+us/) (184)

s/

Which we can now re-write in terms of bounded and unbounded fluctuations. Index
all fluctuations with fy > 0 with s’ € X, and all those with fy = 0 with s’ € X.

The Lagrangian becomes

L=—2 5 gs)1+ Nlog (a(NeF Z) +¢ 3 (a+m)  (185)

s'eXy, s'eX,

fs =0Vs € X, gives

/js’ - Mg = q(S/)(l + f) (186>
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Summing over s € Xy and solving for f = > (fip — uxr) gives
k/

f= (187)

where X, = > X, q(s"). For a given bounded fluctuation only one of the p La-
grange parameters is non-zero, corresponding to if the fluctuation is positive or

negative. Using the above result gives

(188)

wo= - (189)

The Lagrange parameters are restricted to being positive, pus > 0 and g > 0V s.
Therefore as s = —p(s)/(1 — X.) which is < 0, therefore all us = 0 and we never

bound negative fluctuations.

Using X, =1 — X, we arrive at the c-bounded optimal work of formation

W = ( Z "Vog (q(s')e’ Z) + CXC> (190)

SGX

This is exactly the work cost when we calculate the c-bounded work of formation in
the following way. Take the optimal unbounded work distribution for forming a state
(w(1),...,w(d)) with average W(>)(p). Equation (190) is given by the solution to

the equation

W:Zp(s) +Zp J(W +¢)

sEXy, S€X+
W= 3 ) = 3 pls)uls) + X,
seXy SEXy
X1L
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[.e we simply take the optimal unbounded work distribution and if the largest pos-
itive fluctuation breaks w(i) — W < ¢ we replace it with W’ + ¢, recalculating the

average each time.

.1.4 Optimal partitions

We now show this algorithm for finding the partition is identical to the algorithm de-
rived in Appendix 1.2 for work extraction, in the case of positive fluctuation bounds

only.

Theorem 9. The partition of the state space that gives the c-bounded work of
formation is found using the algorithm described in Lemma 25 but bounding only

positive fluctuations.

Proof. Take the final state p’ and S-order it

P = (p(s1),...p(sg)) , q(s)ePP > q(s,,)e Pern (191)

where R = rank(p) (we can discount work values in the unbounded work distribution
associated with p(s) = 0 as they have no probability of being observed). The un-
bounded work distribution obeys the inverse -ordering as w(s') = —3!log(q(s")e"s Z),
therefore w(l) < w(2) < --- < w(R). For a correct partition where X, =
Zf,:kp(si) we require that w(s') < Wr(p')® + ¢V s < k. As with the c-bounded
work extraction protocol the g-ordering puts these inequalities into a hierarchy, with
the bound for w(k — 1) being the tightest. As all bounds must be satisfied we need

only check the tightest one. For the aforementioned partition the tightest bound is

R R
wk—1) < — ! (W(OO) — Z q(sHw(s") + CZ q(s')) (192)
Zp(sz) s'=k s'=k

i=k
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which can be re-arranged to give

(L= a(sNwk —1)+ > q(shw(s) < W) ¢ (193)

which is simply the inequality used for checking a partition of the state space in
the c-bounded work extraction protocol, in the case that there are no negative

fluctuations that saturate their bounds (174). It can be simplified further to

S gl )w(k — 1) — w(s) < c (194)

So the partition is defined by the largest k s.t.

Y als)(w(k) —w(s)) > e (195)

Yo als)(wk = 1) —w(s)) < (196)

—_

All w(s) with s > k are bounded and all with s < k are unbounded. Once again we
have at most R — 1 inequalities to check. L.e. starting from k = 2 we check (195)
for k=2,3,.... O

.1.5 Asymptotics

Theorem 10. lim W) (p) = W (p)

c—0

Proof. As ¢ — 0 the inequalities that determine if a fluctuation saturates its bound
(161) and (162) become

1

3 log (p(s)e’™) > —v/B — s € X,

%log (p(s)e’®) < —v/B—s€ X
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All fluctuations satisfy one of these bounds, except in the case that p(s) = 0 (i.e.
there is no fluctuation associated with state |s)), therefore X, — 0. v = X,e” +

Z eP+ Z_e P — Z, + Z_ which can be formulated as
v =Y p(s)’e (197)

therefore W (p) becomes

lin ; (log z' ~ 10g §p<s>0em> (198)

Theorem 11. lir% Wl(wc)(p) = Wmin(p)

c—
Proof. Following the partition algorithm derived in Lemma 9, clearly when ¢ — 0
we bound all but the most negative fluctuation(s), those with value w(1), as this
gives the only positively bounded work distribution for which all work values are <
W}O). Any other choice of partition would require both negative and positive bound

saturation, which contradicts (188) being positive. Therefore W}O) is given by

O _ g d 1 A ;
Wy’ = min {_B log <p(s)eﬁE Z)} =73 log (p(sl)eﬁE Z) (199)

where p* = (p(s1),...,p(sr)). We can interpret

w(l) = —%log <p(sl)eﬁEiZ> (200)

—w(1) is the “on ramp” (the first segment) of the Lorenz curve of state p' (see
Figure 5 and [71]). It therefore gives the work that can be extracted from the
“thermally sharp state”, where all segments either have the same gradient or zero

gradient, that just thermomajorizes p/, see figure 5 below and also [71]. This can
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also be interpreted as the upper bound to the work that can be in-deterministically

extracted from p’, and this is precisely the single-shot work of formation. O]
1
T1 + X2
T
e Pe e Pe +€_5€2 Z
Piﬂ - (xlv T2, .%'3)

Figure 5: Lorenz curve depicting work of formation of a state. Figure shows the
thermally sharp state whose single-shot work content gives the work of formation of

state p/. This also represents the maximal average work that can be extracted from
/

p

.1.6 Fluctuation bounds

Lemma 27. W©(p) < Wy(p) + ¢c. ¢ € [0, cuit], therefore any gain in work
extracted over the single-shot work context of p requires fluctuations that are at

least as large as the increase in extracted work

Proof. For ¢ = 0 we get that W.—o(p) = Wuin(p). W increases as we increase ¢

from 0. We show W()(p) grows sub-linearly with c, i.e. that

oW (p)

<1 201
5% < Ve (201)

which implies that [W(©(p) — Wuin(p)| < c. Using (158) the derivative of W) (p)

with respect to c is

(X4 — X )e¥ — ZpeP + Z_e™7) (202)
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where v = X,e¥ + Z, €7 + Z_e7P¢. For this to be greater than 1 we require that
(Xy =X Ve —Zpe + Z_ P> Xye" + ZypeP + Z_e™5¢ (203)
As Z_oe*P¢ >0 and e’ > 0 this cannot be satisfied unless

. 1
Xo =X > X, 5 Xy > 5 (204)

where we have used X, =1 — X, — X_. We now show that this is never true for c-
bounded work distributions. Using W (p) = 3" _ p(s)fs, where 8, = w(s) — W) (p)
is the fluctuation associated with work value w(s), gives > p(s)fs; = 0. Divide the
fluctuations for the c-bounded protocol 6, into positive 6, > 0 where a € X, and

negative #3 < 0 where 3 € X_, giving

ZP(Sa)|9a| = Zp(85)|95| (205)
o 8

according to (135) and (136), bounded fluctuations saturate their bounds. Take the

subset of the positive fluctuations that saturate their bounds as 6,,. (205) becomes

X+ 3 plsa)lbal = 3 plss)l6s (206)

aFa’ B

Dividing both sides by >, p(sg) gives

%DP(SB)WM cXi+ Y p(sa)l0al

- s (207)

> p(sp) >_1(sp)
B B

the right hand side is strictly larger than ¢ as Xy > 1/2 and therefore »_; p(sp) <
1/2, and . P(8a)|0al > 0. The left hand side is a convex sum with all [05] > 0,
therefore at least one |03 must be larger than c. Therefore in a c-bounded protocol

X, <1/2. 0

Lemma 28. ’W}C)(p’ ) = [Whax(p')| — ¢. ¢ € [0, Cait], therefore any gain in work
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extracted over the single-shot work of formation of p’ requires fluctuations that are
at least as large as the increase in extracted work
Wi ()

Proof. if < [Winax(p')|—c then, taking w(1) = max{w(s')} = max{B3~'logq(s'))e’~ 7} =

|[Whax(p")| when we require that

1
X (Z w(s') +c(1 — Xu)> +ec<w(l) (208)
s'eXy,
which requires that
c< ) (w(1) = w(s)) (209)
SIEXu
which contradicts (194) for any partition O

.1.7 c-bounded work and the Jarzinski equality

In this Supplementary Note we show that all c-bounded work distributions obey
the Jarzinski equality. The equality is given in the case that a system begins in the
thermal state of an initial Hamiltonian H; and the Hamiltonian is transformed to
Hy, causing the state to evolve to a state that is, potentially, out of equilibrium with

the final Hamiltonian. The equality is stated as

(e7Fwy = emPAF (210)

where w is the work random variable (i.e. the work values associated with the pro-
tocol), with the convention that they are positive if the work is done on the system,
and AF' is the free energy difference between the equilibrium states of Hs and Hg,
given by

1 Z

AF = S log (7) (211)

Theorem 12. Any protocol that saturates all reversibility constraints immediately
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satisfies the Jarzinski equality

Proof. 1f a protocol, characterised by {t(s'|s), w(s’,s)}, saturates all reversibility

constraints then

D t(s']s)el AT E ) < (212)

s

Dividing by Z and re-arranging gives

e BEs ’ -
> —t(ss)e ) = (213)

if we sum over s, the LHS of this is equivalent to (e%*(1)) with the initial state
being thermal w.rt Hs, p(s) = Z e PP and the RHS becomes Z'/Z, which is
equal to e?2F. Note that we use the convention of positive work for work extracted
from the system, hense our w(s'|s) = —w(s) are the negatives of the work values

given in the Jarzinski equality.

Theorem 13. The work distributions associated with W) (p) and W}C) (p) obey

the Jarzinski equality.

First we cover the case of work extraction, W()(p). The work values are give by

1
w(s) = 3 log(fseP= 2" (214)
and the t(s'|s) are given by
PRl
t(s") = 7 (215)

as derived in Supplementary Note 2. Note that

d fi=1 (216)
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The LHS of the reversibility constraints are

—BE /

_ Z p —Es+Ey)
-y ?elogmz))
= Z fs =1

and can similarly be shown for W) (p).

.2 c-bounded Carnot efficiency

In this Appendix we calculate the c-bounded Carnot efficiency for a single qubit
quantum engine. The engine operates by moving a qubit p = x [0)0] 4+ (1 — z) [1)X1]
with Hamiltonian Hs; = E |0)(0| between two baths with inverse temperature Sy and
Bc, with By < Bc. The engine cycle begins with the qubit in thermal equilibrium
with the cold bath. It is then placed in contact with the hot bath, and extracting
work by allowing the state to equilibrate. The final step in the cycle is to return the
qubit to the cold bath, allowing it to equilibrate and extracting work.

Case: ¢ — oo. Following the proof given in [124], we show that in the case that
fluctuations are unbounded it is possible to reach Carnot efficiency. The equilibrium

state of the qubit if given by

1
e B 10X0] + —— [1)(1] (217)
H,C

1
HC =
P Zuc
where Zp o = e Pu.cF 11 When pc is placed in thermal contact with the hot bath

we can extract a maximal average work given by the free energy difference

F(pc, Bu) — Fpm, Br) = 5%108; (ZH)

+ tr (Hype) (BHBHBC) (218)
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where tr (H,pc) = Z5'e P*EE and work values

1 Z
H

wy g = 1 log (ZH> (219)
Bu

where we have used the result for the optimal unbounded work extraction protocol

w(s) = B logp(s)ePFsZ. Returning the qubit to the cold bath we extract work

F(pu, fe) — Flpe. fe) = ic log (ﬁ)

B Zu
+ tr (H,py) (50 _ 5’{) (220)
Be
with work values
Wo,c = Llog (ZCeE(BC BH))
c Zy
1 Z
wlc——log( C) (221)
Be Zn
where tr (H,py) = Z;'e PHEE. The total work extracted in one cycle is
1 1
VVtot - (B_H - B_C) (SH - Sc) (222)

where Sy o = —log Zy c—Buctr (Hspm,c) is the Von Neumann entropy of the Gibbs
state with inverse temperature Sy . Applying the first law of thermodynamics

AU = @ — W to the first step (extracting work from the hot bath), we get

tr (Hspr) — tr (Hspe) = Qu — (Fpc, Bu) — F(pu, Bu)) (223)

which simplifies to

Qu = - (Su — So) (224)



.2. c-bounded Carnot efficiency 173

where Qg is the heat flow out of the hot bath. The efficiency is given by the ratio

of the total work to Q g, giving

—1- 2t (225)

which is the Carnot efficiency.

Case: c finite.

E > 0 implies that x < 1/2 for all thermal states of p, therefore by the partitioning
algorithm derived in Supplementary Note 4, the least likely fluctuation w(()c) associ-
ated with subspace |0) is the only fluctuation that can be bounded. Using the result
of Supplementary note 3, the c-bounded work content for a qubit p*? = (z, 1) is

given by

.
Fp), xzePPr < PF@IO)

W (p) = 5 log Z + 1 (226)
F{9(p), w(0) < W(p) — ¢

Fy7(p), w(0) > W(p) +c

0
where F\9(p) = —~'log <e’cﬁ+% + e‘cﬁ_m) and F\9(p) = —B 'log (ecﬁ*% - ecﬁ_m),
W (p) is the unbounded work given by the free energy, and w(0) = 37! log(ze’* 7).
In the first step, putting the qubit in contact with the hot bath, the work we ex-
tract is bounded negatively if wo g < F(pc, Bu) — F(pu, Bu) — ¢, which gives the

inequality

E (Bc—Bu

note that fo > P therefore the LHS of (227) is positive. In order to break the
positive fluctuation bound we would require -LHS > ¢ which is impossible for pos-
itive ¢, therefore in the first part of the engine cycle the work extracted is either
unbounded or negatively bounded. For the second cycle, re-equilibriating the qubit

with the cold bath, the inequality that implies a positively bounded work is given
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by woc > F(pu, Bc) — F(pe, Be) + ¢, which simplifies to

E (Bc— Bu
Z_H (—ﬁc ) >c (228)

Again the LHS is positive, and we would require -LHS > ¢ in the case of a negatively
bounded protocol. Therefore on the second part of the cycle the work is either un-
bounded or positively bounded. Also note that as g < B¢ and therefore Z¢ < Zg,
satisfying inequality (227) implies inequality (228) is also satisfied. There are there-
fore three cases, 1) the work is unbounded and we can achieve Carnot efficiency, 2)
the work extracted from the hot bath is negatively bounded, and 3) 2 and the work

extracted from the cold bath is positively bounded.

the c-bounded work extracted from the hot bath, in the case that inequality (227)

is satisfied, is given by

@ _ 1 Zu
Wy = B log <€c/3HZc n e—,BHE) +c (229)

where we have used the expressions in (226). If inequality (228) is satisfied for the

second part of the cycle, then we get

(0 _ 1 Ze _
Wy” = . log (e—cﬁcZH n e—ﬁcE> c (230)
Using Qg = AU + Wl(c), the efficiency is given by

(c) _ Wi + Fpx, Bc) — Fpe. Bc)
: AU + W

(231)

if inequality (227) is satisfied and

(©) 4 o
@ ZL T (232)
AU + W,

if inequalities (227) and (228) are satisfied. As the temperature difference between
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hot and cold baths increases, the efficiency increases. In the unbounded case, the
Carnot efficiency is bounded from above by 1. As fy/fc — 0, inequality (228)
cannot be satisfied for any finite ¢. To find the upper bound of 7758) we make the
change of variables ¢ /n = By, i.e. Ty = nT¢ and n is the ratio of the two bath

temperatures. We then take g — oo and n — oo.

E
i (i (59)) =1- 2 )
i i, (o 203+ ) 25

Of course as £ — 0 the efficiency tends to 1, but this is because we are no longer
extracting any work (as the two Gibbs states are identical). As ¢ — oo we recover
the Carnot efficiency upper bound, although for any finite ¢ we can never reach an
efficiency of 1. Therefore all realistic engines of this form have an upper bound to
their efficiency defined by their energy gap and fragility c¢. This represents a general
physical upper bound on the efficiency of a the qubit engine, given by its ability to
withstand fluctuations. Also notice that as ¢ — 0 the maximal efficiency is bounded
from below by 1/2. For ¢ = 0 the efficiency is zero, as no work can be extracted.
Therefore we observe, in this model at least, a genuine discontinuity between the
capabilities of a thermal machine in the single-shot regime. Allowing for arbitrarily
small fluctuations in principle will allow the engine to reach a maximum efficiency
that is bounded from below by 1/2. But if we demand that the work is deterministic,

the efficiency is zero.

.3 Finite bath second law

In this appendix, we derive the finite bath second law, and related results
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.3.1 finite bath thermal operations

In this appendix we derive Theorem 8

First we address the case of infinite bath (v = 0).

Lemma 29. When v = 0 all thermal operations saturating the inequality (W) >

—AF are of the form

t(E'S'|Es) = f(E's's)0(E — E — fo + fs)

where f(E's's) obeys

Y HE-fo+fuss) =1 Vs (234)
> P(s)f(E's's) = P(s) V& (235)
S 0< f(E's's) < 1 VFE'Ss (236)

where f, = —37!log P(s) is the fine-grained entropy.

Proof. In order to achieve W = —AF, a thermal operation t(E’s'| E's) must saturate
the upper bound derived in Theorem 1, and the right hand side of the bound must
be equal to —AF. First note that in Theorem 1 the optimal Q(E’s's) are given

uniquely by

roN l o P(S)pb(E/)
Q(E's's) = 51 g (—p(E’s/) ) . (237)

By Theorem 77, as the relative entropy is a distance measure for probability distri-
butions the upper bound is —AF if and only if P(E’s") = p,(E’)P(s") and therefore,

for all optimal thermal operations

Q(E's's) = — log (}]j((j))) = fo—fo - (238)

Finally, note that the thermal operation only construct an optimal @) if the re-
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versibility constraint (5.40) is saturated. This requires that

R CLIPEN R REE b G PR At A o R

(E's|s)” R(E'S']s)

(239)

= Do(E) po(E')

Therefore the sum over E in the exponent must have only a single term by convexity,
and therefore t(E's'| E's) be a delta function killing the sum over E. This, combined

with the definition of Q(E’s's) in (?7?) implies that ¢t(E£’'s’|Es) is of the form
t(E's'|Es) = f(E's's)0(E — E' — fo + f) (240)

where f(E's's) is a function that, by substituting (29) into (169),(170),(171) obeys

Zf(E_fs’+fsaS,7s) = 1 Vs (241)
Y PE)(ESs)p(E' + fo = fo) = P(p(E) V& B (242)
S 0< f(E's's) < 1 VFE'Ss (243)

In the limit v — 0 the distribution p,(F) tends to a constant. Hence, equality (242)
becomes (235). O

As we now know the form of any optimal thermal operation to zero order in v, we

can therefore express any optimal thermal operation to order v as a perturbation

t(E'S'|Es) = f(E's's)0(E — E' — fg — fs) +yt1(E'S'|Es)

Substituting this into (169-171) and using (234-236) we get the following constraints

for the general correction to the map
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Ztl(E's’\s) =0 Vs (244)
E’s!

Y P(s)t(E'ss) = 0 Vs (245)
Y H(E'Ss) = 0 Vs (246)
E's

> P(s)(E's|s) = 0 V& (247)

E'.s,E

Using this we now find an expression for the optimal work in terms of f(E'’s's) only.

Lemma 30. For any given transformation P(s) — P(s’) there is a map t(E's'|Es)

which extracts work

2
W= _AF — ;_B N P(sp(EE® | = +OM)
E's’

up to first order in v. (Recall that py(E’)E" is of order 1/7).

Proof. The upper bound to the work in Theorem 1 can be written as

W< —AF - By P(E,s)log (%)

. To first order in v, optimal thermal operations are of the form

t(E's'|Es) = f(E's's)0(E — E' — fg + fs) +vt1(E'S'|Es) .

Let us calculate the joint final probability distribution P(E’s’) to first order in +.
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First,
P(E's) Z P(s)py(E)t(E's'|Es)
=D P(s)po(E'+ fu = f)F(E's's) 7Y P(s)po(E' )1 (E's'| Es) .
Second, we expand py(E' + fy — fs) to first order in ~y
Po(E'+ fo = fo) = po( BV = vE'(fo = fo) +7/2(E"y = 1)(fo = [5)*) + O(*/448)

Note we have taken E' ~y~Y2 as 3", py(E')E? = y~1. Therefore, to first order in

v, we recover the joint final probability distribution

P(E'S) Z P(s)ps(E') f(E's's) (1= vE'(fo = fo) +7/2(E%y = 1)(fo — fo)?)

+ 7 Z P(s)py(E)0(E's'|s) + O(77) (249)

and therefore

%—1 - ’VE ZP FE'Ss)(fy — f) (250)
(4]
+ QP(S, (E%y —1) ZP f(E'S's)(fo — fo)? (251
: . )
+ F(E) ZP pu(E)t1(E's'| Es) (252)
y J

where we have used (241).

Define
P(E'S)
z(B's)=———~-1, 253
and note that x(E's") ~ O(7). Using log(1+z(FE's")) =z —1/22* + O(z?®) as z < 1

we can expand equation (5.48) to first order in x(E’s"), giving a correction to the
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free energy of

SR (me) = 5% ()

E’s’ Es
/ / P(E/ ,) o )2 a
© 32 (i ) o

We now substitute here to first order in . First, we show that the contribution from
term [C] in (252) is zero, and hence we can choose an optimal thermal operation
whereby E is specified by F’,s',s and the upper bound to work is saturated. As
term [C] is O(v), its contribution to the work appears in the O(z) term in (254)

only
') P(E', ")
27 (e ) e

To zero’th order in vy, P(E's") =) P(s)f(E's's)py(E') = P(s")py(£'). Substituting

this and [C] into the above expression gives

1
_gzpb(E’)P( e ZP s)py(E)t1(E's' | Es) = —= Z E)t\(E's'| E{R56)
E's!

E’ 'Es

Applying constraints (241) and (242) sets this term to zero. Substituting [A] and
[B] into (254) and working to O(v) gives

e () e (S ) o

(=T (E’S’s)(fsf -\’
:—AF——ZP W(E)E 269
2 P(s)f(E's's)(fs = f5)°
ZP (B =1 P(s)

S

where we have used (241), (242), (248) and £ ~ O(y~Y/%) as (E") =y~ L.
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We now show that the second term is equal to zero to first order in

B Zp E/ E/2 1) Z P(‘S)f(E/;/ZzI()fs’ - fs)2 =0 (257)

E's! s

First note that ) .. P(s)pp(E')t(E's'|Es) = 1 and therefore

1= PE)(E — fo+ [)f(E'S's)+v > P E)t,(E's'|Es)  (258)
E’ss’ EE'ss!

J/

~
=0 by (246) and (247)

Expanding p,(E" — fo + fs) gives

L= P(s)p(E)1—E(fy — f) + (E’Q’Y D(fe = F)OF(E's's) + O(v%)

E’s’'s
—=1—7 ) P(s)n(ENE'f(E'sS's)(fs — [s)
E’s’'s
+2 3 PORENE = D)(fy = £))F(E's's) + 0(%)
E’ss

To see that the second term on the right hand side is zero, note that for Y ..., P(s)ps(E') (E™~y—
1)fs (241) implies ) P(s)f(E's's) = P(s') V E', removing the £’ dependence from
the f(E's's). Then using (E"?) = y~! sets this to zero. Similarly, with (242) the

term — Y . P(s)po(E")(E™y — 1) f, is identical to zero. Therefore we recover that

% > Ps)p(E)(E™y = 1)(fo = [ f(E's's) = O(7) (259)

E's's

Theorem 8 In any process, work is bounded form above by

W< —AF— —_Ag?
2505
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Proof. Starting with the equation for the optimal work derived in Lemma 30

> P(s)f(E's's)(fo = [\
W:—AF——ZP E/E/Q s

ST BN Ey — )P(s) f(E'S's) (fu — 1.)? (260)

(B]

the upper bound can be derived through simple convexity arguments. First consider

term [A].

2 S>P(s)f(E'S's)(fo — f2)\°
Al = == > P (BN E? | = g

(S POIESs) fe— f)N
< g5 L mEE P)

N 2
= 263AS

where we have used (241) and (242) and the concavity of the function g(z) = —z2.

Finally, consider term [B]. By (241) and (242) the sum ), P(s)f(E's's) is convex

positive for all £, and therefore

[B] < % ST ENE?y 1) P(s)f(E's's)(fy — f.))?
_QLﬁ);pb(El)(EQ’Y 1)A52
=0

where we have used (241) and (242), the convexity of the function g(x) = z? and
(E”?) = 4. Using these upper bounds for terms [A] and [B], and v = $%/C,
we construct the desired upper bound for the work associated with the thermal

operation. ]
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